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SUMMARY

The prion protein (PrP), ai-glycosylated and GPIl-anchored protein, is resgm@sior
transmissible spongiform encephalopathies. Thenppathogenesis is associated with the
conformational conversion of its cellular form (Pyfnto the so-called scrapie form (PfR

an insoluble, partially protease-resistant isofonP is a cell surface glycoprotein of
208-209 amino acids of unknown functidrhe role of the highly heterogeneohidinked
glycosylation is indistinct, resulting in glycostéa species with more than 50 different
glycoforms.

To study the role of the PrP glypiation aNeblycosylation, it is of high importance to have
access to homogeneous glycosylated PrP. Howevér, auirent methods it is difficult to
obtain homogeneous glycoproteins from natural ssuand the synthesis of glycopeptides
and glycoproteins is a very complex task.

The aim of this work was to develop methods to ®vaccess to homogeneous
N-glycosylated- and GPIl-anchored prion protein fragte for the semi-synthesis of PrP,
which allow the evaluation of these modificationghe function, aggregation, replication and
infectious properties of the prion protein. Therefoa combination chemical glycopeptide
synthesis and ligation methods was used.

The most convenient method to obtain glycopeptidebe attachment of amino glycans to
fully synthetic peptides by having a suitable pctitey group pattern easily removable at late
stage of the synthesis using the so-called Lanbspartylation. The access to appropriate
glycan azides, which can be reduced and couplethéopeptide backbone, is thereby
essential. In this work, starting from commercialailable glucosamine hydrochloride, the
synthesis of GIcNAc-azidé2 and its conversion into GIcNAc-amiri®, a building block
useful for the synthesis of various glycopeptidess established using two different routes.

HO
HO % o HH—’\ 9

(o}
AcNH
"'%o &ﬁ/ W § NHACHo
AcNH NHAC ﬂ&,
NHAc
Figure 1: Glycan azides and amine for glycopeptide synthesing Lansbury aspartylation
Additionally, nonasaccharide-azide was generated chemoenzymatically starting from a

sialylglycopeptide extracted from egg yolk powdkfterwards, the sialic acid residues were

cleaved using acidic hydrolysis and the glycan ietsased with PNGaseF and converted into
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the corresponding nonasaccharide-aZidausing DMC and sodium azide. After reduction,
the corresponding nonasaccharide-amine was evdlt@téhe synthesis of glycopeptides.

A second key requirement for glycopeptide synthesitmg Lansbury aspartylation is the
orthogonal protection at the aspartic acid sidanghaaking it available for coupling to an
amino glycan while the remaining protecting groaps still intact. Since PrP contains two
glycosylation sites close to each other at Asnl8d Asn197, two different orthogonal
protected aspartic acid building blocks are reqlifiéus, to complement the well-established
allyl ester, the synthesis of a photolabile praddaspartic acid was established. Starting from
commercially available 4-(dimethylamino)-acetophemoand L-aspartic acid the desired
Fmoc-Asp(OMap)-OH11 was synthesized in 7 steps. Thereafter, amino atidwas
incorporated in the sequence of modelpep8@aising Fmoc-SPPS. Building blodd was
introduced without side reactions and the phottdaldiap-group was stable during elongation
of the peptide. Afterwards, the Map-group was gelely removed by photolysis using a
high-pressure Hg-lamp (k300 nm) and the free acid function was couplednino glycan

19 to give the desired glycopepti@8. The successful synthesis3# proved the applicability
of Fmoc-Asp(OMap)-OH.1 for the synthesis of homogeneous glycopeptides.

OH
o} 0 0s_OMap O
o) ﬁz HO o H
OH  (1TKGEDFTET -0 O ren HO N\fo
~ O NHFmoc & AcNH
'I‘ " O TTKGENFTET
36 38

Figure 2: Orthogonal protected aspartate building block mwodiel peptide86 and38

Four key fragments are required for the semi-sygishef the prion protein using native
chemical ligation: a cysteine modified GPI anchbe peptide fragment 1 (PrP 214-231), the
peptide fragment 2 (PrP 178-213) havin@-mercapto aspartic acid at Aspl78 to enable a
ligation-desulfurization with the fragment 3 (PrB3-277), which can be expressed as
thioester.

The required building blocks to installBamercapto aspartic, are not commercially available.
Here, thregd-mercapto aspartic acid building blocks were sysittesl using a fully protected
aspartic acid and a sulfenylating reagent.

In that way, first, Boc-Asp(Bu,STmob)-OH8 was synthesized by reaction of a fully
protected aspartic acid and STmob-tosyalte at lemperature and under strong basic
conditions to give @-mercapto functionalized aspartic acid as a mixufreliastereomers.
The allyl was removed and pure isom&es and 8b were isolatedafter separartion using
RP-HPLC. Both isomers were used for the synthddimgment 2.
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Additionally, ap-mercapto aspartic acid building block having amf@gonal Acm protecting
group on the thiol function was synthesized usimgtame strategy established 8oFor the
reaction SAcm-tosylate as sulfenylating reagent wsesl. The resulting mixture of isomers
was, after cleavage of the allyl ester, separasadguRP-HPLC. Both isomer8a and 9b,
were used to synthesize PrP-fragments with an gothal protectedN-terminal B-mercapto

aspartic acid.

H
S N S,
v
OtBu \Qi/ OtBu ﬁomu OtBu
O BocHN O BocHN
/ BocHN A BochN o¢ o¢
/@)‘\/ OtBu @JK/ OtBu
BocHN BocHN

Figure 3: B-mercapto aspartic acid building blocks for ligatidesulfurization strategy

A second orthogonal protectgttmercapto aspartic acid building block was generate
masking the thiol function with a photolabile Mapgp using SMap-tosylate. The
diastereomeric productdPa and 10b, were separated after allyl removal using RP-HPLC.
The installation of10 as N-terminal B-mercapto aspartic acid resulted in aspartimide
formation. Thereby, the building block was not abie for SPPS.

The peptide fragment 1 (PrP 214-231) was synthésimeing SPPS. To enable
thioesterformation for NCL, the peptide was gerestas peptide hydrazide and Nbz-peptide.
Nbz-peptide53 was not suitable a thioester precursor and peptydizazides were used to
obtain the desired thioesters for NCL. To enablgqusatial NCL in C to N direction
hydrazide 56 was synthesized having an unprotectéderminal cysteine. Additionally,

fragment 1 was obtained having an orthogonal ptetecysteine for sequential NCL in N to

C direction.
o)
s/ﬁ)L(VTQYQKEsoAWDGRRss)\?O |-|s’\‘)j‘(VTQYQKESQAWDGRRSS)JLNHNl-l2
\—-NH 53 )L NH, 56
0= :O NH,

(0]

o} o}
Acms’\‘)j\(VTQYQKESQ/’«WDGRRSS)JLNHN|-|2 AcmS/\HL(VTQYQKESQAYYDGRRSS)JLs/\@
COOH

NH, 57 NH, 61

Figure 4: PrP peptide fragment 1 [PrP | (214-231)] thioeptecursorsg3, 56 and57) and thioesteél

The peptide-hydrazidé7 was converted into the corresponding thioe$terand used to

investigate the ligation to a cysteine modified &#Wan structure as GPI-mimic. The
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desired ligation product was obtained with an ofed ligation buffer using 6 M GdmCl,
0.1 M NaHPQi, 5 eq MMBA and 30 eq TCEP. After successful ligat the orthogonal

Acm protecting on cysteine @3 was removed with Pdeland the desired product PrP |
[Cys-DiMan] 64 was isolated.

HS.
(0]

? H  HO..0
Acms/\HL(VTQYQKESQAYYDGRRSS)JLu ~o7 s o
H E\\

NH, 0 0

HO o}
i ooy
HO

O~
HS
Q 9 H  HO_.0
Hs/\‘)L(VTQYQKESQAYYDGRRSS)JLN \/\o’Hao 05'
NH, H o H&'ﬁ.
64 HO~\ &,
HO O
Ho
O~

Figure 5: DiMan anchored PrP | peptides

The synthesis PrP peptide fragment 2 (PrP 178-2&8) evaluated using four different
strategies. The desired peptides were synthesigied) $PPS and were obtained as peptide
hydrazide to allow the formation of a thioester ligation. During the synthesis oxidation of
the methionine residues Met205, Met206 and Met2H3 wbserved, which resulted in
troublesome purification of the desired peptidegti@ization of the conditions during
automated SPPS and installation of pseudoprolimdised improving the purity and total
yield of the desired products.

In the first strategy, a sequential ligation-degtgation strategy in N to C direction was
evaluated. Thus, acid labile protecfgthercapto aspartic aclwas installed asl-terminal
amino acid. Four peptides having3anercapto aspartic acid at position Asp178, incigdi
three glycopeptides, were synthesized. For thehsgig of glycopeptides Aspl81 and/or
Aspl97 were installed bearing an orthogonal alkgtgcting group. After cleavage of the

allyl ester, glycosyl amin&9 was attached using Lansbury coupling.
(e}

0
HS 0
s I, 0 OH N
U HAN CVNITIKQHTVTTTTKGENFTETDVKMMERVVEQM ™ ~NHNH,
HAN CVNITIKQHTVTTTTKGENFTETDVKMMERVVEQM” ~NHNH, H2
2 0
OH
68 o ﬂ’?%,m
Ho OH
T Ho
HS. HO N 0 0 (o] HO&H
OH ANH T HS )f; HO NYO o

CVNITIKQHTVTTTTKGENFTETDVKMMERVVEQM JLNHNHZ
AcHN 70 H,N
° OJ\N oH

OH
H O OH

Figure 6: PrP 11 (178-213) peptides and glycopeptides uBingercapto aspartic actl

CVNITIKQHTVTTTTKGENFTETDVKMMERVVEQM JJ\NHNHZ
(o) 72
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The free thiol functions of Cysl179 anftmercapto Aspl78 resulted in intra- and
intermolecular disulfide bonds and reduction usinQEP resulted in desulfurization of
glycopeptides70, 71 and 72. Additionally, a small peptide fragment (160-17f) protein
thioester (fragment 3) was synthesized as modeffept3. Peptide hydrazide’3 was
successfully transformed into the correspondingesiier74. Thereafter-mercapto aspartic
acid containing peptidé8 and thioeste74 were combined using NCL and LC-MS analysis
showed the formation of the desired prodift

o) 0
(WYRPVDQYSNQNNFVH)JLNHNHZ (VYYRPVDQYSNQNNFVH)JLS/\©\
4 COOH

73 7
[0}

oSN “oH ji
(VYYRPVDQYSNQNNFVH)JLN CVNITIKQHTVTTTTKGENFTETDVKMMERVVEQM © "NHNH;
H
o

75

Figure 7: Hydrazide73, thioestef74 and ligation product5

Additionally, in a second strategy, fragment 2 (P28) was synthesized usifigmercapto
aspartic acid building blocR. The orthogonal Acm protecting group on the tHigiction

enables a sequential ligation in C to N direction.

0]

cHN
0 77 © on 19

’?%,OH
AcmS. OH o]
o P
HyoN CVNITIKQHTVTTTTKGENFTETDVKMMERVVEQM S/\©\
COOH

AcHN
o OJ\NC on 80
H o OH
OH

Figure 8: Hydrazide77 and glycopeptide hydrazid® usingp-mercapto aspartic acBlandglycopeptide thioeste30

0
AcmS. oH AcmS OH ch)\
HN CVNITIKQHTVTTTTKGENFTETDVKMMERVVEQM JLNHNHZ HoN CVN":KQHTVTTTTKGENFTETDVKMMERWEQM NHNH,
: By
H

Peptide hydrazide/7 and glycopeptide hydrazidéd were successfully synthesized. To
generaté/9 Aspl81 was installed with an allyl-protecting gooon the side chain, which was
removed after peptide assembly and the frearboxylate was coupled to glycosyl amiig
using Lansbury coupling. Glycopeptide hydrazit® was successfully converted into the
corresponding thioest&0 and tested for ligation to fragment 1.

Solid phase fragment condensation was investigasethird strategy to obtain fragment 2.
Two smaller segments of PrP Il (179-213), fragn&htPrP (196-213) and fragment 2B PrP
(178-195), were synthesized. Glyl195 was chosema€&-terminal amino acid of fragment
2B to avoid racemization during the coupling. Taalele thioesterformation and ligation,

fragment 2A was synthesized as peptide hydrazidédit®nally, Asp197 was equipped with

16



an orthogonal allyl- or Map-protecting group fomisédury coupling after complete SPPS and
SPFC and three peptide hydrazidg® 84 and85) were synthesized.

o Y Oﬁ/OAIIyI o Oﬁ/OMap o
J( N J_ N J N
ENFTETDVKMMERVVEQM -~ ~N“" () (EDFTETDVKMMERVVEQM < N“"(x;) (EDFTETDVKMMERVVEQM <N

83 84 85

Figure 9: Fragment 2A for SPFC

Additionally, two peptides for the generation of fally protected fragment 2B were
assembled, including one containing an orthogonatiepted Asp181 for possible Lansbury
coupling. The cleavage of fragment 2B under mildliacconditions resulted in a mixture of
the fully protected peptide and several semi-ptetépeptide87 and88, which could not be
removed to obtain a clean product for condensatitimfragment 2A.

O OYOAIIyI O

CVNITIKQHTVTTTTKG ot CVDITIKQHTVTTTTKG @ e

87 O 88 O

Figure 10: Fragment 2B for SPFC

Furthermore, a ligation-desulfurization strategysvetudied for the synthesis of fragment 2
(178-213). Thus, to obtain the desired product, jveptide hydrazides were synthesized.
Fragment 2C (202-213) was synthesized uSiragN-terminal amino acid, and Asp178 was
installed as protectefétmercapto aspartic acid on fragment 2D for seqakhgation in C to

N direction.
(o]

e
H.N VKMMERVVEQM NHNH,
2

o 91
Figure 11: Fragment 2C (202-213) 91

The synthesis of PrP Il (202-213) was accomplisbheohg the conditions optimized for

fragment 2. Peptide hydrazi®@ was completed without oxidized methionine residuesa

high crude purity and was easily purified.

The synthesis of PrP fragment 2D (178-201) wasstigated with two different strategies.

First, the peptide- and glycopeptide hydrazidesewebtained having a frel-terminal

cysteine. Asp181 and/or Asp197 were installed bgaain orthogonal allyl protecting group

to synthesize glycopeptides. After the allyl estas cleaved, glycosyl amird® was attached

using Lansbury aspartylation.
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Figure 12: Peptide- and glycopeptide hydrazides for ligatmthioested5
The low solubility of fully protecte@-mercapto aspartic acid thioester limited the sssice
ligation to the peptide- and glycopeptide hydragi@e 95, 97 and99.
Additionally, fragment 2D was synthesized usigo have Acm protected glycopeptide
hydrazides. Aspl81 and/or Asp197 had an allyl ptotg group that was removed after
successful synthesis and glycosyl amifevas coupled to generate the desired glycopeptide
hydrazides using Lansbury coupling. The hydrazisesse successfully converted into
thioesters, which were obtained in a mixture wité torresponding thiolactone, formed with

the free thiol function of Cys179.
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In order to obtain fragment 2, the ligation betwdkea desired glycopeptide thioesters and

Figure 13: Acm protected thioesters for Ilgatloan

B-mercapto aspartic acid containing peptifewas optimized. A previously used ligation
buffer without additional thiol resulted in fastdrglysis of the thioester and thiolactone and
the ligation product was not observed. A ligatiarifér containing 5 eq. MMBA resulted in
the formation of disulfides involvin@l and MMBA without the formation of a ligation
product. Finally, the desired products were obskiweadding a more reactive thiol (MPAA)
at a lower concentration. Unfortunately, the cosigr was very low, and pure produdfs3,
114 and 115 could not be separated from hydrolyzed startingemedt and disulfide91
formed with MPAA.
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Figure 14: Ligation products for the synthesis of fragment 2
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VKMMERWEQM NHNH,

In summary, to gain access to a homogen@bgb/cosylated GPI-anchored prion protein a
strategy using sequential native chemical ligatainprotein-, peptide- and glycopeptide
fragments was investigated. The synthesis of theired building blocks for glycopeptide

synthesis and for a ligation-desulfurization stygtevas successful, and the building blocks
were used to generate the desired peptide- andmgytide thioesters. The ligation of the
C-terminal PrP fragment 1 (214-231) was effectivengisan optimized buffer system and
cysteine modified GPI-DiMan structure, but the tiga to a full GPI remains to be

optimized. Additionally, PrP fragment 2 (178-213)as obtained in non-, mono- and
diglycosylated forms using SPPS and a ligation-fi@szation strategy. The desired

thioesters were successfully used in differenttiiga reactions. However these peptides
showed low conversion and further improvementauinre applications are required. Thus, a
protection of the thiol function of Cys179 can lemneéficial. The desired glycopeptides were
generated bearing a glucosamine residue, but th@lletion of a nona-saccharide using
Lansbury aspartylation was not effective. A strgtég elongate the obtained glycopeptides

enzymatically using a glycan oxazolidine remainbddnvestigated.
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ZUSAMMENFASSUNG

Das Prion Protein (PrP) ist ein GPI-verankertes k@byotein, das fur Ubertragbare
schwammartige Hirnleiden (Transmissible SpongiformEnzephalopathie [TSE])
verantwortlich ist. Die Pathologie der Prionerkrang wird mit der konformellen
Veranderung der zellularen Form (ByRler Prion Proteins in die sogenannte Scrapie Form
(PrP9 des Proteins assoziiert. Pfist unldslich und teilweise resistent gegeniibetdisen.
PrP ist ein Zelloberflachenglykoprotein das aus 208-20ninosauren besteht und dessen
Funktion nicht bekannt ist. Mehr als 50 verschiedganckerformen kdonnen am PrP verankert
sein, wobei die Rolle dieser hochgradig heterogeNegekoppelten Glykosylierungen unklar
ist.

Um die Aufgabe dieser Kohlenhydrate und des GPleksilgenau zu studieren, ist es von
hoher Wichtigkeit homogene Formen des Prion Gly&tgns zu haben. Mit heutigen
Methoden ist es sehr kompliziert homogene Glykapnet aus nattrlichen Proben zu
gewinnen. AuRerdem ist die chemische Synthese Wko@eptiden und Glykoproteinen eine
sehr komplexe Aufgabe.

Die Zielsetzung dieser Arbeit war es Methoden ztwmkeln um Zugang zu homogenen
GPI-verankerten Prion Glykoproteinen zu haben uadudch den Einfluss der verankerten
Kohlenhydrate auf die Funktion, auf die Aggregati@uf die Verbreitung und auf die
infektiosen Eigenschaften des Prion Proteins zeraathen. Fir diese Aufgabe wurde eine
Kombination aus chemischer Glykopeptidsyntheselugationsmethoden genutzt.

Die geeignetste Methode fir die Synthese von Glgktiden ist das Koppeln eines Zuckers
an ein geschutztes synthetisches Peptid, dessarz8ualppen sich spéater leicht entfernen
lassen, unter Nutzung der so genannten Lansburarfigpung. Fir die Synthese von
Glykopeptiden ist es essentiell leichten ZugangGiykanaziden zu haben, die, nach der
Reduktion des Azids zum Amin, direkt an das Peg&lloppelt werden. Aus diesem Grund
wurde, beginnend von  kommerziell  erhéltichem  Gkarain Hydrochlorid,
N-Acetylglucosamin Azidl2 auf zwei verschiedenen synthetischen Wegen erz@ugth
Reduktion wurdeN-Acetylglucosamin Amin19 hergestellt und fir die Synthese von
verschiedenen Glykopeptiden genutzt. Zusatzlich deuNonasaccharid Azid3 durch
chemisch enzymatische Modifizierung eines aus BigetrahierterN-Acetylneuraminsaure
besitzenden  Glykopeptids  synthetisiert. Im  Anschlusdaran  wurden die

N-Acetylneuraminsauren unter sauren Bedingungen spiadfen und das Glykan durch
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enzymatische Spaltung mit PNGaseF freigesetzt undGegenwart von DMC und
Natriumazid in das entsprechende Nonasaccharid ¥&idngewandelt

HO
H0 & o} HH 2 00

AcNH 0

HO 0
H0 ° o NHAC,,
H0 0
AcNH NHAC o) ﬂo
13 Ac

Abbildung 1: Glykan Azid und Amin fiir die Synthese von Glykpgiden

Nach der Reduktion zum Nonasaccharid Amin, wurdes dslolektl fur die
Glykopeptidsynthese getestet.

Eine zweite essentielle Voraussetzung fur die S3gehvon glykosylierten Peptiden unter
Nutzung der Aspartylierungsbedingungen nach Lansksirdas orthogonale Schiitzen der
Saureseitenkettenfunktion von Asparaginsaure. Nigslsen Entfernung bleiben alle anderen
Schutzgruppen intakt und der Zucker kann selekékogpelt werden. Das Prion Protein
besitzt zwei Glykosylierungsstellen nah beieinander Position Asn181 und Asnl97.
Dadurch werden zwei unterschiedliche orthogonatlg@zte Asparaginsauren benétigt und
eine lichtsensitiv geschiitzte Asparaginsaure wetdbliert um die weitlaufig genutzte Allyl
Schutzgruppe zu komplementieren. Die Synthese Ilmegait kommerziell erhaltlichen
4-(Dimethylamin)-Acetophenon und L-Asparaginsaure ndu der bendtigte
Fmoc-Asp(OMap)-OH11 Baustein wurde in 7 Schritten hergestellt. Ansfhéind wurde
Aminosaurell genutzt und in Modelpepti@6 durch Peptidfestphasensynthese eingebaut.
Baustein 11 konnte ohne das Auftreten von Nebenreaktionen ebiagt werden und
lichtsensitive Map-Schutzgruppe war stabil wahrelad Peptid weiter verlangert wurde.
Anschlieend konnte gezeigt werden, dass sich dap-8Sthutzgruppe selektiv durch
Photolyse mit einer Quecksilberlampe v¥B800 nm) entfernen lasst. An die freie
Saurefunktion von Asparaginsaure wubhdtédcetylglucosamin Amirl9 gekoppelt und damit
Glycopeptid38 hergestellt. Mit der erfolgreichen Synthese voryk@peptid 38 wurde die

Gebrauchstauglichkeit von Fmoc-Asp(OMap)-QH fir die Synthese von homogenen

0 0 OMap O
0TI/\I)LOH ﬁ/ H
TTKGEDFTET — e
\N o NHFmoc Matrix, ACNH

TTKGENFTET
| 1
38

Glykopeptiden bewiesen.

Abbildung 2: Orthogonal geschiitzte Asparaginsélteind Modelpeptid@6 und38
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Fur die Semisynthese des Prion Proteins durch enathemische Ligation werden vier
Schlusselfragmente bendtigt: ein mit einem Cystenodifizierten GPI-Anker, das
Peptidfragment 1 (PrP 214-231), das Peptidfragn&ntvelches die Installation einer
B-Mercaptyl Asparaginsdure an Position Aspl78 beghotim eine Ligations- und
Entschwefelungsstrategie zu nutzen. Aul3erdem wotem fragment 3 (PrP 23-177) als mit
Proteinthioester bendtigt.

Die bendtigterp-Mercaptyl Asparaginsaurebausteine fir die Ingialléan Asp178 sind nicht
kommerziell erhaltlich. Daher wurden, beginnend einer voll geschiitzten Asparaginsaure
und einem Sulfunierungsreagenz, @-élercaptyl Asparaginsauren synthetisiert.

Zuerst wurde mit dieser Methode Boc-Asg80,STmob)-OH8 erzeugt. Die Reaktion einer
voll geschitzten Asparaginsaure mit einem STmobd&bbei tiefen Temperaturen und unter
stark basischen Bedingungen ergab dirdercaptyl funktionalisierte Asparaginsdure als
Mischung von Diastereomeren. Nachdem der Allylegiespalten wurde, konnten die
Isomere8a und 8b mit Hilfe von RP-HPLC getrennt werden und beideniere wurden fur
die Peptidfestphasensynthese genutzt.

AulRerdem wurde eirB-Mercaptyl Asparaginsaurebaustein erzeugt der @irieogonale
Acm-Schutzgruppe an der Thiolfunktion tragt. Dafiurden dieselben Bedingungen genutzt
die bereits fur Bausteir8 etabliert wurden unter Verwendung von SAcm-Tos\ddd
Sulfunierungsreagenz. Die resultierenden Diasteegenwurden nach Allylesterspaltung
durch RP-HPLC getrennt und beide Isom&aeund9b, wurden fir die Synthese von Prion
Peptidfragementen genutzt die eine orthogonal g@gesieh N-terminale pB-Mercaptyl

Asparaginsaure besitzen.

H
S N S,
v
OtBu \Qi/ OtBu :ﬁ‘(\omu OtBu
O BocHN O BocHN
/ BocHN A BochN o¢ o¢
/©)‘\/ OtBu @JK/ OtBu
BocHN BocHN

Abbildung 3: B-Mercaptyl Asparaginsdurebausteine fur Ligationsd Entschwefelungsstrategien

Zusatzlich wurde ein zweiter orthogonal geschutgibrercaptyl Asparaginsaurebaustein mit

derselben Strategie hergestellt, wobei die Thidfiom mit der lichtsensitiven Map-Gruppe

geschutzt wurde. Fiur die Reaktion wurde SMap-Tosa Sulfunierungsreagenz verwendet.

Nach der Allylestersplatung wurden die Isomere Iriite RP-HPLC getrennt. Leider flihrte
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die Installation von BausteitO zu Aspartimidbildung und diegeMercaptyl Asparaginsaure
konnte nicht fir die Peptidfestphasensynthese gemarden.

Das Prionproteinfragment 1 [PrP | (214-231)] wurdarch Peptidfestphasensynthese
synthetisiert. Um die Peptide als Thioester zu geren und diese fur native chemische
Ligation zu nutzen, wurden sie als Peptidhydrazitd vals Nbz-Peptid synthetisiert.
Nbz-Peptid 53 war keine geeignete Thioestervorstufe und ausedie$srund wurden
Peptidhydrazide genutzt um Thioester fir NCL haedlen. Fur eine Ligationsstrategie in C
nach N Richtung wurde Peptidhydras@ mit einem ungeschitzteN-terminalen Cystein
synthetisiert. AuRerdem wurde ein Prionproteinfraginl mit einem orthogonal geschitzten

Cystein synthetisiert um sequentielle Ligation im&€h C Richtung zu ermoglichen.

0 0 0
S/ﬁ)L(VTQYQKEsoAWDGRRss)\?o |-|s’\‘)j‘(VTQYQKE*‘*QAWDGRRSS)JLNHNl-l2
\—-NH 53 )L NH, 56
0= :O NH,

o} 0 0
Acms’\‘)j‘(VTQYQKESQ/’«WDGRRSS)JLNHN|-|2 AcmS/\HL(VTQYQKESQAYYDGRRSS)JLs/\@
COOH

NH, 57 NH, 61

Abbildung 4: Prionproteinfragmente [PrP | (214-231)]

Nach der erfolgreichen Synthese von Prionproteirdmgid 57 wurde das Peptid in den
entsprechen Thioestéd umgewandelt und mit einer Cystein modifiziertenl-BHnannose
ligiert. Der Ligationspuffer wurde optimiert und tmder Nutzung von 6 M GdmCl,
0.1 M NgaHPQ4, 5 eq MMBA und 30 eq TCEP wurde das gewilnschtatlogsprodukt3
hergestellt. AnschlieRend wurde die Acm-Schutzgeupmpt Hilfe von PdG entfernt und
PrP | [Cys-DiMan]64 wurde isoliert.

H__HO..-0
Acms/\‘)L(VTQYQKESQAYYDGRRSS)JL \/\o ~0 ’:\ |
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Abbildung 5: Prionproteinfragmente gekoppelt mit einer Cystaodifizierten GPI-Dimannose

Fur die Synthese des Prionproteinfragments 2 [P(R7B-213)] wurden vier verschiedene
Strategien untersucht. Die gewlinschten Peptide emudiirch Peptidfestphasensynthese als
Peptidhydrazide synthetisiert um sie anschlieenthioester umzuwandeln. Wéahrend der

Synthese von Prionproteinfragment 2 wurde die Qiadavon Methionin Met205, Met206
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und Met213 als Nebenreaktion beobachtet, wodureliRéinigung der Peptide verkompliziert
wurde. Die Bedingungen fir die Peptidfestphasemgg® wurden optimiert und durch die
Installation von Pseudoprolinen wurden die Reinhamd die Ausbeute der Produkte
verbessert.

Als erste Strategie wurde eine Ligations- und Bnsdelungsstrategie in N nach C Richtung
untersucht. Aus diesem Grund wurde die saurel@sitigitzted-Mercaptyl Asparaginsaui@
als N-terminale Aminoséaure installiert. Ein Peptidhyddarmnd drei Glykopeptidhydrazide
mit einer B-Mercaptyl Asparaginsaure an Position Aspl78 wurdgnthetisiert. Fur die
Synthese von Glykopeptiden wurden Aspl81 und/odsplB7 mit einer orthogonalen
Allylschutzgruppe in die Peptidsequenz eingebaunschlielend wurde der Allylester

gespalten until-Acetylglucosamin Amirl9 wurde gekoppelt.
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Abbildung 6: PrP Il (178-213) Peptide und Glycopeptide pallercaptyl Asparaginsaui&

Da die freie Thiolgruppe von Cys179 ufeMercaptyl Aspl78 inter- und intramolekulare
Disulfide formten, wurden die Peptide vor der Rgumg mit RP-HPLC mit TCEP reduziert.
Leider fuhrte das zu einer Entschwefelung BeMercaptyl Asparaginsaure der Glykopeptide
70, 71 und 72. Zusatzlich wurde eine Peptidfragment (160-177% dRroteinthioesters
[PrP (23-177)] als Peptidhydrazi@3 synthetisiert und in Thioestef4 umgewandelt.
Peptidthioester4 und Peptidc8 wurden chemoselektiv ligiert und das resultiereRdadukt

75 wurde mit LC-MS Analyse nachgewiesen.
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Abbildung 7: Hydrazid73, Thioester74 und Ligationsproduki5

In der zweiten untersuchten Strategie wurde Fragn2erf178-213) unter Nutzung des

B-Mercaptyl Asparaginsdure Bausteifssynthetisiert. Hier ermoglichte die orthogonale
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Schitzung der Thiolfunktion mit der Acm Schutzgrepequentielle Ligation in C nach N
Richtung. Diesem Ansatz folgend wurden das Pepticigrd 77 und das Glykopeptid
Hydrazid 79 erfolgreich synthetisiert. Zur Installation derytdsylierung in79 wurde eine
Allylester geschitzte Asparaginséaure an PositidneiBgeflihrt. Nach erfolgter Esterspaltung
wurde die resultierende Saurefunktion mit Glykan idnBaustein19 in einer Lansbury
Reaktion gekoppelt. Hinsichtlich der im Anschlus®lgenden Thioesterformierung wurde
festgestellt, dass aul3erordentliche Aufreinigung Eleptidhydrazids von No6ten ist, um eine
erfolgreiche Umsetzung zu gewahrleisten. Der resetide Glykopeptidthioest80 wurde in
Mischung mit dem entsprechenden Thiolacton, welcheschen Cystein 179 und dem
C-Terminus geformt wird, isoliert. Der Glykopeptidibster80 wurde in Ligationsreaktionen

mit Fragment 1 gestestet.
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Abbildung 8: N-Terminusf-Mercaptyl Asparaginsdu@maodifiziertes Hydrazid7 und Glykopeptid Hydrazi@9 und
Glykopeptidthioeste80

Die dritte untersuchte Strategie zur Synthese vaagriient 2 bediente sich der
Festphasenfragmentkondensation. Fragment 2A PrB-418) und Fragment 2B PrP
(178-195), wurden als zwei kleinere Fragmente voR R (179-213) synthetisiert. Um
Racemisierung wahrend der Kopplung zu vermeidenydevudie fur dieses Vorhaben
geeignete Aminosaure Gly195 &@vlerminus von Fragment 2B gewahlt.
Um die anvisierte Thioesterformierung und Ligatmnermdglichen, wurde Fragment 2A als
Peptidhydrazid synthetisiert. Zum Zwecke der omlen Lansbury Kupplung von Glykan
Aminen nach erfolgreicher Peptidfestphasensynthes® Kondensation, wurden in zwei
zusatzlichen Synthesen die enthaltene Asparag@sERif mit den orthogonalen Allyl- und
Map-Schutzgruppen synthetisiert. Die entsprechegriide83, 84 und85 wurden in hoher
roher Sauberkeit synthetisiert.

O~ OAllyl O~_OMap
ENFTETDVKMMERVVEQM in’n‘ = EITETDVKMMERWEQM JOLH’H‘ o I?J:TETDVKMMERWEQM in’n‘ =
83 84 85

Abbildung 9: Synthetisierte Fragmente 2A fiir die SPFC mit aythmalen Schutzgruppen zur mdéglichen Installatiom vo
Glykosylierungen
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Die Glykosylierungsstelle an Asparaginsaure 18 Fragment 2B wurde zusatzlich mit einer

orthogonalen Allyl-Schutzgruppe ausgestattet.

O OYOAIIyI O
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Abbildung 10: Synthetisierte resingebundene Fragmente 2B fiSEIEC

Obwohl, die beiden Peptide in hoher roher Saubedgthetisiert wurden, resultierte die
Abspaltung von87 und 88 unter milden sauren Bedingungen in einer nichhrtbaren
Mischung von vollgeschitzten und mehreren teildnitssten Peptiden. Aufgrund des
Mangels an aufgereinigtem Material war die Untensungy der Kondensation mit Fragment
2A nicht moglich.

Fur die Synthese von Fragment 2 (178-213) wurde tewen eine
Ligation-Entschwefelungsstrategie studiert. Fir 8ynthese des gewilnschten Fragments
wurden zwei Peptidhyrazide dargestellt. Wahrendyfent 2C (202-213) unter Verwendung
der N-terminalen Aminosaur8 synthetisiert wurde, erforderte die Synthese vagfent D
(178-201) die Verwendung einer geschutzt@Mercaptyl Asparaginsdure an Position

Aspl178 zur spateren Durchfuhrung einer sequenti¢ligation in C nach N Richtung.
(o}

DO . |
H.N VKMMERVVEQM NHNH,
2

o 91
Abbildung 11: Fragment 2C (202-213) 91

Fragment 2C91 wurde mit den optimierten Bedingungen aus friheSgmthesen von

Fragment 2 dargestellt und durch nicht beobaclueitdierte Methionine in hoher Sauberkeit

isoliert.

Die Synthese von Fragment 2D (178-201) wurde awf ¥Megen untersucht. Zunachst wurde

ein N-terminales Cystein an den dargestellten Peptidstalliert. Wiederum, wurden dabei

die Asparaginsauren 181 und 197 als mdgliche Ghlarsingsstellen mit der orthogonalen

Allyl-Schutzgruppe installiert. Nach erfolgter Espaltung wurde das Glykan Ami® mit

Hilfe der Lansbury Kopplung angebracht.
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Abbildung 12: Dargestellte Peptid- und Glycopeptid-hydrazidedié spétere Ligation mit geschitzfemercaptyl
Asparaginsaure

Die entsprechend aufgereinigten Peptid- und Glygbgenydrazide 92, 95, 97 und 99
wurden im Anschluss auf ihre Verwendung in der tigamit p-Mercaptyl Asparaginsaure
hin untersucht. Unglicklicherweise, wurden hierbefgrund der geringen Loslichkeit des
voll geschiitzten Asparaginsarethioesters keinetiogsprodukte geformt.

Der zweite Ansatz zur Synthese von Fragment 2D teacur Darstellung von Acm
geschutzten Glykopeptid-hydraziden von Bausteth gebrauch. Die installierten
Allyl-Schutzgruppen der Asparaginsduren 181 und/oi®7 wurden entfernt und die
resultierenden Saurefunktionen mit Glykan Amid® in einer Lansbury Kopplung
ausgestattet. Die resultierenden Glykopeptide wur@iechrein abgespalten und leicht
aufgereinigt. Die isolierten Hydrazide wurden dénau erfolgreich in Thioester Uberfuhrt
und nach erfolgter GréRenausschlusschromatograbhilklischung mit den entsprechenden,

sich im Gleichgewicht befindlichen, Thiolactoneanliert.
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Abbildung 13: Synthetisierte Acm geschitzte Thioester fir dganon mit Fragment 201

I

Daraufhin wurde die Ligation der Peptidthioestet pamercaptyl Asparaginsaure enthaltenen
Peptid91 optimiert. Vorherig verwendete Ligationspuffer ehnusatzlich zugesetztes Thiol
resultierten in schneller Hydrolyse des Thioesterd des Thiolactons und somit nicht zur
Formierung des Ligationsproduktes.

Ein Ligationspuffer mit 5 Aquivalenten MMBA, residtte in der Formierung von Disulfiden
zwischen91 und MMBA und somit nicht zur Bildung des Produktestztendlich, wurde das
Produkt mit Hilfe eines Puffers isoliert der dasaktvere Thiol MPAA in geringer
Konzentration aufwies. Unglicklicherweise war diem&étzung sehr gering und die
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Ligationsprodukte 113, 114 und 115 konnten nicht von Verunreinigungen und
Nebenprodukten gereinigt werden.
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Abbildung 14: Ligationsprodukte zur Darstellung von Fragment 2

Zusammenfassend wurde die Synthese homogsrgykosylierter GPIl-verankerter Prion
Proteine mit Hilfe einer Strategie, die sequeneiglative chemische Ligation von Protein-,
Peptid- und Glykopeptidthioester verwendet, untemsuNach erfolgreicher Darstellung der
bendtigten Bausteine flr die Glykopeptidsynthesa die Ligation-Entschwefelungsstrategie
wurden diese benutzt um die nétigen Peptid- undk@pigptidthioester zu generieren. Die
Ligation des C-terminalen PrP Fragments 1 (214-231) mit einertetys-modifizierten
DiMan Struktur war nach Optimierung des Puffersysteeffektiv und belastbar. Diese
Bedingungen fuhrten jedoch nicht zum gewlnschteaddkt, wenn ein komplexer lipidierter
GPI genutzt wurde und weitere Optimierung ist hien No6ten. Zusatzlich wurde PrP
Fragment 2 (178-213) in nicht-, mono- und diglyKesyen Formen mit Hilfe einer SPPS und
Ligation-Entschwefelungsstrategie dargestellt. @aegestellten Thioester wurden erfolgreich
in verschiedenen Ligationen verwendet. Um die ggrinJmsetzung der Thioester in
zukUnftigen Anwendungen zu verbessern, ist die paente Schitzung des Cysteins 179 von
hdchster Bedeutung. Wéahrend der Darstellung dekdplgptide zeigte sich die Installierung
eines Glukosamins effektiv, wahrend ein eigensasgals Nonasaccharid nicht mit Hife der
Lansbury Kopplung installiert werden konnte. Fure dZukunft erscheint hier die
enzymatische Verlangerung der synthetisierten Gigptide mit Hilfe eines

Glykanoxazolidin geeignet.
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INTRODUCTION

1. GLYCOPROTEINS

The majority of proteins are post translationallydified® including phosphorylation,
lipidation, or glycosylatior;* whereby the attachment of carbohydrates is the aetmsndant
alteration in naturé.Post translational modifications change the plasichemical, and
biochemical properties of proteins, influencing ithatability, folding, function, and
conformation and are essential for protein actoratiThus, much attention has been given to
these modifications” Glycosylation introduces an immense diversityhite modified protein
that exists as a mixture of so called glycoformsletules having the same peptide sequence
with different carbohydrate structures. Glycopnoseare basic to many important biological
processes including fertilization, immune defengeal replication, parasitic infection, cell
growth, cell-cell adhesion, degradation of bloogtland inflammatiof*2 The importance of
understanding the functions of glycoproteins i® at®tivated by their role played in many
human diseases like autoimmune infections and cané&!* Furthermore, it has been
suggested that the naturally occurring mixtureglpéoforms provide a spectrum of activities
that can be seen as fine-tunii® N-linked protein glycosylation has a role in “qulit
control” of protein synthesis; proteins possessingncorrect glycosylation state tend to fold
wrong, suggesting a role for added glycans as aoicof correct protein structuté.
Although this and other functions have been attebuhe glycosylation of proteins, the role
of the carbohydrate structure in the protein fuorcts still poorly understood. This is mainly

due to the lack of sufficient amounts of pure hoerapus glycoproteins.

1.1 Functions of Oligosaccharides

Biological roles of oligosaccharides seem to haverg broad spectrum, varying from trivial
tasks to those that are crucial for function, depeient, growth, and survival of an
organism’ Even within a given group of proteins, such as setface enzymes, effects of
altering glycosylation are highly variable and wtictable. Additionally, it is observed that
the same modification in glycosylation can havded#nt effects on the protein activiiy
vivo andin vitro.° Carbohydrate modifications can change propertigte attached protein
by altering the stability, protease resistance, quaternary structure. Characteristic
carbohydrate moieties which are existent in celhesitbn molecules, tumor-associated

antigens, viral or bacterial invasion targets ardod group determinations are most
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commonly presented on the cell surface and invoiwvetinding processes of molecular

recognition systems in the form of glycoprotetfs.

1.2 Diversity of Oligosaccharides

The four major classes of bio-macromolecules aildi nucleic acids, carbohydrates and
proteins. Nucleic acids and proteins have only type of linkage, resulting in an almost
solely linear structure. In comparison, carbohyesaliffer in two important characteristics:
Monosaccharides are linked by an acetal linkagechvis found in either equatorial or axial
configuration and the hydroxyl group used to formlisaccharide is not unique, ranging from
simple epimers to regioisomers of primary and sdaonhydroxyl groups. Moreover single
monosaccharides can maintain these linkages taaewsthers units, introducing a second
degree of complexityj.e. branching. Oligosaccharide structures are sunp@ssi the
conveyed density of information. Precise differenae the nature of linkages between two
pyranosesd.g.1-2, 1-3, 1-4, 1-6) oppose with the linear natwfreroteins and nucleic acids.
While DNA, with a basis set of 4, and amino acid#th a basis set of 20, may create a
biological language for information transfer of 408nd 6.4x10“words”, carbohydrates can
create more than 1.05x¥0variationst’” *° The biosynthesis of oligosaccharides involves a
series of enzymatic reactions that are not drivea bemplate or controlled by transcription.
Therefore, varying conditions like substrate atyivar enzymatic activity can easily affect
this process. As a result, glycoproteins can haaeyndifferent glycoformg®

The majority of carbohydrates are attached to $igid proteins and are present having many
different structures, such as biantennary, triameyn and tetraantennary patterns.
Additionally, the oligosaccharides exhibit a sipesific diversity?! Variations in the
combination of the possible linkages and substingi lead to thousands of related
carbohydrate structure. This is known as microloggeneity and is an unique and important
property of natural glycoproteifé?® The elements of glycoproteins are very similart bu
show a high degree of diversity in detailed strteduand can thus be seen as “natural

libraries” 24

1.3 Types of Oligosaccharide linkages

Among the known carbohydrate-protein linkag€s, (\-, O-, andSlinkages), most common
are N- and O-linked glycoproteins. Regarding tl&linked type, small oligosaccharides are
attached to either serine or threonine usually igpanN-acetyla-D-galactosamine as first
unit. These sequences of small oligosaccharidesclassified into 8 groups.The more
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complex N-linked type consists of large and branched oligdsaddes, that are further
divided into three classesge. complex, hybrid and high mannose typl-glycans share a
common MasGIcNAc-Asn structure and vary in the degree of branchihg, terminal
structures in the side chain and the substitutibnth® core pentasaccharitfe.The
high-mannoseN-glycan contains only D-mannose (Man) residueschéd to the core.
Complex N-glycans have antennae or branches attached tediee like the addition of
D-Gal, N-GIcNAc, L-Fuc, sialic acid or sulfate. The amowftantennae in mammals reach
numbers between two and four. HybNegjlycans have both, Man residues on the MasR)
arms of the core and one or two more antennae ioomga complex glycans attached to the

Man(o1,6) armz®

2. GLYCOSYLPHOSPHATIDYLINOSITOL (GPI)

An additional modification present in eukaryotiof@ins is the anchoring to a GPI. The GPI
anchor is bound to thé-terminus of a protein attaching it to the cell neane (Scheme 1).
Throughout all eukaryotic cells GPIs have a corsgrstructure, which consists of three
mannose residues, a glucosamine, amyainositol connected to a phospholigic?® To this
core structure, various modifications dependingtisaue, cell-type and organism can be
found. Most prominent are addition of monosaccleatdits such as galactose and mannose
to Man Il, branching at either C3 or C4 position\én |, additional phosphorylations and
acetylations. More precisely, mammalian GPI presespecific additional phosphorylation at
Man | and aB-linked GalNAc structure is commonly attached at@4Man 12° The role of
the length of the lipid chain and its saturatiorheavily discussed in literatufé.3%-32 The
exact composition of the fatty acids strongly iefiges the interaction within regions of

elevated cholesterol and sphingolipid confént.

R1°HN\/E°:p:f° R! R', R?, R?, R4 = + saccharide(s)
0 Hoo O Manm R®, RS, R = + phosphorylations
HO5
R°0 (o) 10 :
R' = * Protein
HO O, Mani
R“0
(0]
Ré Manl
R3O (0]

R%0 OR” GIcN
ey
HO
HzNo—sHo i’SOH Ino
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HO( /
P,
-0°\
O\o

Scheme 1: General structure of GPIs: the black core cam biferent appendages depending on species, tesdieell-type
origin
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Other than its primary role of anchoring proteionsthie outer leaflet of the biomembrane,
functions of the GPI are difficult to prove and @stigate. Considering the conservation of
GPIs and that simpler ways of anchoring a proteisteone can assume involvement in a
number of mechanisms in and between cells. Cef&ths play a role in microdomain
formation, protein sorting, diagnostic and crossactimg antigens and exert
immunomodulatory effect®. However, these roles are not to be generalizedwasd only
proofed for distinct GPIs at a time.

3. CHEMICAL SYNTHESIS OF PEPTIDES,
GLYCOPEPTIDES AND PROTEINS

3.1 Synthesis of Glycoproteins

As aforementioned, the study of the biological aspeof N-glycosylation requires the
synthesis of homogeneodsglycoproteins. In general, the methods to obtagil-defined
glycoproteins can be summarized in three diffegeatips as depicted Bcheme 2.

folded
N-glycoprotein

unfolded

endoglycosidase N-glycoprotein

®

) folding

R
P Y

,(% ) 5 Jos 0 Josm )
(\T native chemical ligation or
N5 expressed protein ligation
<2
oxazolidine folded
GIcNAc- o o o ° o

protein
ns o oA “-"/\H@ﬂ\“
NHR

NH,
H solid phase synthesis

and/or

recombinant expression @

Scheme 2: Retrosynthetic pathways for the synthesiblaflycoproteins

Transglycosylation (A, Scheme 2) involves the eratyen manipulation of an expressed
glycoprotein with a glycosidase followed by an emayic coupling of the desired
oligosaccharides. A homogeneous glycoprotein camels be obtained by sole chemical
synthesis. Small peptides are synthesized by sphdse peptide synthesis, and the
oligosaccharide is introduced as a building blook,by coupling it to the appropriate

protected peptide. Afterwards, the peptide fragsesute coupled by chemical ligation
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strategies (B, Scheme 2). This method however nstdd to small proteins. The two
mentioned strategies are combined in a third agbrd®, Scheme 2), where the non-
glycosylated protein part is expressed and glyatsyl peptide fragments are generated by

chemical synthesis. The different fragments areneoted by native chemical ligation.

3.2 Solid Phase Peptide Synthesis (SPPS)

Synthetic peptides are used ubiquitously for studie biology, biochemistry, chemical
biology, medicinal chemistry, and many other arefasesearch and indust?§.Solid phase
peptide synthesis (SPPS) is the predominant metbogreparation of peptides. It was
introduced by Merrifieldet al® in 1963 revolutionizing the field. Elongating tipeptide
chain on an insoluble solid support has obviousebin the immobilized intermediate
peptide can be separated from soluble reagentdystmiltration and washing, thus saving
time and labor compared to solution phase synth&siSPPS, the Nfunction is protected
orthogonally to the side chain functionalities. &ftevery coupling step the temporary
a-amino protecting group is removed to couple thextnemino acid. This
deprotection-coupling process is repeated until thesired sequence is completed.
Additionally, most steps in SPPS can be conduatedn automated fashion, making this
approach even more convenient. For the orthogorégtion of the Kfunction and side
chain functional groups two strategies, namely Bak/and Fmoc/tBu-SPPS, are used. In
Boc-SPPS theert-butoxycarbonyl (Boc) group is used for temporamptection of the
a-amino group, which is usually removed with nedflouroacetic acid (TFA) or TFA in
dichlormethane (DCMJ? For more permanent protection of the side-chafsifonctional
amino acids a range of benzyl-based (Bzl) protgagiroups have been developed. However,
this protecting strategy requires the use of hyenodluoride (HF) or strong acids as
triflouromethanesulfonic acid for the deprotectminthe side-chain protecting groups, which
can lead not only to several byproducts but are d#gerous to handfé Additionally, the
conditions in the Boc/Bzl strategy are not suitdblethe synthesis of glycopeptides, since the
glycosidic linkages are sensitive to strong acdidsmoc-SPPS the-amino group is masked
with the base-labile 9-Fluorenylmethoxycarbonyl @engroup, which is removed by base,
usually using 20% piperidine in DMF. The side chanprotected through acid-labile
protecting groups, typicalltert-butyl- and trityl-based. Both, the linker to thesin and side
chain protecting groups are cleaved in the fingp ¢ty using 90-95% TFA and scavengers to
capture the resulting carbo-catiofisSince TFA is only used after the peptide assenthly,
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approach is conveniently used for the synthesgywopeptides and phosphorylated peptides.
The principal of Fmoc-SPPS is shown in Scheme 3.

[0}
resin XJJ\‘/NHFmoc -
R
lzo % Piperidine repeat
n tlmes
0 o i
Resirx/lH/NHz
R o 90 95% TFA
coupling J\rNHFmoc and scavengers
reagents HO
R H R
[0} R' HX N NH,
| N A ko
resin
XJH/ Y NHFmoc — n
R O

X=NH, S or O

Scheme 3: Fmoc-SPPS
During Fmoc-deprotection the Fmoc-group undergoeSla, mechanism. The key step is the
initial deprotonation of the benzylic position tergrate an aromatic cyclopentadiene-type
intermediate, which rapidly eliminates to form dizefulvene. With the excess of base,
dibenzofulvene forms a piperidine adduct, whichorsgty absorbs UV light, offering a

possibility to monitor the reaction progress andpimg yields (Scheme 4¥.

o) [ wele) o)
H o‘ﬁo . ?) ?)_<\o . 8'<\o .

O H) O Mo o, ¢ )
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=y

Scheme 4: Fmoc deprotection
The approach of SPPS, however, has its limitati@dsing chain assembly, byproducts

4

arising from incomplete reactions, side reacti@mgmpure reagents accumulate on the resin
and contaminate the final product. Regarding pcoduurification, these impurities and
deletion sequences hamper the process significdodiyally, desired sequence and deletion
sequences have very similar properties, compligatie required separation. Nevertheless,
many strategies to overcome these issues havepuisdished® For example are the choice
of the solid support as well as the resin loadimgartant parameters for the success of the
synthesis. Additionally, solid-phase fragment corsdgion (SPFCY and native chemical
ligation (NCL)*"® emerged as convenient methods to couple smallgtideefragments,

overcoming mentioned limitations of SPPS.
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3.3 Native chemical ligation

Solid phase peptide synthesis is significantly tgdiby the maximum number of amino acids
that can be coupled in a single process. Dependinghe sequence, resin loading and
coupling conditions, peptides and small proteinghwip to 50 amino acids can be
synthesized. However, due to incomplete deprotecsieps, coupling reactions and side
reactions side products accumulate reducing thid wiethe desired peptide and narrow the
solid-phase methodology. Native chemical ligatibiC[() emerged as a powerful approach to
overcome this limitation. It allows the coupling tf0 unprotected peptides in aqueous
buffer®® The strategy requires a C-terminal thioester amdNaterminal cysteine, which
undergo a chemoselective transthioesterificatidloi@d by a rapid intramolecular-8N
acyl shift to form the native amide bond. The mecésra of NCL is depicted in Scherbe

(o} (o} (o}
peptide 1 SR HS peptide 2 OH

NH,
ﬂ Trasthioesterification
(o}

[o]
GRY ez o,

l S to N acyl shift

[0} SH o
peptide 1 N peptide 2 OH
H
(o}

Scheme 5: Native Chemical Ligation

3.4 Native chemical Iligation without Cysteine:
Ligation-desulfurization chemistry

Since the first introduction of native chemicaldign as strategy for the synthesis of proteins
more than 20 years atfdhis strategy continues to be fundamental for éhahsynthesis and
modification of proteins. Conventionally, NCL redien the presence of an appropriately
placed cysteine residue, which has a relatively &syndance of 1.1% in naturally occurring
proteins. To overcome this limitation strategiesehdeen introducetf. The main focus
thereby lies on the development of nevterminal cysteine surrogates and of néwerminal
acyl donors®“° Cysteine surrogates use a similar reaction pathtwayative chemical
ligation, but they can either be removed or marifad to generate other proteinogenic amino
acids at ligation site.

One of the most extended methods is the ligatiGulfigrization strategy. This concept was

first demonstrated by Yan and Dawson and involtesréductive desulfurization of cysteine
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after a ligation reaction to give a native alaniesidue’'*?> The concept of employing
unnatural amino acid derivatives bearing a suitgdagitioned auxiliary represents a crucial
extension to the native chemical ligation methodgldAfter a ligation using thiol amino acid
building blocks, the thiol moiety is removed to githe desired amino acid residue at the
ligation position (Scheme 6).

(o} R O (o}
peptide 1 SR HS peptide 2 OH

NH,
¢Iigation buffer

o R._SH 0
peptide 1 N peptide 2 OH
H
(o}

¢desulfurization

R
(o} [0}
peptide 1 N peptide 2 OH
H
(e}

Scheme 6: Ligation-desulfurization

A great number of thiol-derived amino acids for tigation-desulfurization strategy have
been reported including: phenylalanine, valineingsthreonine, leucine, proline, glutamine,
arginine, aspartic acid, glutamic acid and trypeoptl 43 Ligation-desulfurization chemistry
using thesg- or y-thiol building blocks has been successfully emptbyn the synthesis of a
number of complex peptide and protein targets. Hewethe challenging synthesis of
suitably protected thiol amino acid building blociss currently hindering the widespread
adoption of this strategy. Additionally, a shortaogof this strategy is that in most cases the
desulfurization chemistry is not chemoselectivéhi@ presence of other thiol moieties. Thus,
it is required to protect native cysteine residieeavoid conversion to alanine upon treatment
with reductive or radical desulfurization conditton To overcome this drawback,
chemoselective ligation-deselenization protocolsvehebeen described. The observed
chemoselectivity in the deselenization of selenst@ye in the presence of cysteine inspired
the synthesis of unnatural, selenol-derived amicid derivatives* However, to date only
y-selenoprolin® and B-selenophenylalaniil® have been successfully employed in
chemoselective ligation-deselenization reactionsthe presence of unprotected thiols.
Furthermore, a chemoselective ligation-desulfurraprocedure ap-thiol aspartic acid in
the presence unprotected cysteine residues is kfoWime C-S bond if-mercapto aspartic
acid is significantly weaker than the C-S bondyfteine, enabling a selective desulfurization

of p-mercapto aspartic acid in the presence of cysféine
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3.5 Methods for the synthesis of peptide thioesters

It is necessary to install &-terminal thioester for native chemical ligation darfor
ligation-desulfurization strategies. However, thedification of theC-terminal acid function
to form a thioester for the NCL is one of the bigfgehallenges. Therefore, particular effort is
and has been made to generate strategies thatedigyaccess to these proddéts

Dawson Nbz as thioester precursor
A strategy to form peptide thioestenssitu after the cleavage of the peptide from the resin a

an N-acyl-benzimidazolinone (Nbz) was describedaywson and coworkers (Schemé'?).

I
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peptide 1 N peptide 2 OH
H
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Scheme 7: Synthesis of a peptide thioester precursor uBimgson Dbz linker
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o ) peptide 1 SR
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NH,

Starting from a 3,4-diamino-benzamide (Dbz) rettie, peptide is assembled using standard
Fmoc-SPPS. Notably, after acylation of one of tiména groups on the linker, the remaining
free amino group in the aromatic position 3 or 4dmes hindered or deactivated, making
further protection unnecessary. After completiorthad peptide, th€-terminus is activated
through acylation of the remaining amino group wathitrophenylchloroformate. Adding a
base for activation an intramolecular attack of theilide to form the resin-bound
benzimidazolidine is promoted. The Nbz-peptide lsaged from the resin with TFA and
scavenger. After thioester formation by additioradhiol in buffer at pH 7, the thioester can

either be isolated or directly reacted with a dg&teontaining peptide.

Synthesis of peptides thioester from fully protecte d peptide fragments

A direct formation of peptide thioesters uses fyligtected peptides to convert iderminal
carboxylic acid into a thioester (Scheme8Jhe peptide is synthesized on a very acid labile
trityl resin, and released from the solid suppgrhigdrolysis under mild acidic conditions like
20% HFIP in DCM or 1% TFA in DCM. Thereby, all sigbain protecting groups remain
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intact. After thioester formation using PyBOP, DAPEBnd a thiol, the protecting groups are
removed with TFA and the unprotected peptide theyesan be used for NCL.

O 1. 20 % AcBr O Fmoc
HO O Chem L’ _O?_O Chem SPPS o
Matrix, Matrix, ;
IIl. Fmoc-AA-OH Matrix
O DIPEA FmocHN - O (" peptide )

20 % HFIP in DCM
OI‘
1% TFA in DCM

0 PyBOP

(o] (o]
. o TFA DIPEA
peptide SR'<t—— ( protected peptide SR' <R_SH protected peptide OH

Scheme 8: Synthesis of peptides thioester from fully pro¢eicpeptide fragments

However, problems with this strategy arise whenGkerminal acid is sterically hindered or
the peptide shows a low solubility and it is notsgible to form a thioester. To avoid
racemization of th€-terminal amino acid during activation low tempearat are used, which
might lead to incomplete conversion during thioestemation. Additionally, amino acids
with very acid labile protected side chain functolike histidine can lose the protecting
group, resulting in side reactions during the teieeformation. Unfortunately, separation of
the desired fully protected peptides and partidkyprotected peptides is not possible due to
their almost identical properties and size.

Peptide hydrazides as thioester precursor

A different strategy to generate a peptide thiogstecursor directly from the solid support is
the synthesis of peptide hydrazides. To prepare rédugired hydrazide carboxylate the
hydroxyl group of a Wang resin is activated wgtmitrophenyl chloroformate and-methyl
morpholine and subsequently reacted with hydramirtiydroxide (Scheme $¥.

0=< _©_ Fmoc

H,NNH, H,NHN_ _O, SPPS
[ W: W 2 W
Ho-(y) —=————» @ ) = T —=

Scheme 9: Synthesis of Wang hydrazide resin

After complete elongation, the peptide is cleavesinf the solid support with TFA. The
unprotected peptide is further reacted to the dddiioester using an oxidation with NaNO
and followed by a reaction with a thiol. Mecharasttudies showed that during the oxidation
step the peptide hydrazide is converted into adeaasing NaN®@at pH 3, which is directly
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reacted with a thiol (MPAA or MMBA) to form a thister at pH 7. The peptide thioester can

be isolated and used for native chemical ligat®chéme 10).

SH O [0}
ide 2
o NaNO, o r peptide OH o SH 0
pH3 2 o - -
peptide 1 NHNH, _>th' : peptide 1 SR ioati » | peptide 1 H peptide 2 OH
iol igation
pH7 buffer 0

Scheme 10: Diazotation and ligation using peptide hydrazides

An advantage of using peptide hydrazides as theogstecursors is the applicability in
sequential native chemical ligation. Previouslyusntial NCL of multiple peptide fragments
was performed in C to N direction, while tNeterminal cysteine group was protected. A new
approach, conducting sequential NCL in N to C dice; using peptide hydrazides was
introduced by Liuetal. in 20113 The key to achieve a sequential NCL with peptide
hydrazides is to oxidize one peptide at pH 3, atlii@ at pH 7 to convert it into a thioester
and then add the second peptide hydrazide. With shiategy orthogonal protection of
cysteine and additional deprotection/purificatideps are unnecessary. Scheme 11 below
shows sequential NCL in N-to-C direction using jptydrazides.

o] (o] (o] o] (0]

peptide 1" “NHNH, HS peptide 2 NHNH, HS/\HL peptide 3 Jl\OH

NH, NH,

1. oxidation, ligation, purification

2, oxidation, ligation, purification

H
o SH o S j)\
peptide 1 N peptide 2 N peptide 3 OH
H H
(o] (o]

Scheme 11: Sequential native chemical ligation using peptigidrazides

Peptide sulfonamides as thioester precursor

The sulfonamide method is another used approaclyetwerate peptide thioesters by
Fmoc-SPPS. The method involves displacement opéptide fragment with a thiol from an
activated peptidyl-sulfamylbutyryl resin. Unsuitgbthe method has a number of drawbacks,
involving incomplete acylation of the resin boundfenamide, incomplete activation of the
sulfonamide, incomplete thiolysis, due to inheremt reactivity of the activated sulfonamide

towards thiols, and poor solvation of the resinrmbprotected peptide.

40



(o} o [0}

0.0 Ou. o
HZNZ\S’ Fmoc Peptide 1 Nfs 0 peptide 1 ), s’ 0
SPPS H TMS-CHN,
—_— N
resin resin resin
O 0~ o} o) 0 o

o 9 ¢ TFA
o SH o HS peptide 2 OH
NH,
eptide 1 eptide 2 i
uOH - T

thiol, ligation buffer

=0

[0}

~How

O=w

Scheme 12: Synthesis of peptide thioester precursor usitigsamides

This method was improved by Burlingt al.>?> who described a double linker strategy,
involving anchoring of the sulfonamide linker tostandard acid labile resin (Scheme 12).
Using the new approach tiepeptidylsulfonamide can be released from the rbgimTFA.
Thus, monitoring of the synthesis progress by tkierg of methylation is possible. The
unprotected N-peptidylN-methyl-sulfonamide that is released from the rebin TFA
treatment can be used directly for NCL reactiontheut prior conversion to a thioester,

eliminating poor yields associated with on-resiiolisis.

3.6 Solid-Phase Fragment Condensation (SPFC)

In addition to native chemical ligation a differestrategy, the solid-phase fragment
condensation is an efficient alternative to overeshortcomings of stepwise SPPS (Scheme
13). In SPFC the advantages of both, solution ®gish such as the possibility of purification
of intermediate peptides, and solid-phase synthesysrapid reaction, high yield and easy
removal of excess reagent, are combitfetf.

In SPFC the target peptide is divided in fragmewtsere theC-terminal fragment is attached
to the resin and th&-terminal fragment is a fully protected peptide Solution. Both
fragments are combined using standard SPPS aotivatotocols and cleaved from the solid
support to give the desired peptide. Terminal fragment is synthesized using Fmoc-SPPS

on a resin bearing an acid labile linkr.

O e o O 20 % HFIP in DCM 0
HO O fesin) ——3= o O resin) —————————® ( protected peptide / “OH
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peptide 1 N peptide 2) ~<®—— ( peptide 1 H peptide 2 Jresin
H
o} o

Scheme 13: Synthesis of peptides via SPFC
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The N-terminal fragment can be approached in two rolgssynthesis on solid support.
Either a very acid labile linker to cleave the yylirotected peptide is used or acid stable side-
chain protection like Bzl where global deprotectisnachieved with HF-cleavage can be
employed.

In SPFC the proper choice of fragments is one ahroansideration. Facile synthesis of the
fragments and a rapidly proceeding condensatiosticen with high yield, under mild
conditions and most importantly without racemizatiare crucial requirements. On that
account it is necessary to choose a fragment vathracemizingC-terminal amino acid like
proline or glycine*®® Steric hindrance and poor solubility hampering ¢bepling reaction
demand proper length of individual fragments. Usushgments of the length from 5 to 10
amino acids are chos€rand side reactions caused by unstable side chaiagting groups
are best avoided by employing few amino acids Wtictionalized side-chains. In summary
SPFC is a powerful tool to gain access to peptidasare difficult to generate with standard

SPPS, given the desired peptide sequence canidedlin suitable fragments.

3.7 Orthogonal protecting groups in SPPS

To achieve clean and selective formation of newdsoduring a reaction appropriate
protecting groups of functional groups are mandatddecent protecting groups have
different requirements that need to be taken intcoant when selected for a reaction.
Installation selectivity and feasibility, stabilitpy a broad range of reaction conditions and
smooth removal are properties for a good protedjiogip®’ The concept obrthogonalityis
fundamentally important in the field of chemicalnflyesis. It describes two or more
protecting groups that belong to independent ctassed can be removed by distinct
mechanisms and conditions. Thus, protecting gr@apsbe removed in any order and in the
presence of each other since selective deprotei@uministered by alternative cleavage
mechanisms, usually under milder conditions.

The development of new protecting groups has beeply tied to peptide synthesis, since
protection is mandatory for the assembly of theskfpnctional molecules. Masking side
chains of different amino acids with orthogonal tpobing groups is necessary for the
manipulation of the functionality before cleavagel dinal deprotection. It is also required, if
a certain side chain functionality is involved Iretmanipulation after the final cleavage. For
Fmoc-SPPS orthogonal protecting groups need totdldesto the basic conditions (20%
Piperidine in DMF) repeatedly used for Fmoc remasad acidic conditions (90-95% TFA

and scavenger) used for final cleavage and depiaeé Additionally, the removal of
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orthogonal protecting groups before the final céaper has to proceed with conditions that

leave standard amino acid protecting groups intact.

Orthogonal protection of cysteine

To use peptidethioester fragments in sequentialenathemical ligation it is necessary to
protect theN-terminal cysteine of the thioester to avoid sejfp@gation or cyclization caused
by an intramolecular reaction with the thioesteigty® Installing theN-terminal cysteine as
Thiazolidine (Thz) (Figure 15) has been widely uded this purpos&®! The required
Boc-L-Thioproline building block is commercially aNable and can be easily installed using
standard conditions for SPPS. After complete layatithe Thz-peptide is converted into a
Cys-peptide using 0.2 M methoxyamine hydrochloatdéwer pH. Noteworthy, this strategy
has been used for one-pot synthesis of peptideselilz avoiding difficult and time
consuming purification steps of intermediatgs.

o

s OH
\—-NBoc

Figure 15: L-Boc-Thioproline
Other commonly used orthogonal protecting groupsysteine are Acetamidomethyl (Acm)
and Phenylacetamidomethyl (PhAcm) (Figure %652 The required amino acid building
blocks are commercially available and they candagled to the peptide chain using standard
SPPS conditions.

)LNAS/\)LOH NAS/\HLOH
NHR H NHR

H

R=Boc or Fmoc

Figure 16: Acetamidomethly (Acm) and PhenylacetamidometRylAcm) protected cysteine

Both protecting groups (Acm and PhAcm) can be reedawvith mercury salts (Hg[ll]) to give
the free thiol and with iodine )l to give the disulfide peptide. Additionally, PhsAccan be
removed enzymatically with penicillin aminohydratagjiving the possibility to remove it in
the presence of Acri.Recently, it was shown by Briét al®® that Acm can efficiently be
removed in a Palladium-assisted one-pot deprotectidhe strategy uses water soluble
palladium salts in a buffer system or in water agldases the free thiol after treatment with
dithiothreitol (DTT).

Orthogonal protection of aspartic acid
Synthesizing glycopeptides using the conditiongpsed by Lansburgt al®’ it is necessary

to orthogonally protect the aspartic acid residubda modified with thé&-glycan. Frequently,
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the side chain acid function is protected with la(dl) (Figure 17)%8 The protecting group
can be removed under palladium catalyzed reactowisis stable towards acidic and basic
conditions. With all other side chain protectingps intact, the released acid can now be

coupled to an amino glycan to give the desieglycopeptide?®

(o}
O NHFmoc

Figure 17: Allyl protected aspartic acid

3.8 Side reactions in SPPS

An often neglected topic when introducing solid sgeptide synthesis are side-reactions.
Those certainly occur and common side-reactionsvatedocumented. Generally, they can
be avoided by appropriate selection of protectingugs and resin linker. However, some

unwanted reactions are more difficult to avoid asglire special mentioning.

Aspartimide formation

A side-reaction most likely to be encountered intiree synthesis is aspartimide formation.
The probability of this reaction is highly sequenlependent, but occurs most frequently with
peptides containing the Aspi®Bu)-Xaa motif, where Xaa=Asn(Trt), Gly, Ser, THr/° The
reaction can be catalyzed under either acidic aicbaonditions. Thus, the process is
observed during final deprotection and chain eltingan Fmoc-SPPS. The reaction involves
an attack of the nitrogen attached to dhearboxyl group of aspartic acid or asparaginehen t
side-chain ester or amide group respectively. Aspate formation is also a widely
encountered side-reaction during Lansbury couplargthe synthesis of glycopeptides. The
formation of the resulting five-membered imide ec€@ampanied by epimerization. Moreover,
the newly formed aspartimide can suffer furtherctieas, such as hydrolysis to give the
correspondingr- andB-aspartidyl peptides, or the ring-opening thatbsesved by applying

piperidine during Fmoc-removal, forming andp-piperidides (Scheme 14).

o /A
(PG ‘B
o} ‘ H ’/-\ During Fmoc removal 0 P
‘N with 20% Piperidine N
H 0O R or during Lansbury H b}

coupling when acid
is activated

Scheme 14: Aspartimide formation during SPPS or Lansbury Giogp
Addition of 0.1M HOBLt to the deprotection mixturarchelp to prevent this unwanted side
reaction to some extefft’* However, complete protection against aspartimaenétion is
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only possible by temporary protection of the nigngf the amino acid preceding the Asp or
Asn residue. This can be achieved by incorporafifig/droxy-4-methoxybenzylN-Hmb)
protected amino acid before the problematic agpaxid or asparagine resid{fe3 Yet, for
residues other than glycine this approach is tedemd causes racemization when coupling
backbone protected dipepticf®s’*Recently, a convenient approach to overcome aspdet
formation during synthesis oN-linked glycopeptides via solid-phase aspartylativas
introduced by Unverzagt and cowork&tsThe method takes advantage of the glycosylation
consensus-sequence (Asn-Xaa-Ser/Thr; ZRa@) by installing a pseudoprolin@!pro)
dipeptide corresponding to the Xaa-Ser/Thr unitsis residue efficiently suppresses the
formation of aspartimides by constraining this pgpart (Figure 18).

. : (o]
resin || peptide 0o Ry= Hor CH,

N peptide R,= aminoacid side chain
Ry
L

Figure 18: Cis-conformation of pseudoproline containing peptides

The trans conformation of Xaa-Ser/Thr is converted into abs cis conformation when
pseudoproline dipeptides are incorporated into #eguence during SPPS. Thereby
aspartimide formation is drastically suppresset.

Oxidation of Methionine

A major problem associated with peptide synthesithe oxidative degradation of oxidation
sensitive amino acids. Together with cysteine, iathe is one of the easily oxidized amino
acids’® The thioether side chain function of methionine hdow oxidation potential and is
particularly sensitive to oxidation. It can formlfsuides [Met(O)] and sulfones [Met())
making it more hydrophilic than the native form,i@ahis considered interchangeable with
other hydrophobic amino acids like leucine or valifthe process of oxidation involves a two

electron transfer mechanism (Scheme 15).

Scheme 15: Oxidation of methionine

The naturaL-methionine can produce two possible diastereoissinets oxidized form, the
(R,9-Met(O) and the §,3-Met(O). Thus, after each oxidation two differgmbducts can be
observed. The oxidation is strongly dependent erptiotein substrate, shown by the fact that

in methionine rich proteins only a certain numbédr tike residues can be oxidiz&d.
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Unfortunately, only the number of oxidized methimmican be determined using mass
spectrometry but the exact position usually remainslear’® The amino acid sequence
surrounding the methionine and/or conformationahnges possibly play a role in the
oxidation proces® However, a consensus sequence for methionine tiaxidhas yet to be
identified. Reduction of Met(G vivois performed by two enzymese. Met(O) reductases,
MsrA and MsrB, which are respectively responsitde the reduction of§,3-Met(O) and
(R,9-Met(O). Unfortunately, foin vitro use these enzymes are not beneficial, since tieey a
extremely expensive and require specific experialemonditions. Thus, halides are
commonly used as reducing agefits!

_OH g
S |\/S OH

\S/,O ~
W © )
- -
QY’ QYa y
H o H o H o
i
®

_OH
Nl I\/S 2

~N
S S
/S\ ®
[— -
S o & N
H |—s\@ N H
0 H o )
Scheme 16: Reduction of methionine with NdHand DMS in TFA

This protocol uses much more cost efficient reagenit it lacks enzyme stereoselectivity.
However, both strategies are time consuming andinedroublesome peptide purification
with consequent decrease in peptide yield. Theatemiuof Met(O) can be performed during
or after the cleavage. In the latter case, theesszpiand other functionalities have to be taken
into account when choosing the conditions. Ofteseobed side reactions during Met(O)
reduction are the formation of disulfide bridges wfprotected cysteine residues and the
dimerization of tryptophan. Moreover, the hydrotysi peptide thioesters is a common side
reaction, using iodine salts for the reduction tlud> generated during sulfoxide reduction.
To circumvent this reaction, addition of dimethyfisle (DMS) is necessary (Scheme 16!

Aggregation during SPPS

Since the introduction of solid phase peptide sgsithh an enormous number of synthetic
peptides have been produced. Many efforts were ntadienprove the methodology by
enhancing the number of used protecting groupg@tigystems, activation methods, and the
automation of protocols. However, limitations séikist and peptide synthesis is encumbered
by different problems. Despite extensive work tdirajze SPPS conditions, some peptides

are resistant to efficient assembly in good yi€dor solvation of the growing peptide chain
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and limited solubility of fully protected peptideafjments often lead to incomplete coupling
reactions’” 8283 Intermolecular hydrophobic aggregation of the @ctéd peptide chains
and/or formation of secondary structures suclg-abeets are usually the reason for these
undesired physicochemical problefi$® It is suggested that aggregation may be caused by
either one of three possible scenarios (Figure \M)ile the optimal case of fully solvated
system is depicted in scenario A, scenario B shawslf-association through intramolecular
hydrogen bonds. Thus, interaction between the medind the amino termini is minimized,
and the accessibility of reagent is limited. Anotpessibility is the poor solvation of the
polymer backbone, as displayed in scenario C, hingeeagent access to the peptide chain.
The third possibility, scenario D, comprises intetic association, which produces a cross-
linked matrix, reducing mobility and accessibilitycomparison to scenario A.

o7

C

Figure 19: Scenarios depicting the possible solvation oreggtion of a polymer bound peptide sequence.

Regardless of whether aggregation is due to interintra-molecular associations, steric
hindrance of theN-terminus is increased, which consequently leadsotoplications with
Fmoc-removal and subsequent acylation. Differergsilities have been introduced to
overcome these problems, among them the use oftropao salts, different solvent
compositions, or increased temperature are commeag® 8’ The introduction of an amide
protecting group within the peptide chain has shawnprevent associations involving
hydrogen-bondin§® The earlier introduced pseudoprolind&rolines) have a pronounced
effect upon the peptide backbone. Pseudoprolines sarine and threonine derived
oxazolidine and cysteine derived thiazolidine detes, which show a great structural
similarity with proline itself, as shown in Scherg.
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Scheme 17: Fmo¥-Proline Dipeptide

The W-Pro dipeptide structure introduces a conformatiam@nge to the peptide backbone
and prevents peptide aggregation. Whproline containing building blocks are commergiall
available and can be coupled without racemizationomling to standard procedures.
Furthermore, oxazolidine- or thiazolidine-contamidipeptides have a much greater polar
character than conventionally protected serineedhine, or cysteine derivate. Thus,
pseudoprolines act as a polar protecting technmpréributing to higher solvation of the
growing peptide. Additionally\-prolines have the potential to simplify the pwdiion of
peptide fragments and to increase the segmentioguphetics. Pseudoprolines have enabled
the synthesis of otherwise inaccessible polypeptiole solubilizing hydrophobic protected
segments and preventing self-association of peftadgnents in convergent strategies or in
chemoselective approachH&sMoreover, to avoid aggregation, the choice of dsaluipport
during SPPS is crucial. Traditionally, solid phayathesis has relied on polystyrene-based
resins for the synthesis of all kinds of peptid@se to their hydrophobicity these resins have
certain limitations. For the synthesis of compl@piides poly(ethylene glycol) (PEG)-based
resins are often found to give superior resultse PEG-based ChemMatrix® resins have
better swelling properties than polystyrene resallewing a more efficient stepwise solid-
phase synthesf$.

3.9 Synthesis of Glycopeptides

For the synthesis of glycoproteins using NCL and.,Edhe crucial step is the attachment of
the glycan to the glycopeptide. In general, thrééemnt methods appear to be the most
useful and have been frequently used. The firsthatkt(A), depicted inScheme 18,
introduces the oligosaccharide during SPPS usigly@sylamino acid cassefi2 However,
after incorporation of larger glycans, further ejation of the peptide is complicated, since
side reactions, involving free hydroxyl groups, caocur®® Moreover, solubility and

reactivity of the peptide are affected in a negativanner.
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Scheme 18: Retrosynthetic pathways for the synthesislaflycopeptides

Sequential elongation of glycopeptides is more dehmg compared to peptides without
modifications, especially when longer or difficulequences are targefédTherefore,
installation of glycans in the last step of the thgsis is often employed as a better
alternative®’ By this method, peptides obtained by automatictigepsynthesis are directly
modified on the solid support. The required glydaayine is coupled to an aspartate of an
otherwise fully protected peptide using the soexhllansbury aspartylation (B, Scheme 18).
Thus, an orthogonal protecting group for aspartid & needed. The main drawback of this
approach, is the high probability of aspartimidarfation throughout the coupling. However,
this side reaction can be efficiently reduced bg aspseudoprolines at the Ser/Thr residues
of the consensus sequence Asp-Xaa-Ser/ThrARiam) %

The third strategy (C, Scheme 18) to synthesizeoglgptides bearing large glycans relies on
an enzymatic method. EndieN-acetylglucosaminidase fromlucor hiemalis(Endo-M) is
used to transfer the oligosaccharide of high-maantype and complex-typ&l-glycan
oxazoline substrate=n bloconto various acceptors having Mracetylglucosamine residdé.

% Thus, glycopeptides with only a small GIcNAc residhave to be synthesized, thereby

avoiding the complications and side reactions i@tsgy A.

3.10 Complex N-Glycan-Asn and N-Glycans from Egg Yolk

For the chemical synthesis of glycopeptides, thalability of N-glycan-Asn derivatives and
N-glycans has to be addressed. Recently, egg yolk eescribed as a source for a
sialoglycopeptide (SGPY. This disialylated undecasaccharide can be degrtmleluable

Fmoc-Asn building blocks, to a glycan amine and glycan oxazoline.
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Scheme 19: Synthesis of compleMd-Glycan-Asn andN-Glycans form egg yolk

The generation oN-glycan-Asn building blocks for a stepwise syntiesf glycopeptides
using egg yolk extracted material starts with peenaligestion of the isolated SGP.
Afterwards, the free amine of the released aspagaigi protected with Fmoc and the sialic
acid residues are hydrolyzed under acidic conditiarsing diluted hydrochloric acid
(A, Scheme 193" %9 For the synthesis of complex glycan-amines uséfulLansbury
coupling the sugar moiety is cleaved from SGP VAthGase F. Afterwards, sialic acid is
cleaved with neuramidase and the anomeric hydrgsolip is converted into an azide using
2-chloro-1,3-dimethylimidazolinium chloride (DMC) nd sodium azide under basic
conditions in water. The azide is reduced to enablgling to the acid function of aspartic
acid (B, Scheme 19 °* Glycan oxazolidines for the enzymatic productiélycopeptides
are synthesized by cleavage of the glycan from $8PEndo-M and treatment with DMC in

water under basic conditions (C, Scheme®183.%

3.11 Synthesis of GPI anchored Peptides, Glycopepti des
and Proteins

It is essential to have access to structurally -deflned GPIl-anchored proteins and
glycoproteins to study the role of the GPI. Due nucroheterogeneity and laborious
purification protocols, isolation of structurallyefined samples is difficult to achieve from
natural probes. Therefore, different synthetic as®mi-synthetic strategies have been
developed to generate GPl-anchored proteins. Rapamethods include regioselective
chemical condensation, native chemical ligation (IN&nd enzymatic ligation strategig’s®
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Chemical total synthesis of GPI-anchored peptidesa  nd glycopeptides

One strategy to generate homogeneous GPIl-anchepedigs and glycopeptide is based on a
conventional, regioselective condensation betwegroperly protected GPIl-anchor and a
fully protected peptide or glycopeptide depictedoheme 20.

- H  Ho__.O
HzN\/\$ OPG Peptide N\/\o P\O OH
HO 0
$9% ’&h'

o HO
PGO HO 0
PGO I. chemical coupling Ho&ﬁ'
PGO Il. Deprotection HO
> ®
. OPG OH
protected Peptide PGO HO (0}
PGO OPG HO OH
PGO HO
P
HoN OPG OPG H N HQ OH

OﬁlSOPG o OH
Ho. P OPG HO ,OmOH
co R c R
Lipid—O \\0 Lipid—0 \\0

Scheme 20: Chemical total synthesis of GPl-anchored peptidesglycopeptides

The strategy was shown first in the synthesis oF&@fhored peptide 2, a partial structure of
the human sperm CD52 antigen by Guo and cowofRels. GPI, protected with
carboxybenzyl and benzyl groups and a free amimugrand a dipeptide having a free
C-terminal acid were coupled using 1-ethyl-3-(3-dinygaminopropyl)carbodiimid (EDC)
and N-hydroxybenzotriazole (HOBt). Under these condsiothe desired product was
obtained without racemization. The final deprot@ttiwvas completed in two steps; using
dimethylamine to remove Fmoc and the carboxybeaagl benzyl groups were removed in a
Pd-catalyzed hydrogenolysi®

This strategy was later used by the same groupdecessfully synthesize a skeleton structure
of sperm antigen CD52? showing the first chemical synthesis of a nativéilyked
GPIl-anchored glycopeptide. The required fully pcted glycopeptide was assembled on an
acid-sensitive 2-chlorotrityl resin using Fmoc dolbhase peptide synthesis, which was
released from the solid support with 10% acetid aciDCM. The coupling to the protected
GPI was performed with EDC and HOBt as condensatagents. With the desired product
in hand the protecting groups were removed in tigps A Pd-catalyzed hydrogenolysis was
used to remove the carboxybenzyl and benzyl graupshe GPI and the amino acid side
chains were deprotected with 15% trifluoroacetid §€FA) (Scheme 21).
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Scheme 21: Synthesis of a skeleton structure of sperm ant@@52

Synthesis GPIl-anchored peptides and proteins via NC L

A powerful tool for the synthesis of large GPIl-aod proteins is NCL, a method that is

widely used for the chemical synthesis of protéin€ In this method, a peptide- or protein

thioester can be ligated with any molecule carrangi-terminal cysteine residue under mild

conditions.

This strategy to obtain GPI-anchored proteins viras éxplored by Nakahara and coworkers
by ligating a peptide thioester to a GPl-andi®igin a similar strategy, the Bertozzi group

used expressed protein ligation (EPL) to couplellesize green fluorescent protein (GFP) to
cysteine-containing GPI analdtf. NCL was also used for the synthesis of a reconmbina

prion protein (rPrP) attached to a GPI anchor lgygtoup of Seeberger (Scheme 22). In this
semisynthetic approach, the GPI anchor was equipjithda cysteine and the rPrP thioester,

prepared by an intein system. Both molecules weremected by native chemical ligation
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reaction®® Following this approach, the first protein anclibr® a complete GPl was

synthesized.

N 100 N ~PZ
HoN \/\o’H(‘)o o ( rPrp 90-232) \/\o \o o
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0 0
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Scheme 22: Synthesis of a GPl-anchored prion protein

Synthesis of GPIl-anchored peptides, glycopeptides a  nd proteins via enzymatic
ligation

A strategy that uses sortase A (SrtA), a bacténaaspeptidase derived fro§taphylococcus
aureus was developed by Guo and coworkers to ligateigept glycopeptides and proteins
with GPIs?: 103106 grtA  recognizes a proteinC-terminal signal, a pentapeptide
LysProXaaThrGly (Xaa is variable) known as sortsignal. SrtA reacts with this sorting
signal peptide to generate a thioester at carbgxgup of Thr, and links the protein
C-terminus to thé\-terminus of a cell wall peptidoglycdf.1%-1%Testing the applicability of
this strategy it was observed that when a shortigeeand a simple GPI analog were reacted
the reaction only hydrolyzed the peptide. Howewvédren the GPI analog was modified with
one or two glycine residues attached to the phasplaool unit, the reaction proceeded
rapidly and gave the desired conjugates. After béistsing the reaction conditions and
proving the concept, SrtA was used to synthesizeratanalogs of the GPI-anchored human
antigens CD52 and CDZ4%*1% Additionally, this enzyme-catalyzed ligation wased to
generate a GPl-anchored glycopeptide with a pas@guence of MUC1 and a GPIl-anchored
GFP.]'O4’ 106
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Scheme 23: Synthesis of GPIl-anchored peptides, glycopegidkproteins using SrtA
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4. PRION PROTEIN

Prions have drawn immense research interest forynyaars accounted to their unique
properties, composition and for being the causiggna of transmissible spongiform
encephalitis (TSEs) like bovine spongiform enceppalhy (BSE) and Creutzfeldt-Jakob
disease (CJD). Prions have no significant nucleid égenes) and TSEs are explained by the
widely accepted “prion-only” hypothesi¥ According to the hypothesis, an abnormal form
of one of the body’s own proteins cellular priotein (PrP) is transformed to an alternative
form, PrPPC, the so called scrapie form of the protein. Isuggested that PfPoperates as a
template which forwards the conversion of Pt® the scrapie formh.!*! The two isoforms
differ in their conformation and aggregation, whsréhe new formed PfPis the infectious
aggregate causing neurodegenerative disé&s¥€.The cellular prion protein is a GPI
anchored membrane protein and containsNiWimked glycosylation sites, which are variable

in their carbohydrate structute-?

4.1 Prion Diseases

Prion diseases are infectious, fatal neurodegauerdiseases that include BSE and scrapie in
animals and CJD in humahk$: 3 The transmission of BSE to humans to cause CJD
represents the urgent need to understand the ntmletasis of prion propagation,
pathogenesis, and the barriers limiting inter-matranatransmission’* Although prion
diseases are rare neurodegenerative disordergpdbe unique biology of the transmissible
agent prion, remarkable attention is given to tliess!'® The classes of prion diseases can
be grouped in genetic, infectious, or sporadic rdiscs, all of which involve modification of
the prion proteirt!® The prion concept explains how a single diseasehzwe genetic or
infectious etiology:** Prions are defined transmissible particles thaidavoid of nucleic acid
and composed exclusively of a modified prion prot@PrF9.116-117 The term “prion” is
derived fromproteinaceous anihfectious!® Prions are composed entirely of a protein that
adopts an abnormal conformation and is thereforgnet® as infectious protein. In a
posttranslational process, BrR converted into th@-sheet rich Pr¥®, thereby introducing
profound changes in the physicochemical constrdcPr®. Prions encipher their strain-

specific in the tertiary structure of P52
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A great deal of effort has been put into understanthe chemical nature of the infectious
agent, testing the validity of the protein-only rhagism. Much less attention has been given
to the question of how PPPcauses the central nervous system (CNS) pathokrgguently
discussed are three hypotheses explaining how elsamg Pr€ function can cause
neurodegeneratio®?° The most widely discussed hypothesis, the gaifusdtion
hypothesis, proposes that the prion pathology tsbated to a toxic “gain-of-function”
mechanism (1, Scheme 24). It assumes that‘Pdsesses a novel toxic property that is not
related to the normal, physiological function oPRrAn alternative hypothesis, the “loss-of-
function” hypothesis (2, Scheme 24), suggests Pt holds biological activity that is lost
upon conversion to PPPor when in contact with PPR For instance, the loss of anti-
apoptotic activity of PrPwould lead directly to neuronal death. The “subi@r-of-function”
hypothesis (3, Scheme 24) proposes that the intenawith PrP¢ converts PrP from a
transducer of neuroprotective signals into a transdof neurotoxic signals.

Genetic and biochemical evidence shows that thearsion of PrP to PrP¢ develops
through the formation of a PYRPrP°¢ complex. Two models explain the conformational
conversion of Prto PrPC, taking the “protein only” hypothesis into acco@theme?s).!

The first model (1, Scheme 25) is the “templatedied refolding” hypothesis, predicting an
interaction between exogenously introduced>Pend endogenous PrRwhich is induced to
transform itself into further PAS. Spontaneous conversion from Priato PrP¢ may be
prevented by a high-energy barrteFhe second model (2, Scheme 25), the so callestiéske
nucleation” hypothesis, proposes that Pr&hd PrP¢ are in reversible thermodynamic
equilibrium, where only a minimum amount of BfRxists. The monomeric are mounted into
a highly ordered seed and further monomericPdan be recruited and eventually aggregate
to amyloid. Due to fragmentation the number of euelould increase to recruit further

PrP°C, resulting in apparent replication of the ageht.
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Scheme 25: Replication of Prionis

Data suggest that P¥®P might not be directly responsible for neurodegatien. The
development of an effective therapy for these fpiynetrant disorders is needed. Interfering
with the conversion of PfPinto PrP¢ seems to be the most attractive therapeutic target
Understanding how PfRunfolds and refolds into PfPis also of great importance to study
other degenerative illnesses. Knowledge of SPrRrrmation may also help developing
effective therapies for the more common neurodeggine diseases, including Alzheimer’'s

disease and Parkinson’s dise&Se.

4.2 Structure of the Prion Protein

The normal cellular prion protein (PPis a glycoprotein containing 209 AA (23-231) with
o-helices as the predominant feature of the secgnstaucture!’’ One disulfide bond is
formed between Cys179 and Cys214. The Wuinked glycosylation sites are at Asn181 and
Asnl197, whereby the Asn181 glycan is attached te-healix and the Asn197 glycan located
on a loopt?® The large size of the oligosaccharides, their thingroperties and the flexible
linkage to asparagine result in shielding of adarggion of the surface of PrP. Both glycans
cover orthogonal faces of the protein and stegchihder either intermolecular protein-
protein interaction or intramolecular interactioinsolving residues 1-90. Major questions
relate to the relevance of the glycoform distribntias defined by glycan site occupancy, to
strain type and disease transmission. Glycan asaigs shown that prion protein contains at
least 52 different carbohydrate structures, whichstst of a subset of brain sugars, and that
glycan processing is site specific. PrRom the brains of syrian hamsters contains timeesa
set of glycans as PtPbut higher proportion of tri-and tetra-antennsingars:?*
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Prion protein is usually, but not perpetudflyattached to the neuronal cell membrane via a
GPI anchor at Ser23%° The GPI anchor, which is modified with sialic gciday allow the
prion protein to be mobile in the lipid bilayer. ik indicated by models that the polar
C-terminus makes very few noncovalent interactibesveen the protein and the GPI. This
provides the protein with considerable dynamic dm® relative to the membrane. On the
composition of the acyl chain only limited datasgi It contains stearic aciéf, a saturated
C18:0 fatty acid, which would be expected to praentypid order in the membrane. All
proteins with a GPI signal sequence expressedensgme cell initially receive the same
anchor. However, GPI anchors are frequently madiifiering transition to the cell surface. A
relatively unusual modification is the addition s&lic acid but no role for this feature has

been proposed yet.
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Figure 20: Proposed structure of PrP1t 126-1273) The GPI anchor is shown in two orientatighb) two orthogonal views
showing the areas of the protein surface coveretidgylcans at Asn181 (orange) and Asn197 (yelow)
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AIM OF THE THESIS

The aim of this work was to develop methods to galeehomogeneous-glycosylated- and
GPIl-anchored prion protein fragments for the seynttgesis of the prion protein, which allow
the evaluation of these modifications in the fumatiaggregation, replication and infectious
properties of the prion protein. This goal can lbhieved by a combination of chemical
synthesis, protein expression and ligation methods.

The synthesis of the prion protein, containing 268no acids, two glycosylations at Asn181
and Asnl197 and a GPl-anchor at Ser231, can berpetbby sequential native chemical
ligation of protein and peptide fragments. An aseyof the PrP composition suggests that
the prion protein can be divided in three fragmeRtagment 3 (23-177) [PrPlll], without
glycosylation, can be obtained as a thioester tfiroprotein expression using an intein
system. It is important to note that with this intsystem thioesterformation &terminal
aspartic acids leads to cyclization and has tovmédad. Thus, Aspl78 can be installed as
unnatural B-mercapto amino acid aN-terminal amino acid on th€-terminal fragment
(178-231), making a ligation desulfurization stggtgossible. The fragment 178-231 of PrP,
containing the carbohydrates can be obtained bsdad synthesis using SPPS. However, it
is known that the longer the peptide-chain the nsie reactions, incomplete coupling steps

or aggregation scenarios can take place.

~N
; Hs-
T 0
-w wa MR £
XFRE T T
‘”f‘" g 2 - > (Homogeneous GPI-Anchored Glycoprotein (Prlon
U EPL/NCL and desulfurization
0 CysHN__~ o. ' 0
NHNH
2 Cys-GPI b' “g
Fragment 1 U chemical
Q PIP 179213 NHNHZ spps synthesis
PrP 23177
SR 0 Fragment 2
Fragment 3 U SPPS
1. Protein expression m-“ GPI—-‘;B
2. Thioester formation N-glycan anchor

Scheme 26: General retrosynthetic strategy to obtain a hamegus GPI-anchorédiglycosylated prion protein

Thus, this fragment can be divided in fragment 28¢213) [PrPll], which consists of 36
amino acids and involves the carbohydrate moieties, fragment 1 [PrPI], containing 18

amino acids. Cys214 is the ligation position fargh two fragments. A fourth fragment is the
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GPIl-anchor containing a cysteine residue on phasphoolamine making it useful for NCL.
The obtained fragments can be combined via natikemécal ligation and ligation
desulfurization strategies as depicted in Scheme 26
The synthesis of glycopeptides and glycoproteina igery complex task. The challenge of
synthesizing complex oligosaccharides is furthempglicated by the fact that peptide
chemistry is inconsistent with carbohydrate chemidtor instance, the final deprotection of
the oligosaccharide can influence the peptide stracand the strong acids used to remove
the glycopeptide from the solid support can affeonhe glycosidic bonds. To gain access to a
homogeneous glycosylated and GPIl-anchored protditierent obstacles have to be
addressed.
For the assembly of peptides on solid support usmgc based chemistry, the modification
of the C-terminal to form a thioester for the NCL is onetloé biggest challengéd Therefore
it is crucial to find the optimal conditions foridkester formation and choose the appropriate
strategy; either the Dawson link8r,peptide hydrazidés or peptide sulfonamide%s as
thioester precursor or the use of fully protectegtjgles for thioester formatieh As a part of
this work, a variation of the mentioned techniquel be evaluated and optimized to gain
access to the desired peptides.
Additionally, to combine the expressed protein #éister and the chemically synthesized
peptide and glycopeptide fragments a ligation-dasahtion strategy has to be followed. The
required B-mercapto aspartic acid8)( will be synthesized according to the published
protocol?” 128 However, to also allow a ligation in C to N direct the thiol requires
orthogonal protection. Thus, a ngwmercapto aspartic acid having either Acf) ¢r a
photolabile 4-(dimethylamino)phenacyl (Map) estex sulfur protecting group1Q) is
designed and accordingly generated.
A0 0N otBu H OtBu 0 o)
9 BocHn” N °H © BocN X OH \ril BocHN X OH
g ° 9 10

Figure 21: B-mercapto aspartic acid building blocks for ligatidesulfurization strategy

The attachment of the glycan is a fundamental dteghis work, the glycopeptides will be
obtained using the Lansbury aspartylation, whichnects the sugar to an aspartate after the
complete peptide is assembféd®® A key requirement for glycopeptide synthesis using
Lansbury aspartylation is the orthogonal protectbihe aspartic acid side chain to make it
available for coupling while the remaining protegtigroups are still intact. Since PrP

contains two glycosylation sites closely to eacheotat Asn181 and Asnl197, a second
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orthogonal protecting group, which is removablepmesence of the commonly used allyl
protecting group on aspartic acid, is needed. $bond orthogonal handle, will allow the
installation of one glycosylation at a time and tatis two different glycans at each

glycosylation site. Unfortunately, no such groupestablished. Thus, the synthesis of an
aspartic acid building block having a photolabilepgvprotection on the side chaiti) will be

explored.

Figure 22: Orthogonal protected aspartate building block

A second key requirement for glycopeptide synthissie synthesis of an appropriate glycan
building block that can be attached to the pep#deino glycans are not stable and therefore
have to be generated situ. In contrast, the according glycan azides arelestajpon storage
and for that reason the required mono-sacchald@g §nd nona-saccharidd3d) will be

synthesized using chemical and chemoenzymatic rdsffio
OH
HO- HO HO—_O
OH E:‘o 0 HQ=X|O0
HO EMA/L\
«g\’ OH NHAc o)
3
A oo o a ki ; A
HO o o.\)ﬁ o, °Ho
oH NHAC HoND B%ﬂg&&,m
13 HO N

Figure 23: Glycan azides for glycopeptide synthesis usingsbairy aspartylation
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RESULTS AND DISCUSSION

1. SYNTHESIS OF GLYCAN BUILDING BLOCKS FOR
GLYCOPEPTIDE SYNTHESIS

For the synthesis dfl-glycopeptides using the convergent strategy, itdsessary to have
access to unprotected glycosyl amines that cammbgled to a free acid side chain of aspartic
acid of the otherwise fully protected peptfde?®However, glycosyl amines are unstable upon

prolonged storage and therefore are generatedu from the corresponding glycosyl azides.

1.1 Synthesis of N-acetylglucosamine-azide 12

To synthezisd-glycopeptidesN-acetylglucosamine-azid@-O-GIcNAc-azide), the simplest
glycan-azide, is typically used to establish reaisti selectivity and reaction conditions.
Moreover, it givesN-glycopeptides to investigate the role of smallgcagns and can also be
elongated using enzymatic methods to obtain laxgglycans® Until recently,B-D-GIcNAc-
azide was not commercially available for a reastmalice, and therefore, had to be

synthesized.

OH OH OH OAc OAc
HO d
\o_> Q g AcO O — o)
OH NH3 Acoﬁ' Aéﬂro"' AcO 2% Ns
AcNH AcNH AcNH¢, AcNH
14 16 17 18

Scheme 27: Synthesis of 18: a) AcO, pyridine, quant., b) NaOMe, MeOH, 84%, ¢) AcCCIH45%, d) NaN, DMF, 93%

Starting from the hydrochloride of D-glucosamiheacetylglucosamind6 was synthesized
in a two stepped strateds? Generating16 directly from D-glucosamine with sodium
methoxide and acetic anhydride only gave the produdow yields. Thus, peracetylated
N-acetylglucosaminel5 was synthesized in quantitative yield by treatidgglucosamine
hydrochloride14 with acetic anhydride in pyridinel5 was O-deacetylated using sodium
methoxide in methanol to obtait6 in 84% yield. Thereafterl6 was reacted with acetyl
chloride in the presence of a catalytic amount &l ko give the desired peracetylated
N-acetylglucosamine-chlorid&7 in 45% yield. A substitution of the chloride wim azide
was completed by treatirly with sodium azide in DMF and gai8 in 93% yield.

Additionally, a second strategy with only two reast steps was evaluated to overcome

shortcomingse.qg.difficult purification and incomplete conversiarf,the first strategy.

62



OH C=)H OAc OAc
HO N0 b
F —» A Q —» A o]
OH NH;3 ﬁgo OAc c% N;
Cl AcNH AcNH
14 15 18

Scheme 28: Synthesis of 18: a) pyridine, AgO, quant., b) TMS-& Sn(IV)Cl, EtOAc, 0°C, 68%

The second approatt (Scheme 28) started from peracetylaté@cetylglucosaminels,
which was reacted with TMS-azide in the presencdinflV)chloride in anhydrous ethyl
acetate to give the desired prod@8tin 62% vyield. Noteworthy, the use of anhydrousykth
acetate instead of anhydrous DCM gave significamtijer yields due to increased solubility

of the reaction mixture.

OAc OH OH
Aﬁggé“\,Ns — H&/Ns —» HO NH,
AcNH AcNH AcNH
18 12 19

Scheme 29: Synthesis of 20: a) NaOMe, MeOH, 4 #,38 Pd/C, B, MeOH 2 h

In the last step (Scheme 29) azid@wasO-deacetylated with sodium methoxide in methanol
to yield 12 in 68%. 12 can be stored and was reduced when required teragenthe
corresponding amine by treatment with hydrogen he presence of palladium catalyst.

Amino glycanl9 was directly used for the synthesis of sevirglycopeptides.

1.2 Isolation of a sialylglycopeptide from egg yolk powder

The chemical synthesis of carbohydrates has madéisant process in recent years and can
be performed using diverse methods including aroraated fashiof3! However, the
synthesis of complex glycans needed for glycopeptid still a time-consuming and tedious
process. Fortunately, to overcome these limitatioglycopeptides containing defined
complex glycans can be extracted from egg y®ikdsing this method, complex bianntenary
N-glycans and asparagine building blocks contaimognplex bianntenaril-glycans can be
obtainedP® 132
Initial reports described the isolation of a siglytopeptide from fresh eggs by separating
insoluble proteins and lipids by precipitation withenol®® Here, however, a method well-
known from glycomic analysis in large scale usirgg eyolk powder was uséd® The
isolation started with suspension of 300 g dry ggtk powder (corresponding to ~38 egg
yolks) in 900 ml water and 450 ml methanol. The tonig was divided in 40 ml fractions and
centrifuged for 10 min at 3500 rpm (thermo scientiferaeus Multifuge X3R centrifuge with
a Thermo TX-100 rotor). To each fraction 10 ml ebform were added and the mixture was
centrifuged again 10 min at 3500 rpm (thermo sdientleraeus Multifuge X3R centrifuge
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with a Thermo TX-100 rotor). The phase containihg water soluble compounds with the

large oligosaccharides was concentrated.
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Figure 24: Chromatographic profile of the elution of siallylgopeptide20 on a Sephadex G50 column.

The resulting slurry was suspended in 100 mM amomracetate and chromatographed on a
Sephadex G50 column (Figure 24). All fractions waralyzed using MALDI-TOF. The
fractions eluting between 240 ml and 320 ml comdithe desired sialylglycopeptide (SGP)
20 and were combined and lyophilized. After size egmn chromatography, 400 mg crude
20 was obtained. This quantity corresponds to a yi@ldapproximately 8.4 mg crude
glycopeptide/egg yolk.

1.3 Synthesis of the biantennary nonasaccharide azi  de 13

To attach complex glycans to a peptide using Lanslkoupling, it is necessary to either
protect the free acid group of sialic acid or tmowe the sialic acid residues to avoid side
reactions. In this work, the sialic acid residuesravremoved. Havin@0 in hand, the
synthesis of nonasaccharide azi®was started by acidic hydrolysis 20 using an aqueous
10 mM TFA solutior?® % to which TFA was added until a final pH of 3 wasched. The
mixture was incubated at 80°C until MALDI-TOF ansily indicated completion of cleavage
of the sialic acid residues (Scheme 30). After @8rk both sialic residues were cleaved and
the nonasaccharide containing hexapep2tlevas purified on a superdex 30 size exclusion
column (Figure 25).
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Scheme 30: Synthesis of 21: a) 10 mM TFA (pH=3}3®0 h, 38%
Unfortunately, even though MALDI-TOF analysis ingfied full hydrolysis, a small amount
of complex glycopeptides with one sialic acid weleserved. However, both glycopeptides

could be separated to gi2é in a yield of 38%.
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Figure 25: Chromatographic profile of the elution of glycqpiee 22 performed on a superdex 30 column

Having the desired and pufd, the compound was treated with PNGaseF in ammonium
acetate buffer for 16 hours to release nona-saic&h@f (Scheme 31). The glycan was
separated from the peptide using a SiliaSep™ C18idge by eluting the polar product
which does not bind to the column with water. Tleenaining peptides bind to the C18
material. The pure produ22 was observed in 44% yield. In the next s@&pwas converted
into nona-azidel3 by reacting it with 2-chloro-1,3-dimethylimidazolum chloride (DMC)
and sodium azide in the presence of lutidine at Cone week3* Nona-azidel3 was
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purified on a Sephadex G25 eluting with 5% ethanolater to give the desired product in
82% yield.!H-NMR analysis of the product showed nearly ideait@hemical shifts compared

to reported dafd and verified the success of the purification agattions.
21
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Scheme 31: Synthesis of 13: a) PNGase, 100 mM ammonium acetate, 37°C, 16%, #3 DMC, NaN, lutidine, 2°C, 7
days, 82%

1.4 Synthesis of Fmoc-Asn-Nonasaccharide

For the linear synthesis of glycopeptides usingSSBIFP Fmoc protected asparagine containing
the N-glycan is required. This building block can be gated from SGP. After extraction
from egg yolk, the glycopeptide was digested witbnase to release the desired glycosyl
amino acid23 (provided by Dr. Sebastian Gé6tze). To remove ihBcsacid residues from
glycosylated asparagin@3 was treated with a 10 mM TFA solution (pH 3) af@0The
removal is necessary to avoid side reactions whth dcid function of sialic acid during
activation in SPPS. The reaction was carefully nowad with MALDI-TOF and when both
sialic acids were removed, the mixture was lyophdi. Purification on a Sephadex G25
eluting with water containing 20% acetonitrile gaWe desired produ@4 in 94% yield
(Scheme 32). To protect the *Minction of asparagine24 was reacted with 9-
FluorenylmethyIN-succinimidyl carbonate (Fmoc-OSu) and triethylagnim a 1:1 mixture of
dioxane and water. After MALDI-TOF showed completaversion of the starting material,
the reaction mixture was neutralized with acetid dgophilized and purified on a SiliaSep™
C18 cartridge using 5, 10, 15 and 20% acetonitrilevater. Due to the presence of the
hydrophobic Fmoc protecting group, the fractionstiey with 10 and 15 % contained the
desired product. The fractions were combined, ljig@d and analyzed by MS and NMR.
All NMR signals were in accordance with the repdrtiata®® The desired produ@5 was

generated in 51% yield.
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Scheme 32: Synthesis of 25: a) 10 mM TFA (pH=3), 80°C, 20 h, 94%, b) Fmoc-OBHA, 16h, 52%

1.5 Conclusion for synthesis of glycan building blo cks for
glycopeptide synthesis
The synthesis of appropriate amino glycans or gyladed amino acids for glycopeptide
synthesis is an essential and challenging tadkari¢ld of glycoprotein synthesis. Depending
on the selected strategy, an Fmoc-Asn-glycan fquesatial coupling, a glycosyl amine for
Lansbury aspartylation or a glycan-oxazolidinedozymatic methods has to be synthesized.
For the synthesis of GIcNAc-azid2, two strategies were evaluated to generate pgtated
compound18. Both synthesis pathways were successful and gaeedesired product.
However, using Sn(IV)Gland TMS-azide to generate the product directlynfrreracetylated
glucosamine resulted in a significant higher yeith fewer synthesis steps. After reduction
with Pd under hydrogen atmosphere GIcNAc-anii@evas used for the synthesis of various
glycopeptides.
The generation of nonasaccharide-azit by chemoenzymatic methods from S@B
extracted from egg yolk was also successful. Thehaook for extraction of the desired
glycopeptide20 was modified to a simplified and less toxic stggtelnstead of using fresh
eggs, egg yolk powder was used to obtain glycogef0. Additionally, to remove the
undesired proteins and lipids a precipitation witethanol was used to replace the reported
treatment with phenol. After purification by siz&ctision chromatography 8.4 mg crude
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SGP/egg yolk were observed, which is equal to pbbli yields using a more complex
process>® The sialic acid residues were cleaved using adiglirolysis to give2l without
further cleavage of additional sugar moieties. Biga of the obtained glycopeptide with
PNGaseF released the unprotected sugar, which wagerted into the corresponding
nona-azidel3 using DMC and sodium azide in one-stég3*

Additionally, Fmoc-Asn-non&5 was synthesized from glycosylated asparadiBe After
acidic hydrolysis of the sialic acid residues tifefidhction of asparagine was Fmoc protected

and the building block can be used in SPPS acaptdirestablished protocols.

2. SYNTHESIS OF A PHOTOLABILE PROTECTED
ASPARTIC ACID FOR LANSBURY ASPARTYLATION

Orthogonal protecting groups are an enormous asdée synthesis of complex molecules
such as natural products. In Fmoc based solid ppaptide synthesis researchers take
advantage of using acid labile permanent proteagiregips on the side chains and an acid
labile linker and base labile Fmoc as temporarytgmtion on theN* function. To modify
specific side chains on a synthetic peptide, @rigial to use protecting groups that are stable
during peptide elongation and easily removable outhaffecting any other protecting groups.
To couple glycans selectively to a free aspartid eesidue on a synthesized peptide all other
amino or acid functions require protection to avside reactions. An established protecting
group for this purpose is allyl, which is stable T6A and basic conditions and can be
removed with palladiurf®®® 13For the installation of the two glycosylation siteontained
by fragment 2 it is necessary to have an additiorthlbgonal protecting group.

Considering the available protecting groups, a @lbile protection on aspartic acid would
serve impeccably the necessities, though no suctegimg group stable during SPPS is
known?®’ 4,5-dimethoxynitrobenzyl (Dmnb) has been describgghotocleavable protecting
group on aspartic acid. However, it has been shdvat building blocks bearing this
protecting group are not only difficult to introdycthey are also prone to aspartimide
formation under basic conditions used for Fmoc nemhoin SPPS3’ In contrast,
photoremovable protecting groups to maskdtearbonyl function of amino acids have been
described®1*® and might also be used for side chain of aspaaitd. The
4-(dimethyl)-aminophenacyl (Map) was selected as idaml protecting group for the
protection of aspartic acid because it has a gdabilsy against TFA and can be easily
removed by UV-light3® 40 Aspartic acid having this protection are not comniady

available, therefore synthesis of Fmoc-Asp(OMap)\@a&$ designed for this purpose.
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2.1 Synthesis for Fmoc-Asp(OMap)-OH 11

To obtain the desired Fmoc-Asp(OMap)-OH buildingpdll 11 for SPPS starting from
unprotected L-aspartic acid, a selective protecidnthe side chain acid function was
necessary before Fmoc protection of the amine. plusess was performed using a method
to prepareB-ester of aspartic acid introduced by Feignall* in 1982. This method uses
amino acid copper(ll) complexes and the correspuntialides of the protecting group for
alkylation.

The required Map-bromid28 can be synthesized in a two stepped high yielésgion by
bromination and debromination of 4-(dimethylamiraetophenon#?

To start the synthesis 4-(dimethylamino)-acetopher6 was brominated in concentrated
sulfuric acid with bromine to give 2,2-dibromo-1{@imethylamino)phenyl)-ethanorg®y as

a green solid in 90% yield. To debrominate prodiTctliethylphosphite in THF was used and
gave the desired Map-bromi@8 as a greenish yellow solid in 43% yield (Schemg 33

o} o) o)
Q)LCHS a, /©)LCHBr2 b, /©)LCH2Br
SN N SN
I 26 | 27 | 28

Scheme 33: Synthesis of 28: a) bSOy, Brz, 1t, 14 h, 90%, b) diethylphosphite, TEA, THF, QtOt, 14 h, 43%

Having the suitable halid@8 in hand, L-aspartic acid was converted into a eof})
complex30 using copper(ll)acetate in water, with a yield9P6 as a blue solid. After the
formation of a L-aspartic acid copper (II) compld® N,N,N°,N"Tetramethylguanidinium
was added to the complex to form the correspondalgand to increase the solubility in
DMF/water (10:1). Map-bromid@8 was added directly to this solution and reactadl#
hours. Decomplexation d31 with ethylenediaminetetraacetic acid (EDTA) in watgave
H-Asp(OMap)-OH32 in 60% yield over three steps. Finally, protectiminthe free amine
using FmocOSu in THF/water (1:1) delivered the mekibuilding blockll in 70% vyield.
Notably, the whole synthesis was conducted withpauification by column chromatography

and gave the desired product in 40% yield oveepss{Scheme 34).
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Scheme 34: Synthesis of 11: a) Cu(CQCHz)2, water, 70°C, 48h, 90%, B),N,N’'N-Tetramethylguanidinium, rt, 1 h,
DMF/H20 10:1, c)28, d) EDTA, NaHCQ, water, 60% over 3 steps, €) FmocOSwW, THF/water 1:1, rt, 14 h, 70%

2.2 Glycopeptide synthesis using Fmoc-Asp(OMap)-OH

Having the desired aspartic acid building blddkin hand, its applicability for Fmoc-SPPS
and the following release from the side chain wa®stigated. For this purpose decapeptide
36 taken from the prion protein was used as a moelglige. To avoid aspartimide formation
it is necessary to install a pseudoproline dipephidfore the Fmoc-Asp(OMap)-OH. Thus the
sequence to be evaluated was as follows: FmocBuHThr(tBu)-Gly-Glu(tBu)-Asp(Map)-
Phe-Thr(psiMe,Mepro)-Glu(tBu)-Thr(tBu)-OH. Startindgrom a commercially Trityl-
ChemMatrix® 33 (loading: 0.37 mmol/g) the resin was brominatethgisl0% AcBr in
anhydrous DCM under argon atmosphere for four hoéfterwards, the first amino acid
(Fmoc-Thr(tBu)-OH) was coupled to the activatedre®l using DIPEA as base. The resin
loading of 35 was determined using Fmoc-quantification, whiclvega resin loading of
0.35 mmol/g (Scheme 35).

¢ ¢ omug L)
a b

NHFmo

33 O 34 35 O

Scheme 35: Bromination of trityl linker 33 and caoglof first amino acid: a) 10% AcBr in DCM, 4h,
b) Fmoc-Thr(OtBu)-OH, DIPEA, 14h

The peptide was manually elongated in a frittedngyg. After each coupling step Fmoc was
removed using 20% piperidine in DMF twice for 5 ab@ minutes. The couplings were
carried out using 5 molar equivalents amino acidBtf HBTU and DIPEA in a 1:1:1:2 ratio,
except for the costly pseudoproline building blogkere only 2 molar equivalents were used.
All amino acids were coupled twice for 20 minuteete The pseudoproline building block
and the Fmoc-Asp(OMap)-OH amino acid were couplgde for 60 minutes.
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Scheme 36: Photolysis of Map on aspartic acid agling of GIcNAc: a) h>300 nm, 18 min, b) PyBOP, DIPEA, 19, 14 h,
¢) TFA/TIPS/water (90:5:5)

36

After coupling the final amino acid a test cleavagas performed using TFA/water/TIPS
(190/5/5, viviv) as cleaving solution. LC-MS anayshowed a single product, which was
assigned to the desired deca pep8aeNoteworthy, the photosensitive Map protectingugro

was stable towards the coupling conditions and Fraowval and could be installed without
complications. Additionally, the photolabile protiea leads to a negative signal of
Map-protected molecules on the UV-trace at 280 Rigufe 26), allowing a convenient

monitoring of its removal.
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Figure 26: LC-M S analysis of 36 [LC-MS on Agilent 1200: @ X-bridge [150x5mm; 5pum], 5% ACN to 95% ACN ire®l
(0.1% FA) in 30 min]

The photolysis in pure ethanol as proposed by Wt@d!3 was not possible due to the low
swelling of the resin in this solvent. Therefore, a first attempt, the removal of the
Map-group from36 was conducted in pure DCM using a continuous ffystem equipped
with a high-pressure Hg-lampwk300 nm, flow rate 1 ml/min, 18 ml loop, radiatibme 18
min). Under these conditions, photolysis showedéeoincomplete. Thus the solvent was
exchanged to a mixture of 1:1 DCM/ethanol keepimg same conditions mentioned to give
the desired produ@7. To validate the success and completeness ofitbogleavage a test
cleavage was performed using TFA/water/TIPS (180A8k/v). LC-MS analysis showed
complete removal of the Map side chain protectibaspartic acid and the desired peptide
was observed as only product (Figure 27). Durirgpthoto cleavage no side reaction, such as
aspartimide formation was observed. Thus, the mgldlock Fmoc-Asp(OMap)-OH was
proven as a beneficial handle for orthogonal ptaiamf the aspartic acid side chain in Fmoc

SPPS and deprotection.
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Figure 27: LC-M Sanalysis of 37 [LC-MS on Agilent 1200: @ X-bridge [150x mm; 5pum], 5% ACN to 95% ACN in@
(0.1% FA) in 30 min]

Having the desired peptide with a free aspartid aale chain in hand, the next step was the
coupling of an amino sugar. Deca peptile was coupled using Lansbury coupling with
amino glycanl9. This was accomplished using PyBOP and DIPEA &sse in DMF as
coupling reagents. The reaction gave the desingtbpgkptide38 as a single product without

aspartimide formation (Figure 28).
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Figure 28: LC-M S analysis of 38 [LC-MS on Agilent 1200: @ X-bridge [150x5mm; 5pum], 5% ACN to 95% ACN ire®l
(0.1% FA) in 30 min]

With the successful synthesis @B, the photolabile Map-protection of aspartic acid
(Fmoc-Asp(OMap)-OH) was proven advantageous. Aold#ily, the installation of
pseudoproline dipeptides avoided aspartimide fdaonatluring Lansbury coupling for the

synthesis of this glycopeptide as proposed by Uragtrand coworkerS.

2.3 Conclusion for synthesis of a photolabile prote cted
aspartic acid for Lansbury aspartylation

Starting from commercially available 4-(dimethylam)j-acetophenone and L-aspartic acid
the desired Fmoc-Asp(OMap)-OH. was synthesized in 7 steps. The protecting groap w
obtained following the method of Diwu and coworkk&¥sUsing the copper(ll)-complex of

aspartic acid30 and the corresponding halideester 28, the side chain was selectively
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protected using a method introduced by Feijen avbdkers!*! After decomplexation 081
using EDTA, H-Asp(OMap)-OH32 was observed in 60% vyield over three steps. The
N%unction of Asp was protected with Fmoc to furnibke desired Fmoc-Asp(OMap)-OH.
After the successful synthesis @1, the building block was used for the generation of
glycopeptide38. 11 was incorporated in the sequence of pe@@leDuring the coupling and
peptide elongation using Fmoc-SPPS no aspartinodadtion and no deletion sequences
were observed, proving building blo&k to be optimal for SPPS and to be far superiohéo t
known Fmoc-Asp(ODmnb)-OF. Additionally, the removal of the Map-group wasestive
using a high-pressure Hg-lampvf800 nm) in flow and a retention time of 18 minut€ke
free acid function was coupled with amino glyci#® to give a model glycopeptida8
showing that Fmoc-Asp(OMap)-OH/L can be used for the synthesis of glycopeptideb wit

Lansbury aspartylation.

3. SYNTHESIS OF ASPARTIC ACID BUILDING BLOCKS
FOR LIGATION-DESULFURIZATION STRATEGIES

Native chemical ligation is a powerful tool for thetal synthesis of proteins. However,
requirement of a cysteine residue and its relatiV@lv abundance of up to 1.1% of amino
acid residues in natural occurring proteins demaocess to cysteine surrogatgs® To
overcome this shortcoming the use of unnatfirabr y-mercapto amino acids for ligation-
desulfurization is a reliable method. Unfortunatdly or y-mercapto amino acids are not
commercially available, making chemical synthesithese unnatural amino acids necessary.
As described in the retrosynthesis, synthesis efgthion protein requires installation of a
B-mercapto aspartic acid at Aspl178 to enable ligaathe expressed protein thioester.

To enable ligation in N to C direction the thiolf3mercapto aspartic acid can be synthesized
using an acid labile protectidh.?® For a possible ligation in C to N direction theoth
requires an orthogonal protecting group. Theref@rajercapto aspartic acid was as well

synthesized with Acm and Map as a thiol protecgavup.

3.1 Synthesis of Boc-Asp(O tBu)-OAllyl

The synthesis of the desired aspartic acid builtlogks was started with allyl protection of
the free acid function of commercially availablecBoAsp(OBu)-OH 39 by reaction with
allyl bromide in DMF under basic conditions. Thesided product40 was observed in

guantitative yield.
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Scheme 37: Synthesis of 40: a) Allyloromide, DIPEAMF, quant.

Having the desired fully protected aspartic aciddag block 40 in hand, threg-mercapto

amino acids were synthesized.

3.2 Synthesis of Boc-Asp(O tBu;STmob)-OH 8

The protocol for the synthesis of required trimeyfenzyl (Tmob) protecte@-mercapto
aspartic acid (Boc-Asp(Bu;STmob)-OH 8) was published by Payne and coworkers
(Scheme 38§/ The synthesis was started by generating requirddnylating reagen43 for

the envisage@-aspartyl enolate sulfenylation. 2,4,6-trimethoxybg alcohol4l was reacted
with TFA in MeOH at 0°C to generate an activateteiesvhich was directly treated with
potassium toluene thiosulfonat2. Unfortunately, using this strategy the desireadpict was
not observed.

Scheme 38: Synthesis of 43: a) TFA, MeOHNC020 min

A stereocontrolled protocol for protecteftmercapto aspartic acids using a similar
sulfenylating reagent was also published by Shileat. (Scheme 39?8 and the strategy

was used to synthesiz8.

Scheme 39: Synthesis of 43: a) TEA, rt, 15 min, b) TFAA, 0°C to rt, 16 h, 728ger 2 steps

The synthesis was started by treating 2,4,6-trioygthenzyl alcohodl with TEA at room
temperature in acetone and DCM. The mixture wasedom 0°C and reacted with TFAA to
form an activated ester, which was directly coraeiinto the required sulfenylating reagent
43 by using potassium toluene thiosulfondfe The desired produdB was observed in 72%
over two steps.

Having both, a fully protected aspartic adi@land sulfenylating reaged8 in hand, the next

reaction was approached.
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Scheme 40: Synthesis of 8a and 8b: a) LIHMDS, -72°k,, 76%, b) Pd(PBJ, rt, 1 h, 80%
Aspartic acid building block0 was dissolved in anhydrous THF and activated withtMDS
at -78°C to form the corresponding dianid8.was added and after work up and purification
by silica column chromatography produtt was observed in 76% yield as a mixture of
inseparable stereo isomers. Thereafter, the atgrevas cleaved using Pd(BRhn DCM to
give 8 in 80% vyield (Scheme 40).
Here, separation of the isomers was successfulguBiR-HPLC (on Macherey-Nagel
Nucleodur C18 Pyramid), givinga and8b in a 1:2 ratio (determined by analytical HPLC of
crude8 [Figure 29]). The stereochemistry @a and8b was confirmed by analysis 6H-
NMR coupling constants. Large differences in cauplconstants betweenatand H3 of 8a
(J=7.7 Hz) and8b (J=9.6 Hz) suggest tha8a is the erythro diastereomer, which is
inconsistent with the stereochemical selectivitgorted?” 122 As reported, during ligation

both isomers show the same reactivity and therefanebe used in ligation reactiots.
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Figure 29: LC analysisof 8 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u@%s ACN to 100% ACN in KD
(0.1% TFA) in 40 min]

The generatefl-mercapto aspartic acid can be used for ligaticulfierization protocols in N
to C direction. To also enable sequential nativenalal ligation in C to N direction,
protection of the thiol is required. Since Tmobaisid labile, cleavage during the final
cleavage and deprotection step in Fmoc-SPPS u$tAgwill occur. Yet, it is also possible to
ligate a protected Boc-Asp{Bu,STmob) to PrP fragment 2 (179-213), since anaicid 179
is a cysteine. Thus a Boc-Aspgfd,STmob) thioester is required.
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Scheme 41: Synthesis of 45: a) PyBOP, DIPEA, 0°Cqahant.

Using PyBOP and DIPEAga formed an activated ester that was directly rehatigh benzyl
mercaptan in DMF to give the required thioegtem quantitative yield (Scheme 41).

3.3 Synthesis of Boc-Asp(O tBu;SAcm)-OH

In addition to the previously introduced ligatiomasegy, ligation in C to N direction is also
possible when the thiol function on the N-termiaalino acids bears an orthogonal protection
group. A well described orthogonal protection grofgr thiols in Fmoc-SPPS is
acetamidomethyl (Acm).

The corresponding synthetic route was started thighgeneration of sulfenylating reagdiit
(Scheme 42).

Scheme 42: Synthesis of 47: a) TEA, acetone, rt, 15 min, b) TFAA, 0°C to i, i1, 52% over 2 steps

N-(hydroxymethyl)-acetamidel6 was activated with DIPEA and TFAA in acetone and
reacted with potassium 4-methylbenzenesulfonotbidztccording to the protocol published
by Shibataand coworket& The sulfenylating reaged¥? was isolated in 52% yield.

H

N__S
N
40 + 47 a \n’ OtBu \n’ OtBu OtBu
BocHN BocHN

O LocHN OAllyl
48
Scheme 43: Synthesis of 9a and 9b: a) LiIHMDS, anhydrous THF, -78°C, 2 h, 14%, b) FRItfs, neat DCM, rt, 1 h, 57%

To synthesize the required orthogonal protetedercapto aspartic acid, protected aspartic
acid 40 was activated with lithium hexamethyldisilazideHMDS) in THF at -78°C and
reacted with sulfenylating reagefit to give48 as a mixture of stereo isomers in 14% vyield.
Afterwards allyl was removed with Pd(P§phin DCM and produc® was obtained in 57%
yield (Scheme 43).
The stereo isomers were separated using RP-HPLOM@rherey-Nagel Nucleodur C18
Pyramid), giving9a and9b in a 2:3 ratio (determined by analytical HPLC aide9 [Figure
30]). Unfortunately, assigning the stereochemistringi$H-NMR was not possible since
multiplets were observed for the coupling consthetsveen kd and H.
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Figure 30: LC analysisof 9 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u@% ACN to 100% ACN in RO
(0.1% TFA) in 40 min]

3.4 Synthesis of Boc-Asp(O tBu;SMap)-OH 10

Additionally, an orthogonal protectditmercapto having a photolabile group masking the

thiol function was synthesized.

Scheme 44: Synthesis of 49: a) DMF, 16 h, 38%

To synthesize sulfenylating reaget, bromide28 was reacted with potassium sdf in
DMF to give the desired product in 38% vyield (Schetd)!*?

o) 0 0 0 0 o
S S S,
N A S O AS SO AN G-
bll BocHN Y ril BocHN ril BocHN
50 o 10a o] 10b (0]

Scheme 45: Synthesis of 10a and 10b: a) LIHMDS G782 h, 62%, b) Pd(PB, rt, 1 h, 72%

After activation of aspartic acidD with LIHMDS in THF at -78°C, reaction witl9 to yield
50 as a mixture of stereo isomers was successfudn. 6n the next step, the ally protecting
group was removed with Pd(P#hin DCM to give productO in 72% yield (Scheme 45).
Using RP-HPLC the stereo isomers were separatedM@acherey-Nagel Nucleodur C18
Pyramid), givinglOa and 10b in a 3:7 ratio (determined by analytical HPLC ofide 10
[Figure 31]). Assigning stereochemistry usfityNMR failed due to inseparable impurities in

the first fraction.
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Figure 31: LC analysisof 10 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u6% ACN to 100% ACN in KD
(0.1% TFA) in 40 min]

3.5 Conclusion Synthesis of Aspartic Acid Building Blocks
for Ligation-Desulfurization Strategies

The synthesis of the prion protein requires inatalh of ap-mercapto aspartic acid at
Aspl78 to enable a ligation-desulfurization stratedgth the expressed protein thioester (PrP
23-177). The required building blocks are not comuiadly available and threp-mercapto
aspartic acid building blocks were synthesized,lugiog two bearing an orthogonal
protecting group on the thiol function.

In a first attempt, known Boc-Asp{Bu,STmob)-OH8 was synthesized according to the
strategy published by Payne and coworkérafter the synthesis route for the required
sulfenylating reagem3 was unsuccessful, a route published by Shibatd!?® was adapted
to generate required. Finally, fully protected aspartic aci) was treated with LIHMDS at
low temperature and reacted widB to give an inseparable mixture of diastereongrsn
72% vyield. After palladium(0)-catalyzed removal tbe allyl ester, the isomeRa and 8b
were separated using RP-HPLC. However, the puldisitereocontrdl- 128 of the reaction
was not reproducible. The isomers were observeal Ir2 ratio in favor of thanti-isomer.
Subsequently, both isomers were used for SPPS.

A secondp-mercapto aspartic acid with Acm as orthogonal gutiig group on the thiol
function was synthesized. Required sulfenylatiragent47 was synthesized according to the
route established fat3 in 52% yield. Unfortunately, a very low reactivityas observed in the
next step and the diastereomeric mixturd®ivas observed in 14% yield. After allyl removal
with palladium(0), the isome9a and9b were separated using RP-HPLC and showed a 2:3.

Thesyn as well as thanti-isomer were used for SPPS.
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A third strategy for a-mercapto aspartic acid with the photolabile Mapocathogonal
protecting group, masking the thiol, was evaluagdfenylating reagert9 was generated by
reacting bromid@8 and potassium 4-methylbenzenesulfonothidatan DMF in 38%143 By
reacting40 with 49 after treatment with LIHMDS, desiresD was observed as a mixture of
stereo isomers in 62%. The allyl ester was cleavitd palladium(0) and the isomé&6a and

10b were separated using RP-HPLC to give the prodo&s3:7 ratio.

4. SYNTHESIS OF PRP FRAGMENT 1 (PRPI[214-231])

A fully protected fragment 1 was evaluated for slyathesis of a thioester in a previous work
(master thesis). Therefore, fragment 1 was syrebdson an acid labile 2-Cl-trityl linker
bound to a ChemMatrix®. The desired peptide wash®gized successfully. However, it was
not possible to convert the product into a thiaegseng the conditions proposed by Kajihara
and coworkers.Optimization efforts by changing the temperatueaction time and coupling
reagents showed no formation of the desired produmis, for this work different strategies

were examined.

4.1 Dawson Nbz as thioester precursor

Starting from a commercially available Dawson DbavBiSyn® TGR resirbl the desired
peptide was synthesized using the conditions desttyy Dawsormt al*® in a fritted syringe.
Yet, LC-MS analysis showed that using HBTU and H@8tcoupling reagents, the formation
of the desired sequence was not observed. Optimrizafforts by changing the solvent from
DMF to NMP showed no influence on that result. Tatiservation led to the assumption, that
the proposed coupling reagents are not suitabl&SRIPS using a Dawson linker. In a new
effort, the synthesis of the desired peptide wasluated using commercially available
Dawson Dbz NovaSyn® TGR reshi on the microwave assisted peptide synthesizer tyiber
Blue™. ethyl-cyano(hydroxyimino)acetate (Oxyma pure) ahdl-diisopropylcarbodiimide
(DIC) were used as coupling reagents and cysteaweimstalled as L-thioproline, making the

product useful for sequential NCL (Scheme 46).

o o)
H,N e (PrP 215231\ 0
H resin s 0
\—NH

H.N NBoc N
i 51 J\/}LN' resin 53 0=< @JLNHZ
H,N H N

PrP 215-231= VTQYQKESQAYYDGRRSS

Scheme 46: Synthesis of 53: a) Fmoc-SPPS: 1. 2x 5 eq. Fmoc-AA-OH, 5 eq. DIGi®x (0.1M DIPEA), 90°C
2. 2x 20% piperidine, 90°C, b) 50 mMnitrophenylchloroformate, DCM, 1 hour, ¢) 0.5M DIREDMF, 15 min,
d) TFA/water/TIPS (190/5/5, viviv)
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To control the success and completion of coupliegsa test cleavage and LC-MS analysis
were performed. Finally, using DIC and Oxyma asptiog reagents the desired Dbz-peptide
52 was observed in a high crude purity (Figure 32).
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Figure 32: LC-M S analysisof 52 [LC-MS on Agilent 1100: Hydrosphere C18 [50x3mmng15% ACN to 70% ACN in
H20 (0.1% TFA) in 30 min]

Having the desired peptide in hand, the linker aetsvated through acylation of the amine
group withp-nitrophenylchloroformate. After addition of DIPEARn intramolecular attack of
the anilide by the resin-bound benzimidazolidineswaomoted (Scheme 46). The Nbz-
peptide was cleaved from the resin with TFA/watl?8 (190/5/5, v/viv). Successfully
performing cyclisation, the desired product wastlsgsized in a high crude yield and starting

material52 was completely converted into Nbz-pept&BFigure 33).
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Figure 33: LC-M S analysisof 53 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&%s ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

Regrettably, upon purification the Nbz-peptifewas hydrolyzed completely. Therefore, the
thioester formation was performed without furtherification. Unfortunately, all efforts to
convert the Nbz-peptide into a peptide thioestieda The thioester was not formed using the
conditions proposed by Dawsat al. [6 M GAdmCI (Gdm=guanidine), 200 mM PP Q;,
200 mM 4-Mercaptophenylacetic  acid (MPAA) and 20 MM TCERHCI
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(TCEP=tris(carboxyethyl)phosphine) at pH*?]A pH adjustment to 7.5 lead to hydrolysis of
the starting material and no thioester was obsefVRds, an alternative route, using peptide
hydrazides as thioester precursor, was approached.

4.2 Peptide hydrazides as thioester precursor

The synthesis of fragment 1 as peptide hydraZ@levas started with the preparation of the
required hydrazine carboxylate Wang resin. Theegfdrydroxymethyl polystyrene was

activated with p-nitrophenyl chloroformate andN-methyl morpholine (MMP) and the

obtained carbonate was reacted with hydraziniunrdxyyde to give the desired solid support
for Fmoc based SPPS (Scheme%7).

0

a,b NHNH
Wang)_, _»’ Wang 2
reasri‘ril:l OH resin \Ir

54 55

Scheme 47: Synthesis of hydrazide carboxylate Wang resin 55: a) p-Nitrophenyl chloroformate, NMP, DCM, 0°C to rt,
16 h, b) hydrazinium hydroxide, DCM/DMF (1:1), 0°Crtp16 h

4.4 Fragment 1 for ligation in C to N direction

The first amino acid, (i.e. serine) was couplechgdtyBOP and DIPEA as coupling reagents.
Fmoc quantification gave a loading of 0.63 mmal/ge desired peptide was synthesized with
MW-SPPS using the automated peptide synthesizartyilBlue™ with Oxyma and DIC as

coupling reagents. All amino acids were couplectcéwior 6 minutes at 90°C and Fmoc was
removed twice using 20% piperidine in DMF for 1 ot at 90°C (Scheme 48). For ligation
to fragment 2 in N to C direction the N-terminaktsine was introduced without orthogonal

protection.
(o] (o]
_O__NHNH, a,b
o e N T
(o] NH,
55 56

PrP 215-231= VTQYQKESQAYYDGRRSS

Scheme 48: Synthesis of 56: a) Fmoc-SPPS: 1. 2x 5 eq. Fmoc-AA-OH, 5 eq. DIGi®x (0.1M DIPEA), 90°C
2. 2x 20% piperidine, 90°C, b) TFA/water/TIPS (196/%/v/v)

The PrP | hydrazid®6 was cleaved from the resin with TFA/water/TIPSQ/B25, v/viv).
The elongation performed smoothly and gave there@groduct containing minor deletion
sequences. The reaction was reproducible and tpgdpewas purified using a RP-HPLC
semi-preparative C18 column (Synergi Hydro RP CA&®IC hydrosphere RP C18). The
pure producb6 was obtained in 31% yield and was used for NCltagment 2 (Figure 34).
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Figure 34: LC-M Sanalysisof 56 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&%#s ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

4.5 Fragment 1 for ligation in N to C direction

To perform sequential NCL in C to N direction amdligate fragment 1 with a GPI, it was
necessary to orthogonally protect tNeerminal cysteine on PrP | to avoid side reactions
However, installation as L-thioproline was not pemied, since side reactions during
oxidation of the hydrazide occtfr.Therefore,S-acetamidomethyl (Acm) was used to mask
the thiol function. The desired peptid® was synthesized with MW-SPPS using the
automated peptide synthesizer Liberty BNigvith Oxyma and DIC as coupling reagents. All
amino acids were coupled using the conditions presly described for the synthesis5ét
After complete elongation, peptide hydrazid& was cleaved with TFA/water/TIPS
(190/5/5, viviv) from the resin (Scheme 49).

Q o
O._NHNH, a,b
rouin) \g' —> AcmSNHNH2
NH
55 * 87

Scheme 49: Synthesis of 57: a) Fmoc-SPPS: 1. 2x 5 eq. Fmoc-AA-OH, 5 eq. DIC/Oxy0.1M DIPEA), 90°C
2. 2x 20% piperidine, 90°C, b) TFA/water/TIPS (196/ viviv)

The desired produd&7 was synthesized in a high crude purity. The cnoeletide hydrazide
was transformed into a thioester using NaN& pH 3 as oxidative condition and
4-(mercaptomethyl)benzoic acid (MMBA) as thiét. The benzylic thiol MMBA was
preferred over MPAA, since the thioester formedveh@ similar reactivity but is more
stable!** Despite being commercially available, because tefhigh price, MMBA was

synthesized in a two stepped synthesis from mdtfghloromethyl)benzoate (Scheme 58).

NH,
— > HZNJLS — /\©\
COOMe COOH

58 59 coome 60

Scheme 50: Synthesis of 60: a) thiourea, water, reflux, 1 h; b) 10 N NaOHtevareflux, 1 h, 98%
82



Methyl 4-(chloromethyl)benzoat&8 and thiourea were suspended in water and refluged f
one hour to give Methyl 4-(isothiuroniummethyl)bea#59. Hydrolysis was performed with
10 N NaOH in the refluxing reaction mixture for oheur. Afterwards the mixture was
acidified to pH 1 with concentrated HCI to precipé the desired produ60. After filtration
MMBA 60 was lyophilized and the pure product was obsemeéiBb yield.

To obtain the thioestedl, crude peptidé7 was dissolved in NaN£QOcontaining diazotation
buffer and reacted at pH 3 at -10°C. After 20 masuvIMBA in 1 M NaOH was added. The
pH was raised to 7 and the reaction was incubate8G minutes (Scheme 51). The product
was immediately purified using gel filtration (Sugex™ peptide 10/300) with 20% ACN in

water. A quantitative conversion was observed.

0 0 0 0
,b
NH, NH, 61 COOH
Scheme 51: Synthesisof 61: a) 6 M GdmCI, 0.2 M N&{PQy, 0.02 M NaNQ, pH 3, -10°C, 20 min, b) MMBA, pH 7, rt,
30 min, 25%
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Figure 35: LC-M Sanalysisof 61 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&%# ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

After purification using a RP-HPLC semi preparat®v&8 column (Synergi Hydro RP C18 or
YMC hydrosphere RP C18) the pure prodétitwvas obtained in 25 % vyield (Figure 35). The

purified thioeste61 was used for NCL to a cysteine modified GPI anchor

4.6 Ligation of 61 to cysteine modified Di-Mannose

To evaluate the feasibility of a ligation betwebiéster6l and a cysteine modified glycan a
ligation with Cys-DiMan62 was used. First, a ligation buffer with a compositof 6 M
GdmCl, 0.1 M NaHPQy, 0.05 M MPAA, 5 mM TCEP at pH 7 was used (Sche)e'8 This
buffer system is widely used for NCL of peptidesl ajtycopeptides. However, under these

conditions produc®3 was not observed and only traces of disul68a were detected.
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Scheme 52: Ligation of thioester 61 with Cys-DiM&h &) 6 M GdmCI, 0.1 M N#dPQs, 0.05 M MPAA, 5 mM TCEP,
pH7

Efforts to isolate produdd3a using a Superdex™ peptide 10/300 gel filtratioluom with
20% ACN resulted in an inseparable mixtureés8a and MPAA. Occurance of disulfidg8a
and the slow reaction indicates the possibility #lao Cys-DiMar62 formed a disulfide with
MPAA. The concentration of TCEP in the ligation feufwas enhanced to circumvent this
possible oxidation. Unfortunately, the additionnaére TCEP to reduce the disulfide resulted
in decomposition of the starting materials. To coene this issue, less reactive MBAA was

used as thiol in the ligation buffer. Product fotima was not observed as well.

o ? H  HO, -0
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H HO. .0
o~ /\‘/IL-)L N _~q-P OH
NH 2 HO
2 COOH 63b HO— o
61 Ho&g'
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Scheme 53: Ligation of thioester 61 with Cys-DiM&h &) 6 M GdmCI, 0.1 M Né&dPQs, 5 eq. MMBA and 30 eq. TCEP,
pH7

Since the low efficiency of the reaction was atitddl to the formation of disulfides in this
buffer system, the concentration of thiol and TGi#?e adjusted according to the amount of
thioester6l and Cys-DiMar62 used. The ligation was conducted using a ligatioffier with

6 M GdmCI, 0.1 M NaHPQs, 5 eq MMBA and 30 eq TCEP (Scheme 53). The pregoés

the reaction was monitored using HPLC.
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Figure 36: LC-MS analysis of ligation PrP | thicersd1 with Cys-DiMan 62 after 1 hour [LC on AgilertD: Hydrosphere
C18 [50x3mm; 3um], 5% ACN to 70% ACN ir@ (0.1% TFA) in 30 min]

Already after one hour the formation of desiredduai 63 was observed (Figure 36) and to
bring the ligation to completion the reaction wasubated for additional 23 hours. HPLC
analysis showed complete consumption of thioegleafter a total reaction time of 24 hours.

Additionally to desired produ@&3, disulfide63b was observed (Figure 37).
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Figure 37: LC-MS analysis of ligation PrP | thicast1 with Cys-DiMan 62 after 24 hours [LC on Agildri00:
Hydrosphere C18 [50x3mm; 3um], 5% ACN to 70% ACN #©OHO0.1% TFA) in 30 min]

The ligation product was purified using gel filicat (Superdex™ peptide 10/300) with 20%
ACN in water to give63 and63b in 84% combined yield. The mixture 68 and63b was
used for the next reaction without separation. Witle desired produc63 and the
corresponding disulfidé3b in hand, removal of Acm was approached.

A drawback, despite its great utility and wide aqgdbility of the Acm protecting group is its
difficult removal. Often, extended reaction timé&s-15 h) and harsh conditions, such as the
use of Hg(OAg) in aqueous medium containing 50-90% acetic acidheruse of 2 in
80-95% acetic acid are requirfdRecently, Brik and coworkets published an efficient

palladium-assisted deprotection to remove the Acoiety on cysteine in water. Different
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Pd(2) complexes were established. However, Pid@M Gn-HCI, pH 7 at 37C showed the
fastest reaction rate and removed Acm quantitativethin five minutes after dithiothreitol
(DTT) treatment to quench the reaction. Additiopathe reaction can be performed in pure
water.

Thus 63 and 63b were dissolved in water and 10 eq. Pd®@ére added (Scheme 54). The
reaction was incubated at 37°C and the removalm@stored with HPLC. A small amount

was taken from the reaction mixture, quenched Wit and analyzed using HPLC.

Scheme 54: Synthesis of 64: a) Pd@later, 37°C, 16 h, 5%

After 4 hours starting materi@3 was still observed and the reaction was incub&bed
additional 12 hours. Finally, the reaction was ctatgad and after quench with DTT, PrP |
(Cys-DiMan) 64 was purified using gel filtration (Superdex™ pepti@i0/300) with 20%
ACN in water. Unfortunately, isolation of pure cooymd by gel filtration was not possible.
Rather,64 was obtained in a mixture with unknown contamoradéi The impurities were
removed using semi preparative RP-HPLC (YMC hydnesp RP). Finally, the desired
product PrP | (Cys-DiMang4 was observed (Figure 38). However, significant lafggroduct
during final purification gavé4 in only 5% vyield.

After the buffer system for the ligation was essti@d and the successful removal of Acm
using PdC] was shown, a one-pot ligation and Acm removaltreaavas evaluated (Scheme
55).

NH,

: “H HO, _-O
HO\/\ .S N A P\ OH
S \/\g/ (0] Hﬁ%&l&'
HO
62 HO 00 /\(IL-)L )\n/N\/\o P‘o
Ho% _ab %4'
0 1 O~ — > HO— O
AcmS (PrP 215-231) s/\©\ Ho~ 0
NH, COOH O

61

Scheme 55: Synthesis of 64: a) 6 M GdmCI, 0.1 M Na&dPQy, 5 eq. MMBA and 30 eq. TCEP, pH 7, b) Pg@later, 37°C,
16 h, 6%
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The ligation of thioeste1 with Cys-DiMan62 was conducted using the previously described
optimized conditions. Fortunately, the reaction wegroducible and ligation was complete
within 24 hours as indicated by HPLC analysis. Agahe desired produé3 was observed
together with the corresponding MMBA disulfi@8b. To the product63 and63b in ligation
buffer 10 eq. PdGlwere added and the reaction was incubated at 3¥¥nall amount was
taken from the reaction mixture, quenched with Daidd analyzed using HPLC, which
showed complete removal of Acm within 30 minutelse Teaction was quenched using DTT
and purified using Superdex™ peptide 10/300 gétation column with 20% ACN. The
faster conversion of the reaction is attributedhi® better solubility of Pd€lin 6 M GdmCl
buffer. Unfortunatelyp4 was again obtained in a mixture with unknown comitetions. To
remove semi-preparartive RP-HPLC (YMC hydrosphei®) Rvas used and the desired
product PrP | [Cys-DiMan§4 was observed in 6% yield (Figure 38).
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Figure 38: LC and MALDI-TOF analysisof 64 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&fjs ACN to 70%
ACN in H20 (0.1% TFA) in 30 min]

4.7 Ligation of 61 to cysteine modified monolipidat ed GPI

After the conditions for ligation of thioest&l and Cys-DiMan62 were optimized and
resulted in a fast reaction, forming the desireatpct, the same conditions were applied for
the ligation of6l and a cysteine modified monolipidated GPI (Cys-@&R|Scheme 56). The
process of the reaction was monitored using HPLi@&Xgectedly, product formation was not
observed within the first 24 hours. Even with acuipation time of one week, no product was

detected.
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Scheme 56: Ligation of thicester 61 with Cys-GPI 4: a) 6 M GdmCI, 0.1 M N&IPQs, 5 eq MMBA and 30 eq TCEP,
pH 7, rt for one week and 37°C for one week

To facilitate the formation of GPI-anchored P@Blthe reaction temperature was elevated to

37°C. Unfortunately, only the formation hydrolyzihibester61 was observed.

4.8 Conclusion for synthesis of PrP Fragment 1
(PrPI1 [214-231))

Fragment 1 for the synthesis of a GPI-anchoredhgsiotein was synthesized using SPPS. To
enable native chemical ligation a C-terminal thiee®f this fragment is required and two
strategies for peptide thioester synthesis wertuated. The peptides were synthesized using
DIC and Oxyma on a microwave assisted peptide sgizhr Liberty BluéV.

First, a commercially available Dawson Dbz NovaSyh®R resin was used to generate an
Nbz-peptide as thioester precurédmhe desired Dbz-peptid was generated in high crude
purity and on resin converted in Nbz-peptkf This thioester precurs&3 was not stable
during purification and conversion into the corr@sging thioester resulted only in hydrolysis
of Nbz-peptides3.

Thereatfter, peptide hydrazides were evaluatediasdter precursors. To enable ligation with
fragment 2 peptide hydrazid# was synthesized using SPPS in 31% vyield. Additigna
fragment 1 was synthesized as peptide hydrazid&ingasysteine with an orthogonal Acm
protecting group on the thiol function. The crugelfazide57 was obtained in 60% yield and
converted into desired thioes&¥ in 25% vyield.

Having 61 in hand, ligation reactions to a cysteine modifi@Bl-mimic 62 and a cysteine
modified mono-lipidated GP4 were evaluated. With an optimized buffer for tigation, the
reaction of61 and 62 went rapidly and was complete within 24 hours. Bivanchore®3
was observed in combination with the correspondifBA disulfide product63b in 84%

yield. The removal of Acm was conducted in wateB2&tC with PdC® to give the desired
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product in 5% yield. Additionally, a one-pot ligai and Acm removal reaction was evaluated
to give the desired produét in 6% yield.

With the optimized buffer system the ligation of medlipidated GPHY and thioeste61 was
evaluated. Even after a prolonged incubation timhene week and elevated temperature at

37°C the reaction was not proceeding and only Hydeal thioester started to form.

5. SYNTHESIS OF PRP FRAGMENT 2
(PRP 11 [178-213])

For the synthesis of fragment 2 (178-213) compldargrconsiderations have to be taken into
account. Fragment 2 contains 35 amino acids, imuduthe possibly glycosylated Asn181 and
Asn197 and-mercapto Asp178. The installation of-amercapto aspartic acid unit at Asp178
is required for further ligation with an expresg@dtein thioester. To generate the required
thioester of fragment 2, the peptide was synthdsias a hydrazide using hydrazide
carboxylate Wang resib. To generate a homogeneous GPIl-anchored and glstes prion
protein, sequential native chemical ligation in tdicections can be considered. To enable a
ligation in N to C directionp-mercapto Asp178 without orthogonal protection &sp178
was installed using Boc-Asp{Bu,STmob)-OH8. After ligation to an expressed protein
thioester, the hydrazide can be converted into civeesponding thioester and ligated to
fragment 1. Contrariwise, a sequential ligatioratstyy in C to N direction demands an
orthogonal protection of the thiol function @rmercapto Aspl78 to avoid selfligation of the
fragment. Thus, for the ligation strategy Aspl78 ncabe installed using
Boc-Asp(QBu,SAcm)-OH9 or Boc-Asp(@Bu,SMap)-OH10. After SPPS fragment 2 can
be converted into a thioester and ligated to fragrie

Independent of the ligation direction, installatiohglycans at Asn181 and Asn197 can be
performed by Lansbury coupling. Therefore, an agtmal protection of Aspl81 and/or
Aspl97 is required on the-carboxylate using either the commercially avagabl
Fmoc-Asp(OAIl)-OH or Fmoc-Asp(OMap)-OH/l. The prion protein exists in non-, mono-
and di-glycosylated forms. To evaluate the infllee the attached glycan, fragment 2 was

synthesized without glycan and with a glycan at¥shand/or Asn181.

5.1 Optimization of the Synthesis of Fragment 2

Initial attempts to synthesize fragment 2 have shtve demanding nature of the sequence,
which is prone to aggregation. Thus, to avoid aspate formation during Lansbury

coupling and aggregation during SPPS three pseatliiogs were installed (Figure 39).
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Figure 39: Installed pseudoprolines to circumvent aggregadioth aspartimide formation

Starting from Wang hydrazide resbb, fragment 2 was synthesized using SPPS on the
automated microwave assited peptide synthesizeertyibBule™. The first amino acid,
methionine, was coupled using PyBOP and DIPEA andaaing of 0.58 mmol/g was
observed according Fmoc-quantification. The ingadion of the synthesis of fragment 2
required various optimizations. In a first examioat the same coupling conditions optimized
for fragment 1 %6 and57) were used. All amino acids were double coupledefiold excess
for 6 minutes at 90°C and Fmoc was removed twidagu20% piperidine in DMF for

1 minute at 90°C. Yet, under these conditions tesirdd product was only produced
containing a significant amount of deletion seg@snd o overcome this issue, the reaction
time was prolonged while lowering the temperatuweird) coupling. As a result, all amino
acids were coupled twice at 50°C for 10 minutesfodunately, no significant improvement
compared to the previous outcome was observed.

Further investigation revealed that the high swglibf the resin leads to insufficient coverage
of the resin with coupling solution and deprotectigolution. Thus, after completion of
common sequence PrP (Fmocl98-28@)Scheme 57; Figure 40), the resin was divided in
half to increase the volume of the reaction mixtieereafter, all amino acids were coupled
twice in a ten-fold excess for 6 minutes at 90°@oE was removed twice using 20%
piperidine in DMF for 1 minute at 90°C. Moreoven,g®08 had to be coupled three times to
afford the peptide in a well purity.

Q H

H2NHN\n,O\ wnd) 2 ge FmocHN-{ PrP 198-213 )LH'N* Wang

Resin

(0]
55 66
198-213=FTETDVKMMERVVEQM

Scheme 57: Synthesis of 66: a) Fmoc-SPPS: 1. 2x 5 eq. Fmoc-AA-OH, 5 eq. Digf@a (0.1M DIPEA), 90°C
2. 2x 20% piperidine, 90°C

Additionally, the pseudoproline dipeptides FmoctheR -Thr[¥(Me,Me)Pro]-OH,
Fmoc-L-Val-L-Thri¥(Me,Me)Pro]-OH and Fmoc-L-lle-L-Th¥f(Me,Me)Pro]-OH were
coupled manually in a fritted syringe using PyBQRI HIPEA as coupling reagents. The
dipeptides were coupled twice for 20 minutes inwe-fold excess. A Kaiser test was

performed to ensure the completeness of the cayplin
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Figure40: LC-M S analysis 66 [LC-MS on Agilent 1200: Hydrosphere C18 [50x3mmngp5%A CN to 70% ACN in EO
(0.1% TFA) in 30 min]

An additional side reaction was observed when ABfgQ) or Asp(OAll) were installed at
position Aspl97. During prolonged synthesis aspuadie formation was observed. To
circumvent this side reaction, 0.1IM HOBt was addedthe deprotection solutiof.
Unfortunately, no change of the outcome was obskrVaereafter, the temperature during
deprotection was lowered to room temperature andcRras removed using three times 20%
piperidine in DMF for five minutes without microwavrradiation. With these conditions the
formation of the aspartimide side product was g$igamntly lowered, but still observed.
Finally, also the temperature during coupling weduced and all amino acids were coupled
twice in a ten-fold excess for 10 minutes at 50%¥paatimide formation was completely
avoided.

In summary, for all peptides the following conditeowere applied: amino acids were coupled
twice in a five-fold excess for 6 minutes at 909 &moc was removed twice using 20%
piperidine in DMF for 1 minute at 90°C, but whenpf®Map) or Asp(OAIl) was installed at
position Aspl97 temperature during coupling wasuced to 50°C and the temperature

during deprotection was lowered to room temperature

5.2 Strategy 1. Fragment 2 for N to C Ligation

To perform native chemical ligation between theodister of fragment 3 and fragment 2,
B-mercapto Aspl78 residue was installed using Bgef@8Bu,STmob)-OH9. Additionally,
Aspl81 and/or Aspl97 were equipped with an orthabgrotecting group to enable
Lansbury coupling after complete SPPS.
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Scheme 58: Retrosynthetic analysis of strategy 1: fragmerdr2\f to C ligation.
Starting from 66, fragment2 was synthesized using SPPS on thematgd peptide
synthesizer Liberty Bule™ using the opimized coods$. Four different peptides were

generated to give non-, mono- and diglycosylatadtsires.

5.3 Synthesis of fragment 2 for N to C Ligation wit  hout
glycosylation

The synthesis 067 was successfully completed using the conditiorisroped for fragment 2
(Scheme 59).

a
FmocHN-{ PrP 198-213 H‘N‘ vare) —— (" pep 179213 JLH’N‘ s

Resin
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66 67
PrP 179-213= CVNITIKQHTVTTTTKGENFTETDVKMMERVVEQM

Scheme 59: Synthesis of 67: a) Fmoc-SPPS: 1. 2x 10 eq. Fmoc-AA-OH, 10 eq. Di@faa (0.1M DIPEA), 90°C
2. 2x 20% piperidine, 90°C

Having 67 in hand, Boc-Asp(OtBu;STmob)-O#8iwas coupled manually in a 3.6 fold excess
in a fritted syringe using PyBOP and DIPEA as coupleagents. After 16 hours, a Kaiser
test confirmed complete coupling and the producs wleaved from the solid support with

TFA and scavengers (Scheme 60).

(0]
H
JOL H a, b ° OH JOL
PrP 179-213 N7 (ang) g PrP 179-213 NHNH,
H H,N
o] 68

67

Scheme 60: Synthesis of 68: a) 8, PyBOP, DIPEA, DMF, rt, 16h, b) TFA/water/TIPS (15/3, v/v/v)
The crude product was analyzed using HPLC and MALDF and confirmed the success of
the synthesis. However, after coupling of the faxalino acid the purity of the desired product
decreased, as a result of inter- and intramolecantaractions of théN-terminal -mercapto
aspartic acid.
Peptide68 contains two free thiol functions, one fainercato Aspl178 and one at Cys179.
Both thiols can form intra- and intermolecular diisies. To investigate whether the dramatic
change of the HPLC profile is indeed a result ef filrmation of disulfides, TCEP was added
to the peptide containing solution before HPLC wsial HPLC-analysis showed a slight
improvement of the analytic profile 68 (Figure 41).
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Figure41: LC-M Sanalysis of 68 with and without additional TCEP [LC on Agilent 1100: Hydrosphere C18 [50x3mm;
3um], 5% ACN to 70%ACN in kD (0.1% TFA) in 30 min]

Still, several peaks were observed. In fact, amalysthe MS data showed that one or more of
the three methionine residues in fragment 2 oxdlidering the synthesis. The thioether side
chain function of methionine is particularly senatto oxidation, since it has a low oxidation
potential and can form sulfoxides [Met(G§]The naturalL-methionine can produce two
possible diastereoisomers in its oxidized form, (R&-Met(O) and the $,3-Met(O). Thus,
after each oxidation two different products canobserved.” Taking into account tha&8ox

contains three methionine residues, a variety adiped species can be present in the crude

peptide.
Q o
Hs)f;OH i _2 g M5 oH JOL
HN PrP 179-213 NHNH, HoN PrP 179-213 NHNH,
0 68ox o 68

Scheme 61: Reduction of 68ox: a) NHDMS, TFA, 0°C, 20 min

To reduce the sulfoxide moieti€&3ox was treated with NH and dimethyl sulfide (DMS) in
TFA (Scheme 61}° After quenching the reaction with a saturated escaacid solution, the
peptide was purified using gel filtration (Super@&ypeptide 10/300) with 20% ACN in water
and RP-HPLC (YMC hydrosphere RP C18). After reduttipeptide hydrazidé8 was
treated with 10 eq. TCEP to reduce the disulfides thereby simplifying the purification.
Purified 68 was obtained in 5% yield (Figure 42).
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Figure42: LC-M S analysisof purified 68 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&%; ACN to 70% ACN
in H20 (0.1% TFA) in 30 min]

5.4 Synthesis of fragment 2 for N to C Ligation wit h
glycosylation at Asn197 and/or Asn181

Starting from66, peptide69 was synthesized with an orthogonal protected #spacid at
position Aspl97 and Aspl81 using commercially add Fmoc-Asp(OAll)-OH. The
peptide was elongated using the conditions optichiee fragment 2 on the automated peptide

syntheziser (Scheme 62).

0o o Asp181 Asp197
JL “ ab TmobS OtBu?A"yl (I)Allyl (o} H
FmocHN-{ PrP 198-213 N () — P JL NS
N rP 179-213 N Retin
BocHN H
66 (o} 69

Scheme 62: Synthesis of 69: a) Fmoc-SPPS: 1. 2x 10 eq. Fmoc-AA-OH, 10 eq. Dkyma (0.1M DIPEA), 50°C
2. 3x 20% piperidine, rt, 9, PyBOP, DIPEA, DMF, rt, 16h

A testcleavage was performed and analyzed usingCH&1d MALDI-TOF, confirming the
success of the synthesis. As detected in the da&&® also69 was observed containing intra-
and intermolecular disulfides and oxidized metheniesidues. Thereafter, the allyl ester was
cleaved to give a free aspartic acid side chaimdJBd(PPHk)+ and phenylsilane as scavenger
in DCM, the reaction went smoothly and the protextgroup was completely removed.
Amino glycan19 was coupled to the released carboxylate using FYB@d DIPEA in
DMF/DMSO.

TmobS i 85;1':;1 | ‘87;57 1 0 HS i Asn181 Asn197 o OH
o "V YA R = HEL B I | B = HoxAg
PrP 179-213 N ) PrP 179-213 NHNH, HO NH
BocHN H Resin, HzN
(o} 69 le} 70 AcNH ,,.,JW‘

Scheme 63: Synthesis of 70: a) Pd(PP¥a4, phenylsilane, DCM, 2 h, quant. 1), PyBOP, DIPEA, DMF/DMSO, 16 h,
quant., ¢) TFA/water/TIPS (190/5/5, viviv)
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The reaction was complete after 16 hours and cglylpeptide70 was cleaved from the
resin with TFA/water/TIPS (190/5/5, viviv).

Two additional PrP (178-213) glycopeptides weretlsgsized using the same conditions.
Glycopeptide7l having a GIcNAc unit at Asn181 and glycoeptit®ehaving a GIcNAc unit
at Asn197.

(o} [0}
HS Asn181 o HS Asn197 o OH
o ) iy W | LT N
PrP 179-213 NHNH, PrP 179-213 NHNH, HO NH
HoN HoN AcNH o
(e} 71 (o} 72

Figure 43: Glycopeptide 71 and 72

To reduce the sulfoxide moieties of the oxidizegcgpeptidesrO, 71 and 72 were treated
with the same conditions shown for peptié The glycopeptides were purified using the
same conditions previously optimized for peptéBe Unfortunately, LC-MS analysis of the
glycopeptides revealed that the glycopeptides werestable towards the treatment with
TCEP before purification.

Q Asn181 Asn197 Q Asn181 e Asn197
/¢0H (=] (=] JOL /¢0H (=] i /¢0H (=] JOL
HaN PrP 179-213 NHNHz PrP 179-213 NHNH PrP 179-213 NHNH,
o 70a o 71a o 72a

Figure 44: Desulfurized glycopeptides 70a, 71a and 72a

All three glycopeptides were observed as desukdriproducts {0a, 71a and 72a [Figure

44]) and were suitable for the investigation ofatign conditions and the semi-synthesis of

PrpP.
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Figure 45: LC-M Sanalysisof purified 70a [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&fjs ACN to 70%
ACN in H20 (0.1% TFA) in 30 min]
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5.5 Synthesis of PrP Fragment 3 (PrP Il [160-177])

To evaluate the reactivity of fragment 2 and tolesgothe optimal conditions for the ligation

to protein thioester PrP (23-177), a small peptini@ester was used as a model peptide.
[0}

55 © 73

PrP 160-170=VYYRPVDQYSNQNNFVH

Scheme 64: Synthesis of 73: a) Fmoc-SPPS: 1. 2x 5 eq. Fmoc-AA-OH, 5 eq. DIGi@ (0.1M DIPEA), 90°C
2. 2x 20% piperidine, 90°C b) TFA/water/TIPS (198/5//viv)

The first amino acid,.e. histidine, was coupled using PyBOP and DIPEA asplog
reagents. Fmoc quantification gave a loading od @Bnol/g. The desired peptide was
synthesized using SPPS with the previously destridwed optimized conditions for the
synthesis of fragment 1. PrP Ill hydrazidé& was cleaved from the resin with
TFA/water/TIPS (190/5/5, viviv) (Scheme 64). Thenglation was performed smoothly and
gave the desired product containing minor delets@guences. Desired produc3 was
purified using RP-HPLC (YMC hydrosphere RP C18 omh). After purification, peptide

hydrazider3 was isolated in 25% yield (Figure 46).
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Figure 46: LC-M Sanalysisof 73 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&#s ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

Peptide hydrazidg3 was transformed into a thioester using NaNdD pH 3 as oxidative

condition and MMBA at pH 7 (Scheme 65}.Surprisingly, the reaction showed only a 25%

conversion.
(o] (o}
73 74 COOH

Scheme 65: Synthesis of 74: a) 6 M GdmCI, 0.2 M NaHPQy, 0.02 M NaNQ, pH 3, -10°C, 20 min, b) MMBA, pH 7, rt,
30 min, 10% (40% brsm)
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Figure47: LC-MSanalysisof 74 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&%e ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

Since hydrazid&3 was recovered, it can be assumed that the oxmdai&s incomplete before
MMBA was added and the pH was adjusted to 7. Aherester formatiorv4 was purified
using gel filtration (Superdex™ peptide 10/300)hn20% ACN in water and RP-HPLC on an
YMC hydrosphere RP C18 column. Purified thioes?dr was isolated in 10% vyield
(40% brsm) (Figure 47).

5.6 Ligation of peptides 74 and 68

The ligation between thioest@d and -mercapto aspartic acid containing pept@Bwas
evaluated. Since synthesiziB§ was rather troublesome, thioes?drwas used in a twofold

excess to ensure full conversion.

0 2 e
HS ) HS
G s L G i A
H,N PrPATS-213 NHNH, N PrP 179-213 NHNH
COOH H z
(o] 5 0

7
74 68 7

Scheme 66: Synthesisof 75: a) 6 M GdmCI, 0.2 M N&dPQy, 5 eq. TCEP, 37°C, 2 days

The ligation was conducted using a buffer with 63dmClI, 0.2 M NaHPOQs and 5 eq. TCEP
at pH7 as proposed by Payne and coworKerdowever, learning from the quick
desulfurization during purification gf-mercapto aspartic acid containing peptideés71 and
72, the concentration of TCEP was lowered. The reactvas incubated at 37°C and

monitored with LC-MS.
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Figure 48: LC-M S analysis of theligation between 68 and 74 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3um],
5% ACN to 70% ACN in KO (0.1% TFA) in 30 min]

Within 24 hours peptidé8 was completely consumed and LC-MS analysis shdveeas of
the desired product (Figure 48). The reaction wasibated for additional 24 hours and
purified using gel filtration (Superdex™ peptide/3@0) eluting with 20% ACN in water.
Unfortunately, only an inseparable mixture of hygred thioester74, thioester74 and

ligation product5 were found.

5.7 Conclusion and Outlook for synthesis of fragmen t 2
using strategy 1

For the synthesis of fragment 2 using strategyelstgment 178-213 was synthesized as one
peptide fragment. The generation of the requireptipes and glycopeptides containing a
B-mercapto aspartic acid at Asp178 was successfiduitered from significant side reactions
and problems during purification. Optimization bétconditions during automated SPPS and
installation of pseudoprolines improved the pumtyd total yield of the desired products.
However, oxidation of the methionine residues M8{2Wet206 and Met205 could not be
avoided during peptide assembly and all peptidee wexluced after synthesis.

For the synthesis of fragment 2 using strategyd peptides having g-mercapto aspartic
acid at position Asp178, including 3 glycopeptide®re synthesized. For the synthesis of
glycopeptides Asp181 and/or Aspl97 were installedring an orthogonal allyl protecting
group. After cleavage of the allyl ester with pdilan, amino glycarl9 was attached using
Lansbury coupling. The in general successful syishevas hampered greatly by the
formation of oxidized side products. Additionallgys179 was involved in unexpected side
reactions. Using strategy 1, the free thiol funwief Cys179 anfl-mercapto Asp178 formed
intra- and intermolecular disulfide bonds. Thusdbefpurification, the peptide were treated
with TCEP and peptide68 was successfully isolated after RP-HPLC purifimati
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Unfortunately, using the same conditions for th@uaion of the disulfides of glycopeptides
70, 71 and72 desulfurization was observed and the glycopep@e31 and72 were isolated
as desulfurized products. Thus, oy was obtained and further evaluated for ligation to
fragment 3. In future applications, it should bedfecial to mask the thiol function of Cys179
with Acm to avoid the formation of intramoleculaisdlfides and thereby simplifying

purification (Scheme 67).

(o]
1. removal of Ally Asp181  Asp197
i} i} and/or Map Tmob$ OtBu ?PG ?PG JOL H
PrP 179-213 NN Wang
PrP 179213 NHNH2 2 coupling of BocHN C H
amino glycan O “sacm
Nsacm 3.TFA Cyst7

Scheme 67: New Retrosynthetic analysis of strategy 1: fragn@for N to C ligation.
Additionally, a small fragment (160-177) of protéimoester (fragment 3) was synthesized as
peptide hydrazidg3. After purification, peptidé’3 was transformed into the corresponding
thioester74 in 10% yield.
The ligation of modelpeptide thioestét andp-mercapto aspartic acid containing peptde
was conducted in a buffer system with a low TCERceantration. Although LC-MS analysis
showed the formation of the desired product, tleédyof the ligation was low and the desired

product could not be isolated from the hydrolyzedtsig material.

5.8 Strategy 2: Fragment 2 for C to N Ligation

In order to explore a sequential ligation strateg to N direction-mercapto Aspl78 was
installed having an orthogonal protecting groupngsBoc-Asp(@Bu;SAcm)-OH 9. After
successful ligation the Acm group can be removebfarther ligation to an expressed protein
thioester can be investigated. Additionally, frearboxylate of Asp181 was equipped with an
orthogonal protecting group to enable Lansbury togmfter complete SPPS.

1. removal of Ally
and/or Map
2. co_uplinlg of AemS Asp181 Asp197
amino ¥can :
AcmS gl cm otBu § OPG OPG (o] H
PrP 179-213 3.TFA BocHN PrP 178213 ﬂ =

4, thioester
formation

Scheme 68: Retrosynthetic analysis of strategy 2: fragmefarZC to N ligation.

5.9 Synthesis of fragment 2 for C to N Ligation wit  hout

glycosylation

The synthesis of peptidé with an orthogonal protectgdmercapto aspartic acid at position

Aspl78 started from peptide-re$ii. Boc-Asp(QBu;SAcm)-OH9 was coupled manually in
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a two-fold excess in a fritted syringe using PyB&w© DIPEA as coupling reagents. A Kaiser
test confirmed that no free amine groups remaimeldtlae coupling was complete. Thereafter,

product76 was cleaved from the solid support with TFA anavengers (Scheme 69).

o]
[o] Acm$S 0

A N b oH J
PrP 179-213 N~ Y(rans) — g PrP 179213 NHNH,
N &5 H,N
67 o 76
PrP 179-213= CVNITIKQHTVTTTTKGENFTETDVKMMERVVEQM

Scheme 69: Synthesis of 76: a)9, PyBOP, DIPEA, DMF, rt, 16h, b) TFA/water/TIPS (15/5, v/v/v)

The product was analyzed using LC-MS and MALDI-Tard confirmed the success of the

synthesis.
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Figure49: LC-MSanalysisof 76 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&#s ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

As described for peptide hydrazi@8, the synthesis suffered from significant oxidatimin
methionine residues hampering the purification gsiRP-HPLC. To avoid multiple
purification steps using RP-HPLC was crude peptgdrazide 76 (Figure 49)directly

converted into the corresponding thioestgrand reduced afterwards.

(o] (o]
Acm$S OH )oL a,b,c Acm$S OH )oL
HN PrP 179-213 NHNH, HN PrP 179-213 s/\©\
(o) 76 (o] 77 COOH

Scheme 70: Synthesisof 77: a) 6 M GdmCI, 0.2 M N&iPQy, 0.02 M NaNQ, pH 3, -10°C, 20 min, b) MMBA, pH 7, rt,
30 min, 10% (40% brsm) c) NH DMS, TFA, 0°C, 20 min

Thioesterformation was conducted using NaN®DpH 3 as oxidative condition and MMBA
at pH 7** Due to the oxidized side products, purificationthaARP-HPLC was not beneficial
at this point and the peptide thioes®@&t was reduced with NM and DMS in TFA’®
Unfortunately, after reduction an inseparable nmrixtwas observed and pure thioest@r
could not be isolated. Careful investigation reedalthat during thioesterformation a

thiolactone formed involving the free thiol funati@f Cys179. Peptide thioestér and its
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corresponding thiolactone were not separable frondesired impurities (i.e. deletion
sequences). Thus, purification of the peptide haideabefore thioester synthesis is necessary

to obtain a clean thioester for ligation.

5.10 Synthesis of Fragment 2 for C to N Ligation wi th
Glycosylation at Asn181

Starting from peptide-resi®6 the desired peptide was synthesized using the itoomsl
optimized for fragment 2. Thereafter, Boc AsfBO;SAcm)-OH9 was coupled manually in a
twofold excess in a fritted syringe using PyBOP &1BEA as coupling reagents (Scheme

71). A Kaiser test confirmed complete coupling.

9 Asp181

(o} AcmS, (l)A||y| 0

J i ab OtBu
FmocHN-{ PrP 198-213 [ () it PrP 179-213 NN (fang
Resin, BOCHN H Resin

66 o 78

ZT

Scheme 71: Synthesis of 78: a) Fmoc-SPPS: 1. 2x 10 eq. Fmoc-AA-OH, 10 eq. Dkgma (0.1M DIPEA), 90°C
2. 2x 20% piperidine, 90°C 19) PyBOP, DIPEA, DMF, rt, 16h

Desired product8 was observed together with deletion sequenceshencdomplete sequence

with one or more oxidized methionine residues (Fedr0).
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Figure50: LC-M Sanalysisof 78 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&#s ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

Notably, when the thiol function ¢gmercapto Asp178 was masked with Acm, the formation
of disulfides was avoided, indicating the propertod B-mercapto Aspl78 greatly influence
the formation of disulfides. Thereafter, the albster of Aspl81 was cleaved from the
peptide-resin78 and the released carboxylate was coupled to amiyman 19 using the

conditions described for the synthesi¥0f{Scheme 72).
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Acm OAllyl O sn OH
otsu{AlY J_ K abc "M on H i
PrP 179-213 N- YY) —— - = o
BocHN N Resi H,N PrP 179-213 NHNH, - HSO NH

0 78 o 79 ACNH anlan

Scheme 72: Synthesis of 79: a) Pd(PP#4, phenylsilane, DCM, 2 h, quant. i), PyBOP, DIPEA, DMF/DMSO, 16 h, quant.
¢) TFA/water/TIPS (190/5/5, viviv)

The desired product was found together with oxidlipeptide species as was observed
previously. To reduce the sulfoxide moieti@8,was treated with N and DMS in TFA’®
After quenching the reaction with a saturated dscaacid solution, the peptide was purified
using gel filtration (Superdex™ peptide 10/300)tiely with 20% ACN in water and
RP-HPLC (YMC hydrosphere RP C18) to give pure pkphiydrazid&9 in 5% vyield (Figure
51).
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Figure51: LC-MSanalysisof 79 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&%#s ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

Peptide hydrazid@9 was transformed into a thioes&¥ using NaNQ at pH 3 as oxidative
condition and MMBA at pH 7 (Scheme 713?.

0
Asn181 Asn181
Acm$S 0 AcmS. 0 Asn181
PrP 179-213 NHNH2 _> PrP 179-213 PrP 179-213
HN ):O
79 COOH K

(o]
Cys179 Cys179
Scheme 73: Synthesis of 80: a) 6 M GdmCI, 0.2 M NAHPQy, 0.02 M NaNQ, pH 3, -10°C, 20 min, b) MMBA, pH 7, 1t,
30 min
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Figure52: LC-M Sanalysisof 80 and 81 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u5&%, ACN to 70% ACN
in H20 (0.1% TFA) in 30 min]

Thioester80 was purified using gel filtration (Superdex™ pdptil0/300) with 20% ACN in
water. The conversion resulted in a mixture of meskithioestei80 and thiolactanBl that
resulted from a transthioesterification between @terminal thioester and the mercapto
group of the side chain from Cys179 (Figure 52)io€kter80 and thiolactanBl exist in

equilibrium and can both be used for NEt.

5.11 Ligation of peptides 80/81 and 56

The Iigation betweeB0/81 and peptid®6 was evaluated.

Asn181
Acm$S OH - O AcmS Asi 1s1
coon NH,
Scheme 74: Synthess of 82: a) 6 M GdmcCl, 0.2 M N&lPQy, 30 eq. TCEP, 5 eq MMBA 72 h 5 eq MPAA 24h

The ligation was conducted using a buffer the o buffer with 6 M GdmCI, 0.2 M
NaHPQs, 5 eq. MMBA and 30 eq. TCEP at pH 7 (Scheme THhg ligation was monitored
using HPLC. After 24 and 72 hours HPLC analysiswsdb that the starting materials were
not consumed and the reaction was not proceedimgs, MPAA was added to form a more
reactive thioester via transthioesterification. ekftadditional 24 hours, LC-MS analysis
showed complete consumption of thioeSi@iand the reaction mixture was purified using gel
filtration (Superdex™ peptide 10/300) eluting wil9% ACN in water. Unfortunately,
desired product was not observed and only hydrdlyzmester was found.
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5.12 Conclusion and outlook for synthesis of fragme nt 2
using strategy 2

The synthesis of PrP fragment 2 having an orthdgpratectedp-mercapto aspartic acid
Aspl78 for strategy 2 was conducted using the ¢mmdi optimized for fragment 2.
Installation of pseudoprolines improved the puatg total yield of the desired products. Yet,
the methionine residues Met213, Met206 and Met208ized during peptide assembly and
reduction of the peptides was necessary. Thenedpgtide hydrazideg7 and glycopeptide
hydrazide79 were successfully synthesized. As previously diesdr the general successful
synthesis was greatly hampered by the formatiooxafized side products. Additionally, the
free thiol function of Cys179 resulted in formatioha thiolactam during the synthesis of the
thioesters. This side product complicated the mation of the crude thioesters. Thus,
glycopeptide hydrazide/r9 was purified before thioester formation. Finallyith this
optimized strategy desired produ8® was isolated as a mixture with the corresponding
thiolactam81. Unfortunately, additional purification steps redd the final yields. Therefore,
for future experiments protection of Cys179 shdutdconsidered to avoid this side reaction

and facilitate isolation of pure products (Scherg 7

1. removal of Ally
and/or Map s 9 Asp181 Asp197
2. coupling of Acm OPG OPG O
AcmS amino gl can OtBu_| | n
BocHN PrP 179-213 N~ res
PrP 179-213 SR 3 TFA oc § H
o SAcm
4. thioester Cys179
SAcm § i
Cys179 ‘ormation

Scheme 75: New Retrosynthetic analysis of strategy 1: fragnefor C to N ligation

The reactivity of thioesteé80 was investigated in a native chemical ligatiorctiea to peptide
fragment56. However, independent of the reactivity of theo#ster used the desired product

could not be observed and only hydrolyzed prodwad feund.

5.13 Strategy 3: Synthesis of fragment 2 via SPFC

The synthesis of fragment 2 (178-213) suffered frdifferent side reactions.g. deletion
sequences and oxidation of the product, when emmastrategy 1 and 2. Interestingly, for
the synthesis of PrP (Fmoc198-2K8) these side reactions were not observed. Taking this
observation into account, it was clear that thetrsgis of fragment 2 in smaller segments
should be beneficial. Hence, a strategy using siiase fragment condensation was designed
for the synthesis of fragment 2. For SPFC it is ontgnt to choose suitable fragments.
Especially, it is important to avoid racemizatiomridg fragment coupling, whereby proline

and glycine are ideal C-terminal amino acids.
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Scheme 76: Retrosynthetic analysis of strategy 3: fragmewie2SPFC

Thus, PrP 1l (178-213) was separated in two peptiiments: fragment 2B PrP (178-195)
and fragment 2A PrP (196-213), having Gly195 asGkerminal amino acid of fragment 2B
(Scheme 76).

To enable thioesterformation and ligation to fraging, fragment 2B was synthesized as
peptide hydrazid&’ ! Fragment 2A was synthesized on an acid labilgl4@hemMatrix®
resin, thereby allowing cleavage from the solidparpunder mild acidic conditions, leaving
all side chain protecting groups intact. AdditidpaAsp181 and/or Aspl197 were equipped
with an orthogonal protecting group for Lansburypgiing after complete SPPS and SPFC.

5.14 Synthesis of fragment 2A

The synthesis of peptid83 was started from peptidgs. Amino acid Glu196 and Asn197
were coupled manually using PyBOP as coupling reagad DIPEA as base. Fmoc was
removed with 20% piperidine in DMF (Scheme 77).eAftomplete assembly, a testcleavage
was performed using TFA/water/TIPS (190/5/5, viviE-MS analysis showed the success
of the synthesis of peptide hydrazi@@ and only minor deletion sequences were observed
(Figure 53).

(e} (e}

JU R a M
PrP 198-213 N7 (Wers) g ( PrP 196213 -
H
66 83

Scheme 77: Synthesis of 83: a) Fmoc-SPPS: 1. 2x 10 eq. Fmoc-AA-OH PyBOP/DIRER&x 20% piperidine
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Figure53: LC-M Sanalysisof 83: LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u%y ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

In addition, peptide fragment 2A was generatedibgaan orthogonal protected aspartic acid.
After coupling of fragment 2A and 2B, the orthogbpeotecting group can be removed and
Lansbury coupling will give access to the desirgdapeptide.

First, Asp197 was installed having an allyl sidaiohprotection to enable Lansbury coupling
(Scheme 78). The peptide hydraz&fewas synthesized with the same conditions as used f
83.

Asp197
PrP 198-213 N~ Nparg ’—» PrP 196-213 N~
H H
66 84

Scheme 78: Synthesis of 84: a) 1. 2x 10 eq. Fmoc-AA-OH, 10 eq. PyBOP 20 eq.HAR. 2x 20% piperidine,
b) 2x 10 eq. Fmoc-AA-OH, 10 eq. PyBOP 20 eq. DIPEA

A testcleavage using TFA/water/TIPS (190/5/5, Wvivas performed. LC-MS analysis
showed desired peptid@d was synthesized successfully in high crude pyFigure 54).
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Figure54: LC-M Sanalysisof 84: LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&% ACN to 70% ACN in HO
(0.1% TFA) in 30 min]
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Additionally, fragment 2A was synthesized havingletolabile protecting group at Asp197
using Fmoc-Asp(OMap)-OH1 was coupled manually in a twofold excess using ®yBas
coupling reagent and DIPEA as base (Scheme 79kskcleavage was performed using
TFA/water/TIPS (190/5/5, viviv) and the peptide veaslyzed using LC-MS, which showed
desired peptid85 was generated in high crude purity (Figure 55).

Asp197
) T P W
PrP 198-213 N” N Rars ) —— PrP 196-213
H
66 85

Scheme 79: Synthesis of 85: a) 1. 2x 10 eqg. Fmoc-AA-OH, 10 eq. PyBOP 20 ed®BA 2. 2x 20% piperidine,
b) 2x 2 eql1l, 2eq. PyBOP 4 eq. DIPEA
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Figure55: LC-M Sanalysisof 85: LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u%y ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

5.15 Synthesis of fragment 2B

To start, commercially available trityl-ChemMatrix®loading: 0.6-1.2 mmol/g) was
brominated using 10% AcBr in anhydrous DCM undegoar atmosphere for four hours.
Thereatter, the first amino acid (Fmoc-Gly-OH) wasupled to the activated resin using
DIPEA as base. After coupling, the resin loading wlatermined using Fmoc-quantification
of 86, which gave a loading of 0.65 mmol/g (Scheme 80).

Q) JJ JJ

[0}
a b__ FmocHN
vo]— Vgt ] S eI LV

O 33 O 34 86 O

Scheme 80: Bromination of trityl linker 33 and cdoglof first amino acid: a) 10% AcBr in DCM, 4h, binec-Gly-OH,
DIPEA, 14h

Two peptides were synthesized with MW-SPPS usimgctbupling conditions, which were

previously optimized for fragment 2.
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First, fragment 2B [Fmocl79-195] was generatedallisy asparagine at Asnl81. The

N-terminal Fmoc protecting group was left intactetmable the synthesis of a fully protected
peptide (Scheme 81). After the desired sequencecoapletely assembled, a testcleavage
was performed using TFA/water/TIPS (190/5/5, vivi\G-MS analysis proved the successful

synthesis 087 (Figure 56).

o CJ s
FmocHN\/u\0 Q Chem —Z3m ( PrP Fmoct7e-tes Q Mat
(> e

Scheme 81: Synthesis of 87: a) Fmoc-SPPS: 1. 2x 5 eq. Fmoc-AA-OH, 5 eq. DIGi® (0.1M DIPEA), 90°C
2. 2x 20% piperidine, 90°C
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Figure56: LC-M S analysisof 87: LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&% ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

The desired peptid&7 was observed in a high crude purity and only maeletion sequences
were found.
Additionally, a second fragment 2B was synthesizestalling Asp181 with an orthogonal
allyl protecting group (Scheme 82).
. O SRS
Fmocrn. Q %) — g (" rP Fmoct7o-495 Q e
85 O 88 O

Scheme 82: Synthesis of 88: a) Fmoc-SPPS: 1. 2x 5 eq. Fmoc-AA-OH, 5 eq. DIGi®x (0.1M DIPEA), 90°C
2. 2x 20% piperidine, 90°C

The synthesis was performed using the same coupbnditions as foB7. After complete
assembly of peptid88 a testcleavage was performed using TFA/water/TIERB/5/5, v/Iviv)
and analyzed using LC-MS, which proved the effecgynthesis 088 in a high crude purity

with minor deletion sequences (Figure 57).
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Figure57: LC-M Sanalysisof 88: LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3uf%y ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

5.16 Cleavage of fully protected fragment 2B [179-1  95]

Having fragment 2B87 and 88, in hand, the cleavage conditions to obtain fyliptected
peptides were evaluated.

The resin was treated three times with 10 ml 1% TikrACM for 3 min and immediately
guenched with DIPEA in DCM. The resin was washedhwdDCM and methanol and
concentrated under reduced pressure. The resshiidywas dissolved in DCM and extracted
with sat. NaCl-solution and water. The organic fay@as dried over NaSQ concentrated

under reduced pressure and crude pe@@dsas obtained in 39% yield.

NHBoc

NHTrt OtBu
p H
OtBu [
87 —23 2y, FmocHN N/\[r ﬁ \dL tLH I l
ms NHT O \q: N\ fo OtBu" otBu 07 OH

BocNJ

Scheme 83: Synthesis of 89: ;;i;:a TFAIn DCM 3x3min
Fully protected peptide89 was analyzed using MALDI-TOF and ESI-MS (Q-Tof).
Unfortunately, a variety of side products with omemore missing protecting groups was
observed. To remove the partially deprotected fepti peptide89 was purified on a
Sephadex LH-20 size exclusion column eluting wil#2DCM in methanol. Nevertheless,
separation of fully protected and partially proggttwas not possible. With the mixture of
fully and partially protected peptid®9 a condensation reaction with fragment 2A was not
beneficial.
To release fully protecte@D having an orthogonal allyl protecting group at A8p, the same

cleavage conditions as introduced 89rwere used.
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Scheme 84: Synthesis of 90: a) 1% TFA in DCM 3x3min

The fully protected peptid®0 was analyzed using MALDI-TOF and ESI-MS (Q-Tofher
desired product was observed as a mixture withgbgrdeprotected products. Removal of
partially deprotected peptides using a SephadeXQhsize exclusion column eluting with

20% DCM in methanol was not successful and cougbrigagment 2A was not possible.

5.17 Conclusion and outlook for synthesis of fragme nt 2
using strategy 3

The synthesis of fragment 2 was evaluated usingl siilase fragment condensation. PrP
fragment 2A (196-213) was successfully synthesiZédee different peptide hydrazides were
obtained, including two peptides containing an egtbnal protecting group on Asp197. Only
few deletion sequences were observed and no ogidizethionine residues were found.
Peptide hydrazide®3, 84 and85 can be coupled to fully protected fragment 2B g<s$®PFC,
thereby giving the desired PrP 11 (178-213) withoxidized side products. Additionally, after
successful coupling to fragment 2B, allyl- or Majpt{ecting groups can be removed to
synthesize the desired glycopeptide using Lansbowypling.

Additionally, two PrP fragments 2B (179-195) werngrated, including one peptide having
an allyl protecting group on Asp181. Both peptid¥sand88, were observed in a high crude
purity with only minor deletion sequences. Unfodtaly, when the peptide was cleaved from
the resin using mild acidic conditions, the cleavad several side chain protecting groups
was observed. The mixture of partially deprotectat fully protected peptides was
inseparable and SPFC could not be performed.

In comparison to strategy 1 and 2, the desiredigeptor the synthesis of fragment 2 using
SPFC were synthesized in a high crude purity. H@nesleavage of the two fragments 2B
with all side chain protecting groups intact was passible.

Thus, in future applications, it would be benefida synthesize smaller fully protected
peptides. For example, this can be achieved bygusidditional fragments having
pseudoproline 11e182Thr183 and Val189Thr190 asr@iteal amino acids$®?

110



5.18 Strategy 4: Synthesis of Fragment 2 using a
Ligation-Desulfurization Strategy

PrP 2 (178-213) was synthesized using SPPS asluban strategy 1 and 2. However, the
synthesis suffered from various side reactionsluding oxidation of different methionine
residues and deletion sequences. As describedrategy 3, these shortcomings can be
overcome by segmenting fragment 2 into smallerigeptthat are easier to synthesize and
purify. Therefore, a ligation-desulfurization segy was evaluated. Thus, a ligation position
using ap- or y-mercapto amino acid is necessary. These unnatmaho acids are not
commercially available and the synthesis involvesmalti-step strategy. Fortunately,
Boc-Asp(QBu,STmob)-OH8 was already synthesized for installation at Aspari8l could
also be used at Asp202 to facilitate a seconditigatesulfurization step.

I i!; ii;
@ L, N %
H,N CVNITIKQHTVTTTTKGENFTETE DVKMMERVVEQM N’N\ iang)
H
o

C

1. TFA cleavage
2. ligation-desulfurization

(0]

@ 9 Asp181 Asp197 T bS
otsu QPG QPG JOL H mo OtBu JOL H
<77y wan . s
BocHN PrP 179-201 H pia BocHN PrP 203-213 n Resi

o fragment 2D o fragment 2C

Scheme 85: Retrosynthetic analysis of strategy 4: synthekfsagment 2 using ligation-desulfurization

Thus, to synthesize fragment 2 using a ligationstleszation, the sequence was separated in
two fragments: fragment 2C PrP (203-213) with Ba&p@OtBu,STmob)-OHB installed as
N-terminal amino acid and fragments 2D PrP (178-204agment 2D contains the two
glycosylation sites and Aspl178 is installed asagtinal protecte@-mercapto aspartic acid
Scheme 85). To enable ligation, both fragments vadrined as hydrazides to facilitate

thioester formatio® !

5.19 Synthesis of Fragment 2C PrP [202-213]

Starting from Wang hydrazideb fragment 2 was synthesized using SPPS on the atédm
peptide synthesizer Liberty Bule™. The first amawdd,i.e. methionine, was coupled using
PyBOP and DIPEA. A loading of 0.62 mmol/g was oledr using Fmoc-quantification.
Thereatfter, the peptide was elongated using thdittons optimized for fragment 2.
Boc-Asp(OtBu;STmob)-OHa was coupled manually in a 3.6 fold excess intteftisyringe
using PyBOP and DIPEA as coupling reagents (Sch86)e A Kaiser test confirmed
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complete coupling and the product was cleaved ftbm solid support with TFA and

scavengers.
[0}
HS [0}
OH
a-c
HZNHN\n,O\ Warg) g HN:Qt PrP 203-213 )LNHNHZ
2!
(o} [0}
55 91

PrP 203-213=VKMMERVVEQM

Scheme 86: Synthesis of 91: a) Fmoc-SPPS: 1. 2x 5 eq. Fmoc-AA-OH, 5 eq. DIGi®x (0.1M DIPEA), 90°C
2. 2x 20% piperidine, 90°C, b) 3.6 &g, 3.6 eq PyBOP, 8 eq. DIPEA, DMF, rt, 16h, ¢) TFAGvATIPS (190/5/5, viviv)

Crude produc®l was analyzed using LC-MS and MALDI-TOF and confidhthe success of
the synthesis. Fortunately, no oxidized methionesdues were found. Thereaftéd, was
purified using RP-HPLC (YMC hydrosphere RP C18).
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] [2M+2H] 2+
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Figure58: LC-M S analysis of purified 91 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&%; ACN to 70% ACN
in H20 (0.1% TFA) in 30 min]

Desired peptid®1 was obtained in 24% yield and used for ligatiorhwitagment 2D (Figure
58).

5.20 Synthesis of fragment 2D using Map protected
B-mercapto Aspartic acid 10

Starting from Wang hydrazidg5, the first amino acidi.g. threonine) was coupled using
PyBOP and DIPEA. A loading of 0.59 mmol/g was oledrusing Fmoc-quantification. The

peptide was elongated using the conditions optichfee fragment 2.

i
\n/o\ wnd) 2 g ( prp 179-201 u’  t

(o}
55 92

PrP 179-201=CVNITIKQHTVTTTTKGENFTET

H,NHN

Scheme 87: Synthesis of 92: a) Fmoc-SPPS: 1. 2x 5 eq. Fmoc-AA-OH, 5 eq. DIGi@ (0.1M DIPEA), 90°C
2. 2x 20% piperidine, 90°C

112



A testcleavage using TFA/water/TIPS (190/5/5, Wwhkas performed and produf2 was

analyzed using LC-MS and showed the desired pradwchigh crude purity (Figure 59).
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Figure59: LC-M Sanalysisof 92 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&%e ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

Boc-Asp(QBu,SMap)-OH11 was coupled manually using PyBOP as coupling reaged
DIPEA as base (Scheme 88). After complete assemblgstcleavage was performed using
TFA/water/TIPS (190/5/5, viviv) and the product veaslyzed using LC-MS.

MapS, (o]
MapS.

o 0
H OH o]
J, Nom 20 l N
PrP 179-201 N7 N(eng)  ——3 o e ,u\m_"‘"_|2 H,N < PrP179-201 JJ\N|_|N|_|2

H H,N
92 0 93 o 93a

Scheme 88: Synthesis of 93: a) 2 eql0, 2 eq. PyBOP, 4 eq. DIPEA, DMF, 16 h, b) TFA/wak&P/S (190/5/5, viviv)

Surprisingly, desired produ@3 was observed only in minor amounts and aspartirfie
was the main product (Figure 60). Since this sidaction was not seen before when
B-mercapto aspartic acid building blocksr 9 were used, it was assumed that the photolabile
Map group is responsible for the aspartimide foromatTo evaluate, whether this side can be
circumvented with a change in coupling conditidd&Z and HOBt were used to coul®.
Unfortunately, as shown in LC-MS analysis, aspademformation was not avoided and
desired produc®3 was observed only in small quantity. Additionalsy different cleavage
cocktail was used. All testcleavages were performeing reagent K: TFA/ethane
dithiol/thioanisole/phenol/water (85:5:5:2.5:2.5%/w:w:v). Independent of the coupling
conditions and cleavage cocktail, aspartimide domg peptide93a remained the main
product and another strategy to obtain fragment2b a protected\-terminal B-mercapto
aspartic acid was investigated.
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Figure 60: LC-M Sanalysisof 93 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&#s ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

5.21 Synthesis of fragment 2D using ligation to thi  oester 45

To have access to PrP (178-201) bearing a proteitiedl function on theN-terminal
B-mercapto Aspl78, a strategy was evaluated that ligation of Cys179 from fragment 2D
andBoc-Asp(QBu,STmob) thioestes5.

Asp181 Asp197 Asp181 Asp197
i'i ij OtBu
Tmobsjf: otBu '-'9‘“'°“ Tmobsﬁg \/@
BocHN PrP 179-201 NHNHZ HzN RIE80:201 NHNHz BocHN I
fragment 2D 45

Scheme 89: Retrosynthetic analysis of fragment 2D using lmato thioested5

Therefore, four peptide hydrazides with a frieterminal cysteine were synthesized,

including three glycopeptides.

5.22 Synthesis of PrP [179-201] without glycosylati  on

Peptide 92 was used and cleaved from the solid support ushitep/water/TIPS
(190/5/5, viviv) and the product was purified on-RPLC (YMC hydrosphere RP C18). The
desired product was obtained in 8% yield (Figurg 61
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Figure61: LC-MSanalysisof 92 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&#s ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

5.23 Synthesis of PrP [179-201] with glycosylation at
Asn197 and Asnl181

Starting from Wang hydrazideb fragment 2 was synthesized using SPPS on the atédm
peptide syntheziser Liberty Bule™. The first amammd, i.e. threonine, was coupled using
PyBOP and DIPEA. A loading of 0.63 mmol/g was oledrusing Fmoc-quantification. The
peptide was elongated using the conditions optidfae fragment 2 (Scheme 90).

Asp181 Asp197 o
OAllyl OAllyl H
a ! 2N

HZNHN\H/O\ ward) = g (* PrP179-201 H’ N Reem
(o]

55 94

Scheme 90: Synthesis of 94: a) Fmoc-SPPS: 1. 2x 5 eq. Fmoc-AA-OH, 5 eq. Digf@a (0.1M DIPEA), 50-90°C
2. 2x 20% piperidine 90°C

A testcleavage was performed using TFA/water/TIRSO(5/5, v/viv) and the product was
analyzed using LC-MS.

Desired intermediat®4 was observed in high crude purity (Figure 62).r€héer, the free
N“function was protected with Boc to avoid side teexs during Lansbury coupling.
Di-t-butyl dicarbonate (Boc-anhydride) and pyridindDiMF were added to the resin and the
slurry was shaken for 20 min. A Kaiser test wadgrered to ensure complete protection.

Glycopeptide95 was generated using the same conditions introdiacetle synthesis 6f0.
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Figure 62: LC-M Sanalysisof 94 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&#s ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

Thereafter, the allyl ester was cleaved to giveea fispartic acid side chain, using Pd@#h
and phenylsilane as scavenger in DCM. A testcleaveas performed using TFA/water/TIPS
(190/5/5, viviv) and LC-MS showed the reaction wanbothly and the protecting group was
completely removed.

Asp181  Asp197 Asn181  Asn197

OAllyl OAllyl @ H B @ ¢ PH

! ! N fmy ad

PrP 179-201 I':ll Resin) e PrP 179-201 NHNH, ! = HEI)O NH
o o5 ACNH  lnr

Scheme 91: Synthesis of 95: a) BoeO, pyridine, DMF, 20 min b) Pd(PB)a, phenylsilane, DCM, 2 h, quant. 19, PyBOP,
DIPEA, DMF/DMSO, 16 h quant d) TFA/water/TIPS (19, v/v/v)

Afterwards, amino glycad9 was coupled to thp-carboxylate using PYBOP and DIPEA in
DMF/DMSO (Scheme 91). The reaction was completerdf6 hours an®5 was cleaved

from the resin with TFA/water/TIPS (190/5/5, vivi\grude peptid®5 was purified using

RP-HPLC (YMC hydrosphere RP C18). The desired prbduas obtained in 7% vyield
(Figure 63).
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Figure63: LC-M Sanalysisof 95 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&%#s ACN to 70% ACN in HO
(0.1% TFA) in 30 min]
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5.24 Synthesis of PrP [179-201] with glycosylation at
Asnl81

Additionally, a second glycopeptide was synthesizaeidg the same strategy shown36r

Asp181 o Asn181 o OH
OAllyl H
HoNHN__O a ! N ) b-e - J
N ) — (i N™ o) ——g (PP 179201 NHNH, ! = Ho O _nH
HO
o}
55 96 97 AcNH .MLV-

Scheme 92: Synthesis of 97: a) Fmoc-SPPS: 1. 2x 5 eq. Fmoc-AA-OH, 5 eq. Digf@a (0.1M DIPEA), 50-90°C
2. 2x 20% piperidine 90°C b) Bgo, pyridine, DMF, 20 min c) Pd(PBk, phenylsilane, DCM, 2 h, quant. 1y, PyBOP,
DIPEA, DMF/DMSO, 16 h, quant e) TFA/water/TIPS (128, v/viv)

Starting from Wang hydrazide Restb, the peptide was elongated using the conditions
optimized for fragment 2.
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Figure 64: LC-M Sanalysisof 97 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&% ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

After complete assembly, the freé-Ninction was capped using Boc-anhydride. Thereafte
the allyl ester was cleaved using Pd(BPand phenylsilane as scavenger in DCM. Amino
glycan 19 was coupled to the peptide using PYBOP and DIPBADMF/DMSO.
Glycopeptide97 was cleaved from the resin with TFA/water/TIPS /895, v/viv) and
purified using RP-HPLC (YMC hydrosphere RP C18)eTdesired product was isolated in
9% yield (Figure 64).

5.25 Synthesis of PrP [179-201] with glycosylation at
Asnl197

PrP (179-201) with a glycosylation at Asn197 wastlsgsized using the same strategy that

was used for the synthesis3& and97.
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Scheme 93: Synthesis of 99: a) Fmoc-SPPS: 1. 2x 5 eq. Fmoc-AA-OH, 5 eq. Digf@a (0.1M DIPEA), 50-90°C
2. 2x 20% piperidine 90°C b) Bgo, pyridine, DMF, 20 min c) Pd(PBk, phenylsilane, DCM, 2 h, quant. 1y, PyBOP,
DIPEA, DMF/DMSO, 16 h, quant e) TFA/water/TIPS QI5/5, v/v/v)

The synthesis was started from Wang hydraz8eand the optimized conditions for
fragment 2 were used. After capping of the freenamvith Boc-anhydride, the allyl ester
was cleaved with Pd(PBh and amino glycai9 was coupled using PYBOP and DIPEA in
DMF/DMSO.

mAU

300
] 99— [4M+4H] 4*

1 696.1077
250 100

200

I

10 20 30 40 50 min

%

[3M+3H] 3F
928.1411

=

a

o
1

0 miz
500 700 900

[y

(=

(=]
1

Absorption at 214 nm

a
o
1

o
1

—Y v

Py

Figure 65: LC-M Sanalysisof 99 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&#s ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

After purification using RP-HPLC (YMC hydrospher®C18) glycopeptid89 was obtained
in 5% vyield (Figure 65).

5.26 Ligation of PrP 11 [179-201] 92 with  B-mercapto aspartic
acid thioester 45

After the synthesis of the required PrP fragmeti®{201] was completed, the ligation to
thioesterd5 was evaluated to obtain the desired fragments=2€t, peptided2 and thioester
45 were reacted using the buffer system optimizedtiier synthesis 063. Thioester45
precipitated in the aqueous buffer and the ligaposduct100 did not form. Sincethioester
45 was not soluble in water, thus a 50 mM solutiod®in THF was added.

us o OtBu e
TmobS TmobS. (e}
a OtBu
HzN)\[( PrP 180-201 JLNHNH , g\/@ ><> PrP 179-201 JLNHNH
o BocHN BocHN ’
02 O 45 (o] 100

Scheme 94: Synthesis of 100: a) 6 M GdmCI, 0.2 M N&IPQs, 30 eq. TCEP, 5 eq MMBA, 10 €& in THF
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The reaction was monitored using HPLC, but therddsproductl00 was not observed,

which was attributed to low solubility db in the ligation buffer.

5.27 Synthesis of fragment 2D using Acm protected
B-mercapto aspartic acid 9

To have access to PrP (178-201) bearing a proteitiedl function on theN-terminal
B-mercapto Aspl78, a strategy using orthogonal ptetkeaspartic acid building blo&was
evaluated (Scheme 95). After successful ligati@dithogonal Acm group can be removed
and the peptide can be ligation with an expressetkip thioester. Additionally, to have
access to homogeneous glycosylated peptides}-tta@boxylate of Aspl181 and/or Aspl97
was installed having an orthogonal ally protectgrgup. After complete peptide assembly,

the allyl ester can be cleaved to enable Lansbouplang.

Asp181 Asp197

1. removal of Ally
and/or Map o Asp181 Asp197
AcmS
2. coupling of PrP 179-201 N”‘L eng
PrP 179-213 NHNHZ ammo glycan BocHN .
(o}
fragment 2D

Scheme 95: Retrosynthetic analysis of fragment 2D using agtiral protected aspartic add

5.28 Synthesis of PrP  [Asp(SAcm)178-201] with
glycosylation at Asn197 and Asn181

The synthesis of desired Acm protected glycopeptigiirazidel03 was started by reacting
peptide94 with building block9 using PyBOP and DIPEA (Scheme 96).

[0}
Asp181  Asp197 Asp181 Asp197

OAllyl OAllyl AemS~Sotmu QAlly  QAIlYI O,
- jan a
PrP 179-201 H N Rer — BocHN PrP 179-201 N‘N‘ Wang
94 0 101

Scheme 96: Synthesis of 101: a) 2 eq. 9, 2 eq. PyB@B. DIPEA, DMF, 16 h

A Kaiser test and a testcleavage was performedguBA/water/TIPS (190/5/5, viviv) to
prove complete coupling of Boc-Aspiu,SAcm)-OH. LC-MS analysis showed the success
of the reaction (Figure 66). Afterwards, the glyepfidde was synthesized using the same
conditions described fafO.
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Figure 66: LC-M S analysis 101 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3ub# ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

The allyl ester was cleaved to give a free aspaaticl side chain using Pd(Phand

phenylsilane as scavenger in DCM (Scheme 97).

Q Asp181 Asp197 Q Asp181 Asp197
ACMS oty QAllyl  QAllyl JOL " Acm$ otBu OH  OH JOL H
N a N
BocHN PrP 179-201 '[:]I ""V:sf;: —_— BocHN PrP 179-201 'I:]I Wang

o 101 o 102

Scheme 97: Synthesis of 102: a) Pd(PP#)4, phenylsilane, DCM, 2 h, quant

A testcleavage was performed using TFA/water/TIFE(5/5, viviv) and LC-MS showed the

protecting group was completely removed (Figure 67)
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Figure 67: LC-M S analysis of 102 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&fje ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

Having peptidel02 with free aspartic acid 181 and 197 in hand, edsylycopeptidd03 was
generated using amino glycdd, PyBOP and DIPEA in DMF/DMSO (Scheme 98). The
reaction was complete after 16 hours ahd3 was cleaved from the resin with
TFA/water/TIPS (190/5/5, viviv). Crude peptid®3 was purified using RP-HPLC (YMC
hydrosphere RP C18). The desired product was amtam12% yield (Figure 68).
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Scheme 98: Synthesis of 103: a) 19, PyBOP, DIPEA, DMF/DMSO, 16 h, quant b) TFA/watdB'$ (190/5/5, viviv)
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Figure 68: LC-M S analysis of 103 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&fp ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

Thereafter, the synthesis of fragment 2D [178-20&hring two largeN-glycans was
evaluated. The required amino nonasacchatid®e was generated starting fro8 using
reductive conditions. In a first synthesis, azitR2was reduced using the same condition
established fol9.

Nona-azidel3 was dissolved in anhydrous methanol and the quoreing amine was
generated by treatment with hydrogen in the presehgpalladium catalyst (Scheme 99).

Ho—TA HO HO—\.-0
O o 0 Ho=X|O
HO HO HOA/H
OH )\

NHAc

Ho-TA HO HO\-O
(o} 0  HO=|0
0
HO%HM o NHACHO\
NHA HO HO o]
OH c o le} o Ho N3
1 HO.

3 NHAC
HO-TA HO HO—\-O
o o HaeXfo b
O ao
HO HO HO
OH NHAc o

Ho-TR HO HO\-O
Q 0 HQ=_|0
0
Ho&/ HO HO Og NHAcHO o
NHA HO HO o]
OH e o O o Ho NH,

HO!
104 NHAc

Scheme 99: Synthesis of 104: a) Pd/C, Ht, MeOH 2 h b) ethanedithiol, DIPEA, MeOH

The resulting Nona-amink4 was directly coupled to peptid®2 using PYBOP and DIPEA
in DMF/DMSO (Scheme 100).
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AcmS " Asp181 Asp197
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PrP 179-201 NHNH
0 102 2

Scheme 100: Synthesis of 105: a) 104, PyBOP, DIPEA, DMF/DMSO, 16 h b) TFA/water/TIPSQI5/5, v/viv)

A testcleavage was performed using TFA/water/TIRPSO(5/5, viviv) and the reaction was
screened using LC-MS. Unfortunately, the desiramipct was not observed. Analysis of the
recovered glycan showed remaining azi@e indicating that the reduction using palladium
under hydrogen atmosphere was incomplete. Therefmiele 13 was reduced using the
conditions introduced by Unverzagt and coworkérdlona-azidel3 was dissolved in
anhydrous methanol and ethanedithiol and DIPEA added. After 2 hours, the mixture was
concentrated and Nona-amifh@4 was crushed out in ether (Scheme 99). Dried prtobivc
was directly coupled to peptid®2 using PYBOP and DIPEA in DMF/DMSO (Scherifo).
LC-MS of a testcleavage showed that no productabserved. Thereafter, HATU and HOBt
were used as coupling reagents and DIPEA as bakert& 101).

Asn181 Asn197

AcmS Q Asp181 Asp197
otBu OH OH O
. ! JL N a,b AcmS, =104
BocHN PrP 179-201 'h-]l

PrP 179-201 NHNH
o 102 2

Scheme 101: Synthesis of 105: a) 104, HATU, HOBt, DIPEA, DMF/DMSO, 16 h b) TFA/water/fB (190/5/5, viviv)

A testcleavage was performed using TFA/water/TIPSO(5/5, v/iviv) and the reaction was
analyzed using LC-MS. Unfortunately, LC-MS analysimwed that the desired product was
not formed, but significant aspartimide formatioasmbserved. With this result, it can be
assumed that thg-carboxylates of Asp181 and Aspl97 are not asskessabcoupling to a
large glycan.

5.29 Synthesis of PrP  [Asp(SAcm)178-201] with
glycosylation at Asn181

The synthesis of desired Acm protected glycopegtytirazidel06 was performed using the
same conditions previously described for the sygighef 103. Starting from peptide-resib,
Acm protected-mercapto aspartic acid was coupled using PyBOFPDAR&A. A Kaiser test
and a testcleavage confirmed the success of thpliogu Afterwards, the allyl ester was

cleaved using palladium and amino glyd#hwas coupled using PyBOP and DIPEA. Next,
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the desired glycopeptide hydrazide was cleaved tr@rsolid support using TFA/water/TIPS

(190/5/5, viviv) (Scheme 102).

Asp181 o 9 Asn181
(I)Allyl n ad AcmS OH - OH
PrP 179-201 u’ ~Resn _>H2N PrP 179-201 NHNH, ! = Hﬂgé:\,NH
96 (o] 106 AcNH .ML\»

Scheme 102: Synthesis of 106: a) 2 eq.9, 2 eq. PyBOP, 4 eq. DIPEA, DMF, 16 h b) Pd(®Rphenylsilane, DCM, 2 h,
quant; c)19, PyBOP, DIPEA, DMF/DMSO, 16 h, quant; d) TFA/wdTéPS (190/5/5, viviv)

Crude 106 was purified using RP-HPLC (YMC hydrosphere RP CI#e desired product
was obtained in 9% vyield (Figure 69).
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Figure 69: LC-M S analysis 106 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3ub# ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

5.30 Synthesis of
glycosylation at Asn197

PrP  [Asp(SAcm)178-201] with

Additionally, glycopeptide hydrazid&07 with an orthogonal protectegimercapto aspartic

acid was synthesized using the conditions estadalisbr 103.

Asp197 0 Asn197
9A||y| H AcmS OH - JOL OH
. an a-d
PrP 179-201 N" Nrat) g PrP 179-201 NHNH, ' = HO (o]
H H,N HO NH
08 o 107 ACNH whnr

Scheme 103: Synthesis of 107: a) 9, PyBOP, DIPEA, DMF, 16 h; b) Pd(P£4 phenylsilane, DCM, 2 h, quant; &9,
PyBOP, DIPEA, DMF/DMSO, 16 h, quant; d) TFA/watdB$ (190/5/5, v/v/v)

Acm protectedp-mercapto aspartic acid was coupled using PyBOP RIREA. After a
Kaiser test and a testcleavage showed the suctélss meaction, the allyl ester was cleaved
with palladium and glycai9 was coupled PyBOP and DIPEAO7 was cleaved from the
solid support using TFA/water/TIPS (190/5/5, vivi{®cheme 103) and purified using
RP-HPLC (YMC hydrosphere RP C18). The desired prbduas obtained in 8% vyield
(Figure 70).
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Figure 70: LC-M S analysis 107[LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3untfs BCN to 70% ACN in HO
(0.1% TFA) in 30 min]

5.31 Synthesis of PrP [Asp(SAcm)178-201] thioesters with
glycosylation at Asn197 and/or Asn181

After the successful synthesis and purificatiorglytopeptide hydrazide®3, 106 and 107,

the products were converted into the correspontliiogster to enable ligation €1.

Starting with hydrazidel03, thioesterformation was conducted using the caht
introduced for80. Peptide hydrazidé03 was transformed into a thioester using NaN®D
pH 3 as oxidative condition and MMBA at pH 7 (Scleeh®4)44

Q o]
Asn181 Asn197 Asn181 Asn197 Asni81 Asn197
Acm$S OH - - JL ab Acm$S OH - - JL AcmS oH - -
PrP 179-201 NHNH 3 PrP 179-201
HN 2 H,N /\@\ HoN PrP 179- zo1
0 103 0 COOH
Cys179 108 109 Cys179

Scheme 104: Synthesis of 108: a) 6 M GdmClI, 0.2 M N&dPQy, 0.02 M NaNQ, pH 3, -10°C, 20 min, b) MMBA, pH 7, rt,
30 min
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Figure 71: LC-M S analysis of 108 and 109 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u%% ACN to 70%
ACN in H20 (0.1% TFA) in 30 min]
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Thioesterl08 was purified using gel filtration (Superdex™ pédptil0/300) eluting with 20%
ACN in water. The desired thioest&#d8 was isolated in a mixture with thiolacto®89 and
MMBA in 84% yield (Figure 71).

In addition, thioesterl10 was synthesized starting from hydraziti@6 by reaction in
diazotation buffer containing NaN@t pH 3 and MMBA at pH 7 (Scheme 105)

o o]
Asn181 Asn181 Asnist
AcmS OH - JOL ab AcmS OH - ﬁ\ AcmS OH -
PrP 179-201 NHNH, : PrP 179-201 s
HoN H,N = H,N PrP 179- 201
o 106 0 ks|.| coou
Cys179 110 111 Cys179

Scheme 105: Synthesis of 110: a) 6 M GdmCI, 0.2 M NaHPQy, 0.02 M NaNQ, pH 3, -10°C, 20 min, b) MMBA, pH 7, rt,
30 min

After purification using gel filtration, thioest@i0 was obtained in a mixture with thiolactone
111 and MMBA in 79% vyield (Figure 72).
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Figure 72: LC-M S analysis of 110 and 111 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u%% ACN to 70%
ACN in H20 (0.1% TFA) in 30 min]

Additionally, glycopeptide hydrazidd07 was used to generate thioestel2. Peptide
hydrazidel07 was treated with NaN£containing diazotation buffer at pH 3 and MMBA at
pH 7 (Scheme 106).

A s * Asn197 A s o A5n197
em o H JOL ab_ M OH
> P P 179- 201
H,N PrP 179-201 NHNH, H,N r /\©\
o 107 0 COOH

Cys179 11

Scheme 106: Synthesis of 112: a) 6 M GdmCI, 0.2 M NaHPQy, 0.02 M NaNQ, pH 3, -10°C, 20 min, b) MMBA, pH 7, rt,
30 min

The reaction was purified using gel filtration atidoester112 was obtained in 64% yield
(Figure 73).
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Figure 73: LC-M S analysis of 112 [LC on Agilent 1100: Hydrosphere C18 [50x3mm; 3u&fje ACN to 70% ACN in HO
(0.1% TFA) in 30 min]

5.32 Ligation of Fragment 2D thioesters and peptide 91

Afterwards, the ligation betwedlimercapto aspartic acid containing pep®deand thioester
109 was evaluated. Beforehand, the ligation was cateduasing a buffer with 6 M GdmCl,
0.2 M NaHPQ: and 5 eq. TCEP at pH 7 as proposed by Payne andrkers’ to form
product75. Thus, the same buffer system was used to lipadedterl08 and peptid®1.

The reaction mixture was incubated at 37°C and tomd by HPLC. After 12 hours,
formation of product was observed. Unfortunatefieraadditional 24 hours thioest&d8 and
thiolacatonel09 hydrolyzed completely and the reaction did notcpea any further.

Thus, a thiol containing ligation buffer was usatl ahe ligation was conducted using a
buffer with 6 M GdmCI, 0.2 M N&dPQs;, 5 eq. MMBA and 30 eq. TCEP at pH 7. The
reaction was monitored by HPLC. After 12 hours onofation of the desired product was
observed and the ligation reaction was incubatedafiditional 24 hours. Unfortunately,
peptide91 was only observed as disulfide with MMBA and TC&E®&s added. The addition of
TCEP resulted in desulfurization of tBemercapto aspartic acid 8L and the ligation was

not observed.

Q o]
Asn181 Asn197
AcmS. HS Asn181 Asn197 HS
OH - - JL OH AcmS. OH - -
HoN PrP 179-201 /\©\ HN PrP 203-213 NHNH2 —> PrP 179-201 PrP 203-213 NHNH2

o 108 COOH (o} 91

Scheme 107: Synthesisof 113: a) 6 M GdmCI, 0.2 M N&IPQs, 1 eq. MMBA (or MPAA), 10 eq. TCEP, pH 7, 37°C

Taking these observations into account, the ligabaffer was further optimized and 6 M
GdmCl, 0.2 M NaHPQy, 1 eq. MMBA and 10 eq. TCEP at pH 7 were used ¢8&h107).
The ligation was incubated at 37°C and monitoredHRBLC. After 12 hours the desired

product113 was observed. The reaction was incubated for ahditi24 hours. Unfortunately,
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the reaction did not proceed, the MMBA-adduct9tdfwas observed. Again, the addition of
TCEP to reduce the disulfide resulted in desulatron of 91. Additionally, in this buffer
system thioester/thiolactori®8/109 hydrolyzed very fast.

Thereatfter, the buffer system was evaluated usifAM as thiol to form a more reactive
thioester and help the reaction to progress fastémesult in a higher conversion. Hence, 6 M
GdmCl, 0.2 M NaHPQq, 1 eq. MPAA and 10 eq. TCEP at pH 7 were used.r&aetion was
kept at 37°C and monitored by HPLC. After 12 hopreduct113 was observed, but as
already described, the reaction did not procee@ussf-mercapto aspartic acid containing
peptide 91 formed a disulfide with MPAA and thioester/thidiace 108/109 hydrolyzed.
Unfortunately, purification using size exclusion svaot successful antll3 isolated in a
mixture with hydrolyzed starting material and theutfide peptided1 formed MPAA.

The ligation conditions were also tested for thiegthiolactonell0/111 and B-mercapto
aspartic acid containing pepti®@d. 6 M GdmCI, 0.2 M NgHPQ,, 1 eq. MPAA and 10 eq.
TCEP at pH 7 were used at 37°C.

AcmsS. Asn181 0 Asn181
OH - a AcmS OH -
EEa178:200 H,N (i A2 NHNH: —> HN PIP 178-201 PrP 203-213 NHNH2

110 COOH 114
Scheme 108: Synthesisof 113: a) 6 M deCI, 0.2 M N&iPQy, 1 eq. MPAA, 10 eq. TCEP, pH 7, 37°C

The reaction was monitored using HPLC and desiredyrt114 was observed after 12 hours
as disulfide with MMBA. However, as described pomsly, the conversion was very low,
and the reaction was not proceeding due to forme&llfiles and hydrolysis of
thioester/thiolactonel09/110. Purification of the reaction mixture using siz&clesion
chromatography was not successful and clebhwas not separated from the hydrolyzed
thioester and the disulfide peptiélé formed MMBA.

Additionally, thioesterl12 was ligated top-mercapto aspartic acid containing peptiile
using 6 M GdmCI, 0.2 M N&lPQy, 1 eq. MPAA and 10 eq. TCEP at pH 7 and 37°C.

o]
ASI1197
AcmS HS OH )OL AcmS. As 197 HS
a
PrP 179-: 201 H,N PrP 203-213 NHNHZ — HZN PrP 179 201 PrP 203-213 NHNH;
91

112 °°°” ° 15
Scheme 109: Synthesisof 115: a) 6 M GdmCI, 0.2 M N&IPQy, 1 eq. MPAA, 10 eq. TCEP, pH 7, 37°C

After 12 hours ligation produdtl5 was observed by HPLC. Again, the reaction showedva
conversion and only minor amounts a&fi5 were found and observed as disulfide.
Unfortunately, isolation of producil5 using size exclusion chromatography was not
successful and a mixture of the hydrolyzed thioesie disulfide peptid®1 formed MMBA
and the desired produt15 was found.
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5.33 Conclusion and outlook for synthesis of Fragme nt 2
using strategy 4

The synthesis of fragment 2 was evaluated usinigaidn-desulfurization approach. The
B-mercapto aspartic acid containing PrP (202-2133 synthesized successfully using the
optimized conditions for fragment 2. After purifican desired peptid®1 was obtained in
25% vyield and used for ligation to the thioestdrfagment 2D.

Additionally, the fragment 2D was synthesized begm Map protectefl-mercapto aspartic
acid. Unfortunately, desired produ@3 was isolated in a mixture with aspartimié@a. This
side reaction was not observed when building blBcknd 9 were used, indicating that
protecting the thiol function with Map leads to ttlsdde reaction andO is not suitable for
SPPS.

To evaluate the ligation to thioes#5 four peptides were generated that have-tarminal
cysteine, including three glycopeptides. For thatlsgsis of glycopeptides Aspl81 and/or
Aspl197 were installed bearing an orthogonal allgtgcting group. After cleavage of the
allyl ester with palladium, amino glycad9 was attached using Lansbury coupling.
Unfortunately, synthesis of fragment 2D bearingratgcted3-mercapto aspartic acid by
ligation to thioested5 was not possible.

Additionally, three glycopeptides were synthesizeghring an Acm protecteft-mercapto
aspartic acid. Unfortunately, the installation ofap protectedp-mercapto aspartic acid
resulted in aspartimide formation, and buildingdildO is not suitable for SPPS. Aspl181
and/or Asp197 were installed bearing an orthogaiigl protecting group and the allyl ester
was cleaved with palladium. Amino glycd® was attached using Lansbury coupling. The
purified glycopeptides were successfully convertetb the corresponding thioester. As
previously described, the thiol function of Cysifé@med a thiolactone in an intramolecular
transthioesterification reaction with tli@terminal thioester. Having the desired peptides in
hand, the ligation peptid&l and the thioesters of fragment 2D was evaluatesdt, & ligation
buffer without additional thiol was used. Howevarthout thiol the thioester/thiolactone
hydrolyzed very fast, indicating the lactone isr@rdo hydrolysis and the addition of a thiol to
the buffer is required to avoid this side reactidrhus, a ligation buffer containing
5 eq. MMBA was investigated. Using these conditjors product was observed because the
thiol function p-mercapto Aspl78 immediately formed disulfides. d&hfnately, adding
TCEP to reduce the disulfides lead to desulfurmrabf Aspl178. Thus, a ligation buffer using
only 1 eq. MMBA or MPAA were used, to help avoidintpe hydrolysis of the

thioester/thiolactone mixture and reduce the foromadf disulfides at the same time. Finally,
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the desired ligation product was observable. Unfately, the ligation showed only a very
low conversion, and after prolonged reaction theetster/thiolactone mixture hydrolyzed and
the thiol function of3-mercapto Asp178 formed disulfides. Although LC-lst&alysis showed
the formation of the desired product, the yieldha ligation was low and the desired product
could not be isolated from the hydrolyzed startmgterial and the disulfide peptid#
formed MMBA.

Asn181Asn197

1. removal of Ally
) andlc:r Mapf AcmS, 9 Asp181 Asp197
coupling o cm OPG OPG O
AcmS amino glycan OtBu § ! JL H

PrP 179-201 M ]
— N )

SR 3.TFA o S
0 4, thioester
csyﬁ;:sm formation

PrP 179-201

SAcm
Cys179

Scheme 110: New Retrosynthetic analysis of strategy 1: fragin®hfor a ligation-desulfurization strategy

Protection of Cys179 will avoid the formation ofdlactones during thioester formation, and
thereby the addition of a thiol during the ligatiggaction can be avoided resulting in higher
conversion during the ligation reaction.

The synthesis of various glycopeptides bearinguaaggamine at Asn181 and/or Asn197 was
established. Various glycopeptide hydrazides amukesiters were synthesized and purified.
The peptides were obtained in high crude purity thiedconnection of amino glycd® using
Lansbury coupling resulted in quantitative convansi However, the installation

nona-saccharid&d4 did not give the desired product, independenhefdoupling conditions.

Asn181 Asn197
enzymatic 9
Asn181 Asn197
coupllng Acm$S OH - - Jc])\
AcmS H.N PrP 179-201 NHNH,
2
PrP 179-201 NHNH2 (o]

Scheme 111: New Retrosynthetic analysis for the coupling efieaglycans

Thus, to generate the desired glycopeptides beariagge glycan an enzymatic strategy can

be applied.
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EXPERIMENTAL PART

1. MATERIALS AND METHODS

All chemicals were reagent grade and all solventsydrous high-purity grade and used as
supplied except where noted otherwise. All reagemd materials were purchased from
different commercial suppliers and used withouttHer purification. Reactions were
performed in oven-dried glassware under an ingaraatmosphere unless noted otherwise.
Analytical thin layer chromatography (TLC) was mered on Merck silica gel 604z plates
(0.25mm). Compounds were visualized by UV irradiator heating the plate after dipping in
staining solution. Those were cerium sulfate-ammenimolybdate (CAM) solution, basic
potassium permanganate solution, acidic ninhydegtane solution or a 3-methoxyphenol-
sulfuric acid solution. Flash column chromatograpias carried out using a forced flow of
the indicated solvent on Fluka silica gel 60 (28@Q-4mesh, for preparative column
chromatography).

H and 13C spectra were recorded on a Varian 400 (400 MH®ctsometer in CDGI
(7.26 ppm*H, 77.1 ppm¥3C), DO (4.79 ppm*H), MeOD (4.87 ppm and 3.31 pp#H,
49.00 ppm*3C), acetone-d6 (2.05 ppm and 2.84 ppi) 206.26 ppm and 29.84 pphiC)
unless otherwise stated. Coupling constants amtexpin Hertz (Hz). Splitting patterns are
indicated as s, singlet; d, doublet; t, triplet; quartet; br, broad singlet; dd, doublet of
doublets; m, multiplet; dt, doublet of triplets;Hextet for'H NMR data.

MALDI-TOF analysis was performed on a Bruker awdafspeed. ESI mass spectral analyses
and LC-MS were performed by a Waters Xevo G2-XS fQWith an Acquity H-class UPLC.
LC analysis was performed using Agilent 1100 syséem LC-MS analysis were performed
using Agilent 1100 or Agilent 1200 systems coupieén ESI-MS. HPLC purification was
performed using an Agilent 1200 system or Water@ 60upled to a waters 2487 dual
absorbance detector. Size exclusion was performedaoAzura-FPLC from Knauer.
Incubations were conducted using an eppendorf thwirer comfort (1.5 ml scale) and a
Thermo Scientific MaxQ 420 HP shaker. Products viereze dried using a Christ Alpha2-4
LDplus lyophilizer. Centrifugation was performed anVWR Micro Star 17R, VWR Mini
Star silverline and thermo scientific Heraeus Mutie X3R centrifuge with a Thermo TX-
100 rotor or Rberlite F15-8x50cy rotor.
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2. GENERAL PROTOCOLS FOR PEPTIDE SYNTHESIS

Buffer:

HPL C Buffer: Water:ACN (5:1/v:v with 0.1% TFA)

MALDI Buffer: Water:ACN (5:1/v:v with 0.1% TFA)

Diazotation Buffer: 6 M GdmCI, 0.2 M NgHPQy, 0.02 M NaNGQ, pH 3

Ligation Buffer(A): 6 M GdmCI, 0.1 M NgHPQy, 0.05 M MPAA, 5 mM TCEP, pH 7

Ligation Buffer(B): 6 M GdmCI, 0.1 M NgHPQ, 0.05 M MMBA, 5 mM TCEP, pH 7

Ligation Buffer(C): 6 M GdmCI, 0.1 M NgHPQq, 5 equivalents MPAA, 5 equivalents per
thiol TCEP, pH 7

Ligation Buffer(D): 6 M GdmCI, 0.1 M NgHPQy, 5 equivalents MMBA, 5 equivalents per
thiol TCEP, pH 7

Ligation Buffer(E): 6 M GdmCI, 0.1 M NegHPQs, 5 equivalents per thiol TCEP, pH 7

Test for free amines with Kaisertest

Free amino groups were determined using ninhydnynine method described by Kaiser.
Solution A: 80% phenol in ethanol (w/v) and KCNpggridine (2ml of ImM KCN in 98 ml
pyridine) in proportion 1:4 (v/v)

Solution B: 5% ninhydrine in ethanol (w/v)

A few beads washed resin were placed in an 1.5 ppe&dorf vial, two drops of each
solution were added and the mixture was heate®1G %or 10 min. Free amino groups were

indicated by a dark blue color of the resin beads.

Fmoc quantification for determining the resin subst itution:

~1 mg of dry resin was placed in a 2 ml Eppenda@if and 1.5 ml of 20% piperidine in DMF
was added. The slurry was shaken for 15 min. Adetrifugation, 1 ml of the deprotection
solution was diluted with 1 ml 20% piperidine in BMThe UV-absorption was measured at
290 nmin a 1 ml low volume quartz cuvette agamstference containing the initial solution.
The following equation was used to determine thesstution grade:

[Abs 290 nm|]
mg resinx 1,75

substitution [mmol/g] =
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3. GENERAL SYNTHETIC PROCEDURES FOR PEPTIDE
SYNTHESIS

Procedure 1: Loading of Trityl-OH ChemMatrix ~ © resin

In a fritted reaction vessel 200 mg trityl-ChemMbe@r resin (substitution grade 0.62 mmol/g)
were swollen in anhydrous DCM for 2 hours. After Qvas drained, a solution of 10%
AcBr in anhydrous DCM (14.00 ml) was added to thasim and the slurry was shaken for
4 hours. The resin was washed numerous times wiltydaous DCM and a solution of
350 mg Fmoc-Thr(OtBu)-OH and 400 pl DIPEA in 10anhydrous DCM was added to the
resin and shaken for 16 hours. The resin was waséatly with DCM and the efficiency of
the coupling was determined by Fmoc quantificatildme resin was capped using a mixture of
methanol, DIPEA and DCM (2:1:17) for 10 minutes.

Procedure 2: Formation of Wang hydrazide Resin 55

200 mg of ChemMatrik Wang resin were swollen in DCM for minimum 2 haaira 10 ml
PP-reactor with PE frit. According to the resinday (Sigma Aldrich Wang ChemMatfix
resin 0.50-1.20 mmol/g loading or Novabiochem® Nek& Wang resin 0.63 mmol/g)
4-nitrophenyl carbonochloridate (242 mg, 1.20 mmahs dissolved in 2 ml DCM and
4-methylmorpholine (132 pl, 1.20 mmol) was dissdive 2 ml DCM. The solutions were
cooled in the freezer for one hour.

The syringe was placed in the freezer. At the séonee 5 eq. 4-methylmorpholine were
added to 2 ml DCM and also placed in the freezdterAboth solutions were cooled for
approximately 1 hour, 4-methylmprpholine in DCM wadded to the resin and the reaction
was shaken for 12 hours. The resin was washed Mtkhl/DMF/methanol/DCM and again
swollen in DCM. 5 eq. hydrazine hydrate were adiwedl ml DCM:DMF (1:1/v:v) and stored
in the freezer for one hour. After the solution veatd, it was added to the resin and shaken
for 12 hours. The resin was washed with DCM/DMFimebl/DCM. The resulting Wang

hydrazide resin was dried at the high vacuum.

Procedure 3: Loading of Wang hydrazide Resin

200 mg Wang hydrazide of ChemMatfti%5 was swollen in DCM for 1 hour. According to
the resin loading 5 eq. Fmoc-Axx-OH, 5 eq. PyBOH &6 DIPEA were dissolved in 2 mi

DMF. The mixture was added to the resin and theyshwas shaken for 2 hours. The resin

was washed with DMF and DCM and the loading wasrdehed by Fmoc-quantification.
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Procedure 4: conditions for peptide elongation usin g CEM microwave assisted
peptide synthesizer Liberty Blue® at 90C

Coupling reagents used are DIC and Oxyma. The oauptagents are prepared as solutions
in DMF with 1 M Oxyma, with 0.1 M DIPEA, and 0.5 BIC. Amino acids are added as
0.2 M solutions in DMF. All amino acids are couplédgice in five-fold excess. The
temperature during coupling is 90°C and the cogplime is 5 minutes, except arginine,
cysteine and histidine. Cysteine and histidine warepled at 50°C for 10 minutes and the
first coupling for arginine was carried out at rotemperature for 20 minutes and the second
coupling was at 90°C for 5 minutes. For all amis@a Fmoc was removed twice using 20%

piperidine in DMF at 90°C for 1 minute.

Procedure 5: conditions for peptide elongation usin g CEM microwave assisted
peptide synthesizer Liberty Blue® at 50C

Coupling reagents used are DIC and Oxyma. The cawyptagents are prepared as solutions
in DMF with 1 M Oxyma (with 0.1 M DIPEA) and 0.5 ®IC. Amino acids are added as
0.2 M solutions in DMF. All amino acids are couplédice in five-fold excess. The
temperature during coupling is 50°C and the cogptime is 10 minutes, except arginine.
Arginine was carried out at room temperature fonf0utes and the second coupling was at
50°C for 10 minutes. For all amino acids Fmoc wemmaved twice using 20% piperidine in
DMF at 90°C for 1 minute.

Procedure 6: conditions for peptide elongation usin g CEM microwave assisted
peptide synthesizer Liberty Blue® at 50C and Depro  tection without elevated
Temperature

Coupling reagents used are DIC and Oxyma. The cawyuptagents are prepared as solutions
in DMF with 1 M Oxyma (with 0.1 M DIPEA) and 0.5 ®IC. Amino acids are added as
0.2 M solutions in DMF. All amino acids are couplédice in five-fold excess. The
temperature during coupling is 50°C and the cogptime is 10 minutes, except arginine.
Arginine was carried out at room temperature fonf0utes and the second coupling was at
50°C for 10 minutes. For all amino acids Fmoc wamaved three times using 20%

piperidine in DMF without microwave for 5 minutes.
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Procedure 7: conditions for manual peptide elongati on

Before usage, PyBOP was recrystallized from HeX2@G#.

Building blocks used in manual peptide elongation:

Fmoc-L-Phe-L-Thif¥(Me,Me)Pro]-OH

Fmoc-L-Val-L-Thr[¥(Me,Me)Pro]-OH

Fmoc-L-lle-L-Thr[¥(Me,Me)Pro]-OH

Boc-Asp(OtBu;STmob)-OHg)

Boc-Asp(OtBu;SAcm)-OHY)

Boc-Asp(OtBu;SMap)-OHI10)

Fmoc-L-Asp(OMap)-OH11)

According to the resin loading 2 eq. of the buitdiblock, 2 eq. PyBOP and 4 equivalents
DIPEA were dissolved in DMF and added to the reShe resin was shaken for 20 minutes.
The building block was coupled twice and washedh \RiMF/DCM/DMF-.

Procedure 8: Removal of Allyl

The peptide was swollen in anhydrous DCM and acogrdo the resin loading 0.2 eq.

Pd[P(Phj]s and 20 eq. phenylsilane per allyl protecting growgre added in anhydrous

DCM. The mixture was shaken for two hours undefwesion of light. The resin was washed
with DCM/DMF/DMSO/DCM. To ensure the completene§she reaction a testcleavage was

performed. In case of incomplete allyl removal, thaction was repeated.

Procedure 9: Lansbury Coupling of amino Glycans

The peptide was swollen in anhydrous DMF. Accordmthe resin loading 2 eq. PyBOP and
4 eq. DIPEA in anhydrous DMF were added to thente2ieq. of amino glycan were
dissolved in anhydrous DMSO and added to the rdsia.slurry was shaken for 16 hours and
was washed with DCM/DMF/DCM. To ensure the compiess of the reaction a testcleavage

was performed.

Procedure 10: Reduction of Peptides

The peptide was dissolved in TFA to give a finai@entration of 1.5 mmol. The reaction was
cooled to 0°C and 50 equivalents DMS and 50 egeintal NHI were added. The mixture

was shaken for 20 minutes and quenched with sabrlais acid solution in water. The

solution was concentrated under nitrogen and coushg with ice cold diethyl ether. The

precipitate was centrifuged and washed two morediwith ice cold diethyl ether. The

resulting peptide was dried, dissolved in HPLC Buff and lyophilized.
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Procedure 11: Boc Capping

The peptide was swollen in anhydrous DCM in addttsyringe. According to the resin
loading 20 eq. di-butyl dicarbonate (Boc-anhydride) and 25 eq. pgadwere dissolved in
DMF to give a final concentration of 10 mmol. Théxtare was added to the resin and the
slurry was shaken two hours. A Kaiser test wasgpenéd to evaluate the completeness of the

reaction. In case of incomplete capping, the reactias repeated.

Procedure 12: Conversion of peptide hydrazidestot  hioesters

The peptide hydrazide was dissolved in diazotatouifer at —10°C to give a final
concentration of 1 mmol and stirred for 20 min. fhat solution 60 eq. MMBA in NaOH
(2 molar) were added and the pH was adjusted Th&.reaction was stirred at rt for 20 min.
The product was immediately purified using Supefepeptide 10/300 gel filtration column
with 20% ACN in water.

Cleavage conditions for peptides

Reagent B: TFA/TIPS/water
(190:5:5/v:viv)

Reagent K: TFA/ethane dithiol/thioanisole/phenol/water
(85:5:5:2.5:2.5/v:viviw:v)

Reagent H: TFA/ ethane dithiol/thioanisole/phenol/water/eitmylsulfide/NHi
(81:2.5:5:5:3:2:1.5/v:viviw:viviw)

Test cleavages

Depending on the sequence, 200 ul for short seggdare up to 20 amino acids, and 300 pl
for long sequencesge. more than 20 amino acids, of reagent B, K or Hewsstded to some
bits of dry resin in a 1.5 ml Eppendorf tube andk&n for 60 minutes. The peptide was
crushed out in ice cold ether, centrifuged, dechated washed two more times. The dried

product mixed with the resin was dissolved in HRR@fer 1, filtered and lyophilized.

Standard cleavage conditions

Depending on the sequence 8 ml of reagent B, K wabl added and the resin (100 mg when
synthesis was started) was shaken for 3 hours.clHavage solution was collected and the
resin was washed with another 8 ml TFA. The soluti@s concentrated under nitrogen and
crushed out with ice cold diethyl ether. The préaie was centrifuged and washed two more
times with ice cold diethyl ether. The resultingopee was dried, dissolved in HPLC Buffer 1
and lyophilized.
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4. SYNTHESIS OF GLYCAN BUILDING BLOCKS FOR
GLYCOPEPTIDE SYNTHESIS

1,3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-a/p-D-glucopyranoside 15
OAc
Aﬁggé&mmc

AcNH
20 g 2-amino-2-deoxy-glucose hydrochloride (112 Mymere suspended in 20 ml pyridine
and 105 ml acetic anhydride were added. The mixtwes stirred for 16 hours and
concentrated under reduced pressure. The resutiingas dissolved in DCM and washed
with sat. NaHC@solution and sat. NaCl-solution. The combined nrgghases were dried
over NaSQ. The solvent was removed to gii&in quantitative yield as yellow oitH-NMR
(400 MHz, CDC¥): 6 =6.16 (d,J=3.7 Hz, 1H), 5.57 (dJ=9.0 Hz, 1H), 5.26 — 5.17 (m,
2H), 4.51 — 4.44 (m, 1H), 4.24 (dd= 12.5 Hz, 4.1 Hz, 1H), 4.05 (dd= 12.5 Hz, 2.4 Hz,
1H), 4.01 — 3.96 (m, 1H), 2.18 (s, 3H), 2.08 (s),3404 (s, 3H), 2.03 (s, 3H), 1.93 (s, 3H)
ppm.; ESI-MS: Massic for CieH23NO10: 390.140 [M+HT; Massbs 390.280 [M+H]

2-Acetamido-2-deoxy-a/p-D-glucopyranoside 16
OH

MO\ OH
AcNH
43.5 g ofl15 were dissolved in 100 ml methanol and freshly areg sodium methoxide (by
slowly dissolving sodium hydride in anhydrous meibiawas added. The mixture was stirred
for 4 hours and neutralized with amberlite resiri-fefm]. After filtration the solvent was
removed under reduced pressure and the desirediqirtél was observed as white foam in
85% yield.'H-NMR (400 MHz, Methanobl): § = 5.10 (d,J = 3.4 Hz, 1H), 3.92 — 3.57 (m,

6H), 1.99 (s, 3H) ppm.

3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-p-D-glucopyranoside-1-chloride 17

OAc
AcO o)
AcO
AcNH Cl

10 g of 16 were dissolved in 50 ml acetyl chloride and 14&@ihc. HCIl ware added and the
mixture was stirred for 16 hours. The reaction wascentrated under reduced pressure,
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dissolved in DCM and poured on ice water. Sat. N@kt€blution was added and the pH was
adjusted to 10. The organic layer was separatedveashed with water. The combined
organic layers were dried over NaSCQconcentrated and purified using column
chromatography to give the desired prodd@tin 45% yield as white solid*H-NMR
(400 MHz, CDC4): 6 =6.17 (d,J = 3.7 Hz, 1H), 5.88 (d]J = 8.7 Hz, 1H), 5.31 (dd] = 10.5
Hz, 9.5 Hz, 1H), 5.22 - 5.17 (m, 1H), 4.52 (dd& 10.7 Hz, 8.7 Hz, 3.7 Hz, 1H), 4.30 - 4.23
(m, 2H), 4.14 - 4.09 (m,1H), 2.08 (s, 3H), 2.04.02(d, 6H), 1.97 (s] = 2.1 Hz, 3H) ppm;
ESI-MS: Masgaic for C14H20CINOg: 366.096 [M+H]; Massws 366.080M+H]*

3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-B-D-glucopyranoside-1-azide 18

OAc

AcO 0
AcO N3

AcNH

Method 1) 7.45 dL7 were dissolved in 20 ml DMF and 3.30 g (2.5 eqg)ism azide were
added. The reaction was stirred for 4 hours, dilwtéh DCM and washed several times with
water. The combined organic layers dried over Na3®e solvent was removed to gil@in
93% yield as pale yellow solid.

Method 2) 5.10 dl5 were dissolved in anhydrous ethyl acetate andecotw 0°C. 5.74 ml
TMS-azide was added. 2.46 ml Sn@as added dropwise. The reaction was warmed to roo
temperature and stirred for 14 hours. The mixtuas Witered, concentrated under reduced
pressure and purified using column chromatographgive the desired produdB in 63%
yield as pale yellow soliddH-NMR (400 MHz, CDC}): § = 6.39 (d,J = 9.0 Hz, 1H), 5.26
(dd, J=10.5 Hz, 9.4 Hz, 1H), 5.07 - 5.02 (m, 1H), 4.8, J=9.3 Hz, 1H), 4.23 (dd,
J=12.4 Hz, 5.0 Hz, 1H), 4.15 - 4.11 (m, 1H), 3(88 J=10.5 Hz, 9.1 Hz, 1H), 3.81 (ddd,
J=10.1 Hz, 4.9 Hz, 2.4 Hz, 1H), 2.05 (s, 3H), 2(60J = 3.5 Hz, 3H), 1.98 (s, 3H), 1.94 (s,
3H) ppm; ESI-MS: Massic for C14H20N40s: 373.136 [M+HT; Massps 373.170M+H]*

2-Acetamido-2-deoxy-p-D-glucopyranoside-1-azide 12
OH

HO Q
HO N;
AcNH
7 g of 18 were dissolved in 100 ml methanol and fresh peghaodium methoxide (by slowly
dissolving sodium hydride in anhydrous methanols amdded. The mixture was stirred for

4 hours and neutralized with amberlite resin'-fekm]. After filtration the solvent was
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removed under reduced pressure and the desirediqirtizl was observed as white foam in
58% yield.'H-NMR (400 MHz, Methanobs): = 4.50 (d,J= 9.3 Hz, 1.1 Hz, 1H), 3.90 (d,
J=12.1 Hz, 1.8 Hz, 1H), 3.75 — 3.62 (m, 2H), 3.58.34 (m, 3H), 1.99 (d] = 1.0 Hz, 3H)

ppm.

2-Acetamido-2-deoxy-g-D-glucopyranoside-1-amine 19
OH

H OO NH,
AcNH
12 was dissolved in anhydrous methanol under argomosithere to give a 0.1 molar
concentration and argon was bubbled through th#tieal 0.1 eq. palladium on carbon were
added and hydrogen was bubbled through the sugspenAfterwards the suspension was
incubated under hydrogen atmosphere for 2 hougowas bubbled through the suspension
and the mixture was filtered. The filtrate was aamtcated under reduced pressure Ehdias

directly used for Lansbury coupling.

Extraction and purification of glycopeptide (SGP) 20 from egg yolk powder
L-lysine-L-valine-L-alanindf*-{5-N-Acetyl-D-neuraminyl-(2>6)-O-p-D-galactopyranosyl-
(1> 4)-0O-2-acetamido-2-deoxy-D-glucopyranosyH2)-O-a-D-mannopyranosyl-(# 3)-O-
[5-N-acetyla-D-neuraminyl-(2> 6)-O-B-D-galactopyranosyl-(#4)-O-2-acetamido-2-deoxy-
B-D-glucopyranosyl-(2 2)-O-a-D-mannopyranosyl-(® 6)]-O-p-D-mannopyranosyl-(#4)-
O-(2-acetamido-2-deox@-D-glucopyranosyl)-(P4)-O-(2-acetamido-2-deoxf-D-
glucopyranosyl)}]-L-asparagine-L-lysine-L-threonine
H-Lys-Val-Ala-{Asn[(Neu5Ac-Gal-GIcNAc-M an)2-M an-GIcNAc-GIcNAc]}Lys-Thr-OH

HO,C

—
HO. . o-7—0" o go o} HH9 %0
AcHNZ Ho Ho HOA)Q'
OH NHAC )

HOHO
OH  ho,c OH "o -
HO. o~ (o] lo] |-|H(3 s\—oo
> ) (o} OH NHAC HO'
AcHNS HO HO HO 9 Ho o}
HOHO OH NHAc OHO o\?gl‘ﬁo NH
HO NHAc

o o [¢] OH

e SR

/l/é H 3 £ H 1 E\l\
300 g egg yolk powder were suspended in 900 ml memte stirred for 16 hours. 450 ml
MeOH was added. The suspension was separated (hrtol 4ractions and centrifuged

(4000 rpm for 10 minutes). 10 ml CHGAere added to each fraction and the mixture was
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centrifuged again (4000 rpm for 10 minutes). Theueamgs phase was decanted and
concentrated under reduced pressure. The remainder suspended in 50 ml 100 mM
ammonium acetate buffer, centrifuged (10000 rpm f0rminutes). The soluble part was
filtered and purified using a Sephadex G50 colunith iO0 MM ammonium acetate and
0.5 ml flow rate. All UV-active fractions were ayaéd with MALDI-TOF and the20
containing fractions were combined and lyophilizedgive 600 mg crud0. ESI-MS:
Massaic for Cr13H191N150es: 2863,161 [M-H] 2865,177 [M+H]; Massbs 2864.0779M-H] ",
1431.5789[2M-2H], 2865.066gM+H] *

Nona-gylcopeptide 21

L-lysine-L-valine-L-alaningl*-{D-galactopyranosyl-(® 4)-O-2-acetamido-2-deoxy-D-
glucopyranosyl-(® 2)-O-a-D-mannopyranosyl-(# 3)-O-[D-galactopyranosyl-(#4)-O-2-
acetamido-2-deoxp-D-glucopyranosyl-(2 2)-O-a-D-mannopyranosyl-(#6)]-O-p-D-
mannopyranosyl-(#4)-O-(2-acetamido-2-deoxf-D-glucopyranosyl)-( 4)-O-(2-
acetamido-2-deoxp-D-glucopyranosyl)}]-L-asparagine-L-lysine-L-threoe
H-Lys-Val-Ala-{Asn[(Gal-GIcNAc-M an)2-M an-GIcNAc-GIcNAc]}Lys- Thr-OH

&/Wo
%),W é 50 NHAc

NHAc NH

NHAC
:n R ow T
N{ \

Crude 20 was dissolved in 10 mM TFA solution in water. Tiid was adjusted to 3 using
concentrated TFA. The solution was warmed to 80A@ monitored using MALDI-TOF.
After 18 hours both sialic acids were removed arme@ tmixture was lyophilized.
Nonasaccharide containing hexapeptitie was purified on a superdex 30 size exclusion
column with 100 mM ammonium bicarbonate with 0.3mmh flow rate. All fractions were
analyzed with MALDI-TOF. The?1 containing fractions were combined and lyophilized
give 21 in 38% yield.'H-NMR (400 MHz, BO): § = 5.09 (s, 1H), 5.01 (dl= 9.6 Hz, 1H),
4.90 (s, 1H), 4.74 (s, 2H), 4.66 — 4.61 (m, 1H}64(dd,J = 12.2 Hz, 7.6 Hz, 3H), 4.44 (dd,
J=7.8 Hz, 2.3 Hz, 2H), 4.37 (dd,= 8.0 Hz, 6.3 Hz, 1H), 4.27 (d,= 7.3 Hz, 1H), 4.23 —
4.15 (m, 3H), 4.12 — 4.07 (m, 3H), 3.86 (@ 27.8 Hz, 22.2 Hz, 16.4 Hz, 9.5 Hz, 7H), 3.76

—3.40 (M, 25H), 2.93 — 2.62 (M, 2H), 1.91 — 1164 §H), 1.37 (ddJ = 15.2 Hz, 8.8 Hz, 7H),
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1.14 (d,J=6.4 Hz, 3H) ppm;C-NMR (101 MHz, DO): 5= 176.31, 174.64, 174.58,
174.56, 174.53, 174.50, 174.28, 172.87, 172.67,1872171.80, 102.80, 102.77, 101.16,
100.29, 99.42, 99.32, 96.88, 80.28, 79.34, 78.8530] 78.06, 76.26, 76.11, 76.04, 75.21,
74.56, 74.24, 73.41, 72.70, 72.35, 71.93, 71.8082/070.05, 69.26, 68.39, 67.72, 67.19,
67.13, 65.53, 61.49, 60.89, 59.81, 59.22, 54.7247%353.16, 49.89, 49.42, 39.03, 38.94,
36.29, 31.78, 30.38, 29.97, 26.31, 26.06, 22.2002221.99, 21.73, 21.35, 19.14, 18.29,
17.67, 16.55 ppm; ESI-MS: Mass for CooH15sN130s4: 2280,970 [M-H], 2282,986 [M+HT;
Massbs 1141.9917M+2H]2*, 2280.9587 [M-H]

Nona-saccharide 22
D-galactopyranosyl-(#4)-O-2-acetamido-2-deoxy-D-glucopyranosyH2)-O-a-D-

mannopyranosyl-(® 3)-O-[D-galactopyranosyl-(#4)-O-2-acetamido-2-deoxg-D-
glucopyranosyl-(P 2)-O-a-D-mannopyranosyl-(#6)]-O--D-mannopyranosyl-(#4)-O-
(2-acetamido-2-deox@-D-glucopyranosyl)-(P4)-O-(2-acetamido-2-deoxg-D-
glucopyranosyl

(Gal-GIcNAc-M an)z-M an-GIcNAc-GIcNAc-OH

o0\
(0] H — O
HO

NHAc

%&/ M é 80 :HAe::E

NHAc

210 mg21 were dissolved in 5 ml 100 mM ammonium acetatedsuffO0 units PNGase were
added and the reaction was incubated at 37°C fdroR4s. The completeness of the reaction
was confirmed using MALDI-TOF. The mixture was centrated by freeze-drying and
purified on a SiliaSep™ C18 cartridge eluting withter. The fractions were lyophilized and
gave22 in 44 % yield'H-NMR (400 MHz, 20O): § = 5.04 (s, 1H), 4.98 (s, 1H), 4.78 (s, 1H),
4.44 (d,J=8.6 Hz, 3H), 4.31 (tJ=10.9 Hz, 3H), 4.20 (d) = 13.7 Hz, 1H), 4.11 (s, 1H),
4.05 (s, 1H), 4.03 — 3.91 (m, 2H), 3.88 — 3.69 (®H), 3.69 — 3.31 (m, 30H), 2.85 (d,
J=7.7 Hz, 3H), 1.90 (s, 9H) ppm; ESI-MS: Magsfor Cs2H104N4Os6: 1663,582 [M+Nal;
Massbs 1663.5841 [M+Na]
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Nona-saccharide azide 13
D-galactopyranosyl-(#4)-O-2-acetamido-2-deoxy-D-glucopyranosyH¥2)-O-a-D-
mannopyranosyl-(® 3)-O-[D-galactopyranosyl-($4)-O-2-acetamido-2-deoxg-D-
glucopyranosyl-(P 2)-O-a-D-mannopyranosyl-(# 6)]-O--D-mannopyranosyl-(#4)-O-
(2-acetamido-2-deox-D-glucopyranosyl)-(£4)-0O-(2-acetamido-2-deoxy-1-deoxD-
glucopyranosyl-azide

(Gal-GIcNAc-Man)2-M an-GIcNAc-GIcNAc-N3

e HO HO—_0

0 o O HQ=<]0Q
HO Ho HOAJﬁ

OH NHAC )
e HO HO—\_O

0, 0, 2 =170,
HO%SM/A on NHAGHOA\

HO 0 o
OH NHAC ) § %HO N,

NHAc

120 mg22 were dissolved in 1.5 ml water and cooled to 2t@.g sodium azide, 170 pl
2,6-lutidine and 124 mg DMC were added. The reactvas stirred at 2°C for one wedld
was purified Sephadex G25 column eluting with 5%agrtl in water. The fractions were
analyzed with MALDI-TOF and3 containing fractions were lyophilizeti3 was observed in
82% vyield.'H-NMR (400 MHz, DO): § = 5.09 (s, 1H), 4.90 (s, 1H), 4.73 (5 9.1 Hz, 2H),
457 (t,J=8.8 Hz, 3H), 4.44 (dd] = 7.8 Hz, 2.6 Hz, 2H), 4.22 (d,= 2.5 Hz, 1H), 4.16 (dd,
J=3.3Hz, 1.6 Hz, 1H), 4.13 — 4.07 (m, 2H), 3.93.83 (m, 14H), 3.81 — 3.65 (m, 27H),
3.64 — 3.51 (m, 14H), 2.07 — 2.04 (m, 3H), 2.02 Jo5 2.0 Hz, 9H) ppm:*C-NMR
(101 MHz, DO): 6 = 174.66, 174.58, 174.56, 174.51, 102.80, 10287,20, 100.29, 99.42,
99.31, 96.88, 88.39, 80.30, 79.31, 78.54, 78.3132676.24, 76.13, 75.21, 74.59, 74.55,
74.24, 73.41, 72.70, 72.35, 72.10, 71.94, 71.8183;070.15, 70.05, 69.30, 69.24, 68.40,
67.20, 67.15, 65.52, 63.14, 61.58, 61.50, 60.8985959.76, 54.72, 54.35, 52.12, 48.96,
48.93, 44.89, 43.19, 43.12, 39.24, 33.99, 33.79773328.88, 22.21, 22.09, 21.97, 19.09,
18.36, 17.56, 16.43 ppm; ESI-MS: Massfor Cs2H103N7045. 1688.588 [M+Na]; Massbs
1688.5905 [M+Na]
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H-Asn-Nona 24

[N*-{D-galactopyranosyl-(£ 4)-O-2-acetamido-2-deoxy-D-glucopyranosyr¥2)-O-a-D-
mannopyranosyl-(® 3)-O-[D-galactopyranosyl-($4)-O-2-acetamido-2-deoxg-D-
glucopyranosyl-(P 2)-O-a-D-mannopyranosyl-(# 6)]-O--D-mannopyranosyl-(#4)-O-
(2-acetamido-2-deox@-D-glucopyranosyl)-(£4)-O-(2-acetamido-2-deoxg-D-
glucopyranosyl)}]-L-asparagine

H-Asn-[(Gal-GIcNAc-M an)2-M an-GIcNAc-GIcNAc]-OH

OH
HO- HO HO
O o O  HQ= q—OO
Ho HO HOA/‘Q'
OH

NHAc

0,
HO: o HO HO—/\_O
lo] O, -] 0
HO&/&O HHoAf"Q' Og NHAcHO o
O
on e gR2 B TR o

300 mgH-Asn-[(Neu5Ac-Gal-GIcNAc-Man)yMan-GIcNAc-GIcNAc]-OH23 were dissolved
in 10 mM TFA solution in water. The pH was adjusted3 using concentrated TFA. The
solution was warmed to 80°C and monitored using ALOF. After 36 hours both sialic
acids were removed and the mixture was lyophili2ddvas purified on a G25 size exclusion
eluting with 20% ACN in HO. The fractions were analyzed with MALDI-TOF arit 24
containing fractions were lyophilized to giv&4 in 94% vyield. ESI-MS: Massc: for
CeeH110N604g: 1753.627 [M-H], 1752.6333 [M-H]j

Fmoc-Asn-Nona 25

Fmoc-N*{D-galactopyranosyl-(® 4)-O-2-acetamido-2-deoxy-D-glucopyranosyt¥2)-O-
a-D-mannopyranosyl-(# 3)-O-[D-galactopyranosyl-($4)-O-2-acetamido-2-deoxg-D-
glucopyranosyl-(P 2)-O-a-D-mannopyranosyl-(#6)]-O--D-mannopyranosyl-(#4)-O-
(2-acetamido-2-deox@-D-glucopyranosyl)-(£4)-O-(2-acetamido-2-deoxg-D-
glucopyranosyl)}]-L-asparagine

Fmoc-Asn-[(Gal-GIcNAc-Man)2-M an-GIcNAc-GIcNAc]-OH

OH
HO- HO HO—
O o O HQ= 4,00
HO HO HOA/‘Q‘
OH 3

NHAc

OH
HO-| HO HO—™\_O
(o] o] =<0 ;
Ho&/ﬂo H HoA)ﬁ Og NHAc Ho o
H

NHAc

FmocHN
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210 mg24 was dissolved in 8 ml water. 81 mg Fmoc-OSu ar@lIOTEA were dissolved in
8 ml DMSO and added. The reaction was stirred tbhaurs. After MALDI-TOF analysis
indicated full conversion the reaction was lyomatl and purified Sephadex G25 column
eluting with 20% ACN in water. The desired prod6twas observed in 51% yieltH-NMR
(400 MHz, DO): 6 = 7.78 (dJ= 7.5 Hz, 2H), 7.59 (dJ = 7.6 Hz, 2H), 7.46 — 7.32 (m, 4H),
5.11 (s, 1H), 4.99 (dl = 9.6 Hz, 1H), 4.92 (s, 1H), 4.80 (s, 3H), 4.61.534(m, 4H), 4.45 (d,
J=7.7 Hz, 4H), 4.24 (s, 1H), 4.18 (s, 2H), 4.101(d), 3.93 (qJ = 11.8 Hz, 11H), 3.86 (d,
J=14.4 Hz, 1H), 3.74 (d = 17.3 Hz, 8.4 Hz, 22H), 3.63 — 3.44 (m, 16H), 2A§91H), 2.13

— 2.01 (m, 8H), 1.94 (s, 1H), 1.89 (s, 2H) ppC-NMR (101 MHz, DO): § = 174.61,
174.49, 140.82, 127.92, 127.34, 120.05, 102.84,200109.37, 96.95, 78.43, 76.32, 76.23,
76.11, 75.25, 74.64, 74.30, 73.46, 72.42, 72.00877170.88, 69.37, 68.44, 61.55, 60.92,
59.90, 54.77, 46.83, 22.26, 22.16, 21.87 ppm; ESI-Massaic for CgiH120NeOs0: 1999,693
[M+Na]*, 1999.6805 [M+Na]

5. SYNTHESIS OF A PHOTOLABILE PROTECTED
ASPARTIC ACID FOR LANSBURY ASPARTYLATION

2,2-dibromo-1-(4-(dimethylamino)phenyl)ethanone 27
0]

/©)‘\CHBr2
Y

I

1-(4-(dimethylamino)phenyl)ethanor# (15 g, 92 mmol) was dissolved in 30 ml sulfuric
acid and cooled to 0°C. Bromine (4.73 ml, 92 mme§s added drop wise. The reaction
mixture was stirred for 14 hours and poured on Tdee resulting green solid was separated
via suction, dried and gave the desired pro@ian 90% yield (26.5 g, 82 mmol) as a green
solid. 'H-NMR (400 MHz, CDC}): 6 = 7.98 (dJ = 9.1 Hz, 2H), 6.73 — 6.66 (m, 3H), 3.10 (s,
6H) ppm;*C-NMR (101 MHz, CDCJ): § = 184.20, 154.17, 134.74, 132.20, 110.99, 40.66,
40.18 ppm; ESI-MS: Massc for CioH11BroNO: 319.929 [M+H]; Massbs 320.030 [M+H]

143



2-bromo-1-(4-(dimethylamino)phenyl)ethanone 28
0]

CHzBI'
N

I
27 (24.45 g, 76 mmol) was dissolved in 200 ml THF #remixture was cooled to 0°C. After
adding diethyl phosphite (9.83 ml, 76 mmol) dromyi$EA (15.60 ml, 76 mmol) in 50 ml
THF was added. The mixture was stirred for 14 hamd poured on ice. The resulting solid
was separated via suction. Purification via sitjed column (hexane/ethyl acetate; 1:1) gave
the desired produc?8 in 42.8% vyield (7.90 g, 32.6 mmol) as a yellow dofiH-NMR
(400 MHz, CDC¥): 6 = 7.89 (d,J=9.1 Hz, 2H), 6.66 (d)= 9.1 Hz, 2H), 4.36 (s, 2H), 3.08
(s, 6H) ppm;*C-NMR (101 MHz, CDCJ): & = 189.51, 153.92, 132.21, 131.43, 110.88,
40.18, 30.92 ppm; ESI-MS: Mass for CioH12BrNO: 242.018 [M+H]; Massbs 243.006
[M+H]*

L-Aspartic Acid Copper(I1) complex 30

0

0

ar 0 20

0 HN-cy.
FNH O
! ]
0 0
0

L-Aspartic acid (5.0 g, 37.6 mmol) was dissolved 180 ml water and heated to 70 °C.
Diacetoxycopper hydrate (7.5 g, 37.6 mmol) in 100nater was added dropwise over one
hour. The resulting mixture was stirred for 48 lsuuntil the product crushed out. The
product was collected by suction, washed with watgnanol and ether and dried at high
vacuum. The desired prodg was obtained as blue solid in 90% yield (13.13383nmol).

Fmoc-L-Asp(Map)-OH 11
o) (o)

oYY o
\N (o) NHFmoc

I
L-Aspartic acid copper (II) comple80 (3.16 g, 8.16 mmol) and L-aspartic acid (2.17 g,

16.32 mmol) were dissolved in DMF/water (10:1, D3). N,N,N",N"-Tetramethylguanidin

(4.1 ml, 32.6 mmol) was added slowly and the mitwas stirred until all solids were
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dissolved. The resulting L-aspartic acid copper ) (llcomplex N,N,N",N’-
Tetramethylguanidinium salt was directly used fog hext reaction step.

28 (7.9 g, 32.6 mmol) was added to the L-aspartia ampper (II) complexN,N,N",N"-
Tetramethylguanidinium salt in DMF/water and stirfer 18 hours. Acetone was added and
the solid was separated via suction and dried. rfEselting 4-(dimethylamino)phenacyl
(Map) ester copper complex was added in small gastio a freshly prepared EDTA solution
(5.8 g NaHCQ were dissolved in 70 ml water and 10 g EDTA disadlisalt dihydrate was
added slowly). The mixture was stirred until théidsavas completely dissolved. The mixture
was cooled to approximately 0°C and the resultwlgisvas separated via suction, dried and
gave the desired NFAsp(Map)-OH as a brown solid in 60.1% yield overee steps (5.77 g,
19.6 mmol). NH-Asp(Map)-OH (5.77 g, 19.6 mmol) and sodium carltend4.16 g,
39.2 mmol) were dissolved in 75 ml water. Fmoc-(66 g, 19.6 mmol) was dissolved in
75 ml THF and added to the amino acid containingewsolution. The reaction was stirred at
room temperature for 14 hours. The reaction wastetil with ether and the resulting solid
was separated via suction, washed with water te tie desired compourid as a brownish
yellow solid in 70.1 % yield (7.1 g, 13.75 mmdiH-NMR (400 MHz, DMSO):$ = 7.89 (d,
J=7.5Hz, 2H), 7.78 (d)=9.1 Hz, 2H), 7.70 (d) = 7.4 Hz, 2H), 7.41 (t)= 7.5 Hz, 2H),
7.36 — 7.29 (m, 2H), 6.72 (d,=9.1 Hz, 2H), 5.24 (s, 2H), 4.27 — 4.18 (m, 3HP3(dd,
J=12.7 Hz, 6.5 Hz, 1H), 3.01 (s, 6H), 2.85 — 2.#§ (H), 2.67 (ddJ=15.1 Hz, 6.9 Hz,
1H) ppm;**C-NMR (101 MHz, DMSO)3 = 190.03, 171.06, 153.60, 144.02, 140.71, 129.75,
127.63, 127.14, 125.33, 121.41, 120.13, 110.7606%16.73, 39.62 ppm; ESI-MS: Masgs
for CogH2eN207 539.179 [M+Nal]; Massws 539.174 [M+Na]

Fmoc-Thr(OtBu)-Thr(OtBu)-Gly-Glu(OtBu)-Asp(OM ap)-Phe-Thr (psiM e,M epr 0)-
Glu(OtBu)-Thr(OtBu)-OH 36

The resin was loaded using Procedure 1 (loadingrit§l-OH ChemMatri¥® resin). The
substitution grade was 0.35 mmol/g determined byd-muantification. For the following
coupling HBTU, HOBt and DIPEA were used and eaclnanacid was coupled twice in a
fivefold excess, except for Fmoc-Phe-Thr(psiMe,M@DH, which was coupled in a twofold
excess. All amino acids were double coupled fom@utes, only for the pseudoproline
building block and for the Fmoc-Asp(Map)-OH amimadathe coupling time was prolonged
to two times 60 minutes. Using Reagent B a teshvelge was performed to ensure the
success of the synthesis. ESI-MS: Masgor CroHoeN13024 1511.583 [M+H]; Massbs
756.6 [2M+HF*
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Fmoc-Thr(OtBu)-Thr(OtBu)-Gly-Glu(OtBu)-Asp(OH)-Phe-Thr (psiM e,M epr o0)-
Glu(OtBu)-Thr(OtBu)-OH 37

The 36 containing resin was swollen in a 1:1 mixture thfamol and DCM. Photolysis of Map
was performed in a continuous flow system usinggh-pressure Hg-lamp (300 nm) in
flow (flow rate 1 ml/min, 18 ml loop, radiation teml8 min). A testcleavage was performed to
confirm completion of the reaction. ESI-MS: Magsfor Cs2HgaN11023 1350.382 [M+HT;
Massps 1350.4 [M+HT, 675.9 [2M+HF*

Fmoc-Thr(OtBu)-Thr(OtBu)-Gly-Glu(OtBu)-Asp(NHGIcNACc)-Phe-Thr (psiM e,M epr 0)-
Glu(OtBu)-Thr(OtBu)-OH 38

27 mg resin (according to 9 mg unprotected peptodexaining37 were taken and reacted
with 19 according to Procedure 7 (Lansbury Coupling of rmGlycans). Using 2 ml of
Reagent B a test cleavage was performed. ESI-MSsMafor CroHggN14026 1552.613
[M+H]*; Massbs 1552.5 [M+H], 777.0 [2M+HF*

6. SYNTHESIS OF ASPARTIC ACID BUILDING BLOCKS
FOR LIGATION-DESULFURIZATION STRATEGIES

(S)-1-Allyl-4-tert-butyl 2-((tert-butoxycar bonyl)amino)succinate 40
OtBu

(0]
BocHN o\/\
(0]

5 g (©-4-(tert-Butoxy)-2-(tert-butoxycarbonyl)amino)-4-oxobutanoic acid were diged in

50 ml DMF and 4 ml DIPEA were added. To the mixt@nal allyl bromide were added and
the reaction was stirred for 16 hours. The reactvas concentrated under reduced pressure,
dissolved in DCM and washed with water. The comthioeyanic were dried over Nag@nd
concentrated to give the desired prodd6t in quantitative yield.!H-NMR (400 MHz,
CDCL): & = 5.87 (ddtJ = 16.5 Hz, 10.9 Hz, 5.7 Hz, 1H), 5.47 (& 8.9 Hz, 1H), 5.30 (dd,
J=17.2 Hz, 1.6 Hz, 1H), 5.21 (dd= 10.4 Hz, 1.5 Hz, 1H), 4.68 — 4.55 (m, 2H), 4.88, (
J=9.2 Hz, 4.7 Hz, 1H), 2.92 — 2.83 (m, 1H), 2.76,@= 16.7 Hz, 4.7 Hz, 1H), 1.42 (s, 9H),
1.40 (s, 9H) ppm; ESI-MS: Mass for CieH27NOs: 352,174 [M+Na]; Massps 352.280
[M+Na]”
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S(2,4,6-trimethoxybenzyl)-4-methylbenzenesulfonothioate 43
/o o\
N

1 g (2,4,6-Trimethoxyphenyl)methanol was dissolwedl0 ml DCM, 0.8 ml TEA were added
and the mixture was cooled to 0°C. TFAA (0.72 mgsvadded dropwise and the mixture was
stirred for 15 minutes. 1.15 g Potassium 4-methytkeesulfonothioate was dissolved in
10 ml acetone and added to the reaction. The oeaatas stirred for 16 hours and
concentrated under reduced pressure, dissolvethyh &cetate and washed with water. The
combined organic were dried over NaSQroncentrated and purified using column
chromatography to give the desired prodd8tin 72% yield as yellow solid'H-NMR
(400 MHz, CDCY4): 6 =7.85 (d,J=8.1 Hz, 2H), 7.32 (d) = 8.0 Hz, 2H), 6.01 (s, 2H), 4.29
(d, J=0.9 Hz, 2H), 3.77 (dJ=1.0 Hz, 3H), 3.69 (dJ= 1.0 Hz, 6H), 2.45 (s, 3H) ppm;
13C-NMR (101 MHz, CDGJ): 6 = 161.57, 159.24, 144.07, 142.58, 129.56, 1271P2,.65,
90.50, 55.80, 55.48, 29.25, 21.74 ppm.

(2R)-1-Allyl-4-tert-butyl 2-((tert-butoxycar bonyl)amino)-3-((2,4,6-
tri methoxybenzyl)thio)wccinate 44

\ OtBu

A0 BocHN

1.18 g 40 were dissolved in 20 ml anhydrous THF under argtmosphere and cooled
to -78°C. 7.9 ml 1 molar LIHMDS in THF was addedphvise over 30 minutes. The mixture
was stirred at -78°C for 90 minutes and 1.483gn 20 ml anhydrous THF was added. The
reaction was stirred for 2 hours and quenched wath NHCI-solution. THF was removed
under reduced pressure and the mixture was digbaivethyl acetate and washed with sat.
NH4Cl-solution. The combined organic were dried overSR, concentrated and purified
using column chromatography to give the desiredlypco44 as mixture of enantiomers in
76% vyield as yellow oil*H-NMR (400 MHz, CDC}): & = 6.83 (s, 2H), 5.96 — 5.84 (m, 1H),
5.66 (d,J = 10.3 Hz, 1H), 5.34 (dtJ= 17.2 Hz, 1.5 Hz, 1H), 5.28 — 5.21 (m, 1H), 4.@€,(
J=10.3 Hz, 5.5 Hz, 1H), 4.71 — 4.57 (m, 2H), 4.68)(= 10.7 Hz, 1H), 4.01 — 3.85 (m, 2H),
1.50 (s, 9H), 1.45 (s, 9H) ppMC-NMR (101 MHz, CDCJ): § = 160.74, 159.13, 159.07,
131.85, 131.78, 118.56, 90.78, 90.73, 82.08, 76868, 66.14, 60.53, 55.91, 55.89, 55.47,
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55.29, 50.59, 49.19, 28.46, 28.42, 28.15, 28.028&5.11, 24.59, 21.20, 14.35 ppm, ESI-
MS: Massaic for CieH27NOs: 564,224 [M+Na]; Massws 564.226 [M+Na]

(2R)-4-(tert-Butoxy)-2-((tert-butoxycar bonyl)amino)-4-oxo-3-((2,4,6-
trimethoxybenzyl)thio)butanoic acid 8aand 8b

\ OtBu A0 \ OtBu

A BocHN A0 BocHN

1.47 g44 were dissolved in 20 ml DCM. 0.7 ml phenylsilanmaSZO mg Pd(PRBp were
added. The mixture was stirred for 2 hours, comeéed and purified using column
chromatography to give the desired prodBi@s mixture of stereo isomers (34:66) 80%
yield as yellow oil. The stereo isomers were sdpdrasing RP-HPLC using a gradient 50%
ACN to 75% ACN in water (0.1% TFA) in 20 min on Muarey-Nagel Nucleodur C18
Pyramid 5 pm, 250x21 mm.

Peak 1 eluting at 21.1 minutes:

'H-NMR (400 MHz, CDCY): § = 6.09 (s, 2H), 5.42 (dl= 7.7 Hz, 1H), 4.71 (t)=7.0 Hz,
1H), 3.88 (s, 2H), 3.80 (s, 6H), 3.78 (s, 3H), 1(45 9H), 1.41 (s, 9H) ppm*C-NMR
(101 MHz, CDC}): 6 =174.21, 169.15, 161.03, 160.80, 158.97, 156.28%.56, 106.39,
90.91, 90.75, 90.69, 82.95, 82.25, 80.65, 77.3607K655.86, 55.44, 55.41, 54.80, 53.55,
49.74, 45.97, 29.79, 28.35, 27.94, 27.91, 27.860%724.63 ppm; ESI-MS: Mass for
C23H3sNOeS: 524,193 [M+Nad], Massws 524.193 [M+Na]

Peak 2 eluting at 23.6 minutes:

'H-NMR (400 MHz, CDC4): § = 6.08 (s, 2H), 5.75 (d = 9.6 Hz, 1H), 4.72 (dd] = 9.6 Hz,
4.4 Hz, 1H), 4.01 — 3.94 (m, 2H), 3.77 (s, 6H),63(3, 3H), 1.42 (s, 9H), 1.40 (s, 9H) ppm;
13C-NMR (101 MHz, CDGJ): § = 174.57, 171.46, 169.15, 160.69, 160.60, 15819893,
158.87, 156.11, 155.76, 106.76, 106.36, 90.65,8)082.70, 82.06, 81.01, 80.35, 80.09,
56.12, 55.75, 55.72, 55.30, 55.29, 54.87, 50.28814949.31, 49.25, 48.73, 28.27, 27.82,
27.80, 27.67, 25.09, 24.87, 24.51 ppm; ESI-MS: Madsr CosHzsNOoS: 524,193 [M+Na];
Massbs 524.193 [M+Na]
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(39)-tert-Butyl 4-(benzylthio)-3-((tert-butoxycar bonyl)amino)-4-oxo-2-((2,4,6-
tri methoxybenzyl)thio)butanoate 45

\ OtBu

66 mg8a were dissolved in 2 ml anhydrous DMF and the miextiwas cooled to 0°C. 137 mg
PyBOP and 92 ul DIPEA were added and stirred fomirfutes. To the mixture 31 pl benzyl
mercaptan were added and the reaction was stimed hour at 0°C. The reaction was
concentrated under reduced pressure and purified) gelumn chromatography to give the
desired produdt5 in quantitative yield*H-NMR (400 MHz, CDC¥): § = 7.23 (d,J = 4.4 Hz,
5H), 6.08 (s, 2H), 5.58 (d,= 9.1 Hz, 1H), 4.87 (ddl = 9.1 Hz, 5.2 Hz, 1H), 4.11 - 3.92 (m,
4H), 1.42 (d,J=7.9 Hz, 18H) ppm?*C-NMR (101 MHz, CDGJ): & =199.71, 169.03,
160.77, 159.00, 155.24, 137.09, 129.53, 129.04,682828.60, 127.31, 106.53, 90.73, 82.29,
80.47, 77.36, 61.46, 55.89, 55.45, 50.64, 33.76053229.83, 28.43, 27.95, 26.46, 26.38,
24.73, 22.82 ppm; ESI-MS: Mass for CsoHaoNOsSy: 630.217 [M+H]; Masses
630.200[M+Naj

S-(Acetamidomethyl) 4-methylbenzenesulfonothioate 47

s I

o 1
3 g N-(hydroxymethyl)acetamide were dissolved in 40 n@ND and cooled to 0°C. To the
mixture 6.7 ml DIPEA were added and 4.8 ml TFAA evadded dropwise. The mixture was
stirred for 15 minutes. 7.6 g Potassium 4-methytleeesulfonothioate were dissolved in
80 ml acetone and added to the reaction. The oeaatias stirred for 16 hours and
concentrated under reduced pressure, dissolvethyh &cetate and washed with water. The
combined organic were dried over NaSQroncentrated and purified using column
chromatography to give the desired prodd@tin 52% yield as yellow solid'H-NMR
(400 MHz, CDCY¥): 6=7.78 (d,J=8.3 Hz, 2H), 7.37 — 7.34 (d,= 7.9 Hz, 2H), 4.68 (d,
J=6.7 Hz, 2H), 2.44 (s, 3H), 1.92 (s, 3H) ppHC-NMR (101 MHz, CDCJ): § = 168.39,
144.69, 132.94, 129.11, 127.84, 109.15, 59.50,6228.90 ppm.
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(3R)-4-Allyl-1-tert-butyl 2-((acetamidomethyl)thio)-3-((tert-butoxycar bonyl)amino)
succinate 48

1.8 g 40 were dissolved in 25 ml anhydrous THF under arggmosphere and cooled
to -78°C. 12 ml 1 M LiIHMDS in THF were added dropeiover a period of 30 minutes. The
mixture was stirred at -78°C for 90 minutes anddl43 in 12 ml anhydrous THF was added.
The reaction was stirred for 2 hours and quenchéd sat. NHCI-solution. THF was
removed under reduced pressure and the mixturedisaslved in ethyl acetate and washed
with sat. NHCI-solution. The combined organic phases were dned NaSQ@, concentrated
and purified using column chromatography to givediesired produet8 as mixture of stereo
isomers in 14% yield (55% yield brsm) as brownish t-NMR (400 MHz, Acetones):

8 = 6.04 — 5.87 (m, 1H), 5.46 — 5.24 (m, 1H), 5.82 {H), 4.81 — 4.71 (m, 1H), 4.65 — 4.61
(m, 2H), 4.54 (s, 1H), 4.11 (m, 1H), 3.37 — 3.1Q {H), 2.03 — 1.81 (m, 3H), 1.49 — 1.38 (m,
18H) ppm;*C-NMR (101 MHz, Acetoneak): 5 = 171.47, 170.52, 170.26, 154.30, 133.31,
133.07, 118.48, 118.26, 83.00, 81.81, 80.00, 7%8%H1, 66.46, 55.88, 53.91, 49.14, 49.11,
48.39, 42.36, 42.23, 37.48, 30.39, 30.20, 30.006(2828.57, 28.26, 28.19, 28.14, 28.09,
23.04, 23.00, 22.88 ppm; ESI-MS: Magsfor CioH32N207S: 455.183 [M+Na], Massbs
455.181 [M+Na]

(2R)-3-((Acetamidomethyl)thio)-4-(tert-butoxy)-2-((tert-butoxycar bonyl)amino)-4-
oxobutanoic acid 9a and 9b
OtBu OtBu

H H
N_ _S N_ _S
\n/ ~-S, o \n/ ~ o
o BocHN’¢o"I o BocHN:E;o"I
o] o)

335 mg48 were dissolved in 2 ml DCM. 0.48 ml phenylsilamed 845 mg Pd(PR were
added. The mixture was stirred for 2 hours, comeéed and purified using column
chromatography to give the desired prod@ics mixture of stereo isomers in 57% yield as
brownish oil. The stereo isomers were separatathURP-HPLC using a gradient 20% ACN
to 55% ACN in water (0.1% TFA) in 32.2 min on MaokgNagel Nucleodur C18 Pyramid 5
pm, 250x21 mm.
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Peak 1 eluting at 30.8 minutes:

'H-NMR (400 MHz, CDC4): 6 = 4.78 (s, 1H), 4.54 (d,= 13.2 Hz, 1H), 4.48 — 4.39 (m, 1H),
3.87 (s, 1H), 2.05 (s, 3H), 1.46 @+ 9.0 Hz, 18H) ppm; ESI-MS: Mags for CisH28N207S:
391,154 [M-HI; Massbs 391.0 [M-HI, 415,151 [M+Na]

Peak 2 eluting at 33.4 minutes:

IH-NMR (400 MHz, CDC4): & = 5.68 (d,J= 9.8 Hz, 1H), 4.74 (s, 1H), 4.62 — 4.54 (m, 1H),
4.51 — 4.40 (m, 1H), 4.02 (d= 4.6 Hz, 1H), 1.48 — 1.43 (d, 18H) pphHC-NMR (101 MHz,
CDCls): 6 =171.86, 170.16, 156.37, 83.81, 81.00, 54.823A349.90, 42.29, 28.23, 27.79,
27.72, 22.84 ppm; ESI-MS: Mass for CigH2gN207S: 391,154 [M-H} Massbs 391.0
[M-H] ", 415,151 [M+Na]

S-(4-(Dimethylamino)phenyl)-4-methylbenzenesulfonothioate 49

o ] 9/@/
S
]

6.2 g 28 and 5.8 g Potassium 4-methylbenzenesulfonothioatee dissolved in anhydrous
DMF. The mixture was stirred for 16 hours. The teecmixture diluted with DCM, washed
with water and concentrated under reduced presBuréication by column chromatography
afforded pure49 in 38% yield.'H-NMR (400 MHz, CDCY): 6 = 7.81 (d,J= 8.4 Hz, 2H),
7.74 (d,J=9.1 Hz, 2H), 7.31 (d) = 8.2 Hz, 2H), 6.62 — 6.58 (m, 2H), 4.48 (s, 2HD33(s,
9H), 2.42 (s, 3H) ppm*C-NMR (101 MHz, CDCJ): 5 = 188.96, 153.90, 144.87, 141.54,
132.12, 130.87, 130.77, 130.48, 129.83, 128.11,00/27122.46, 110.83, 110.79, 110.72,
43.12, 40.01, 21.63 ppm.

(3R)-4-Allyl-1-tert-butyl 2-((4-(dimethylamino)phenyl)thio)-3-((tert-
butoxycar bonyl)amino) succinate 50

(0] (0]
/©/U\/S OtBu
NN BocHN OAllyl
I (0]

1.3 g 40 were dissolved in 20 ml anhydrous THF under argbmosphere and cooled

to -78°C. 12 ml 1 M LiIHMDS in THF were added dropeiover a period of 30 minutes. The

mixture was stirred at -78°C for 90 minutes anddl49 in 20 ml anhydrous THF was added.
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The reaction was stirred for 2 hours and quenchéd sat. NHCI-solution. THF was
removed under reduced pressure and the mixturedisaslved in ethyl acetate and washed
with sat. NHCI-solution. The combined organic were dried ovetrSR, concentrated and
purified using column chromatography to give theidms productt0 as mixture of stereo
isomers in 62% vyield as yellow oitH-NMR (400 MHz, CDCJ): § = 7.82 (d,J = 9.0 Hz,
6.8 Hz, 2H), 6.60 (dJ = 9.2 Hz, 2.6 Hz, 2H), 5.84 (ddd= 15.9 Hz, 10.6 Hz, 5.3 Hz, 1H),
5.64 (d,J = 10.2 Hz, 1H), 5.36 — 5.13 (m, 2H), 4.79 (d&; 10.3 Hz, 4.9 Hz, 1H), 4.59 (ddlt,
J=13.2 Hz, 8.7 Hz, 6.4 Hz, 2H), 3.03 (s, 6H), 1501.28 (m, 18H) ppm*C-NMR
(101 MHz, CDC4): 6 =191.97, 171.05, 169.97, 169.80, 169.70, 155153.62, 153.60,
131.47,131.38, 130.80, 130.78, 123.12, 123.09,641818.61, 110.63, 110.61, 82.86, 82.40,
66.25, 66.16, 60.31, 54.64, 48.72, 39.95, 37.7288.18, 27.82, 27.78, 20.99, 14.15 ppm;
ESI-MS: Masgac for CpeHagN20;S: 523,248 [M+H]; Massps 523.2 [M+HT,
546.0 [M+Naf

(3R)-1-tert-Butyl 2-((4-(dimethylamino)phenyl)thio)-3-((tert-butoxycar bonyl)amino)

succinate 10a and10b

0 0 o 0
Q/u\/ S OtBu /©/U\/s'~ OtBu
Y BocHN OH Xy BocHN OH
' o | o

1.3 g 50 were dissolved in 20 ml DCM. 0.6 ml phenylsilaned 8280 mg Pd(PRJx were
added. The mixture was stirred for 2 hours, comeéed and purified using column
chromatography to give the desired prodl@ias mixture of stereo isomers (29:7ih) 72%
yield as yellow oil. The stereo isomers were sdpdrasing RP-HPLC using a gradient 50%
ACN to 75% ACN in water (0.1% TFA) in 20 min on Muarey-Nagel Nucleodur C18
Pyramid 5 pm, 250x21 mm.

Peak 2 eluting at 37 minutes:

'H-NMR (400 MHz, CDC4): § = 9.83 (bs, 9H), 7.86 (d,= 8.7 Hz, 2H), 6.71 (d) = 8.7 Hz,
2H), 5.76 (d,J=9.6 Hz, 1H), 4.78 (ddJ=9.7 Hz, 5.0 Hz, 1H), 4.09 (s, 2H), 3.96 (d,
J=5.0 Hz, 1H), 3.07 (s, 6H), 1.43 (s, 18H) ppriC-NMR (101 MHz, CDG): & = 208.15,
192.67, 173.22, 170.20, 156.05, 153.31, 131.04,973023.83, 111.52, 83.45, 80.62, 54.58,
48.50, 40.46, 37.80, 30.91, 28.23, 27.79, 27.72;ppBI-MS: Masgc for CoaHzaN2O;S:
505,198 [M+HT; Massbs 505.1994 [M+H]
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{. SYNTHESIS OF PRP FRAGMENT 1
(PRP 1[214-231])

PrP | [214-213] Dbz 52
H-Thz-Val-Thr-GIn-Tyr-GIn-Lys-Glu-Ser-GIn-AlaTyr-TiyGlu-Gly-Arg-Ser-Ser-Dbz
Starting from a commercially available Dawson DbavAiSyn® TGR resin the desired
peptide was synthesized using Procedure 4 (conditior peptide elongation using CEM
microwave assisted peptide synthesizer Liberty ®luat 90°C). A testcleavage was
performed using reagent B. ESI-MS: Magsfor CogH144N28034S: 2271.001 [M+H];
Massss 568.9 [AM+4H]*, 783.3 [3M+3H}*, 1136.9 [2M+2H]*

PrP | [214-213] Nbz 53
H-Thz-Val-Thr-GIn-Tyr-GIn-Lys-Glu-Ser-GIn-AlaTyr-TiyGlu-Gly-Arg-Ser-Ser-Dbz

To the resin a p-nitrochloroformate solution (50, @5 mmol, 50 mM in DCM) was added.
The resin was bubbled with nitrogen for 40 min amashed with DCM and treated with
0.5 M DIPEA in DMF for 15 min. The peptide was aled from the solid support using
reagent B. ESI-MS: Magg for CooHi4dN280s4S: 2296.981 [M+H], Massns 573.2
[AM+4H]*, 766.9 [3M+3H}*, 1149.4 [2M+2H}*

PrP | [214-231] hydrazide 56
H-Cys-Val-GIn-Tyr-GIn-Lys-Glu-Ser-GIn-Ala-Tyr-Tyr-8p-Gly-Arg-Arg-Ser-Ser-NHNHE
Starting from Wang ChemMatrix® hydrazides the peptide was loaded according to
procedure 3 (Loading of Wang hydrazide resin). Bhestitution grade was 0.63 mmol/g
determined by Fmoc quantification. The peptide elasgated using procedure 4 (conditions
for peptide elongation using CEM microwave assigieftide synthesizer Liberty Blue® at
90°C). The peptide was cleaved from the solid suppsing reagent B and purified on
Synergi Hydro RP C18 [250x10 mm; 4 m] 5% ACN to 3B%@N in H.O (0.1% TFA) in
38 min or YMC hydrosphere RP C18 [250x10 mm; 5 |5% ACN to 25% ACN in HO
(0.1% TFA) in 25 min. The pure produs was obtained in 31% yield. ESI-MS: Magsfor
CerH132N23026S:  2139.964 [M+H]; Massws 536.2 [4M+4Hf*, 7145 [3M+3H",
1071.3 [2M+2HF*
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PrP | [214-231] hydrazide 57
H-Cys(SAcm)-Val-GIn-Tyr-GIn-Lys-Glu-Ser-GIn-Ala-TyfFyr-Asp-Gly-Arg-Arg-Ser-Ser-
NHNH:2

Starting from Wang ChemMatrix® hydrazidés the peptide was loaded according to
procedure 3 (Loading of Wang hydrazide Resin). $uabstitution grade was 0.63 mmol/g
determined by Fmoc quantification. The peptide elasgated using procedure 4 (conditions
for peptide elongation using CEM microwave assigieptide synthesizer Liberty Blue® at
90°C). The peptide was cleaved from the solid stppging reagent B and crude prod&aét
was obtained in 60% yield. ESI-MS: Magsfor CogH13N27021S: 2123.969 [M+H]; Massbs
554.0 [AM+4HF*, 738.3 [3M+3H}*, 1106.4 [2M+2HF

Synthesis of MM BA 60

Methyl 4-(chloromethyl)benzoate and thiourea wergpgended in water and refluxed for one
hour to give Methyl 4-(isothiuroniummethyl)benzaateHydrolysis of Methyl
4-(isothiuroniummethyl)benzoate was performed vithN NaOH and refluxing the mixture
for one hour. The mixture was acidified to pH 1hwitoncentrated HCI. The precipitate was
was separated via suction to give pure prodstin 98% yield. *H-NMR (400 MHz,
DMSO-0s): 6 =12.92 (bs, 1H) 7.90 — 7.86 (d, 2H), 7.45 (& 8.1 Hz, 2H), 3.78 (d,
J=7.8 Hz, 2H), 3.00 (1) = 7.9 Hz, 1H) ppm*3C-NMR (101 MHz, DMSO¢k): 5 = 167.14,
146.84, 129.52, 129.12, 128.39, 27.44 ppm.

PrP | [214-231] thioester 58
H-Cys(SAcm)-Val-GIn-Tyr-GIn-Lys-Glu-Ser-GIn-Ala-TyfFyr-Asp-Gly-Arg-Arg-Ser-Ser-
MMBA

3 mg of57 were reacted according to procedure 12. The depnatlict was observed in 25%
yield. ESI-MS: Massic for Cs7H132N23026S: 2139.964 [M+H]; Massws 783.7 [3M+3H§f,
1174.6 [2M+2HF*

PrP I (Acm) [214-231] DiMan 63
H-Cys(SAcm)-Val-GIn-Tyr-GIn-Lys-Glu-Ser-GIn-Ala-TyfFyr-Asp-Gly-Arg-Arg-Ser-Ser-
Cys-DiMan

0.7 mg61 and 0.3 mg Cys(DiMarg2 were dissolved in ligation buffer D. The reactiwas
incubated for 24 hours and purified using Superdgxéptide 10/300 gel filtration column
with 20% ACN in water. The desired product was obsg as mixture with disulfidé3b in
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84% vyield. ESI-MS: Massic for Ci13H178N28048PS: 2790,153[M+H]; Masshs 932.0064
[3M+3H]3*, 1397.4285 [2M+2H]; ESI-MS: Massi for Ci121H184N28050P Ss:
2956,162[M+H]; Massns 986.3483 [3M+3HY", 1478.9326 [2M+2H]

PrP | [214-231] DiMan 64
H-Cys-Val-GIn-Tyr-GIn-Lys-Glu-Ser-GIn-Ala-Tyr-Tyr-8p-Gly-Arg-Arg-Ser-Ser-Cys-

DiMan

a) To a mixture 063 and63a in 0.2 ml water, 0.5 mg Pdflvere added and the reaction was
incubated at 37°C for 4 hours. 1.5 mg DTT in 0.1waiter were added, the reaction was
centrifuged and immediately purified using Supeftegeptide 10/300 gel filtration column
with 20% ACN in water and RP-HPLC using a YMC hysjvshere RP C18 [250x10 mm;
5 um] 5% ACN to 25% ACN in ED (0.1% TFA) in 25 min).

b) 0.7 mg61 and 0.3 mg Cys(DiMan§2 were dissolved in ligation buffer D. The reaction
was incubated for 24 hours. 0.5 mg Pd@ére added and the reaction was incubated at 37°C
for 1 hour. 1.5mg DTT in 0.1 ml water were addé#ak reaction was centrifuged and
immediately purified using Superdex™ peptide 10/8@0filtration column with 20% ACN
in water and RP-HPLC using a YMC hydrosphere RB 260x10 mm; 5 um] 5% ACN to
25% ACN in HO (0.1% TFA) in 25 min). MALDI-TOF: Massc for CiidH172N27047PS:
2717.100 [M-HJ; 2717.148 [M-H]

8. SYNTHESIS OF PRP FRAGMENT 2 (PRP 11 [178-
213])

PrP Il [Fmoc-198-213] 66
Fmoc-Phe-Thr-Glu-Thr-Asp-Val-Lys-Met-Met-Glu-Arg-\t&al-Glu-GIn-Met-NHNH,

Starting from Wang ChemMatrix® hydrazidés the peptide was loaded according to
procedure 3 (Loading of Wang hydrazide Resin). $ubstitution grade was 0.58 mmol/g
determined by Fmoc quantification. The peptide elasgated using procedure 4 (conditions
for peptide elongation using CEM microwave assigieptide synthesizer Liberty Blue® at
90°C) and Fmoc-L-Phe-L-ThHH(Me,Me)Pro]-OH was coupled according to procedure 7
(conditions for manual peptide elongation). A testcage was performed using reagent B.
ESI-MS: Massac for CogHiadN23020Ss: 2209,013 [M+H]; Masses 737.3 [3M+3HF,
1005.4 [2M+2Hf*
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PrP 11 [179-213] 67
NH2-Cys-Val-Asn-lle-Thr-lle-Lys-GlIn-His-Thr-Val-Thr-TRThr-Thr-Lys-Gly-Glu-Asn-Phe-
Thr-Glu-Thr-Asp-Val-Lys-Met-Met-Glu-Arg-Val-Val-GltGIn-Met-NHNH,

Starting from 66 the peptide was elongated using procedure 4 (tondifor peptide
elongation using CEM microwave assisted peptidehggizer Liberty Blue® at 90°C ). The
building blocks Fmoc-L-Val-L-Thi§/(Me,Me)Pro]-OH and
Fmoc-L-lle-L-Thr[¥(Me,Me)Pro]-OH were coupled according to procedufeonditions for
manual peptide elongation). A testcleavage waopedd using reagent B. ESI-MS: Maas
for CizdH2sMNa90s7Se: 4056,003 [M+H]; Massps 677.0393 [6M+6H]", 812.0470
[SM+5H]%*, 1015.0582 [4M+4H]

PrP 11 [178Asp(SH)-213] 68

NH2-Asp(SH)-Cys-Val-Asn-lle-Thr-lle-Lys-GIn-His-Thr-Mal hr-Thr-Thr-Thr-Lys-Gly-Glu-
Asn-Phe-Thr-Glu-Thr-Asp-Val-Lys-Met-Met-Glu-Arg-Valal-Glu-GIn-Met-NHNH

Starting from 0.1 mmol67, Boc-Asp(OtBu;STmob)-OH8 was coupled according to
procedure 7 (conditions for manual peptide elogati The peptide was cleaved from the
solid support using reagent B and reduced usingegpiiare 10 (reduction of peptides) to give
the crude product in 9% vyield. The peptide wasfmatiusing a Superdex™ peptide 10/300
gel filtration column with 20% ACN in water and RRLC (YMC hydrosphere RP C18
[250x10 mm; 5 um] 5% ACN to 35% ACN in28 (0.1% TFA) in 35 min). After reduction
and purification68 was observed in 5% vyield. ESI-MS: Magsfor Ci74H292N50060Ss:
[M+H]*; Massps 701.3738 [6M+6H]", 841.4468 [5M+5H]", 1051.5573 [4M+4HT

PrP 11 [178Asp(SH)-213] 181GIcNAc and 197GIcNAc 70
NH2-Asp(SH)-Cys-Val-Asn(GIcNAc)-lle-Thr-lle-Lys-GIn-Bi Thr-Val-Thr-Thr-Thr-Thr-
Lys-Gly-Glu-Asn(GIlcNAc)-Phe-Thr-Glu-Thr-Asp-Val-LyMet-Met-Glu-Arg-Val-Val-Glu-
GIn-Met-NHNH,

Starting from 66, the peptide was elongated using procedure 6 {wonsl for peptide
elongation using CEM microwave assisted peptideh®gizer Liberty Blue® at 50°C and
deprotection without elevated temperate). The ngld  blocks
Fmoc-L-Val-L-Thr[¥(Me,Me)Pro]-OH and Fmoc-L-lle-L-Th#{(Me,Me)Pro]-OH were
coupled according to procedure 7 (conditions fonuad peptide elongation). 0.03 mmol of
the resin bound peptide were used and Boc-Asp(@Bupb)-OH8 was coupled according

to procedure 7 (conditions for manual peptide edtiog). The allyl ester was cleaved
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according to procedure 8 and glycosly amifewvas coupled using procedure 9. The peptide
was cleaved from the solid support using reagetat @dve the crude product in 31% yield and
reduced using procedure 10 (reduction of peptidése peptide was purified using a
Superdex™ peptide 10/300 gel filtration column wit@% ACN in water and RP-HPLC
(YMC hydrosphere RP C18 [250x10 mm; 5 um] 5% ACNBE86 ACN in HO (0.1% TFA)

in 35 min). After reduction and purification desuized produc?0a was observed. ESI-MS:
Massalic for CigoHz1dNs2070Ss: 4608,153 [M+H]; Massp{desulfurized product): 764.0804
[6M+6H]%*, 916.6892 [SM+5H]", 1145.6129 [4M+4Hf'

PrP 11 [178Asp(SH)-213] 181GIcNAc 71
NH2-Asp(SH)-Cys-Val-Asn-lle-Thr-lle-Lys-GIn-His-Thr-Ma hr-Thr-Thr-Thr-Lys-Gly-Glu-
Asn(GIcNAc)-Phe-Thr-Glu-Thr-Asp-Val-Lys-Met-Met-Glarg-Val-Val-Glu-GIn-Met-

NHNH:

Starting from 66, the peptide was elongated using proceduré&dhditions for peptide
elongation using CEM microwave assisted peptideah®gizer Liberty Blue® at 50°C and
deprotection without elevated temperate). The ngld  blocks
Fmoc-L-Val-L-Thr[(Me,Me)Pro]-OH and Fmoc-L-lle-L-Th¥{(Me,Me)Pro]-OH were
coupled according to procedure 7 (conditions fonuad peptide elongation). 0.03 mmol of
the resin bound peptide were used and Boc-Asp(@fBupb)-OH8 was coupled according
to procedure 7 (conditions for manual peptide edtiog). The allyl ester was cleaved
according to procedure 8 and glycosly amifewvas coupled using procedure 9. The peptide
was cleaved from the solid support using reagetat @dve the crude product in 31% yield and
reduced using procedure 10 (reduction of peptidéspe peptide was purified using a
Superdex™ peptide 10/300 gel filtration column wit@% ACN in water and RP-HPLC
(YMC hydrosphere RP C18 [250x10 mm; 5 um] 5% ACNBE8%6 ACN in HO (0.1% TFA)

in 35 min). After reduction and purification desuized producla was observed. ESI-MS:
Massalc for CigsHz0Ns51065Ss: 4405,073 [M+H]; Massp{desulfurized product): 701.3738
[6M+6H]%*, 841.4468 [SM+5H]", 1051.5573 [4M+4Hf'
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PrP 11 [178Asp(SH)-213] 197GIcNAc 72
NH2-Asp(SH)-Cys-Val-Asn(GIcNAc)-lle-Thr-lle-Lys-GIn-Bi Thr-Val-Thr-Thr-Thr-Thr-
Lys-Gly-Glu-Asn-Phe-Thr-Glu-Thr-Asp-Val-Lys-Met-Méslu-Arg-Val-Val-Glu-GIn-Met-
NHNH:

Starting from 66, the peptide was elongated using procedure 6 {iwonsl for peptide
elongation using CEM microwave assisted peptideah®gizer Liberty Blue® at 50°C and
deprotection without elevated temperate). The mgld  blocks
Fmoc-L-Val-L-Thr[¥(Me,Me)Pro]-OH and Fmoc-L-lle-L-Th¥(Me,Me)Pro]-OH were
coupled according to procedure 7 (conditions fonuad peptide elongation). 0.03 mmol of
the resin bound peptide were used and Boc-Asp(@fBupb)-OH8 was coupled according
to procedure 7 (conditions for manual peptide edtiog). The allyl ester was cleaved
according to procedure 8 and glycosly amifewvas coupled using procedure 9. The peptide
was cleaved from the solid support using reagetat gdve the crude product in 31% yield and
reduced using procedure 10 (reduction of peptidéspe peptide was purified using a
Superdex™ peptide 10/300 gel filtration column wi@% ACN in water and RP-HPLC
(YMC hydrosphere RP C18 [250x10 mm; 5 um] 5% ACN8E8%6 ACN in HO (0.1% TFA)

in 35 min). After reduction and purification desuized produc72a was observed. ESI-MS:
Massalc for CigsHzoNs51065Ss: 4405,073 [M+H]; Massp{desulfurized product): 701.3738
[6M+6H]%*, 841.4568 [5M+5H], 1051.5573 [AM+4HT

PrP 111 [161-177] hydrazide 73
NH2-Val-Tyr-Tyr-Arg-Pro-Met-Asp-Glu-Tyr-Ser-Asn-Gln-AsAsn-Phe-Val-His-NHNH
Starting from Wang ChemMatrix® hydrazidgs the peptide was loaded according to
procedure 3 (Loading of Wang hydrazide Resin). $ubstitution grade was 0.63 mmol/g
determined by Fmoc quantification. The peptide elasgated using procedure 4 (conditions
for peptide elongation using CEM microwave assigieptide synthesizer Liberty Blue® at
90°C). The peptide was cleaved from the solid supming reagent B and purified using RP-
HPLC (YMC hydrosphere RP C18 [250x10 mm; 5 um] 5@N\Ato 35% ACN in HO (0.1%
TFA) in 35min). Product73 was obtained in 25% vyield. ESI-MS: Mags for
CorH136N2020S: 2189,983 [M+H]; Massps 548.5 [4M+4H}, 776.3 [3M+3H}*, 1163.6
[2M+2H]%*
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PrP 111 [161-177] thiocester 74
NH2-Val-Tyr-Tyr-Arg-Pro-Met-Asp-Glu-Tyr-Ser-Asn-GIn-AsAsn-Phe-Val-His-MMBA

25 mg of73 were reacted according to procedure 12. The adkpneduct was isolated in 10%
yield. ESI-MS: Massic for CiosH140N26051S: 2325,970 [M+H]; Massss 582.5 [4M+4HT,
776.3[3M+3H}*, 1163.6 [2M+2H}"

PrP 111-PrP |1 [178Asp(SH)-213] 75
NH2-Val-Tyr-Tyr-Arg-Pro-Met-Asp-Glu-Tyr-Ser-Asn-GIn-AsAsn-Phe-Val-His-Asp(SH)-
Cys-Val-Asn-lle-Thr-lle-Lys-GIn-His-Thr-Val-Thr-ThT hr-Thr-Lys-Gly-Glu-Asn-Phe-Thr-
Glu-Thr-Asp-Val-Lys-Met-Met-Glu-Arg-Val-Val-Glu-Glsivet-NHNH:

0.4 mg68 and 0.4 mgr4 were dissolved in ligation buffer E. The mixtur@asvncubated at
37°C for 48 hours. The produd@b was purified using Superdex™ peptide 10/300 gel
filtration column with 20% ACN in water. ESI-MS: M&aic for Co7H13dN28020S: 6359.939
[M+H]*; Massbs 909.8 [7M+7H]*, 1061.0 [6M+6H}"

PrP 11 [178Asp(SAcm)-213] 76
NH2-Asp(SAcm)-Cys-Val-Asn(GIcNAc)-lle-Thr-lle-Lys-Glidis-Thr-Val-Thr-Thr-Thr-Thr-
Lys-Gly-Glu-Asn-Phe-Thr-Glu-Thr-Asp-Val-Lys-Met-Méslu-Arg-Val-Val-Glu-GIn-Met-
NHNH:2

Starting from 0.012 mmol67, Boc-Asp(GBu;SAcm)-OH 9 was coupled according to
procedure 7 (conditions for manual peptide elogati The peptide was cleaved from the
solid support using reagent B and reduced usinggoiare 10 (reduction of peptides) to give
the crude product in 9% vyield. The peptide wasf@atiusing a Superdex™ peptide 10/300
gel filtration column with 20% ACN in water and RRLC (YMC hydrosphere RP C18
[250x10 mm; 5 um] 5% ACN to 35% ACN in28 (0.1% TFA) in 35 min). After reduction
and purification76 was observed in 5% yield. ESI-MS: Magsfor Ci7H29/MN51061Ss:
4274,039 [M+H]; Massps 611.5 [7M+7H]*, 713.5[6M+6Hf*, 855.9 [5M+5H}*, 1096.8
[4M+4H]**
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PrP 11 [178Asp(SAcm)-213] 181Allyl 78
NH2-Asp(SAcm)-Cys-Val-Asp(OAllyl)-lle-Thr-lle-Lys-GlriHis-Thr-Val-Thr-Thr-Thr-Thr-
Lys-Gly-Glu-Asn-Phe-Thr-Glu-Thr-Asp-Val-Lys-Met-Méslu-Arg-Val-Val-Glu-GIn-Met-
NHNH:

Starting from 66, the peptide was elongated using procedure 6 {iwonsl for peptide
elongation using CEM microwave assisted peptideah®gizer Liberty Blue® at 50°C and
deprotection without elevated temperate). The mgld  blocks
Fmoc-L-Val-L-Thr[¥(Me,Me)Pro]-OH and Fmoc-L-lle-L-Th¥(Me,Me)Pro]-OH were
coupled according to procedure 7 (conditions fonuah peptide elongation). 0.017 mmol of
the resin bound peptide were used and Boc-Asp(@#em)-OH9 was coupled according to
procedure 7 (conditions for manual peptide elomgatiA testcleavage was performed using
reagent B. ESI-MS: Magg for CisoHz00Ns0062Ss: 4315,054 [M+H]; Massss 720.3679
[6M+6H]%*, 864.2437 [SM+5H]", 1080.0426 [4M+4Hf'

PrP 11 [178Asp(SAcm)-213] 181GIcNAc 79
NH2-Asp(SAcm)-Cys-Val-Asn(NHGIcNACc)-lle-Thr-lle-Lys-@HHis-Thr-Val-Thr-Thr-Thr-
Thr-Lys-Gly-Glu-Asn-Phe-Thr-Glu-Thr-Asp-Val-Lys-Méilet-Glu-Arg-Val-Val-Glu-GIn-
Met-NHNH>

Starting from 0.017 mmol resin boui anhydrous DCM was used for swelling and the allyl
ester was cleaved according to procedure 8 (remaivallyl). Afterwards19 was coupled
according to procedure 9 (Lansbury coupling of amgtycans). The peptide was cleaved
from the solid support using reagent B and redwsaag procedure 10 (reduction of peptides)
to give the crude product in 55% vyield. The peptides purified using a Superdex™ peptide
10/300 gel filtration column with 20% ACN in watand RP-HPLC (YMC hydrosphere RP
C18 [250x10 mm; 5 um] 5% ACN to 35% ACN in2® (0.1% TFA) in 35 min). After
reduction and purification79 was observed in 5% vyield. ESI-MS: Masas for
Ci5H310N52066Ss: 4477,118 [M+H]; Massps 747.3612 [6M+6H]", 896.6094 [5M+5HY,
1120.4611 [4M+4HT"
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PrP 11 [178Asp(SAcm)-213] 181GIcNAc thioester 80
NH2-Asp(SAcm)-Cys-Val-Asn(NHGIcNAc)-lle-Thr-lle-Lys-@HHis-Thr-Val-Thr-Thr-Thr-
Thr-Lys-Gly-Glu-Asn-Phe-Thr-Glu-Thr-Asp-Val-Lys-Méflet-Glu-Arg-Val-Val-Glu-GIn-
Met-MMBA

0.5 mg of79 were reacted according to procedure 12. The dkegireduct was isolated in
80% vyield as a mixture of thioeste80 and thiolactone81. ESI-MS: Masgc for
Ci1o3H314N50068Ss: 4580,125 [M+H]; Massps 769.6926 [6M+6H]", 923.3942 [SM+5HY,
1154.2042 [4AM+4HT"; ESI-MS: Massaic for CiesHzoeNs0066Ss: 4445,081 [M+HT; Massbs
744.6919 [6M+6H]", 893.4043 [SM+5HT, 1116.4611 [4AM+4H

PrPIl [196-213] 83
NH2-Glu-Asn-Phe-Thr-Glu-Thr-Asp-Val-Lys-Met-Met-Glu-g¢Val-Val-Glu-GIn-Met-
NHNH:

Starting from peptides6, the peptide was elongated procedure 7 (conditfonsmanual
peptide elongation). A testcleavage was perform&dgureagent B. ESI-MS: Magg for
Co2H1sN260s2Ss: 2230,031 [M+H]; Massps 558.2712 [4M+4H|", 744.0281 [3M+3HY',
1115.5304 [2M+2H]"

PrPIl [196-213] Asp197Allyl 84
NH2-Glu-Asp(OAllyl)-Phe-Thr-Glu-Thr-Asp-Val-Lys-Met-MeGlu-Arg-Val-Val-Glu-GIn-
Met-NHNH>

Starting from peptides6, the peptide was elongated procedure 7 (conditfonsmanual
peptide elongation). A testcleavage was perform&dgureagent B. ESI-MS: Magg for
CosH158N25033Ss: 2271,046 [M+H]; Massps 832.1 [3M+3HF*, 1247.3 [2M+2H}"

PrPIl [196-213] Asp197Map 85
NH2-Glu-Asp(OMap)-Phe-Thr-Glu-Thr-Asp-Val-Lys-Met-M&iu-Arg-Val-Val-Glu-Gin-
Met-NHNH>

Starting from peptides6, the peptide was elongated procedure 7 (conditfonsmanual
peptide elongation). A testcleavage was performadgureagent B. ESI-MS: Masgg for
CroH162N26034Ss: 2392,099 [M+H]; Massps 654.5 [4M+4HT*, 872.5 [3M+3H{*, 1308.1
[2M+2H]?
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PrPIl [Fmocl79-195] 87
NHFmoc-Cys-Val-Asn-lle-Thr-lle-Lys-GIn-His-Thr-Varhr-Thr-Thr-Thr-Lys-Gly-OH

The resin was loaded using procedure 1 (Loadingriafl-OH ChemMatris® resin). The
substitution grade was 0.65 mmol/g determined bydmuantification. The peptide was
elongated according to procedure 4 (conditiongéptide elongation using CEM microwave
assisted peptide synthesizer Liberty Blue® at 90AC}estcleavage was performed using
reagent B. ESI-MS: Magg for CosHi1aMN23028S: 2067,058 [M+H]; Massns 689.7433
[3M+3H]3*, 1034.0999 [2M+2H]"

PrPIl [Fmocl79-195] Aspl181Allyl 88
NHFmoc-Cys-Val-Asp(OAllyl)-lle-Thr-lle-Lys-GIn-HisFhr-Val-Thr-Thr-Thr-Thr-Lys-Gly-
OH

The resin was loaded using procedure 1 (Loadingriafl-OH ChemMatris¥® resin). The
substitution grade was 0.65 mmol/g determined bydmuantification. The peptide was
elongated according to procedure 4 (conditiongéptide elongation using CEM microwave
assisted peptide synthesizer Liberty Blue® at 90%C}estcleavage was performed using
reagent B. ESI-MS: Masgg for CoeHisdN22020S: 2108,074 [M+H];, Massps 703.7601
[3M+3H]%*, 1054.6174 [2M+2H

PrPIl [Fmocl79-195] 89
NHFmoc-Cys(STrt)-Val-Asn(NHTrt)-lle-Thr(@u)-lle-Lys(NHBoc)-GIn(NHTrt)-
His(NBoc)-Thr(QBu)-Val-Thr(QBu)-Thr(QtBu)-Thr(OBu)-Thr(QtBu)-Lys(NHBoc)-Gly-

OH

Fully protected peptid89 was cleaved from the resin using 1% TFA in DCMif3es 10 ml
for 3 min). The mixture was directly dissolved itPEA containing DCM. The mixture was
concentrated under reduced pressure, dissolveddM &nd extracted with water. The
organic phase was evaporated to gi9én 38% yield. ESI-MS: Masg. for CigdH261N23034S:
3429,920 [M+HT; Massbs 3429,6062 [M+H]; 3329.5928 [M(-Boc)+H];
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PrPIl [Fmocl79-195] Asp181Allyl 90
NHFmoc-Cys(STrt)-Val-Asn(NHTrt)-lle-Thr(@u)-lle-Lys(NHBoc)-GIn(NHTrt)-
His(NBoc)-Thr(QBu)-Val-Thr(QtBu)-Thr(Q:Bu)-Thr(OtBu)-Thr(QtBu)-Lys(NHBoc)-Gly-

OH

Fully protected peptid80 was cleaved from the resin using 1% TFA in DCMif3es 10 ml
for 3 min). The mixture was directly dissolved itPEA containing DCM. The mixture was
concentrated under reduced pressure, dissolveddM &nd extracted with water. The
organic phase was evaporated to §i@en 68% yield. ESI-MS: Massc for Ci73H250N22035S:
3228,826 [M+H]; Massbs 3121.5361 [M(-Boc)+H]

PrPIl [179-201] 92
NH2-Cys-Val-Asn-lle-Thr-lle-Lys-GlIn-His-Thr-Val-Thr-TRThr-Thr-Lys-Gly-Glu-Asn-Phe-
Thr- NHNH;

Starting from Wang ChemMatrix® hydrazidgs the peptide was loaded according to
procedure 3 (Loading of Wang hydrazide Resin). $uabstitution grade was 0.59 mmol/g
determined by Fmoc quantification. The peptide elasgated using procedure 4 (conditions
for peptide elongation using CEM microwave assigieptide synthesizer Liberty Blue® at
90°C). The peptide was cleaved from the solid supming reagent B and purified using RP-
HPLC (YMC hydrosphere RP C18 [250x10 mm; 5 um] 5@N\Ato 35% ACN in HO (0.1%
TFA) in 35min). Product92 was obtained in 8% yield. ESI-MS: Mags for
Ci100H182N32038S: 2579,301 [M+H], Massns 860.6010 [3M+3H]*, 1290.1495 [2M+2H

PrPIl [178Asp(SMap)-201] 93
NH2-Asp(SMap)-Cys-Val-Asn-lle-Thr-lle-Lys-GIn-His-Thal-Thr-Thr-Thr-Thr-Lys-Gly-
Glu-Asn-Phe-Thr- NHNHE

Starting from 0.035 mmoB2, Boc-Asp(OtBu;SMap)-OH10 was coupled according to
procedure 7 (conditions for manual peptide elogati The peptide was cleaved from the
solid support using reagent B. The desired pro@Bctvas obtained as a mixture with the
corresponding aspartimid@Ba. ESI-MS: Masgc for CiodH108N34042S,: 2888,392 [M+HT;
Massps 578.5 [BM+3H]"; 723.1 [4AM+4HT"; 963.7 [3M+3HP" ESI-MS: Massuc for
C123H10MN33041S2: 2870,382 [M+H]; Masshs 575.2 [5M+3HP*; 718.6 [4M+4HT*; 957.8
[3M+3H]3*
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PrPIl [179-201] 197Asp(OAllyl) and IB1Asp(OAllyl) 94
NH2-Cys-Val-AsPp(OAllyl)-lle-Thr-lle-Lys-GIn-His-Thr-\al-Thr-Thr-Thr-Thr-Lys-Gly-
Glu-Asp(OAllyl)-Phe-Thr-NHNH

Starting from Wang ChemMatrix® hydrazidés the peptide was loaded according to
procedure 3 (Loading of Wang hydrazide Resin). $uabstitution grade was 0.59 mmol/g
determined by Fmoc quantification. The peptide elasgated using procedure 4 (conditions
for peptide elongation using CEM microwave assigieptide synthesizer Liberty Blue® at
90°C). A testcleavage was performed using reageBiI-MS: Masgc for Ci15H188N30040S:
2661,332 [M+H]; Massps 533.2872 [GM+5H]", 666.3553 [4M+4HT, 888.1390
[3M+3H]3

PrPIl [179-201] 197Asp(OH) and I81Asp(OH) 94a
NH2-Cys-Val-Asp(OH)-lle-Thr-lle-Lys-GIn-His-Thr-Val-TRThr-Thr-Thr-Lys-Gly-Glu-
Asp(OH)-Phe-Thr-NHNH

Starting from 0.028 mmob4, the peptide was capped according to procedurégBbt
capping). The allyl ester was cleaved accordingptocedure 8 (removal of allyl). A
testcleavage was performed using reagent B. ESINW#Ssaic for CrodH180N30040S: 2581,269
[M+H]™*; Massbs 517.2756 [SM+5H]", 646.3410 [4M+4HT", 861.4529 [3M+3H}"

PrP 179-204 197Asn(NHGIcNACc) and 181Asn(NHGIcNAC) 95
NH2-Cys-Val-Asn(NHGIcNAc)-lle-Thr-lle-Lys-GIn-His-Thial-Thr-Thr-Thr-Thr-Lys-Gly-
Glu-Asn(NHGIcNACc)-Phe-Thr-NHNE

Starting from 0.028 mmo®4a, amino glycanl19 was coupled according to procedure 9
(Lansbury coupling of amino glycans). The peptideswleaved from the solid support using
reagent B and purified using RP-HPLC (YMC hydrogghBP C18 [250x10 mm; 5 um]
5% ACN to 20% ACN in HO (0.1% TFA) in 25 min). Produ@5 was obtained in 9% vyield.
ESI-MS: Massaic for CizsH20aN34048S: 2985,460 [M+H]; 597.0926 [SM+5H]", 747.6163
[4M+4H]*, 996.1514 [3M+3H]"

PrPIl [179-201] I81Asp(OAllyl) 96
NH2-Cys-Val-Asn-lle-Thr-lle-Lys-GIn-His-Thr-Val-Thr-TRThr-Thr-Lys-Gly-Glu-
Asp(OAllyl)-Phe-Thr-NHNRH

Starting from Wang ChemMatrix® hydrazidsb, the peptide was loaded according to
procedure 3 (Loading of Wang hydrazide Resin). $ubstitution grade was 0.59 mmol/g
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determined by Fmoc quantification. The peptide elasgated using procedure 4 (conditions
for peptide elongation using CEM microwave assigieftide synthesizer Liberty Blue® at
90°C). A testcleavage was performed using reageBtSB-MS: Masgc for Ci12H185N31039S:
2620,317 [M+H]; Massps 656.0979 [4M+4H]", 874.3007 [3M+3H]", 1311.4462
[2M+2H]?*

PrPIl [179-201] I81Asp(OH) 96a
NH2-Cys-Val-Asp(OH)-lle-Thr-lle-Lys-GIn-His-Thr-Val-TRThr-Thr-Thr-Lys-Gly-Glu-
Asn-Phe-Thr-NHNH

Starting from 0.028 mmoB6, the peptide was capped according to procedurgBbt
capping). The allyl ester was cleaved accordingptocedure 8 (removal of allyl). A
testcleavage was performed using reagent B. ESINW#Ssaic for CrodH181N31030S: 2580,285
[M+H]™"; Massbs 517.0803 [SM+5H]", 646.0967 [4M+4HT", 861.1288 [3M+3H]"

PrPIl [179-201] 181Asn(NHGIcNAC) 97
NH2-Cys-Val-Asn(NHGIcNAc)-lle-Thr-1le-Lys-GIn-His-Thial-Thr-Thr-Thr-Thr-Lys-Gly-
Glu-Asn-Phe-Thr-NHNH

Starting from 0.028 mmo®6a, amino glycan19 was coupled according to procedure 9
(Lansbury coupling of amino glycans). The peptideswleaved from the solid support using
reagent B and purified using RP-HPLC (YMC hydrogghBP C18 [250x10 mm; 5 um]
5% ACN to 20% ACN in HO (0.1% TFA) in 25 min). Produ®7 was obtained in 9% vyield.
ESI-MS: Masgaic for CiiH198N33043S: 2782,381 [M+H], 557.489 [SM+5H]", 696.6116
[4M+4H]*, 928.8100 [3M+3H{"

PrPIl [179-201] 197Asp(OAllyl) 98
NH2-Cys-Val-Asn-lle-Thr-lle-Lys-GIn-His-Thr-Val-Thr-TRThr-Thr-Lys-Gly-Glu-
Asp(OAllyl)-Phe-Thr-NHNRH

Starting from Wang ChemMatrix® hydrazidsb, the peptide was loaded according to
procedure 3 (Loading of Wang hydrazide Resin). $ubstitution grade was 0.59 mmol/g
determined by Fmoc quantification. The peptide elasgated using procedure 4 (conditions
for peptide elongation using CEM microwave assigieptide synthesizer Liberty Blue® at
90°C). A testcleavage was performed using reageBI-MS: Masgac for Cr12H185N31030S:
2620,317 [M+H]; Massps 656.2236 [4M+4H]", 874.3007 [3M+3H]", 1311.4462
[2M+2H]?*
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PrPIl [179-201] 197Asp(OH) 98a
NH>-Cys-Val-Asn-lle-Thr-lle-Lys-GIn-His-Thr-Val-Thr-TRThr-Thr-Lys-Gly-Glu-
Asp(OH)-Phe-Thr-NHNH

Starting from 0.028 mmo98, the peptide was capped according to proceduré€Bbt
capping). The allyl ester was cleaved accordingptocedure 8 (removal of allyl). A
testcleavage was performed using reagent B. ESINM&S3alc for CiogH181N31039S: 2580,285
[M+H]"*; Massbs 517.0803 [SM+5H]", 646.0967 [4M+4H{", 861.1349 [3M+3H}"

PrPIl [179-201] 197Asn(NHGIcNAC) 99
NH2-Cys-Val-Asn-lle-Thr-lle-Lys-GlIn-His-Thr-Val-Thr-TRThr-Thr-Lys-Gly-Glu-
Asn(NHGIcNAc)-Phe-Thr-NHNH

Starting from 0.028 mmo88a, amino glycan19 was coupled according to procedure 9
(Lansbury coupling of amino glycans). The peptideswleaved from the solid support using
reagent B and purified using RP-HPLC (YMC hydrogghBP C18 [250x10 mm; 5 um]
5% ACN to 20% ACN in HO (0.1% TFA) in 25 min). Produ®@9 was obtained in 5% vyield.
ESI-MS: Massac for CiiHi10sN33043S: 2782,381 [M+H]; Massps 557.6782 [SM+5HT,
696.1077 [4M+4H]*, 928.1411 [3M+3HY

PrPIl [179Asp(SAcm)-201] 197Asp(OAllyl) I81Asp(OAllyl) 101
NH2-Asp(SAcm)-Cys-Val-Asp(OAllyl)-lle-Thr-lle-Lys-GlriHis-Thr-Val-Thr-Thr-Thr-Thr-
Lys-Gly-Glu-Asp(OAllyl)-Phe-Thr-NHNH

Starting from 8 uma®4, Boc-Asp(OtBu;SAcm)-OH was coupled according to procedure 7
(conditions for manual peptide elongation). A testgage was performed using reagent B.
ESI-MS: Masgaic for CiodH198N32044S,: 2879,368 [M+H]; 577.0433 [GM+5H]", 721.0547
[4M+4H]*, 961.0687 [3M+3H]"

PrPIl [179Asp(SAcm)-201] 197Asp(OH) 181Asp(OH) 102
NH2-Asp(SAcm)-Cys-Val-Asp(OH)-lle-Thr-lle-Lys-GIn-Highr-Val-Thr-Thr-Thr-Thr-Lys-
Gly-Glu-Asp(OH)-Phe-Thr-NHNH

Starting from 8 umoll01, the allyl ester was cleaved according to procedi(removal of
Allyl). A testcleavage was performed using reageBt ESI-MS: Masg for
C116H100N32044S: 2799,306 [M+HT; 561.0348 [5M+5H]", 700.7952 [4M+4H{", 934.0596
[3M+3H]3*
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PrPIl [179Asp(SAcm)-201] 197Asn(NHGIcNAC) 181Asn(NHGIcNAC) 103
NH2-Asp(SAcm)-Cys-Val-Asn(NHGIcNAc)-lle-Thr-lle-Lys-@HHis-Thr-Val-Thr-Thr-Thr-
Thr-Lys-Gly-Glu-Asn(NHGIcNAc)-Phe-Thr-NHNE

Starting from 8 umol02, amino glycarl9 was coupled according to procedure 9 (Lansbury
coupling of amino glycans). The peptide was cledvenh the solid support using reagent B
and purified using RP-HPLC (YMC hydrosphere RP @2%0x10 mm; 5 um] 5% ACN to
20% ACN in HO (0.1% TFA) in 25 min). Produdi03 was obtained in 12% yield. ESI-MS:
Massac for CizsH2iaN360s2S: 3203,496 [M+H]; 641.6708 [SM+5H]",  801.8330
[4M+4H]*, 1068.7792 [3M+3H]'

PrPIl [179Asp(SAcm)-201] I81Asp(OAllyl) 96a
NH2-Asp(SAcm)-Cys-Val-Asp(OAllyl)-lle-Thr-lle-Lys-GlriHis-Thr-Val-Thr-Thr-Thr-Thr-
Lys-Gly-Glu-Asn-Phe-Thr-NHNHK

Starting from 8 umo®6, Boc-Asp(OtBu;SAcm)-OH was coupled according to procedure 7
(conditions for manual peptide elongation). A testgage was performed using reagent B.
ESI-MS: Massgaic for CiigH19sN33043S,: 2838,353 [M+H]; 568.6403[5M+5H]", 710.5454
[4M+4H]*, 947.0598 [3M+3H]"

PrPIl [179Asp(SAcm)-201] I81Asp(OH) 96b
NH2-Asp(SAcm)-Cys-Val-Asp(OH)-lle-Thr-lle-Lys-GIn-Highr-Val-Thr-Thr-Thr-Thr-Lys-
Gly-Glu-Asn-Phe-Thr-NHNH

Starting from 8 pmob6a, the allyl ester was cleaved according to procedu(removal of
Allyl). A testcleavage was performed using reageBt ESI-MS: Masg for
C116H191N33045S: 2798,321 [M+H]; 560.6376 [SM+5H]", 700.5515 [4M+4H{", 933.7285
[3M+3H]3*

PrPIl [179Asp(SAcm)-201] I81Asn(NHGICcNAC) 106
NH2-Asp(SAcm)-Cys-Val-Asn(NHGIcNACc)-lle-Thr-lle-Lys-@HHis-Thr-Val-Thr-Thr-Thr-
Thr-Lys-Gly-Glu-Asn-Phe-Thr-NHNH

Starting from 8 pmo®6b, amino glycarl9 was coupled according to procedure 9 (Lansbury
coupling of amino glycans). The peptide was cledvenh the solid support using reagent B
and purified using RP-HPLC (YMC hydrosphere RP @2%0x10 mm; 5 um] 5% ACN to
20% ACN in BO (0.1% TFA) in 25 min). Produd06 was obtained in 9% yield. ESI-MS:
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Massac for CizaH20N35047S2: 3000,417 [M+H]; 601.0521 [5M+5H]",  751.0661
[4M+4H]*, 1001.084 [3M+3H]"

PrPIl [179Asp(SAcm)-201] 197Asp(OAllyl) 98a
NH2-Asp(SAcm)-Cys-Val-Asn-lle-Thr-lle-Lys-GIn-His-Thval-Thr-Thr-Thr-Thr-Lys-Gly-
Glu-Asp(OAllyl)-Phe-Thr-NHNH

Starting from 8 umo®8, Boc-Asp(OtBu;SAcm)-OH was coupled according to procedure 7
(conditions for manual peptide elongation). A tesigage was performed using reagent B.
ESI-MS: Massaic for CridH1e8N33043S,: 2838,353 [M+H]; Massps 568.8401 [SM+5H]",
710.5454 [4AM+4H]", 947.0598 [3M+3H]

PrPIl [179Asp(SAcm)-201] 197Asp(OH) 98b
NH2-Asp(SAcm)-Cys-Val-Asn-lle-Thr-lle-Lys-GIn-His-Thvial-Thr-Thr-Thr-Thr-Lys-Gly-
Glu-Asp(OH)-Phe-Thr-NHNHK

Starting from 8 pmoB8a, the allyl ester was cleaved according to procedu(removal of
Allyl). A testcleavage was performed using reageBt ESI-MS: Mass for
C116H101N33043S,: 2798,321 [M+H]; Massps 560.6376 [SM+5H], 700.5461 [4M+4HT,
933.7285 [3M+3H]*

PrPIl [179Asp(SAcm)-201] 197Asn(NHGIcNACc) 107
NH2-Asp(SAcm)-Cys-Val-Asn-lle-Thr-lle-Lys-GIn-His-Thval-Thr-Thr-Thr-Thr-Lys-Gly-

Glu- Asn(NHGIcNAc)-Phe-Thr-NHNH

Starting from 8 umo®8b, amino glycarl9 was coupled according to procedure 9 (Lansbury
coupling of amino glycans). The peptide was cledvenh the solid support using reagent B
and purified using RP-HPLC (YMC hydrosphere RP 2%0x10 mm; 5 um] 5% ACN to
20% ACN in BO (0.1% TFA) in 25 min). Produdi07 was obtained in 8% yield. ESI-MS:
Massac for CizadH208N35047S: 3000,417 [M+H]; 601.0521 [SM+5HT, 751.0717
[4M+4H]*, 1001.084 [3M+3H]"

PrPIl [179Asp(SAcm)-201] 197Asn(NHGIcNAC) 181Asn(NHGIcNAC) thioester 108
NH2-Asp(SAcm)-Cys-Val-Asn(NHGIcNAc)-lle-Thr-lle-Lys-@HHis-Thr-Val-Thr-Thr-Thr-
Thr-Lys-Gly-Glu-Asn(NHGIcNAc)-Phe-Thr-MMBA

1.7 mg of103 were reacted according to procedure 12. The dkpmeduct was observed in
84% vyield as a mixture of desired thioesi®B and thiolactonel09. ESI-MS: Masgc for
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C1a0H22N34054Ss;  3340,491 [M+H]; 678.8711 [SM+5H]",  836.0992 [4M+4HT,
1114.8026 [3M+3HY"; ESI-MS: Masgui for CizoH214N3405:S: 3171,459 [M+H]; 643.0701
[SM+5H]%*, 794.3464 [4AM+4HT", 1058.4524 [3M+3H]

PrPIl [179Asp(SAcm)-201] 181Asn(NHGICcNAC) thioester 110
NH2-Asp(SAcm)-Cys-Val-Asn(NHGIcNAc)-lle-Thr-lle-Lys-@HHis-Thr-Val-Thr-Thr-Thr-
Thr-Lys-Gly-Glu-Asn-Phe-Thr-MMBA

1.5 mg of106 were reacted according to procedure 12. The dkpmeduct was observed in
79% vyield as a mixture of desired thioesiéd and thiolactonelll. ESI-MS: Maségc for
Ci3H200N33040Ss:  3137,412 [M+H]; 636.5219 [SM+5HT, 785.0719 [4M+4HT,
1046.4288 [3M+3H}"; ESI-MS: Massgaic for CioaH20dN33047S: 2968,379 [M+HT; 602.5219
[SM+5H]°*, 743.1570 [4M+4Hf", 990.5410 [3M+3H]

PrPIl [179Asp(SAcm)-201] 197Asn(NHGICNAC) thioester 112
NH2-Asp(SAcm)-Cys-Val-Asn(NHGIcNAc)-lle-Thr-lle-Lys-@HHis-Thr-Val-Thr-Thr-Thr-
Thr-Lys-Gly-Glu-Asn-Phe-Thr-MMBA

1.2 mg of107 were reacted according to procedure 12. The depmeductl12 was observed
in 64% vyield. ESI-MS: Masgsc for CiaHoodN33049Ss: 3137,412 [M+H]; 636.0476
[SM+5H]%*, 785.3240[4M+4HT", 1047.0970 [3M+3HY'

PrPI1 [179Asp(SAcm)-213] 202Asp(SH)197Asn(NHGIcNAC) 181Asn(NHGICcNAC) 113
NH2-Asp(SAcm)-Cys-Val-Asn(NHGIcNAc)-lle-Thr-lle-Lys-@HHis-Thr-Val-Thr-Thr-Thr-
Thr-Lys-Gly-Glu-Asn(NHGIcNAc)-Phe-Thr-Glu-Thr-Aspt§-Val-Lys-Met-Met-Glu-Arg-
Val-Val-Glu-GIn-Met-NHNH

1.3 mg108/109 and 0.7 m@1 were dissolved in ligation buffer C or ligationffar D. The
reaction was incubated at 37°C and monitored udifjLC. ESI-MS: Massic for
CrodH32N53071S6: 4712,170 [M+H]; 786.5 [6M+6HF", 943.4 [5SM+5HY", 1179.4
[4M+4H]*, 1571.2 [3M+3H]*
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PrPIl [179Asp(SAcm)-213] 202Asp(SH)197Asn(NHGIcNAC) 181Asn(NHGICNAC) 114
NH2-Asp(SAcm)-Cys-Val-Asn(NHGIcNAc)-lle-Thr-lle-Lys-@HHis-Thr-Val-Thr-Thr-Thr-
Thr-Lys-Gly-Glu-Asn-Phe-Thr-Glu-Thr-Asp(SH)-Val-Lyslet-Met-Glu-Arg-Val-Val-Glu-
GIn-Met-NHNH;

1.1 mg110/111 and 0.7 mP1 were dissolved in ligation buffer C or ligationffar D. The
reaction was incubated at 37°C and monitored udifjlC. ESI-MS: Massic for
CrodH31N52068S7: 4675.099 [M+H]; 780.2 [6M+6HF", 936.1 [GM+5HY", 1170.1
[4M+4H]*, 1559.6 [3M+3H]*

PrPI1 [179Asp(SAcm)-213] 202Asp(SH)197Asn(NHGIcNAC) 181Asn(NHGIcNAC) 114
NH2-Asp(SAcm)-Cys-Val-Asn(NHGIcNAc)-lle-Thr-lle-Lys-@HHis-Thr-Val-Thr-Thr-Thr-
Thr-Lys-Gly-Glu-Asn-Phe-Thr-Glu-Thr-Asp(SH)-Val-Lyslet-Met-Glu-Arg-Val-Val-Glu-
GIn-Met-NHNH;

0.8 mg112and 0.4 mg9l were dissolved in ligation buffer C or ligation flax D. The
reaction was incubated at 37°C and monitored udifjlC. ESI-MS: Massic for
CioH31Ns52068S7: 4675.099 [M+H]; 780.3 [6M+6H$", 936.2 [SM+5HY", 1170.0
[4M+4H]*, 1559.5 [3M+3H]"
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