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Abstract: Sugar-assisted ligation (SAL) presents an attractive strategy for the synthesis of glycopeptides,
including the synthesis of cysteine-free 3-O-linked and N-linked glycopeptides. Here we extended the utility
of SAL for the synthesis of o-O-linked glycopeptides and glycoproteins. In order to explore SAL in the
context of glycoprotein synthesis, we developed a new chemical synthetic route for the o-O-linked
glycoprotein diptericin €. In the first stage of our synthesis, diptericin segment Cys(Acm)®’-Gly>? and segment
Val*3-Phe®? were assembled by SAL through a Gly-Val ligation junction. Subsequently, after Acm
deprotection, diptericin segment Cys®’-Phe?? was ligated to segment Asp*-Asn3¢ by means of native chemical
ligation (NCL) to give the full sequence of diptericin . In the final synthetic step, hydrogenolysis was applied
to remove the thiol handle from the sugar moiety with the concomitant conversion of mutated Cys® into
the native alanine residue. In addition, we extended the applicability of SAL to the synthesis of glycopeptides
containing cysteine residues by carrying out selective desulfurization of the sulfhydryl-modified sugar moiety
in the presence of acetamidomethyl (Acm) protected cysteine residues. The results presented here
demonstrated for the first time that SAL could be a general and useful tool in the chemical synthesis of
glycoproteins.

Introduction the glycosylation pattern on the desired glycoprotéthThe

Glycosylation represents the most prevalent post-translational ;ynthetlc strategies for glycopeptides and glycoproteins generally

modification of proteins. More than 50% of proteins in humans EZ&'.ZZ ;‘Z‘S’EELr;cggéqgsjyr:?;tlltéd;lsbgf\;?%gggatseu :gg;g_e&s,
are glycosylated.However, effor'ts toward understandlng the fully synthesize the desired glycopeptides or glycoproteins, every
effects of carbohyd_r a_tes on their ".itt.aChEd pr_otelns are greatlyelement in each technique has to be carefully coordinated. Native
hampe_red by the difficulty in ob_talnlng _s,ufﬁment_amounts of chemical ligation (NCL) represents the most widespreéd and
pure single glycoform for studies. Unlike protein or DNA, powerful peptide ligation method for protein syntheig® It

oligosaccharide assembly is not controlled by a defined tem- - .
> . . allows the assembly of two unprotected synthetic peptides
plate? As a result, glycoproteins usually exist as heterogeneous . ! . .
through a chemoselective reaction between peptide bearing

mixtures of glycoforms, which possess various glycosylation . . ! ) ; .
gy ' b glycosy N-terminal cysteine and a peptide bearing C-terminal thioester.

patterns on the same protein backbone. Recent advances in th(‘:l\‘his strategy was further strengthened by the development of
development of glycoprotein synthesis, however, have created o - .
P glycop y expressed protein ligation (EPL) to extend its utility to the

rtunities for r rcher in homogen I ro- . . - .
opportunities for researchers to obtain homogeneous glycopro synthesis of large-sized proteitfs’However, in both NCL and

teins in the laboratory For instance, Gerngross and co-workers - . . o
? . EPL, the requirement of N-terminal cysteine for ligation imposes
recently have genetically engineered yeast to produce human__ > "~ ~7 "~ . . .
. ST d an intrinsic limitation to their application. For instance, to take
therapeutic glycoproteins in single glycoforg§se
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Scheme 1. Proposed Mechanism of the Sugar-Assisted Ligation for a-Linked Glycopeptide Synthesis

H,N NHy*
2 \SH " HO OH
o O *HgN
HN
H,oN O s
2 SR" . o}
H3N-AA4-AA, COO"
S
/
AA;: amino acid
Thiol Exchange AA,: Ser, Thr HO

*HsN
(0]
o
COO”
OH
Acyl transfer HO
HO  OH
| O *H3N
© HN o
NH o
HS o)
HN-AA;-AA .
HoN 17ANe COO
(@) OH
S
/
HO

advantage of these ligation methods, in many cases, introducing Recently, our group introduced a new chemoselective ligation
cysteine mutations into protein sequences is necessary, whichmethod named sugar-assisted ligation (SAL) for assembling
could lead to the formation of mismatched disulfide bonds glycopeptides through non-cysteinyl residues and successfully
during protein folding. demonstrated its utility in the synthesis of cysteine-ffe®-

To tackle this problem, different strategies were developed linked and N-linked glycopeptidé8. SAL adopts similar
to expand the repertoire of ligation junctions of NCL into non- concepts presented in NCL and removable auxiliary-assisted
cysteinyl residue&.One of the most notable approaches is the ligation. However, instead of anchoring the auxiliary onto the
removable auxiliary-assisted ligation stratSgy° In this N-terminus of the peptide, we take advantage of the sugar by
strategy, a removable thiol auxiliary mimicking the function of modifying its acetamido moiety at the C2 position with a
N-terminal cysteine was anchored onto the N-terminus of a sulfhydryl group to enable its transthioesterification with peptide
peptide to promote the transthioesterification and the subsequenthioester (Scheme 1). Notably, we believe the restricted
intramolecular S— N acyl transfer. The auxiliary was then conformation of the sugar moiety plays an important role in
removed after the ligation to regenerate the unmodified peptide the S— N acyl transfer by bringing the Namino group of
chain. Various elegant auxiliaries have been developed to enableglycopeptide and the electrophilic carbonyl group of the thioester
the ligation of peptides or glycopeptides through non-cysteinyl intermediate into close proximity to facilitate the intramolecular
junctions=99 Nevertheless, so far, most of these auxiliaries rearrangement via 14- or 15-membered fihgfter the ligation,

demand at least one Gly residue at its ligation ité%e the sulfhydryl group can be removed by hydrogenolysis to
| - regenerate the unmodified sugatO Alternatively, the sulfhy-
8) (a) Beligere, G. S.; Dawson, P. E. Am. Chem. S0d 999 121, 6332- s :
(8) é3)33_ (g) Yan L. 7. Dawson, P. B. Am. Chem. So@001 123 526 dryl-modified sugar can_be further elaborated with glycosy_l-
533. (c) Bang, D.; Makhatadze, V. T.; Kossiakoff, A. A.; Kent, SABgew. transferases to extend its glycan structure or alkylated with
ﬁ?egd' ;%%g%f)?gs‘éﬁ*fé?_%%' (d) Macmillan, DAngew. Chem., | 51yeling reagents such as fluorophol&0ne important feature

(9) (a) Cane, L. E.; Bark, S. J.; Kent, S. B. H.Am. Chem. Sod 996 118
5891-5896. (b) Low, D. W.; Hill, M. G.; Carrasco, M. R.; Kent, S. B. H.; (10) (a) Brik, A.; Yang, Y.-Y.; Ficht, S.; Wong, C.-H. Am. Chem. So2006

Botti, P.Proc. Natl. Acad. Sci. U.S.R001, 98, 6554-6559. (c) Offer, J.; 128 5626-5627. (b) Brik, A.; Ficht, S.; Yang, Y.-Y.; Bennett, C. S.; Wong,
Boddy, C.; Dawson, P. El. Am. Chem. So@002 124, 4642-4646. (d) C.-H.J. Am. Chem. So@006 128 15026-15033.

Macmillan, D.; Anderson, D. WOrg. Lett 2004 6, 4659-4662. (e) Wu, (11) Molecular simulations of transition states have been performed and will
B.; Chen, J.; Warren, J. D.; Chen, G.; Hua, Z.; Danishefsky, 8ndew. be presented in a following publication. The simulations support the
Chem., Int. Ed2006 45, 4116-4125. (f) Chen, J.; Chen, G.; Wu, B.; hypothesis that the restricted conformation of the sugar helps to preorganize
Wan, Q.; Tan, Z.; Hua, Z.; Danishefsky, ST&trahedron Lett2006 47, the GalNAc-linked thioester intermediate and N-terminal amine for
8013-8016. nucleophilic attack.
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Scheme 2. Synthesis of the Building Blocks 4a and 4b@
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—70°C, a/fp = 4/3 (2an, 45% yield; 2ba, 45% yield); (b) Zn/AcOH; (c) TrtS-CHCOOH, HBTU, DIEA, DMF, 84% (two steps); (d) Pd(P§h NMA,

THF, 95% (Trt= trityl, TMSOTf = trimethylsilyl trifluoromethanesulfonate).

about SAL, when compared to removable auxiliaries, is that mucin-type O-linked glycans, which are typicallylinked to

the nucleophile that participates in the-SN rearrangement is

serine or threonine residu&sMucin-type O-linked glycans exist

a primary amine. This less sterically hindered nucleophile is abundantly in naturally occurring glycoproteins. To apply SAL
one of the attributing factors that allow SAL to accept a broader for the synthesis of this type @f-O-linked glycopeptides and
spectrum of amino acid residues at its ligation site. Preferencesglycoproteins, first, we prepared the®R¥moc-Thr[Ag-a-

are for those amino acids possessing less hindered side chain&alNAc(SH)]4aand N*-Fmoc-Ser[Ag-o-GalNAc(SH)]4b as
(Gly and Ala) and those containing a side chain that can servethe building blocks for SPPS. As shown in Scheme 2, the

as a general base (His and Asp) in the ligation pathiffay.

synthetic strategy for building blocka is straightforward. The

This broad sequence tolerance exhibited in the ligation sites Synthesis was started with TMSOTf-mediated glycosylation of
of SAL represents the most attractive advantage in this methodcompound 1*> with Fmoc-Thr-OAll at —78 °C to afford

for chemical glycoprotein synthesis. Given most naturally
occurring glycoproteins bear multiple glycosylation sites, SAL

glycosylated producRa in an o and 8 mixture @/ = 4/3).
Compound?ao. was separated from the mixture using column

could be quite useful if these appending glycans of glycoproteins chromatography to give the desired purésomer in 45% yield.

are eligible to participate in glycopeptide ligation. To enable

Following purification, the azido moiety was reduced to amine

SAL to be a general method for the preparation of homogeneousby treatment with Zn/AcOH® The amino group was then
glycoproteins, herein, we made several advancements of thiscoupled with Strityl-2-mercaptoacetic actd under standard

method, including extending its utility to the synthesiseO-

HBTU/DIEA coupling condition® to give the compoun@a.

linked glycopeptides, demonstrating selective desulfurization to Subsequently, the allyl group was removed by treatment with
enable this method for the synthesis of cysteine-containing @ catalytic amount of Pd(PB)a in the presence dil-methyla-

glycopeptides and, more importantly, demonstrating its utility
in the synthesis of the complete-O-linked glycoprotein
diptericine.

Diptericin € is an 82-residue, cysteine-free-O-linked
antibacterial glycoproteit? It contains two glycosylation sites,
Thrl% and ThP? in which each threonine carries &hacetyl-
galactosamine (GalNAc) moiety (Scheme 3A}213Previously,
Bertozzi and co-workers have successfully applied NCL to
chemically synthesize diptericia.5® The synthesis was ac-

complished through the assembly of two glycopeptide seg-

niline!® to furnish the building blocka. Building block4b was

also prepared using a similar synthetic strategy (Scheme 2).
Synthesis ofa-O-Linked Glycopeptides Using SAL.To

investigate the ligation efficiency of SAL iro-O-linked

glycopeptides, we synthesized four short glycopeptikesb

and 6a—b as well as peptide thioester Cys(Acfisly>? for

model studies (Table 1). Peptides containing the sequence from

diptericin ¢ were designed to explore the optimal ligation

conditions for diptericire synthesis. Having the building blocks

4a and 4b in hand, we synthesized SerGalNAc(SH)]-

ments, in which the glycopeptide thioester was prepared by containing glycopeptidesba—b and Thrp-GalNAc(SH)]-
Fmoc-based solid-phase peptide synthesis (SPPS) using theontaining glycopeptidessa—b by means of Fmoc-based

Kenner linker. Notably, since diptericincontains no cysteine
residue, the Bertozzi group mutated &lyo cysteine to allow

(12) Bulet, P.; Hegy, G.; Lambert, J.; Dorsselaer, A. V.; Hoffmann, J. A.; Hetru,
C. Biochemistryl1995 34, 7394-7400.

NCL to be amenable to diptericin synthesis. In this report, we (13) (a) winans, K. A.; King, D. S.: Rao, V. R.; Bertozzi, C. Biochemistry

took advantage of the glycosylation site Thof diptericine to
apply SAL for the first time to the synthesis of a complete
glycoprotein.

Results and Discussion

Synthesis of Building Blocks for SAL. Diptericin € bears
two GalNAc moietiesd? GalNAc is the core structure of the

7692 J. AM. CHEM. SOC. = VOL. 129, NO. 24, 2007
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Table 1. Sugar-Assisted Ligation of a-Linked Glycopeptides

HO OH 5a: X1 = Gly, X, = Ser HO OH

HO O 5b: X, =Val, X, = Ser HO O

TN | 6a:X1=Gly,Xp=Thr  H,N-Cys(Acm){ Diptericin(38-51)}-G-SR N

6b: X, = Val, X = Thr >
e 6 M Gn-HCI, 37°C s
R= (CH2)2CONH2
HoN-X4-Xz-PGYS-NH, HoN-Cys(Acm){ Diptericin(38-51) -G -X1-Xo-PGYS-NH,
product mass (Da)
ligation t? thioester®
entry Xy Xo- junction (h) (equiv) reaction medium obsd® calcd
1 Gly Ser Gly-Gly 4 1.2 0.2 M phosphate buffer 2677.4 2677.4
2 Val Ser Gly-Val 11 1.2 0.2 M phosphate buffer 2720.4 2719.5
3 Gly Thr Gly-Gly 4 1.2 0.2 M phosphate buffer 2691.5 2691.4
4 Val Thr Gly-val 11 1.2 0.2 M phosphate buffer 2733.6 2733.5
5 Val Thr Gly-val 14 1.2 0.2 M phosphate buffer 2733.6 2733.5
2% PhSH

6 Val Thr Gly-val 14 12 0.1 M phosphate buffer 2733.6 2733.5
7 val Thr Gly-val 9 1.5 0.2 M phosphate buffer 2733.6 2733.5
8 Val Thr Gly-Val 7 2.0 0.2 M phosphate buffer 2733.6" 2733.5

aty, indicates the required reaction time for the reactant glycopeptide to reach 50% consuk@ianacterized by LC/MSThe concentration of the
reactant glycopeptide in each reaction is 6 n#Reaction pH is around 7-27.4.°Reaction pH is around 7.fsolated yield= 78%.9%solated yield= 56%.
hisolated yield= 73%. Isolated yield= 59%.IIsolated yield= 45%. Kisolated yield= 47%.'Isolated yield= 63%. Msolated yield= 63%.

SPP3%.20pn Rink-amide resin. Peptide thioester Cys(Ag)  a microelectrod@? In this range of pH, SAL reaches its highest
Gly52 was prepared by Boc-based SPPS'on MBHA resin. efficiency while giving a minimum amount of hydrolyzed
Herein, two ligation junctions Gly-Gly and Gly-Val were thioester. As reactant concentrations were high, the best ligation
examined, in which Gly-Val represents the ligation junction efficiency was observed at high phosphate buffer concentration,
found in diptericine (Scheme 3A). As the results show in Table to maintain the pH through the reaction (Table 1, entries 4 and
1, o-O-linked glycopeptides were successfully synthesized by 6). Moreover, the ligation efficiency at the Gly-Val junction
SAL with the resulting ligation efficiencies similar to those of can be increased by adding more equivalents of peptide thioester
B-O-linkedt% and N-linked glycopeptidé® (Table 1, entries  (Table 1, entries 4, 7, and 8).
1-4).22 GalNAc(SH)-Thr-containing glycopeptides exhibited Synthetic Strategy of Diptericin. Our synthetic strategy for
ligation rates similar to those of GalNAc(SH)-Ser-containing diptericin € is depicted in Scheme 3. In our synthetic design,
glycopeptides, despite the additional steric factor contributed the whole protein sequence was dissected into three segments,
by the methyl group of threonine (Table 1, entries4). The which were assembled sequentially from C- to N-terminus by
similarity of the ligation rates among various glycopeptides SAL and then NCL (Scheme 3). The residues®%lyal>? next
indicates that the feature of the glycosidic linkage as well as to the glycosylation site TRt represent an ideal ligation site to
the glycan structure may have a negligible effect on the ligation demonstrate the general utility of SAL. The sequence of the
efficiency. Notably, in this report, thiophenol was excluded from C-terminal segment Cys(Acif)Phé? and middle segment Cys-
the ligation media in most of the experiments. As our earlier (Acm)3’-Gly>2 covers nearly all the standardamino acids,
studies have shown that the rate-determining step of SAL is S except Met and Glu. In addition, the relatively slow Gly-Val
— N acyl transfed® this suggests that thiophenol may junction is difficult enough to represent a typical challenge in
deteriorate the ligation efficiency, especially in cases exhibiting glycoprotein synthesis by SAL. Performing SAL gave us the
a slower ligation rate. As shown in entry 5 (Table 1), the ligation 46-residue glycopeptide Cys(ActtPhe? After removing
rate at the Gly-Val junction decreases when thiophenol was Acm, Cys’-Phé2 was coupled to N-terminal segment Asp
present in the reaction solution (entry 4 vs 5). On the other Asn®® by NCL to generate the full-sized diptericia By
hand, to investigate the optimal ligation conditions for the Gly- incorporating NCL into our synthetic strategy, the potential
Val junction, a series of ligation studies were carried out using difficulty associated with the synthesis of a 52-residue glyco-
glycopeptide6b and peptide thioester Cys(AcfhGly.5? As peptide thioester was bypassed. To take advantage of NC¥, Ala
shown in Table 1, the ligation efficiency at the Gly-Val junction was temporarily mutated to cysteine. In the final synthetic step,
is affected by the reaction pH (Table 1, entries 4 and 6). An both the cysteine residue and the thiol handle on the sugar were
ideal reaction pH for SAL is around 7.2 to 7.4, as measured by desulfurize@1°to complete the synthesis of diptericin
Synthesis of Diptericin Segment Cys(Acn?#)-Phef2 by
g% }’gfﬂ?g\zbgd AP-: _A&T:V(Itgga Eg?t&ﬁgif;zgmﬁgsgl S??%A‘e‘ﬁt—e%ans W SAL. The C-terminal segment of diptericin, the glycopeptide
Wilson, D.Methods Enzymol997, 289, 14-29. (b) Stewart, J. MMethods ~ Val**Phe$? was prepared by Fmoc-SPP®n 2-CITrt resin

Enzymol 1997 289 29-44. . , . using the building blockia. For the synthesis of the middle
(22) For instance:ty, (h) for the Gly-Gly junction for which the ligation . . 52 .
efficiency is less susceptible to varying the reaction conditions: 5 h for Segment, the peptide thioester Cys(A&r@ly,5? the acetami-
f-O-linked glycopeptides4 h for both N-linked andx-O-linked glyco- _ i i
peptides. On the other hartd,(h) for the Gly-Val junction for which the domethyl (Acm) group was used to protect N-terminal cysteine
ligation efficiency is more susceptible to varying the reaction conditions:

18 h for N-linked glycopeptides (6 M GHCI, 0.1 M PBS, 2% PhSH, (23) The initial pH of the buffer used for SAL is 8.5. After addition of the
glycopeptide (1.2 equiv), peptide thioester (1 equiv)); 14 hof@D-linked peptides, the pH drops due to the residual TFA present in HPLC purified
glycopeptides (6 M GHCI, 0.1 M PBS, glycopeptide (1 equiv), peptide peptides. As a consequence, in some cases, triethanolamine was added to
thioester (1.2 equiv)). adjust the reaction pH to the ideal range-7724.

J. AM. CHEM. SOC. = VOL. 129, NO. 24, 2007 7693
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Scheme 3. (A) The Sequence of Diptericin and Ligation Sites. (B) The Synthetic Strategy of Diptericin

(A)
1 11 21 31
DEKPKLILPTPAPPNLPQLVGGGGGNRKDGFGVSVDAHQK

NCL/Desulfurization
41 51 61 71 81
VWTSDNGRHSIGVTPGYSQHLGGPYGNSRPDYRIGAGYSYNF
SAL
® GalNAc

— Ligation site

(B)

OH OH OH OH

HO HoN-CysA Diptericin(38-52) |-SR HO
HN O._CH AcmS R =(CH,),C(O)NH BN (0]
Hs/\\g 3 =(CH2),C(O)NH, HS/\‘g \r
— SAL
H,N-V-T1 Diptericin(55-82) |-OH H,N-Cys{ Diptericin(38-82) ]-OH

AcmS

%o
HO
OH OH AcHN OH OH OH OH

O._CH

o) 5 o o
HO HO HO
HN
hs~ O~ CHs H,N{ Diptericin(1-36) |- SR ACHNOTCHg, ACHNOTCH3

o}
R= 02H4C(O)002H5 -,
HZN-C)ys Diptericin(38-82) |-OH Hy/ Pd-AlLOs H,N-{Diptericin(1-36)}-A{ Diptericin(38-82) ]-OH

HS NCL

CHj Hg(OAc),, 10% AcOH

from self-ligation and intramolecular cyclization. The coupling replaced Va® with either Gly or His. Glycopeptide Gh-Phe?
of these two segments by SAL was carried ou6iM GrrHCI, and glycopeptide H-Pheé®2 were then ligated to the peptide
200 mM phosphate, pH= 8.5, where the concentration of thioester Cys(Acnif-Gly>? (1.5 equiv), respectively. These
glycopeptide VaR-Phé? and the peptide thioester Cys(Acih) ligations were monitored by LC/MS. Interestingly, in the ligation
Gly*2was 6 mM and 12 mM, respectively. Due to the change of glycopeptide Hig-Pheé? with peptide thioester, the reaction
of pH (the measured pH was 6.4) after mixing both peptides, proceeded smoothly to completion after 24 h even at pH 6.4
the reaction pH was adjusted to 7.2 by carefully adding (Figure 1B). Given the I§, of the imidazole side chain of
triethanolamine €0.2 uL per 100uL reaction volumef2 The histidine is around 6.5, this experimental result further supports
ligation was carried out at 37C and monitored by LC/MS. our previous hypothesis on His and Asp, in which the side chain
After 48 h, LC/MS analysis showed that over 70% of the of these residues can serve as a general base in the ligation
glycopeptide Vat-Phé’2 had been consumédand there was  pathway?? On the other hand, the ligation of glycopeptide ©ly
only a trace amount of peptide thioester remaining. The ligated Phé? with peptide thioester also proceeded to completion in
product was purified by reversed-phase HPLC and lyophilized 24 h, when the reaction pH was adjusted to 7.2. Together, these
to afford the glycopeptide Cys(AcAT)Pheé? in 28% isolated ligation results show that SAL is chemoselective and amenable
yield. To increase the product yield, we added an extra 0.5 equivfor the synthesis of large sized glycopeptides.
of peptide thioester into the reaction mixture after the ligation  Synthesis of the N-Terminal Diptericin Segment Glyco-
had proceeded for 24 h. After 48 h, the reaction was quenchedpeptide Thioester Asp-Asn®®. Synthesis of glycopeptide
and subjected to HPLC purification. Using this method, the thioesters in the context of glycoprotein synthesis remains a
reaction was able to yield 36% of isolated product (Figure 1A). challenge. While Boc-based SPPS has been intensively used
The glycopeptide Cys(Acri}Phé? was characterized by  for the synthesis of peptide thioesters, its synthetic conditions
electrospray mass spectrometry (the reconstructed mass waare too harsh to be compatible with the presence of carbohy-
5408 Da; the calculated average mass was 5409 Da). drates. As a result, many efforts have been aimed at adapting
To explore the effect of the N-terminal amino acid residue Fmoc-based SPPStothe synthesis of glycopeptide thioestée2>
of the glycopeptide VaP-Phé? on its ligation efficiency, we  One of the central problems with the Fmoc strategy is that the
- - — basic conditions used for removing acetate esters commonly
(24) The glycopeptide was consumed by two reaction paths: reacting with the

peptide thioester Cys(Acif)Gly52 and by generating a degraded fragment. used as protecting groups for sugars are not compatible with

The mass of this degraded fragment (observed mas8901 Da)  the presence of the thioester moiety. Consequently, the acetyl
corresponds to a loss of the first two N-terminal residues of glycopeptide . he lioati hich
Vals:-Phé2 The same fragment mass was also observed in the cases of 9FOUPS cannot be deprotected prior to the ligation step, whic

glycopeptide Hig-Phé?and glycopeptide G-Phé? by LC/MS. The first could complicate the synthesis or lead to a loss of ligated product
observation of this degraded fragment was in the crude glycopeptide cleaved

from the resin. In the beginning of the ligation, the amount of this degraded
fragment is less than 5%. However, its amount increased during the course (25) (a) Warren, J. D.; Miller, J. S.; Keding, S. J.; Danishefsky, SI. Am.
of the reaction. A similar degradation phenomenon was not observed for Chem. Soc2004 126, 6576-6578. (b) Mezzato, S.; Schaffrath, M.;
the short glycopeptides (Table 1). Unverzagt, C.Angew. Chem., Int. EQR005 44, 1650-1654.
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Figure 1. (A) Analytical HPLC chromatograph of SAL of glycopeptide VaPheé? and peptide thioester Cys(AchGly>? at 48 h. Peak a, hydrolyzed
peptide thioester; Peak b, the remaining glycopeptidé2rieé? and its degraded fragment (the ratio is around 2*Beak c, the ligated product. HPLC
gradient: 5-30% of CHCN (+0.1% TFA) over 30 min at a flow rate of 1.5 mL/min. (B) ESI-MS spectrum of the glycopeptide CysA&¥? (the
reconstructed mass was 5408; the calculated average mass was 5409 Da). (C) Analytical HPLC chromatograph of SAL of glycopeptie afisl

peptide thioester Cys(Aci}Gly52 at the time point of 24 h. Peak a, the hydrolyzed thioester; peak b, the ligated product and the degraded fragment from

glycopeptide Hi&-Phé? (the ratio is around 9:13* HPLC gradient: 550% of CHCN (+0.1% TFA) over 30 min at a flow rate of 1.5 mL/min. (D)
ESI-MS spectrum of the ligated product of glycopeptide>MRhé2 and peptide thioester Cys(AciGly>2 (the reconstructed mass was 5446 Da; the

calculated average mass was 5447 Da).

in the O-acetate removal stép4250To facilitate the synthesis

of fully unprotected glycopeptide thioesters Agksn®6, here

we introduced the acid-labilp-methoxybenzyl (PMB) group
for the protection of the hydroxyl groups of GalNAc. In addition,
since the C-terminal amino acid residue of the glycopeptide
thioester is asparagirféwe were allowed to operate the whole
synthesis of glycopeptide thioester Asihsn®® on solid support

by using the side-chain anchoring stratégy.

The preparation of building blockO was started with the
reaction of compound?®® with p-thiocresol in the presence of
BF3-OEL, which afforded the corresponding thioglycoside in
85% isolated yield (Scheme #Following this step, the acetyl
groups on the sugar were replaced with PMB groups to give
compound8. The glycosylation of compouné with Fmoc-
Thr-OAllyl was carried out at-15 °C to give compound® in
o andp mixture @/ = 3/2). The desiredx isomer was then
purified by column chromatography to afford compowgedin
45% vyield. The azido group of compoufd was converted to

acid in pyridine?® Subsequently, the allyl group was removed
by a catalytic amount of Pd(PBh in the presence oN-
methylaniliné” to furnish the compoundo.

For the synthesis of glycopeptide thioester Agsn®, we
employed the side-chain anchoring strategy by following the
procedure reported by Wang et al. (Schem@&’4)jhe unpro-
tected side-chain of Fmoc-Asp-OAllyl was first anchored onto
Rink-amide resin; afterward, the N-terminal amine was de-
blocked for glycopeptide synthesis. Fmoc-based SPPS was
conducted by using standard HBTU/DIEA coupling condi-
tions>3%and the building block 0 was attached to the peptide
as the 10th residue. Once the full sequence of the glycopeptide
was completed, the C-terminal carboxylic acid was unmasked
and transformed into €thioester by treatment with 3-mercap-
topropionic acid in the presence of DIC/HOBt and DIEA in
DMF/DCM (4/1)27 Following this thioesterification step, the
glycopeptide thioester was cleaved from the resin with con-
comitant full deprotection by TFA/triethylsilane/thioanisolefH

the acetamido group by reductive acetylation using thioacetic (85/5/5/5). The crude product was then purified by preparative

(26) It caught our attention that Asp or Glu on the C-terminus of the peptide
thioester has the potential to form an intramolecular anhydride during NCL,
which could lead to the generation of a branched ligation product. To avoid
this problem, the original Asp of diptericin was mutated to ASh
Alternatively, an orthogonal protecting group could be used to avoid this
side reaction (Villain, M.; Gaertner, H.; Botti, Eur. J. Org. Chem2003
3267-3272).

(27) Wang, P.; Miranda, L. Ant. J. Pept. Res. Theraj2005 11, 117-123.

(28) Ye, X.-S.; Wong, C.-HJ. Org. Chem200Q 65, 2410-2431.

reversed-phase HPLC and lyophilized to afford the glycopeptide

(29) Takahashi, S.; Kuzuhara, H.; Nakajima, Metrahedror2001, 57, 6915~
6926.

(30) Since Asp-Gly sequence is prone to aspartimide formation during peptide
synthesis, we mutated AZpto an Asn residue. On the other hand, our
earlier efforts toward solving this problem by using the commercially
available Fmoc-Asp(Bu)-(Hmb)Gly-OH in SPPS failed due to the
difficulty of complete removal of the Hmb group in the final global
deprotection step.
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Scheme 4 . (A) Synthesis of the Building Block 10. (B) Synthesis of Glycopeptide Thioester Aspl-Asn3¢ Using the Side-Chain Anchoring
Strategy?

(A)
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HO
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FmocHN Ho 2 SPPS g i AcHN g

I\ror 3. Pd(PPh3),, PhSiH, DCM \r

0" “oalyl 4.RSH, DIC, HOB, DIEA, DCM, DMF (" 1, N-Diptericin(1-36,D36N, D29E) }-SR

5. TFA/ TES/ TA/ H,0 (85:5:5:5)
R = (CH;),C(0)OC;H;

aReagents and Conditions: (a) BBEbL, TolSH, CHClI,, 0 °C then rt, 85%; (b) NaOMe, MeOH, pH11; (c) PMBCI, NaH, DMF, O°C then rt, 68%
(three steps); (d) Fmoc-Thr-OAll, NIS, cat. TfTOH, molecular sieves AW 300,GI# —15 °C, 83%,a/3 = 3/2; (e) AcSH, pyridine, 86%; (f) Pd(PB),
NMA, THF, 95%. TolSH= p-thiocresol, NIS= N-iodosuccinimide.

thioester Asp-Asn®6 in 9% isolated yield. This compound was A e o
characterized by electrospray mass spectrometry (the recon- Ho ey Ho o,
structed mass was 3975 Da; the calculated average mass was I i

3975 Da). HN{__Diptericin(1-62) _}-OH

Acm Removal, NCL, and Desulfurization. Having the
glycopeptide segments in hand, we turned our focus to genera-
tion of the full sequence of diptericinby means of NCL. The
N-terminal cysteine of glycopeptide Cys(ActhPhé?was first
deblocked by treatment with Hg(OA#A\cOH (pH = 4.0 to
give the glycopeptide Cy4Pheé? in 83% isolated yield (see
Supporting Information). The glycopeptide C{®he?2 (3 mM) 12 21 (min)
and glycopeptide thioester As@Asn®® (4.5 mM) were then B
ligated in 6.0 M GrRHCI, 0.2 M phosphate buffer, pkk 7.9 100 1243 3
containing 2% (v/v) PhSH and 2% (v/v) BnSH at 3Z. After ] T T b §9+
16 h, the ligation was nearly complete and the ligated product 510+ 2
appeared as the major peak by HPLC. After reversed-phased:
HPLC purification and lyophilization, the pure glycopeptide
Asp!-Phé? was obtained in 47% yield (see Supporting Informa-
tion). Finally, the ligated product was subjected to hydrogenoly- ~ *7 1443
sis under the conditions of HPd/AlOs), to reduce the thiol o] ]
handle attached to GalNAc, as well as the cysteine resftiue. C a0 w0 © a0 000 1200
After HPLC purification and lyophilization, the full-sized miz

i i i ; O i ; Figure 2. (A) HPLC analysis of the crude product from the desulfurization
diptericin was obtained in 54% isolated yield (254). The step, which was eluted with a gradient 6f30% of CHCN (+0.1% TFA)

final product was characterized by electrospray mass spectrom-gyer 30 min at a flow rate of 1.5 mL/min. (B) ESI-MS spectrum of the
etry (the reconstructed mass was 9113 Da; the calculated averaggure product of the desulfurization step (the reconstructed mass is 9113

mass was 9114 Da) (Figure 2). Da).

Selective Desulfurization.To allow SAL to be amenable  shown that the thiol handle of the sugar moiety can be easily
for the synthesis of glycopeptides or glycoproteins containing removed under Hin the presence of 1020 mg of Pd/A}O;
cysteine residues, the sulfhydryl-modified sugar moiety has to per 1 mg of glycopeptide. Herein, the hydrogenolysis of
be desulfurize® selectively in the hydrogenolysis. To inves- compoundl1was carried out in the same condition previously
tigate desulfurization selectivity, we synthesized a model reported’® 6M Gn-HCI, 0.1 M phosphate buffer, pH 5.8
glycopeptidel 1 bearing one Cys(Acm) residue and a sulfhydryl- containing 10 mM TCEP; however, in order to obtain desulfu-
modified GalNAca-linked to a Ser residue. Previously, we have rization selectivity, we performed this reaction by varying the
amount of Pd/AIO; added. As a consequence, the reaction
(31) Ingale, S.; Buskas, T.; Boons, G.9rg. Lett 2006 8, 5785-5788. containing 1 mg of glycopeptide was reacted with 10, 15, and

3
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Figure 3. HPLC analysis of the selective desulfurization of glycopepfideand MALDI-TOF/MS spectrum of glycopeptidE? (desired product).

20 mg of Pd/A}Os, respectively. The progress of the desulfu- potentially useful approach for the synthesis of glycoproteins,
rization in these reactions was carefully monitored by LC/MS. as we demonstrated by the synthesis of diptericinOur
After 2.5 h, the desired produci2, in which the mass synthetic scheme combined the advantages given by SAL, NCL,
corresponds to a loss of 32 Da from compoudgdwas observed  and desulfurization. Here, SAL aided us to prepare the 46-
as the major peak on the HPLC chromatograph (Figure 3). Theresdiue C-terminal glycopeptide, which after Acm removal, was
analytical data from these three reactions showed that the usesubsequently ligated to the 36-residue N-terminal segment by
of 15 mg of Pd/A}O3 gave the best selectivity and afforded NCL to achieve the full-sized diptericin In the final step, the
the product in 77% isolated yield. The reaction using 20 mg of desulfurization reaction was used to remove the thiol handle
Pd/AlLO3; completed within 1 h; however, it gave poor desulfu- from the sugar moiety and to convert the cysteine into the native
rization selectivity 12/13, ~3:1]. To examine the molecular  alanine residue. Moreover, we have demonstrated the sulfhydryl-
structure of the selectively desulfurized prodi2twe removed modified sugar moiety can be selectively desulfurized in the
its Acm group and then subjected the product to NCL with the presence of Cys(Acm), which expands the utility of SAL into
peptide thioester Cys(Aci#}Pheé? (see Supporting Informa-  the synthesis of cysteine-containing glycopeptides or glycopro-
tion). After 4 h, the clean ligated product as shown in the teins. Based on these results, we believe that SAL, in conjunction
analytical HPLC chromatograph suggested the selective des-with other ligation methods, should facilitate the synthesis of
ulfurization would allow the SAL product to be sequentially homogeneous glycoproteins, which will help to elucidate the
ligated to another peptide or glycopeptide. In addition, we also effects of specific glycans on protein structure and functfon.
tested the desulfurization selectivity in the glycopeptide contain-
ing two Cys(Acm) residues and a 46-residue glycopeptide Cys-
(Acm)3’-Phé?2 (see Supporting Information). Similar desulfu- General Methods and Materials. Tetrahydrofuran (THF) was
rization selectivity was obtained in these model studies; distilled over sodium/benzophenone, and methylene chiorideGGH
however, we noticed that the desulfurization efficiency in long was distilled over calcium chloride. Reagents of commercial quality

. L . .__..— were purchased and used without further purification. Glycosylation
glycopeptide decreased, which in turn affected its desulfurization experiments were performed using molecular sieves (AW 300), which

selectivity (see Supporting Informatiof?). were flame-dried under high vacuum right before the reaction.
Analytical thin-layer chromatography (TLC) was performed using silica
gel 60 Fs4 glass plates, and compound spots were visualized by UV
We have shown that SAL can be extended to the synthesislight (254 nm) and by staining with acidic ceric ammonium molybdate.
of a-O-linked glycopeptides, in which the ligation rates are Flash chromatography was performed on silica gel 60 Geduran (35
similar to those ofg-O-linked and N-linked glycopeptides,  754m, EM Science)!H, *C NMR spectra were recorded on a Bruker
making it a general method for various glycopeptide syntheses.AMX-500 MHz spectrometer. Coupling constanf gre reported in

For the first time, we have demonstrated that SAL could be a Nerz (Hz), and chemical shifts are reported in parts per million (ppm)
relative to tetramethylsilane (TMS, 0.0 ppm). Fmoc-amino acids, Boc-

(32) While we were preparing this manuscript, Kent's group reported selective amino acids, HBTU, PyBOP, preloaded 2'C_'T“ resins, MBHA resin
desulfurization of cysteine in peptides containing Cys(Acm) residues LL (100—200 meshHCI and Rink-amide resin were purchased from

(Pentelute, B. L.; Kent, S. B. HOrg. Lett 2007 9, 687-690). In their Novabiochem. Boc-His(3-Bom)-OH was purchase from Bachem. HOBt,
report, Raney nickel was used as the catalyst. In our studies, we found that " . : . .

the thiol handle of the sugar moiety reacts much more rapidly towards N.N-diisopropylethylamine (DIPEAN,N-dimethylformamide (Biotech
desulfurization than the cysteine residue (data not shown), when#d/Al ~ grade), HPLC grade acetonitrile, and trifluoroacetic acid were purchased
was used as the catalyst. This indicates that even better desulfurlzatlonf Si Aldrich and Fish

selectivity might be achieved if different catalysts, like Raney nickel, or rom sigma-Aldrich and FIsher.
other conditions were used to selectively desulfurize the thiol handle in
the presence of Cys(Acm) residues. (33) Hsieh-Wilson, L. CNature 2007, 445 31—33.

Experimental Procedures

Conclusion
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Mass Spectrometry.MALDI-TOF/MS (Applied Biosystems DE)
and ESI-TOF (lonSpec Ultima FTMS) mass spectra were obtained from

mmol, 94%).2H NMR (CDCl, 500 MHz): 6 7.76 (d, 2H,J = 7.4
Hz), 7.64 (d, 2H,J = 5.9 Hz), 7.38-7.41 (m, 2H), 7.36-7.35 (m,

the routine analyses service at the Scripps Center of Mass Spectrometry2H), 5.90-5.98 (m, 1H), 5.77 (d, 1HJ = 9.2 Hz), 5.34-5.38 (m,

LC/MS mass spectrometric analyses were performed on the Agilent
1100 MSD LC/MS system which utilizes the electrospray ionization
method.

Solid-Phase Peptide Synthesi§olid-phase peptide syntheses were
carried out manually with syringes (Torvig) which were equipped with
Teflon filters. Preparative, semipreparative, and analytical reversed-
phase HPLC purifications were performed on a Hitachi D-7000 HPLC
system. All C18 HPLC columns were purchased from Grace Vydac.
The flow rates used for HPLC were 1.5 mL/min (analytical), 4.0 mL/
min (semipreparative), and 8.0 mL/min (preparativiejnoc-SPPS:
Fmoc Cleaage After treatment with 20% piperidine in DMF (2
10 min), the resin was washed with DMF(3% CH.Cl; (4x), and DMF
(4x). Coupling After preactivation of Fmoc-amino acid (5 equiv) for
5 min using HBTU (4 equiv, final concentration 0.5 M in DMF), HOBt
(2 equiv), and DIPEA (10 equiv), the solution was added to the resin.
After 1 h, the resin was washed with DMF X%, CH,Cl, (2x), and
DMF (2x). Glycosylated amino acid was coupled to the resin for 24
h. Double couplings were performed for some bulky amino aéidstyl
Group Remoal: The resin was first washed with MeOH (&) and
then treated with hydrazine/MeOH (1/6) {32 h). The resulting resin
was washed with MeOH (20), DMF (5x), and CHCI, (5x). Boc-
SPPS:Boc Cleaiage After treatment with 5%m-cresol/TFA (2x 4
min), the resin was washed with DCM %4 and with DMF (4x).
Coupling After preactivation of Boc-amino acid (5 equiv) for 5 min
using PyBOP (4 equiv, final concentration 0.5 M in DMF) and
N-methylmorpholine (8 equiv), the solution was added to the resin.
After 45 min, the resin was washed with DMFx3and DCM (4x).
Cleavage HF with 10% (v/v) anisole was used as cleavage solution.

2H), 5.27 (d, 1HJ = 10.7 Hz), 4.97 (d, 1H) = 3.0 Hz), 4.88-4.92

(m, 1H), 4.65-4.74 (m, 2H), 4.4%4.49 (m, 3H), 4.23-4.33 (m, 3H),
4.08-4.10 (m, 2H), 3.15 (dd, 1HJ = 10.7, 3.0 Hz), 2.11 (s, 3H),
2.04 (s, 3H), 2.03 (s, 3H), 1.35 (d, 3Bi= 6.2 Hz);*C NMR (CDCE,

125 MHz): 6 170.5, 170.3, 170.2, 170.1, 156.5, 143.8, 143.7, 141.2,
131.3, 127.6, 127.0, 125.1, 125.1, 119.9, 119.9, 119.3, 101.8, 77.3,
71.8, 67.4, 67.3, 67.2, 66.4, 62.1, 58.6, 49.7, 47.0, 20.7, 20.6, 20.5,
18.1. HRMS (ESI-TOF) calcd for £H40N2012 [M + H]*: 669.2654.
Found: 669.2641. The amine (650 mg, 0.973 mmol) was dissolved in
DMF (15 mL). TrtS-CH,COOH (651 mg, 1.95 mmol), HBTU (740
mg, 1.95 mmol), and DIPEA (678L, 3.89 mmol) were added to the
amine subsequently. The reaction mixture was stirred at room temper-
ature for 2 h. Once the reaction was done, the reaction solution was
concentrated under vacuum. The concentrated residue was then purified
by flash column chromatography (2d0% EtOAc in hexane) to give
pure compounda (877.7 mg, 0.892 mmol, 91%)H NMR (CDCls,

500 MHz): 6 8.00 (brs, 1H), 7.77 (d, 2Hl = 7.3 Hz), 7.63 (d, 2H)

= 7.3 Hz), 7.16-7.47 (m, 19H), 5.956.01 (m, 1H), 5.725.82 (m,

2H), 5.39 (brs, 1H), 5.265.25 (m, 2H), 5.03-5.08 (m, 1H), 4.86

4.89 (m, 1H), 4.374.50 (m, 6H), 4.19-4.28 (m, 3H), 4.044.13 (m,

2H), 2.14 (s, 3H), 2.03 (s, 3H), 1.95 (s, 3H), 1.28 (d, 3H5 6.2 Hz);

13C NMR (CDCk, 125 MHz): 6 171.2, 170.7, 170.6, 170.4, 169.2,
163.0, 156.9, 144.5, 144.2, 144.1, 141.7, 131.4, 129.9, 128.4, 128.1,
127.5, 127.3, 125.5, 125.4, 120.5, 120.4, 120.1, 99.8, 68.6, 67.7, 67.6,
67.6, 66.6, 62.5, 58.8, 48.2, 47.6, 39.0, 37.1, 36.9, 31.8, 21.2, 21.1,
21.0, 18.5. HRMS (ESI-TOF) calcd for s&seN2015S [M+Na]':
1007.3395. Found: 1007.3390.

Compound 4a.Compound3a (750 mg, 0.762 mmol) was dissolved

Once the HF was removed, cold ethyl ether was added to the crudein THF (20 mL). Pd (PP, (88.0 mg, 0.076 mmol) and\-

reaction product and stirred for 10 min. The precipitate was collected
and redissolved in ¥D/CH;CN (9/1) for HPLC purification.

Compound 2ax. Compoundl (5.0 g, 10.5 mmol) and Fmoc-Thr-
OAllyl (4.83 g, 12.7 mmol) were mixed and dried under high vacuum
overnight prior to the reaction. The mixture was then dissolved in
anhydrous CKCl; (30 mL) under N. 3.0 g of fresh flame-dried

methylaniline (827:L, 7.62 mmol) were added, and then the reaction
mixture was stirred at room temperature for 45 min. Once the reaction
was done, the solution was concentrated under vacuum. The crude
product was purified by flash column chromatography (50% EtOAc
in hexane then 10% MeOH in GBI,) to give pure compounda (690

mg, 0.731mmol, 95%)H NMR (MeOD, 500 MHz): 6 7.75 (d, 2H,

molecule sieves were added, and the mixture was stirred at roomJ = 7.7 Hz), 7.577.63 (m, 3H), 7.477.50 (m, 1H), 7.3+7.33 (m,

temperature for 1 h. The reaction was then cooled dowr78 °C,
and TMSOTf (203.9uL, 1.066 mmol) was added slowly into the
reaction solution. The mixture was kept-a?8 °C and stirred for 45
min. Once the reaction was done, it was quenched by addisig, Et

6H), 7.12-7.26 (m, 11H), 5.38 (brs, 1H), 5.09 (dd, 18= 11.4, 2.9
Hz), 4.96 (brs, 1H), 4.244.45 (m, 6H), 4.13-4.16 (m, 2H), 4.03-
4.09 (m, 3H), 2.99 (d, 1H) = 13.2 Hz), 2.91 (d, 1HJ = 13.2 Hz),
2.10 (s, 3H), 1.96 (s, 3H), 1.91 (s, 3H), 1.19 (d, 3+ 7.0 Hz);*C

and the temperature was allowed to rise to room temperature. MoleculeNMR (MeOD, 125 MHz):  172.2,172.1, 171.9, 171.9, 158.9, 145.7,
sieves were removed by filtration through Celite, and the filtrate was 145.5, 145.1, 142.7, 142.7, 133.8, 133.8, 133.2, 133.1, 130.8, 130.1,
concentrated under vacuum. The crude product was purified by flash 130.0, 129.1, 128.9, 128.3, 128.1, 126.2, 126.1, 121.1, 121.1, 100.3,
column chromatography (2660% EtOAc in hexane) to give the pure  77.6, 69.7, 68.9, 68.3, 68.2, 67.8, 63.4, 61.6, 60.3, 37.6, 21.0, 21.0,
o product (3.31 g, 4.77 mmol, 45.4%3H NMR (CDCl;, 500 MHz): 20.7, 20.7, 19.2, 14.6. HRMS (ESI-TOF) calcd fopl@s,N2013S [M
0 7.76 (d, 2H,J = 7.4 Hz), 7.62-7.64 (m, 2H), 7.36:7.41 (m, 2H), + NaJ": 967.3082. Found: 967.3059.
7.30-7.34 (m, 2H), 5.96-5.99 (m, 1H), 5.68 (d, 1HJ) = 9.6 Hz), Compound 2bo. Compoundl (1.33 g, 2.81 mmol) and Fmoc-Ser-
5.46 (brs, 1H), 5.265.39 (m, 3H), 5.05 (d, 1H) = 3.3 Hz), 4.69 (d, OAllyl (858.8 mg, 2.34 mmol) were mixed together and dried under
1H,J = 5.2 Hz), 4.41-4.48 (m, 3H), 4.36 (dd, 1H] = 10.3, 7.3 Hz), high vacuum overnight prior to the reaction. The mixture was then
4.26-4.29 (m, 2H), 4.09 (d, 1H) = 6.6 Hz), 3.67 (dd, 1H) = 11.4, dissolved in anhydrous G&l, (15 mL) under N. To this reaction
3.7 Hz), 2.14 (s, 3H), 2.07 (s, 3H), 2.03 (s, 3H), 1.36 (d, 3% 6.2 mixture, 1.5 g of fresh flame-dried molecule sieves were added;
Hz); **C NMR (CDCk, 125 MHz): 6 170.2, 169.9, 169.7, 156.7, 143.7,  afterward, it was stirred at room temperature for 1 h. The reaction
143.6, 141.2, 141.1, 131.2, 127.6, 127.0, 125.2, 125.1, 119.9, 119.8,mixture was then cooled down te78 °C, followed by S|0w|y adding
119.2, 99.3, 76.9, 68.1, 67.4, 67.3, 66.9, 66.4, 61.7, 58.7, 57.6, 47.0, TMSOTf (54.3uL, 0.281 mmol) into the reaction solution. The reaction
20.6, 20.5, 20.4, 18.4. HRMS (ESI-TOF) calcd fogasN4O12 [M + was kept at—78 °C and stirred for 45 min. Once the reaction was
H]*: 695.2559. Found: 695.2553. done, it was quenched by adding/&tand the temperature was allowed
Compound 3a.Compound?aa. (2.68 g, 3.86 mmol) was dissolved  to rise to room temperature. Molecule sieves were then filtered off
in AcOH (25 mL), followed by the addition of zinc powder (15.0 g).  through Celite, and the filtrate was concentrated under vacuum. The
The reaction mixture was stirredrfd h atroom temperature. Once  crude product was purified by flash column chromatography-&W6
the reaction was done, zinc was filtered off through Celite and washed EtOAc in hexane) to give pure product (872 mg, 1.28 mmol, 45%).
with CH,Cl,. The filtrate was concentrated under vacuum. The !H NMR (CDCl;, 500 MHz): 6 7.76 (d, 2H,J = 7.7 Hz), 7.62 (dd,
concentrated residue was then purified by flash column chromatography2H, J = 7.0, 3.7 Hz), 7.40 (dd, 2H] = 7.7, 7.7 Hz), 7.32 (td, 2H]
(20% hexane in EtOAC) to give the pure amine product (2.40 g, 3.62 = 7.7, 3.3 Hz), 5.94 (m, 2H), 5.44 (brs, 1H), 5:28.38 (m, 3H), 4.94
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(d, 1H,J = 3.3 Hz), 4.69-4.71 (m, 2H), 4.59-4.60 (m, 1H), 4.41 (d,
2H,J = 7.0 Hz), 4.25 (t, 1H) = 7.3 Hz), 4.19 (t, 1H,J) = 6.6 Hz),
4.13 (dd, 1HJ = 10.6, 2.9 Hz), 4.00-.4.04 (m, 2H), 3.63 (dd, 1H=
11.0, 3.3 Hz), 2.14 (s, 3H), 2.06 (s, 3H), 1.97 (s, 3R0.NMR (CDCk,

125 MHz): 6 170.3, 169.8, 169.6, 169.1, 155.7, 143.7, 141.2, 131.2,

was then dissolved in 60 mL of dry DMF at°C and fully protected

with PMB groups by adding PMBCI (20.5 mL, 151 mmol) and NaH
(3.62 g, 151 mmol). The reaction mixture was stirred at room
temperature fo2 h and quenched with MeOH. After removing MeOH,

it was concentrated under vacuum. Then the product was extracted with

127.7, 127.6, 127.0, 125.0, 119.9, 119.2, 99.2, 69.7, 67.8, 67.4, 67.2,EtOAc and washed with #0. The organic layers were collected and
67.1, 66.5, 61.6, 57.3, 54.4, 47.0, 20.5, 20.5, 20.4. HRMS (ESI-TOF) washed again with brine. After concentrating the organic layer under

calcd for G3HaeN4O12 [M + NaJ™: 703.2222. Found: 703.2208.
Compound 3b.The amine (822 mg, 1.26 mmol) [HRMS (ESI-TOF)
calcd for GgHzaN2012 [M + H]™: 655.2497. Found: 655.2499] was
dissolved in DMF (10 mL). TrtSCH,COOH (840 mg, 2.51 mmol),
HBTU (953 mg, 2.51 mmol), and DIPEA (874, 5.03 mmol) were

vacuum, the crude residue was purified by flash column chromatography
(10-40% EtOAc in hexane) to give the pure PMB protected thiogly-
coside8o. and8p3, respectively [15.5 g, 23.2 mmab (+ ), 92%].*H

NMR (CDCls, 500 MHz): 6 7.37 (d, 2H,J = 8.1 Hz), 7.33 (d, 2HJ

= 8.8 Hz), 7.19 (d, 2H,) = 8.5 Hz), 7.18 (d, 2H,) = 8.8 Hz), 7.02

added to the amine subsequently. The reaction was stirred at room(d, 2H,J = 7.8 Hz), 6.90 (d, 2H,) = 8.4 Hz), 6.86 (d, 2HJ = 8.5
temperature for 2 h. Once the reaction was done, the solution wasHz), 6.81 (d, 2HJ = 8.5 Hz), 5.50 (d, 1HJ = 5.5 Hz), 4.80 (d, 1H,
concentrated under vacuum. The concentrated residue was then purified = 11.0 Hz), 4.63-4.67 (m, 2H), 4.32:4.47 (m, 5H), 3.98 (brs, 1H),

by flash column chromatography (2@0% EtOAc in hexane) to give
pure compoundb (1.03 g, 1.06 mmol, 84%)}H NMR (CDCls, 500
MHz): 6 7.76 (d, 2H,J = 7.3 Hz), 7.60 (d, 2HJ = 5.2 Hz), 7.36-
7.41 (m, 8H), 7.257.32 (m, 8H), 7.19-7.22 (m, 3H), 5.96-5.96 (m,
2H), 5.78-5.86 (m, 1H), 5.35 (d, 1H) = 2.9 Hz), 5.27 (d, 1HJ =
17.3 Hz), 5.23 (d, 1HJ = 10.3 Hz), 4.98 (dd, 1H) = 11.4, 2.6 Hz),
4.71 (brs, 1H), 4.444.56 (m, 6H), 4.22 (t, 1H) = 6.6 Hz), 4.06-
4.11 (m, 2H), 3.984.01 (m, 2H), 3.853.87 (m, 1H), 2.13 (s, 3H),
1.96 (s, 3H), 1.93 (s, 3H}*C NMR (CDCk, 125 MHz):6 170.4, 170.2,

3.80 (s, 3H), 3.79 (s, 3H), 3.77 (s, 3H), 3.74 (dd, IH= 10.6, 2.6
Hz), 3.55 (dd, 1HJ = 9.2, 7.0 Hz), 3.47 (dd, 1H] = 9.2, 5.9 Hz),
2.29 (s, 3H);3C NMR (CDCk, 125 MHz): 6 159.4, 159.3, 159.2,
137.6, 132.7, 130.4, 129.9, 129.8, 129.7, 129.6, 129.5, 129.4, 129.3,
113.9, 113.7, 113.6,87.9, 78.7, 74.4,73.1, 73.0, 72.0, 70.4, 68.3, 60.3,
55.3, 55.2, 55.1, 21.0. HRMS (ESI-TOF) calcd fosA@41Ns0;S [M
+ NaJ]*: 694.2557. Found: 694.2556

Compound &5. *H NMR (CDCl;, 500 MHz): 6 7.43 (d, 2H,J =
7.7 Hz), 7.27 (d, 2HJ) = 8.4 Hz), 7.18 (d, 2H] = 8.4 Hz), 7.13 (d,

170.0, 169.2, 168.5, 155.6, 143.8, 143.6, 141.2, 131.0, 129.3, 128.0,2H, J = 8.4 Hz), 6.96 (d, 2HJ = 7.7 Hz), 6.806-6.87 (m, 6H), 4.75
127.6, 127.0, 124.9, 119.9, 119.3, 98.8, 69.8, 68.0, 67.6, 67.2, 67.0,(d, 1H,J = 11.0 Hz), 4.60 (d, 1H) = 11.0 Hz), 4.54 (d, 1H) = 11.3

66.2, 61.8, 54.3, 47.6, 46.9, 38.5, 36.3, 20.6, 20.5, 20.4. HRMS (ESI-

TOF) calcd for GsHsaN2013S [M + Na]™: 993.3239. Found: 993.3240.
Compound 4b.Compound3b (420 mg, 0.433 mmol) was dissolved

in THF (10 mL), followed by adding Pd(PRB)a (50.0 mg, 0.043 mmol)

andN-methylaniline (47QuL, 4.33 mmol). The reaction mixture was

Hz), 4.43 (d, 1HJ = 11.0 Hz), 4.40 (d, 1H) = 11.3 Hz), 4.33 (d,
1H, J = 11.8 Hz), 4.31 (d, 1H) = 10.3 Hz), 3.86 (d, 1HJ = 1.8
Hz), 3.73-3.78 (m, 11H), 3.57 (d, 1H] = 6.6 Hz), 3.49 (dd, 1H) =
6.3, 6.3 Hz), 3.34 (dd, 1H] = 9.5, 2.2 Hz), 2.26 (s, 3H)*C NMR
(CDCl, 125 MHz): 6 159.2, 159.1, 158.8, 137.7, 133.0, 130.5, 129.7,

stirred at room temperature for 45 min. Once the reaction was done, 129.4,129.3,129.2,129.1, 128.0, 113.7, 113.6, 113.3, 86.3, 82.0, 77.2,
the reaction solution was concentrated under vacuum. The crude product’3.8, 73.0, 71.7, 71.5, 68.0, 61.3, 55.0, 20.9. HRMS (ESI-TOF) calcd
was purified by flash column chromatography (50% EtOAc in hexane for Cs7HaiNsO-S [M + NaJ*: 694.2557. Found: 694.2556.

and then 10% MeOH in Ci€l,) to give pure compoundb (390 mg,
0.420 mmol, 96%)*H NMR (MeOD, 500 MHz): ¢ 7.76-7.78 (m,
2H), 7.60-7.65 (m, 2H), 7.16-7.41 (m, 19H), 5.36 (dd, 1H] = 2.6
Hz), 5.11-5.14 (m, 1H), 4.82 (brs, 1H), 4.35 (dd, 18l= 11.4, 3.3
Hz), 4.27-4.32 (m, 3H), 4.22 (t, 1H) = 6.6 Hz), 4.17 (t, 1H) = 6.6
Hz), 4.05 (dd, 1H,) = 11.0, 6.3 Hz), 3.99 (dd, 1H, = 11.0, 7.0 Hz),
3.91-3.93 (m, 1H), 3.82 (dd, 1H) = 10.3, 5.1 Hz), 2.822.93 (m,
2H), 2.13 (s, 3H), 1.92 (s, 3H), 1.89 (s, 3HYC NMR (MeOD, 125

Fmoc-Thr-OAllyl. Cesium carbonate (2.28 g, 7.0 mmol) was added
to a suspension of Fmoc-Thr-OH (4.75 g, 13.9 mmol) in dry MeOH
(40 mL) under Ny The reaction mixture was stirred at room
temperature fo2 h and then evaporated to dryness under vacuum. The
concentrated residue was further dried under high vacuum for another
2 h. Afterward, the dried mixture was redissolved in dry DMF (40
mL) under N and added with allylbromide (1.45 mL, 16.7 mmol).
The reaction mixture was stirred at room temperature for 8 h. The white

MHz): 6 172.3, 172.2,171.9, 171.8, 158.4, 146.0, 145.7, 145.4, 145.3, precipitate was filtered off through Celite and washed with,Clx
142.7, 133.9, 133.2, 133.1, 130.8, 130.1, 130.0, 129.9, 129.2, 129.1,The filtrate was concentrated under vacuum and then was purified by
128.9,128.8, 128.3, 128.1, 128.0, 126.3, 121.1, 99.8, 70.4, 69.8, 68.8,flash column chromatography (250% EtOAc in hexane) to give a
68.4, 68.2, 68.1, 63.0, 57.2, 37.5, 20.9, 20.7. HRMS (ESI-TOF) calcd pure white powder (4.64 g, 12.2 mmol, 87%j NMR (CDCls;, 500

for CsiHsoN2013S [M + Na]*: 953.2926. Found: 953.2892.
Compound 8x. Compound7 (10.28 g, 27.55 mmol) angtthiocresol
(5.1 g, 41.3 mmol) were dissolved in GEl, (40 mL) under N The
reaction solution was cooled down tdQ in ice bath. To this solution,
BF;:OEL (6.92 mL, 55.1 mmol) was added slowly; afterward, the

MHz): 6 7.72 (d, 2H,J = 7.4 Hz), 7.59 (d, 1HJ = 5.9 Hz), 7.58 (d,
1H,J = 5.9 Hz), 7.36 (d, 1H) = 7.3 Hz), 7.35 (d, 1HJ = 7.7 Hz),
7.27 (d, 1H,J = 7.3 Hz), 7.25 (d, 1HJ = 7.4 Hz), 5.92 (d, 1HJ =
9.2 Hz), 5.82-5.89 (m, 1H), 5.29 (d, 1H) = 17.2 Hz), 5.20 (d, 1H,
J = 10.3 Hz), 4.62-4.64 (m, 2H), 4.36-4.41 (m, 4H), 4.20 (t, 1H)

reaction temperature was allowed to gradually increase to room = 7.0 Hz), 1.23 (d, 3HJ = 5.9 Hz);*3C NMR (CDCk, 125 MHz): 9
temperature. After 8 h, the reaction was quenched by slow addition of 170.8, 156.7, 143.6, 143.5, 141.1, 131.2, 127.5, 126.9, 125.0, 119.8,

saturated NaHC@and diluted with CHCIl,. The product was washed
with saturated NaHC@and extracted with CkCl,. The organic layers

118.7, 67.7, 67.0, 66.0, 59.1, 46.9, 19.7. HRMS (ESI-TOF) calcd for
C2H2sNOs [M+Na]™: 404.1468. Found: 404.1468.

were collected and concentrated under vacuum. The concentrated Compound . Compound8 (917 mg, 1.366 mmol) and Fmoc-

residue was then purified by flash column chromatography-@®o
EtOAc in hexane) to give the pure produot énd$ mixtures, 10.3 g,
23.6 mmol, 85%). The purified thioglycoside was dissolved in MeOH.
NaOMe (25 wt % in MeOH) was added dropwise to the reaction
solution until the pH reached around-112. The reaction mixture was
stirred at room temperaturerfd h and neutralized with acidic resin
(Dowex 50WX2-200(H)). The resin was then filtered off and washed
with CH,Cl,. The filtrate was concentrated under vacuum. The

Thr-OAllyl (624.7 mg, 1.639 mmol) were mixed and dried under high
vacuum overnight prior to the reaction. The reaction mixture was
dissolved in dry CHCI; under N. The fresh flame-dried molecular
sieves (AW 300) (3 g) were added to the reaction mixture and stirred
for about 2 h; afterward, the reaction was cooled-20 °C, followed

by addition of N-iodosuccinimide (338.1 mg, 1.503 mmol). To this
mixture, freshly prepared TfOH (0.05 equiv) was slowly added at
—20°C. The reaction was stirred at15 °C for 1 h. Once the reaction

concentrated residue was then purified by flash column chromatographywas done, it was quenched by adding saturate®8.qand saturated

(5—10% MeOH in CHCI,). The pure thioglycoside (7.83 g, 25.2 mmol)

NaHCQyaqy The molecular sieves were filtered off through Celite and
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washed with CHCl,. The filtrate was extracted with GBI, and washed 18.4. HRMS (ESI-TOF) calcd for &HsgN2O13 [M + Na]t: 927.3674.

with saturated Nz5,0z(aq)and saturated NaHG{q) After drying over Found: 927.3680.

Na:SQ, the filtrate was evaporated to dryness under vacuum. The  Solid-Phase Synthesis of Glycopeptide V&@Phe®2 The synthesis
concentrated residue was purified by flash column chromatography of the C-terminal glycopeptide segment {58) was started with #\-
(25—50% EtOAc in hexane) to give product (506.7 mg, 0.546 mmol, Phe-2-CITrt-resin and carried out by using Fmoc-based strategy. For
40%).*H NMR (CDCls, 600 MHz): 6 7.76 (d, 2H,J = 7.9 Hz), 7.64 coupling the glycosylated amino acid onto the resin, we used 2 equiv
(d, 1H,J = 7.4 Hz), 7.63 (d, 1HJ) = 7.4 Hz), 7.39 (d, 1H) = 7.4 of building block4a and left the reaction to shake for 24 h. Once the
Hz), 7.38 (d, 1HJ = 7.4 Hz), 7.33 (d, 2HJ = 8.3 Hz), 7.31 (d, 1H, SPPS was completed, the acetyl groups on the sugar were removed on
J=7.4 Hz), 7.30 (d, 1HJ = 7.4 Hz), 7.20 (d, 2HJ = 8.3 Hz), 7.17 the solid support by treating with hydrazine/MeOH (1/6) for 6 h.
(d, 2H,J = 8.3 Hz), 6.90 (d, 2H]) = 8.3 Hz), 6.86 (d, 2HJ) = 8.3 Following this O-acetate removal step, the resin was washed with
Hz), 6.81 (d, 2HJ = 8.3 Hz), 5.89-5.96 (m, 1H), 5.74 (d, 1H) = MeOH, DMF, and CHCI,. The resulting glycopeptide was deprotected
9.2 Hz), 5.35 (d, 1HJ = 17.1 Hz), 5.25 (d, 1H) = 10.1 Hz), 4.90 (d, and cleaved from the resin by treating with TFAGIELSIiH/thioanisole
1H,J = 3.5 Hz), 4.78 (d, 1HJ = 10.9 Hz), 4.66-4.68 (m, 2H), 4.61 (17/1/1/1) for 50 min at room temperature. The crude glycopeptide
(d, 1H,J = 11.0 Hz), 4.39-4.49 (m, 5H), 4.3%4.36 (m, 2H), 4.28 solution was evaporated to remove all the cleavage cocktail solution,
(dd, 1H,J = 7.0, 7.0 Hz), 4.01 (brs, 1H), 3.95 (dd, 18i= 6.6, 6.6 and then the dried residue was redissolved ¥ H;CN (1/1) for

Hz), 3.88 (dd, 1H,) = 10.5, 2.2 Hz), 3.79 (s, 3H), 3.78 (s, 3H), 3.77 HPLC purification. The purified glycopeptide was lyophilized to give
(s, 3H), 3.53 (dd, 1HJ = 9.2, 7.5 Hz), 3.48 (dd, 1H] = 8.8, 5.7 Hz), pure glycopeptide (18% yield). ESI-MS: 3528 Da (the peptide mass
1.30 (d, 3H,J = 5.5 Hz); 3C NMR (CDCk, 150 MHz): 6 169.9, was reconstructed from the experimental mass-to-chani@ (atios
163.1, 159.4, 159.3, 159.2, 156.7, 143.9, 143.6, 141.2, 131.3, 130.3,fr0m all of the observed protonation states of the peptide).

129.8, 129.7, 129.5, 129.4, 129.3, 127.6, 127.1, 127.0, 125.2, 125.1, Synthesis of Thioester Peptide Cys(Acni}-Gly® The synthesis
119.9, 119.3, 113.8, 113.7, 113.6, 99.5, 76.0, 74.7, 73.4, 73.1, 71.8,0f the thioester peptide was begun with the preloading of 3-(tritylthio)
69.9, 68.5, 67.3, 66.5, 59.5, 58.8, 55.1, 47.0, 18.7. HRMS (ESI-TOF) propanoic acid onto MBHA resin LL. The detailed preloading procedure
calcd for GaHseN4O12 [M + H]*: 929.3967. Found: 929.3954. can be referred to in the Supporting InformationJoAm. Chem. Soc.

Compound 10.Compounda (200 mg, 0.215 mmol) was dissolved 2006 128 5626-5627.

in pyridine (1.2 mL) at G'C, followed by addition of ACSH (1.2 mL). Solid-phase peptide synthesis was carried out by usin'g the Boc
After stirring for 1 min, the reaction temperature was raised to room strategy. After the full sequence was completed on the solid support,

temperature and the reaction mixture was continued to stir for 4 h. we removed the N-terminal Boc group to minimize side reactions during

Once the reaction was done, the mixture was evaporated to drynessHF cleavage. The resin was then dried under high vacuush foprior

. o to the final cleavage by HF with 10% (v/v) of anisole. The crude
under vacuum. The concentrated residue was purified by flash column . . e . .
- thioester peptide was purified by HPLC to give the pure product in
chromatography (20%50% EtOAc in hexane and then 30% hexane ; . .
. . 43% vyield. ESI-MS: 1982 Da (the peptide mass was reconstructed
in EtOAC) to give pure product for the next allyl removal step (174.7 from the experimental mass-to-charge/) ratios from all of the
mg, 0.185 mmol, 86%)H NMR (CDCl;, 600 MHz): 6 7.77 (d, 2H, P

J=7.4Hz), 7.63 (d, 1HJ = 6.5 Hz), 7.61 (d, 1HJ = 6.1 Hz), 7.40 Obzemiigfﬁngtl'?c,S;atﬁjeomﬁeztfsr“i?gAsnse The synthesis
(d, 1H,J = 7.9 Hz), 7.38 (d, 1HJ = 7.9 Hz), 7.33 (d, 1H] = 7.9 Y ycopep ; Y

_ was based on the procedure reported by Wang et dhtinl. Pept.

Hz), 7.30 (d, 1H,J = 7.4 Hz), 7.26-7.25 (m, 8H), 6.806.87 (M, oo Torap005 11, 117-123. The synthesis started with Rink amide

4H), 5.81 (m, 1H), 5.235.32 (m, 4H), 4.88 (d, 1H] = 11.0 Hz), . ) . S
resin. After removing the Fmoc group by treatment with 20% piperidine

3'22_(3‘33_'"] zH3.54 ;';)’df'j'sfr‘l?e?ét'_'&’ 4'331:53 (TH 4',;)9’4 (in DMF) for 20 min (x2), the resin was loaded with Fmoc-Asp-OAllyl

t; 1|'_| (m,7 dz:i iH (_  1H= H L 7 2), 'H (m,77 ): .H (4 equiv) by mixing together with the coupling solution containing

(brs, 1H), 3.87 (dd, 1H) = 6.6, 6.6 Hz), 3.79 (s, 3H), 3.77 (5, 3H), g7 (4 equiv) and DIEA (10 equiv) in DMF for 2 h. Afterward, the

3.73 (s, 3H), 3.473.55 (m, 2H), 1.94 (s, 3H), 1.22 (d, 3H,= 6.5

resin was washed with DMF (4 mk 4), followed by acetylation of
Hz); 13C NMR (CDCh, 150 MHz): 6 170.5, 169.8, 162.9, 159.2, 159.1,

free amines on the resin with A@/DIEA/DMF (1:2:17) for 20 min.
158.9, 156.2, 143.7, 143.4, 141.2, 141.1, 130.8, 130.5, 129.9, 129'8’Afterward, the resin was washed with DMF (4 mL4), DCM (4 mL

129.7, 129.6, 129.2, 129.1, 127.6, 127.0, 124.8, 124.7, 119.9, 1198, 4y ang DMF (4 mLx 4). Fmoc-SPPS was performed using HBTU/
119.6,113.7,113.6,113.4, 76.4, 76.3, 73.8, 73.1, 72.0, 71.0, 70.2, 68.5,5 g A coupling conditions. To couple the glycosylated amino acid, 2
66.7,66.0, 58.5, 55.1, 48.8, 47.1, 23.3, 18.3. HRMS (ESI-TOF) calcd ¢qyjy of building blockl6 was used in the synthesis, and the coupling
for CssHeN2013[M + Na]™: 967.3987. Found: 967.3984. Inthe allyl  {ime was elongated to 1 day. Once the full sequence of the glycopeptide
removal step, the product from the previous step (720 mg, 0.762 mmol) yas completed on the resin, the allyl group was removed by treating
was dissolved in THF (10 mL), followed by addition of Pd¢Ph (88.1 with Pd(PPH), (25 mg/ 0.1 mmol resin) and PhSjILO equiv) in DCM

mg, 0.076 mmol) andN-methylaniline (827xL, 7.62 mmol) subse-  for 30 min (x2). After washing with DCM (4 mLx 4), DMF (4 mL
quently. The reaction mixture was stirred at room temperature for 45 4), and then DCM (4 mLx 4), we transformed the free acid to
min. Once the reaction was done, the reaction solution was evaporatedhioester by mixing the resin with the reaction solution containing ethy!
to dryness under vacuum. The concentrated residue was then pUrifieds-mercaptopropionate (24 equiv), DIEA (37.5 equiv), anhydrous HOBt
by flash column chromatography (50% EtOAc in hexane and then 10% (30 equiv), DIC (30 equiv), and DCM/DMF (1/4) fo6 h (x2).
MeOH in CH,CI,) to give the pure compourtd (655 mg, 0.724 mmol, Afterward, the resin was washed with DCM (4 mL4), DMF (4 m

95%).*H NMR (d®-DMSO, 600 MHz): ¢ 7. 87 (d, 2H,J = 7.5 Hz), x 4), and then DCM (4 mLx 4). The glycopeptide was cleaved from
7.71 (d, 2H,J = 7.0 Hz), 7.39 (d, 1HJ = 7.0 Hz), 7.37 (d, 1H) = the resin with concomitant full deprotection by treatment with TFA/
7.0 Hz), 7.29 (t, 2H) = 7.0 Hz), 7.20-7.25 (m, 4H), 7.14 (d, 2HJ) H.O/thioanisole/TES (17/1/1/1). The crude product was subjected to
= 8.3 Hz), 6.87-6.89 (m, 4H), 6.83 (d, 2HJ = 8.3 Hz), 4.64 (dd, HPLC purification to give the pure product in 9% yield. ESI-MS: 3977
2H,J=19.7,11.0 Hz), 4.334.46 (m, 6H), 4.174.27 (m, 3H), 3.92 Da (the peptide mass was reconstructed from the experimental mass-

3.96 (m, 3H), 3.71 (s, 9H), 3.663.70 (m, 2H), 3.42-3.50 (m, 2H), to-charge 1fVz) ratios from all of the observed protonation states of
1.90 (s, 3H), 1.09 (d, 3HJ = 6.1 Hz); °C NMR (d®-DMSO, 125 the peptide).

MHz): 6 172.8,170.1, 158.7, 158.6, 158.6, 156.2, 143.9, 143.8, 140.8, General Procedure for SAL. The ligation of unprotected peptide
130.9, 130.9, 130.1, 129.3, 129.2, 128.8, 127.6, 127.0, 125.2, 125.2,segments was performed as follows: Prior to the reaction, the ligation
124.9, 120.1, 113.6, 113.5, 113.4, 98.7, 79.3, 79.0, 78.8, 77.2, 75.2,solution (6 M GnHCI, 0.2 M phosphate buffer, pH 8.5) was degassed
73.5, 72.0, 71.0, 69.4, 68.8, 65.4, 59.3, 55.0, 54.9, 48.7, 46.8, 23.1,for 10 min. Subsequently, glycopeptide and thioester peptide were
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dissolved in the ligation solution under Ar. The reaction was performed and glycopeptide thioester segment A#sn®® (4.4 mM) was carried

at 37 °C and was vortexed periodically to equilibrate the reaction out in a solution 6 M Gn-HCI, 200 mM phosphate buffer, pH 7.9

mixture. Before HPLC or LC/MS analysis, TCEP (60 mM) or 10% containing 2% (v/v) of thiophenol and 2% (v/v) benzylmercaptan at

(v/v) of 2-mercaptoethanol was added to reduce any formed disulfide 37 °C. After 16 h, we observed that the ligation reaction was complete,

bonds. and the ligation product was confirmed by ESI-MS. After HPLC
General Procedure for Desulfurization. Desulfurization was purification, the pure product was obtained in 47% yield.

performed at room temperatureé M GrrHCI, 0.2 M phosphate buffer,

pH 5.8 containing 15 mM TCEP. The buffer was degassed by bubbling  Acknowledgment. This work was supported by the NIH and

Ar through the solution for 10 min prior to use. Following the addition Skaggs Institute for Chemical Biology. S.F. is grateful for a

of Pd/AL0; (15 times the weight of glycopeptide), the reaction mixture - hostdoctoral fellowship provided by the Deutsche Akademische

was kept under KHusing a H balloon. The desulfurization reaction Austauschdienst (DAAD). We would like to thank Dr. Asad

was mon'.tored by analytical HPLC chromatography and LC/M.S - Once Chavochi-Negad and Prof. M. Reza Ghadiri for assistance in
the reaction was complete, Pd#® was spun down by centrifuge,

and the superatant was collected for HPLC purification. HF operation. We would also like to give our appreciation to
Removing Acm Group from Glycopeptide Segment Cys(AcndJ- Dr. William Greenberg for editing the manuscript.

Phe2. Cys(Acm$’-Phé? (3 mg) was dissolved in 1 mL of 10% AcOH ] ) ]

(pH 4.0) containing 30 equiv of Hg(OAg)The reaction mixture was Supporting Information Available: Complete ref 3a, com-

mixed well and left to sit at room temperature for 1 h. Once the reaction plete ref 3b, experimental procedures of glycopeptides synthesis,
was done, 120 equiv of DTT were added and the mixture was allowed analytical HPLC and mass data, atitland3C NMR spectra.
to react for 12 h to precipitate all Hg(OAc)The black precipitate was ~ This material is available free of charge via the Internet at
spun down afterward, and the supernatant was collected for HPLC http://pubs.acs.org/JACS.
purification.

NCL of Glycopeptide Cys*’-Phe?? and Glycopeptide Thioester
Asp'-Asn®, The ligation of glycopeptide segment G¥®heé? (2.9 mM) JA0708971
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