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Abstract: Recently, we reported the development of sugar-assisted ligation (SAL), a novel peptide ligation
method for the synthesis of glycopeptides. After screening a large number of glycoprotein sequences in a
glycoprotein database, it became evident that a large proportion (approximately 53%) of O-glycosylation
sites contain amino acid residues that will not undergo SAL reactions. To overcome these inherent
limitations and broaden the scope of the method we report here the development of an extended SAL
method. Glycopeptides containing up to six amino acid extensions N-terminal to the glycosylated residue
were shown to facilitate ligation reactions with peptide thioesters, and these products were isolated in
good yields. Kinetic analysis was used to show that as glycopeptides were extended by further amino acid
residues, ligation reactions became slower. This finding was rationalized by molecular dynamics simulations
using AMBERO9. These studies suggested a general trend whereby the proximal distance between the
reactive sites of the thioester intermediate (the N-terminal amine and the carbonyl carbon of the thioester)
increased as glycopeptides were extended, thus slowing down the ligation rate. Each of the extended SAL
methods showed broad tolerance to a number of different amino acid combinations at the ligation junction.
Re-evaluation of the glycoprotein database suggested that 95% of the O-linked glycosylation sites can
now be utilized to facilitate SAL or extended SAL reactions. As such, this method represents an extremely
valuable tool for the synthesis of naturally occurring glycopeptides and glycoproteins. To demonstrate the
applicability of the method, extended SAL was successfully implemented in the synthesis of the starting
unit of the cancer-associated MUC1 glycoprotein.

Introduction the protein part, the glycosylation pattern of a given glycoprotein
is not under the control of a coding template, but is dictated by
the relative activities of a number of glycosyltransferase
enzymes. The resulting glycoproteins are usually produced as
inseparable mixtures of glycoforms, and as such, biological
expression systems cannot be used for the production of

| homogeneous glycoproteins. It is currently accepted that chemi-
cal and chemoenzymatic intervention can be used to solve the

intracellular recognition and has been associated with a numberav"’lllalblllty problem. Peptide ligation methods have emerged

of serious illnesses including autoimmune diseases, infectious®® powerful tools in this respett:®

diseases, and canc&To understand the role of glycosylation One such method, native chemical ligation (NCL), has proven
at a molecular level, it is imperative to have access to t0 be very useful for peptide chemistry, where it has been
homogeneous glycopeptides and glycoproteins. In contrast toimplemented in the synthesis of hundreds of proteins to
date!* More recently, NCL has gained the spotlight as an
 Department of Chemistry, The Scripps Research Institute. effective method for the preparation of glycopeptides and

+ Department of Molecular Biology, The Scripps Research Institute. glycoproteing~17 The obvious limitation of this method is the
8§ The Genomics Research Center.

# Current address: Department of Chemistry, Ben Gurion University,

Protein glycosylation is a ubiquitous post-translational modi-
fication which introduces enormous structural diversity to
proteins! Estimations suggest that more than fifty percent of
all human proteins are glycosylatédhe glycan modification
is of paramount importance for a variety of biological recogni-
tion events such as cell adhesion, cell differentiation, and cel
growth3# Aberrant glycosylation of proteins often modifies
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Scheme 1. Proposed Mechanism of Sugar-Assisted Ligation (SAL)
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requirement for an N-terminal cysteine or alanine residue.
Unfortunately, many glycoprotein targets do not bear these
amino acids at strategically useful positions in the protein

sequence, and as such these methods cannot be implemente&

This fact has led to the development of cysteine-free ligation
techniques, which incorporate a thiol containing auxiliary at the
N-terminus!®2°This method has proven useful for the synthesis

of glycopeptides; however, the use of these auxiliaries appears'

to be limited to ligation sites containing amino acid side chains
of low steric bulk?%:22

be chemoselective with all naturally occurring amino acid side
chains?* The thiol auxiliary could then be removed by des-
ulfurization to afford the natural glycan moatif. Initial concerns
over the orthogonality of this reaction in the presence of other
thiol containing amino acid residues was recently addressed by
Kent and co-workef§ and by our laborator§? Both reports
describe the use of a cysteinyl acetamidomethyl (Acm) protect-
ing group strategy to facilitate selective desulfurization reactions.
This method can be adopted for desulfurization of SAL products,
as demonstrated recently in the total synthesis of the antibacterial
glycoprotein diptericir?® This has opened the door for the
synthesis of more complex glycopeptides and potentially
glycoprotein targets by this technologfy.

The continuing goal of our laboratory was to apply the
existing SAL method to the total synthesis of a native
glycoprotein. A detailed search of over two hundred O-linked
glycoproteins was conducted using the database O-GlycBase
v6.0027 This screen indicated that a large number of glycopro-
teins bear sterically hindered amino acid residues N-terminal
to the sugar-carrying amino acid (i.e.l &1d R in Scheme 1).

As a result, SAL cannot be used in these cases. To determine
the extent of this finding, each putative ligation junction adjacent
to naturally occurring O-glycosylation sites & 535, see
Supporting Information) was scanned. This was conducted by
assessing the nature of the required thioester (two amino acids
N-terminal to the glycosylated residue, i.el iR Scheme 1),
since it is established that the steric nature of the thioester
component is the most influential factor in SAL (and NCL)
gation efficiency?* Amino acid thioesters known to be
extremely difficult to ligate include proline, valine, isoleucine,
leucine, and threonin®.Other thioesters cannot be used without
side-chain protection. These include glutamic acid and aspartic
acid due to the rapid formation of mixed cyclic anhydrides with
the carboxylate side cha#sand lysine due to the formation

of cyclic lactams¥® Additionally, in contrast to NCL, the use

Our laboratory has recently reported the development of a of cysteine thioesters could be problematic for SAL reactions

sugar-assisted ligation (SAL) method for the synthesis of O-
and N-linked glycopeptide®:24 This method utilizes a glyco-
peptide in which the carbohydrat&l-acetyl glucosamine) is

derivatized with a mercaptoacetate auxiliary at the 2-position.

In the presence of a peptide thioester, and under suitable ligation

conditions, thioester exchange is followed by ar~SN acyl
transfer affording a ligated product with a native peptide

because of cyclic thioester formation and promoted hydrolysis.
Remarkably, 53% of all O-glycosylation sites studied contained
such amino acids (indicated in red in Figure 1). A further 22%
of glycosylation sites contained thioesters that would facilitate
ligations, however, would do so at a sluggish rate (indicated in
orange). Only 25% of the O-glycosylation sites studied contained
thioesters that are known to undergo SAL at reasonable rates

backbone (Scheme 1). The reaction cascade showed high(indicated in green). It is evident from this informatics study

sequence tolerance at the ligation junction and was shown to
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that only a small proportion of the glycoproteome can be feasibly
synthesized by the existing ligation methodology.

To circumvent this problem, we proposed a modification of
the existing method whereby SAL could be conducted on
glycopeptides that had been extended by the addition of extra
amino acids N-terminal to the glycosylated residue. If successful
in this endeavor, it would represent a flexible new method,
providing access to a significantly greater number of biologically
relevant glycopeptide and glycoprotein targets. The first step
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Figure 1. Histogram representing the number of O-glycosylation sites of O-GlycBase v6.00 that can be utilized for sugar-assisted ligation (SAL). The
assessment was based on the C-terminal thioester component that would be required (two amino acid residues N-terminal to the glycosylRthino acid,
(red) residues that cannot be ligated by SAL; (orange) residues that can potentially be ligated by SAL but represent slow ligations; (greehptesidues

be ligated by SAL.

A B OH Scheme 2. Synthesis of Glycosyl Amino Acid Building Block 1
oH HO’é:EL o Containing a Thiol Auxiliary at the 2-Position?
Ho,é;o 5 ¢ *;0 I/‘NH" 3 OH OAc
HO -0 On 5 ) _
Y ; :H o, H'L Hao'éo oH 5 stepsi33] Aﬁ\%oé&o
4 - - - —_—
s HO N b Y o NH, NHTroc
o \/'%0 e HN.__.O
(Pepide /0 oW 9 I FmocHN” O
R \n/ - \ﬁ R ab Io)
O R ’ 2
Figure 2. Proposed transition states of (a) SAL (14-membered ring) and OA oA
(b) extended SAL with six amino acid extensions N-terminal to the ¢ ¢
glyco_sylat_ed residue (29-membered ring); =R amino acid side-chain AcO 0 o c AcO o o
functionality. AcO -«  AcO
NH NH
_ o sy Ts” Y[

of the extended SAL, the transthioesterification, would be o o
|deqt|cal to that pf SAI'_ (Scheme 1). ngever, as a result of FrmocHN OH FmocHN O~
adding extra amino acids to the N-terminus, the proposetl S o
N acyl transfer would now proceed through-129-membered- 1 3

ring transition states for single extension to six amino acid  2Conditions: (a) Zn dust, acetic acid, 88%; @lrityl-2-mercaptoacetic

; ; i ] _ring acid, HBTU, DIEA, DMF, 90%; (c) Pd(PRJy, NMA, THF, 95%. HBTU
eXten.S.lonS' resfpecélxel_lyl,:.compgreg Wlthda 14 ;ne&bereld nng - 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophos-
trapsFuon State_ or (Figure 2). rec_e en.ce oraN acy phate, DIEA= N, N-diisopropylethylamine, NMA= N-methylaniline.
shifts proceeding through comparable ring sizes encouraged us
in pursuing this strateg¥.* containing glycopeptides. The synthesis began from the known
p-linked glycosyl amino acid2, synthesized from p)-glu-
_ _ _ o cosamine in five steps (Scheme®2)% Subsequent introduction
~ Synthesis of Glycosyl Amino Acid Building Block. The of the thiol auxiliary was achieved in two steps by liberation of
initial phase of the research involved the synthesis of the the C-2 amine under reductive conditions, followed by coupling

glycosylated serine building block which was essential for {0 Strityl-2-mercaptoacetic acid to giv@in 79% yield23 With
solid-phase peptide synthesis (SPPS) of the desired auxiliary

Results and Discussion

(33) Saha, U. K.; Schmidt, R. R. Chem. Soc., Perkin Trans.1D97 1855~
(31) Sasaki, S.; Shionoya, M.; Koga, B. Am. Chem. Sod.985 107, 3371~ 860.
3372. (34) Dullenkopf, W.; CastroPalomino, J. C.; Manzoni, L.; Schmidt, R. R.
(32) Gennari, C.; Molinari, F.; Piarulli, U.; Bartoletti, Mletrahedron1990Q Carbohydr. Res1996 296, 135-147.
46, 7289-7300. (35) Paulsen, H.; Helpap, BCarbohydr. Res1991, 216, 289-313.
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Table 1.

Isolated Yields of Extended Sugar-Assisted Ligation

Scheme 3. SPPS (Fmoc Strategy) of Extended Glycopeptides

(SAL) Reactions of Glycopeptides 4—8 and C-Terminal Glycine 4-—-82
Thioester 92
SPPS tBu tl|3u
H;:l“vl\o Fmoc strategy Fmoc-Pro Gly Tyr SerWH
I
Ac-L-Y-R-A-G-SR (9) Rink amide resin
- 1. DMF/Pip 10%
2. PyBOP, NMM, DMF
H-XX-§-P-G-Y-S-NH, Ac-L-Y-R-A-G-XX-S-P-G-Y-S-NH,
OAc
isolated ligation Acoﬂxg :o
ligation glycopeptide extension ligation ligation half-life AcO ~ o
method XX junction yield ty -ms/\n/
OAc o0
SAL Gly Gly-Gly  91%  9h OH
exSAL 4 Glyval Gly-Gly 86%  12h ,qco—xg;o o FmocHN
dexSAL 5 GlyvallLeu Gly-Gly  70% 19h AcO o 1 o
texSAL 6: GlyArgValLeu Gly-Gly 60% 19h Trts’\“’ tBu tBu
gexSAL  7: GlySerArgValLeu Gly-Gly 38% 19h o H
pexSAL  8: GlyAlaSerArgValLeu  Gly-Gly 49%  >24h FmocHN Pro Gly Tyr Ser\[rN
" o 3
aConditions: 4:1 v/iv NMP:6 M GrHCI 1 M HEPES pH 8.5, 2% PhSH, 109
37°C, 96 h.» The HPLC trace of this ligation suggests that the yield was ; Emgf\'gl_gﬁ PyBOP, NMM, DMF
similar to the texSAL (see Figure 3). The reduced isolated yield is a result 3. Ac,0/Py 10% ’ '
of difficult product isolation by preparative HPLC. 4. DMF/Pip 10%
1. Fmoc-AA-OH, PyBOP, NMM, DMF
100 2. Ac,0/Py 10%
A OH ] 3. DMF/Pip 10%
. Hﬁg:;&,o l 1. MeOH/H,NNH; (6:1)
—_ NH 2. TFAITISITAMH,0 (17:1:1:1)
= HS
E : Y
© 50 []
2 A ] . H-Gly XX Ser Pro Gly Tyr Ser. NH
s - \n/ 2
a . s (o]
*
*
R - 3 ¢ glycopeptide XX isolated yield
2 L] (overall, after HPLC)
0 v r . .
4 Val 52%
0 5 10 15 20 25 ?
Reaction Time [h] 5 Valleu 46%
. . . - . . 6 ArgValLeu 54%
Figure 3. Kinetics for ligation reactions of glycopeptide$—8 and
C-terminal glycine peptide thioestérusing SAL (red triangle), exSAL 7 SerArgValLeu 42%
(blue square), dexSAL (yellow diamond), texSAL (brown circle), gexSAL .
(green circle), and pexSAL (black diamond). 8 AlaSerArgVall.eu 28%

a PyBOP= benzotriazole-1-yl-oxyris-pyrrolidino-phosphonium hexaflu-
orophosphate; Pip= piperidine; TFA = trifluoroacetic acid; TIS=
triisopropylsilane; TA= thioanisole; NMM= N-methylmorpholine.

the desired thiol auxiliary in place, the final step involved
palladium-catalyzed removal of the allyl group to afford the
desireds-glycosyl amino acid building bloc& in 95% yield

(Scheme 2). o
Solid-Phase Peptide Synthesis of GlycopeptideSynthesis 0“36&3\,0

of the N-terminal extended glycopeptidds-8 was achieved N e ™ ‘

by SPPS following the Fmoc-strategy, starting from Fmoc- o

protected Rink amide resin. To avoid unnecessary expenditure HSer e

of monomerl, only 1 equiv was coupled and the reaction time ©

was increased to 6 h. The UV absorption of the Fmoc/piperidine gycopeptide XX

adduct at 302 nm suggested that these conditions provided

acceptable coupling yields. Amino acids possessing sterically 10 -

hindered side chains were incorporated N-terminal to the 1 Gly

glycosylated amino acid to demonstrate the applicability of the 12 Glyval

method to challenging glycopeptide and glycoprotein sequences. 13 GlyValleu

Specifically, we chose N-terminal amino acid sequences which 14 iAo

were not ligatable by the normal SAL methodology. For s GlySerArgValLeu

example, glycopeptid8 contained the sequence Ala-Ser-Arg-

Val-Leu before incorporation of an N-terminal glycine. After 1 ClyAlaSerfrgValLeu

the desired amino acid sequence was coupled, acetate groups, : : :
. . . . Figure 4. Structures of model thioester intermediat@s-16 for molecular
were first removed by hydrazinolysis and the resin

> ” 8 ; - . __ . dynamics simulations.
treated with trifluoroacetic acid/thioanisole/triisopropylsilane/
water (17:1:1:1) to release the fully unprotected oligomers HPLC, glycopeptided—8 were obtained in yields between 28
from the solid support. After purification by reverse phase and 54%. Peptide thioesters bearing the amino acids glycine,

13530 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007
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Figure 5. Distribution profile for the distance between the amine of the
N-terminus and the thioester carbonyl in the model thioester intermediates.

histidine, alanine, and tyrosine on the C-terminus were synthe-

sized using SPPS via the Boc strategy (see Supporting Informa-

tion).
Extended Sugar-Assisted Ligation Screeninitial ligation
reactions of the extended glycopeptides and thio&sexaring

(a)

a C-terminal glycine residue were conducted under the standardrigure 6. Snapshots of molecular dynamics simulations, showing the local

ligation conditions (6 M GFHCI, 100 mM potassium dihydro-
gen phosphate, pH 8.5, 2% PhSH, 37C). In our hands, these
conditions caused significant quantities of hydrolyzed thioester,
leading to diminished ligation yields. To circumvent this
problem, a range of mixed solvent ligation conditions were
analyzed. The most effective solvent system proved to be a
mixture of N-methyl pyrrolidinone (NMP) and HEPES buffer
(4:1 viv NMP/6 M GnHCI, 1 M HEPES, pH 8.5, 2% PhSH,
37°C) which allowed for facile ligation reactions, coupled with
minimal thioester hydrolysi& Gratifyingly, the reaction of all
extended glycopeptidegi{8) and thioester ) under these
conditions gave ligated products which were isolated in good
yields when compared to the original SAL reaction (Table 1).
The extended SAL (exSAL) gave an isolated yield of 86%,
higher than the double-extended SAL (dexSAL) and triple-
extended SAL (texSAL) which reacted in 70% and 60% yields,

respectively. The quadruple-extended and penta-extended SAL

(gexSAL and pexSAL) reactions proceeded in lower yields (38%
and 49%, respectively).

Kinetic Studies. It is clear from the above study that there
is a significant reduction in ligation yield as amino acids are
added to the N-terminus of the glycopeptides. The next phase
of the research focused on the analysis of the ligation kinetics
in the hope that this would shed some light on the isolated yields
obtained. To this end, a direct rate comparison of the extended
SAL methods with the SAL method reported previously was
conducted? The rate of product formation was monitored by
HPLC evey 2 h for the first 11 h, and an endpoint was
determined after 24 h (Figure 3). The half-life of the traditional
SAL reaction was 9 h, slightly faster than the exSAL reaction
which displayed a half-life of 12 h (Table 1). In agreement with
the ligation yields shown in Table 1, ligation rates became more
sluggish as additional amino acids were added to the N-terminus
Interestingly, dexSAL, texSAL, and qexSAL reactions exhibited
similar rates of ligation with half-lives of 19 h (Table 1).
Addition of a sixth amino acid residue in pexSAL resulted in a

(36) Ficht, S.; Payne, R. J.; Brik, A.; Wong, C. Angew. Chem., Int. EQ007,
46, 5975-5979.

maxima distances (in A) between the N-terminal amine and the thioester
carbonyl carbon for (al0, (b) 11, (c) 12, and (d)13.

significant drop in ligation rate, whereby the reaction had only
proceeded in 42% after 24 h. These kinetic studies clearly
indicate that SAL is more facile than its extended counterparts;
however, these rates differ by less than an order of magnitude,
and as such, exSAL, dexSAL, texSAL, qexSAL, and pexSAL
represent synthetically useful methods.

Molecular Dynamics Simulations. To rationalize the ob-
served kinetics, molecular dynamics studies were conducted.
The simulations were used to calculate distances between the
two proposed reaction centers in the thioester intermediate, that
is, the N-terminal amine and the carbonyl carbon of the thioester
intermediate. On the assumption that the~SN acyl shift is
the rate-limiting step of the reaction (as was observed in the
kinetic studies), this information could then be used to gain an
understanding of the relative rates of reactions observed. To
this end, six glycopeptides were built using Mae¥trand
molecular dynamics simulations performed using AMBE® 9.
These included a control glycopeptid®, with no extensions
N-terminal to the glycosylated serine residue afet 16 (Figure
4), which contain the same extensions as glycopeptéde3
described in the ligation and kinetic studies above (Table 1 and
Figure 3). Equilibration of the system was necessary prior to
collection of the data. The density profiles of the glycopeptides
with 0—6 extensions show that all the systems are equilibrated
after 20 ps of constant pressure simulations (see Supporting
Information). Over the subsequent 10 ns of simulation, the
distance profile of all glycopeptides showed random fluctuations
of HN—CO distance and spontaneous transitions between long
and short HN-CO distances (see Supporting Information).

Figure 5 describes the distribution of HNCO distances that
fall into the range of 3 to 17 A. It is clear from these studies
that glycopeptidell with one glycine extension exhibits the
highest percentage of snapshots with the proximity distance

(37) Schidlinger Inc. http://www.schrodinger.com (accessed 08/02/2007).
(38) Case, D. A.; et alAmber 9;University of California: San Francisco, CA,
2006.
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Table 2. Scope of the Extended Sugar-Assisted Ligation (exSAL)? Table 4. texSAL, gexSAL, and pexSAL of Glycopeptides 6—8 with
oH C-Terminal Glycine and Alanine Peptide Thioesters?
OH
o]
HS ™Y oxSAL Hs™ Y NH Ac-L-Y-R-A-AA™-SR NH
—_— - P P, 'y
o o HS 11; . Hs’ﬁé
H-AAVS-P.G-Y-SNH, AC-L-Y-R-A-AAZ-AATV-S-PG-Y-8-NH, H-XX-V-L-S-P-G-Y-S-NH, AC-L-Y-R-A-AAT-XX-V-L-S-P-G-Y-S-NH,
ligation isolated isolated
) ) unction Iiggtion glycopeptide ligation ligation
entry thioester glycopeptide -AAZ-AAL- yield entry thioester XX junction yield

1 Gly Gly Gly-Gly 86?’ 1 Gly GlyArg Gly-Gly 60%
2 His Gly His-Gly 70% 2 Gly GlySerArg Gly-Gly 38%
3 Ala Gly Ala-Gly 44 f’ 3 Gly GlyAlaSerArg Gly-Gly 49%
4 Gly His Gly-His 7% 4 Ala GlyArg Ala-Gly 48%
5 His His His-His 3% 5 Ala GlySerArg Ala-Gly 31%
6 Ala His Ala-His 77% 6 Ala GlyAlaSerArg Ala-Gly 34%
7 Gly Asp Gly-Asp 91%
8 His Asp His-Asp 91% a P o
9 Ala Asp Ala-Asp 64% a7 ogogglt'l’]c?ns. 4:1 viv NMP/6 M GHCI 1 M HEPES, pH 8.5, 2% PhSH,

2 Conditions: 4:1 v/v NMP:6 M GrHCI 1 M HEPES pH 8.5, 2% PhSH, 13 (see Supporting Information). For compourttik-12 this

37°C, 96 h. distance is 5.755.91 A, presumed to be favorable for the-S

Table 3. Scope of the Double Extended Sugar-Assisted Ligation N acyl transfer. In contrast, control peptid® and extended

(dexSAL)? glycopeptidel3 exhibited maximal frequency at distances of
OH OH 8.61 and 8.70 A, respectively, suggesting a less favorable acyl

HO’%O HO’%O shift and hence a slower ligation rate, as was observed in the
HO HO

Ac-L-Y-R-A-AAZSR

NH NH kinetic studies (Figure 3).
Hs/\g dexSAL - ”3/\g From the distance profile obtained from the molecular
H-AAT-V-L-S-P-G-Y-5-NH, ACL-Y-R-A-AAZAAV.L-S-P-G-Y-8-NH, simulation studies 00 we would still expect a ligation to take

place, albeit at a significantly slower ratdQ( displays a

isolated maximum population of 22.4% between 8 and 9 A, see

ligation junction ligation

entry thioester glycopeptide ANAAL yield Supporting Information). However, it has previously been
established that glycopeptides lacking an amino acid extension
1 Gly Gly Gly-Gly 70% . . . .
2 His Gly His-Gly 65% N-f[ermlnal to th_e glycosylated amino acid are unablr_e to ligate
3 Ala Gly Ala-Gly 53% using SALZ It is therefore presumed that ring strain in the
4 Tyr Gly Tyr-Gly 44% transition state is an additional factor that must be considered.
2 ﬁg :'; ﬁ:)s'::z ﬁo//‘; The transition state for glycopeptide0 would be an 11-
7 Ala His Ala-His 28% membered ring, compared with a 14-membered ring for the
yr is yr-His 0 single extende copeptidd, which is able to ligate rapi
8 T H Tyr-H 24% gl tended glycopeptidd, which ble to ligate rapidly
18 ﬁ:g ':Ssp ﬁ'ﬁs’:ﬁzp 76%‘2) with a range of thioesters. The 11-membered ring transition state
11 Ala ASS AIa-Asg 49% is there_fore p_res_umed to possess significant ring strain, which
12 Tyr Asp Tyr-Asp 68% results in an inhibited ligation rate.
N Scope of exSAL.To study the effect of other amino acid
37ig°gg't'h°”5: 4:1vivNMP/6 M GHCI 1 MHEPES, pH 8.5, 2% PhSH,  ragidues at the ligation junction in exSAL, the glycopeptide

peptide thioester pairs shown in Table 2, entries92were

between 4 and 6 A. A significant percentage of the total examined. Glycopeptides containing N-terminal histidine and
population (36%) exhibits HNCO distances within 6 A, which  aspartic acid residues were synthesized by SPPS (Fmoc strategy)
suggests a favorable-S N acyl transfer reaction. This is indeed in an analogous fashion to those described in Scheme 3 (see
the experimental observation, whereby the glycopeptide contain-Supporting Information). These were reacted with peptide
ing the identical extension td1 underwent the most rapid thioesters containing C-terminal glycine, histidine and alanine
ligation (Figure 3). As the number of amino acids in the residues using the mixed solvent system conditions. The ligation
extension increases from one to six, the percentage of snapshotbetween glycopeptidé and the peptide thioest& bearing a
that satisfy N-C proximity decreases monotonously, with the C-terminal glycine gave an isolated yield of 86% (entry 1). The
maximum distribution shifting to a longer distance range. When peptide thioester containing a C-terminal histidine residue also
the length of the glycopeptide is increased to include six amino ligated in good yield (70%, entry 2), consistent with the
acid extensions il 6, the total population witli 6 A HN—CO previously reported SAL methdd:2* As a result of changing
distance range is reduced to 6%. An anomaly exists for the C-terminal amino acid of the thioester to an alanine residue,
glycopeptidel5 containing five extensions, which shows the the ligation efficiency decreased (44%, entry 3) in accord with
longest NH to CO distance out of all the model systems the established reactivity of peptide thioesters in SAL and NCL
examined. reactiong® Remarkable ligation yields were achieved for

To visualize the results of the molecular simulation studies, glycopeptides which bear an N-terminal aspartic acid or histidine
Figure 6 shows the snapshot solutions where the NH to CO residue. The isolated ligation yields for these glycopeptides
distance showed maximal frequency in model compourids exceeded those for the glycine glycopeptide{84% yield,
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Scheme 4. Synthesis of Galactosamine-a-O-threonine Building
Blocks 21 and 222

AcO _opc AcO _oAc
o)

o}
Acogh\#)” a_ A
Na N3
17 0

“

O
FmocHN]\H/ ~ T

(e}
18
l borc
A0 _oAc ACO _oAc
e} o
AcO AcO
RHN d RHN
O . - O .
FmocHN]\WOH FmocHN]\WO\/\
e} e}
21:R=Ac 19:R=Ac

22: R = COCH,STrt 20: R = COCH,STrt

aConditions: (a) (i) CGCN, KCOs, CHyCly, (ii) Fmoc-Thr-OAllyl,
TMSOTf, DCM, ether—30°C, 55% over two steps 2d.5; (b) Zn, Ac,O,
AcOH, 96%; (c) (i) Zn, AcOH, (ii) TrtSCHCO:H, HBTU, DIEA, DMF,
58% over two steps; (d) Pd(Bh NMA, THF, 76% for 21 (R = Ac),
guantitative for22 (R = COCH,STrt).

entries 79). Surprisingly, even sterically challenging ligation
junctions such as His-His (73%, entry 5), Ala-His (77%, entry
6), and His-Asp (91%, entry 8) gave excellent yields.

reactions with sterically challenging tyrosine peptide thioesters
clearly demonstrates the potential of this method.

Encouraged by the observed flexibility of the exSAL and
dexSAL methods to a variety of amino acids at the ligation
junction, we wondered if amino acids other than glycine could
also be ligated to glycopeptidés7, and8 via texSAL, qexSAL,
and pexSAL, respectively. To this end, glycopeptifle8 were
reacted with a peptide thioester containing a C-terminal alanine
residue. Gratifyingly, these glycopeptides ligated in satisfactory
yields (48%, 31%, and 34% for texSAL, qexSAL, and pexSAL,
respectively) after 96 h reaction time. As such, although reaction
rates are significantly slower, these examples still represent
potentially useful ligation reactions (Table 4, entries&.
Future research will aim to elucidate how many N-terminal
extensions can be tolerated by the SAL method before the
isolated yields become unsatisfactory.

Synthesis of MUC1 Repeat Starting Unit by exSAL After
demonstrating the effectiveness of the extended SAL methodol-
ogy for the synthesis of model glycopeptides, we next turned
our attention to the synthesis of a glycopeptide of biological
significance, the MUC1 repeating unit. MUCL1 is a heavily
O-glycosylated glycoprotein that is present at the interface
between epithelial cells and their extracellular matfix.he
extracellular domain consists of tandem repeating units com-
posed of twenty amino acid residues. In tumor cells, the
expression of MUCL is drastically increased, which is coupled
with down regulation of certain glycosyltransferases and
concomitant overexpression of several sialyltransferases, result-
ing in prematurely sialylated glycans linked to the MUC1

Subsequent desulfurization of the ligated products describedprotein?® This aberrant glycosylation results in a significant

in Table 2 furnished glycopeptides containing the nativacetyl
functionality at the 2-position. This was achieved by hydrogena-
tion conditions using palladium on alumif®2* Products were
generally isolated (after HPLC purification) in quantitative yields
(see Supporting Information).

Scope of dexSAL.Encouraged by the implementation of
exSAL to a range of different ligation partners, we examined
the scope of a further extension by application of the dexSAL
method to a variety of amino acids at the ligation junction (Table
3). The glycopeptides were synthesizeth SPPS (Fmoc

strategy, see Supporting Information). These glycopeptides were

reacted with peptide thioesters bearing C-terminal glycine

described mixed solvent system. Reactions using glycine
glycopeptides afforded ligation products in good yields<44
70%, entries +4). In contrast, ligations of glycopeptides
containing an N-terminal histidine residue proceeded in sig-
nificantly lower yields when compared to the exSAL method
described in Table 2 (2448%, entries 58). This can be
rationalized by a slower rate of ligation in this reaction, validated
by the kinetic and molecular dynamics studies (Figures 3 and
5). Gly-His and His-His ligations were isolated in satisfactory
yields; however, incorporation of alanine and tyrosine peptide
thioesters resulted in a significant decline in ligation yield (28%

alteration in the conformation of the peptide backbone thus
leading to the exposure of distinct peptide epitopes, which
become accessible to the immune systénAs such, the
incorporation of specific glycans to the MUC1 repeating unit
is considered as a promising target for the production of
immunostimulating antigerfé.

As part of our long-term goal to synthesize repeating
oligomers of cancer-associated glycopeptides we chose to
embark on the synthesis of the C-terminal starting unit of the
MUC1 tandem repeat glycoprotein to demonstrate the ap-
plicability of exSAL to this system. In both the C-terminal

. o . ; . g ' starting unit and MUCL1 tandem repeat the amino acid adjacent
alanine, histidine, and tyrosine residues using the previously

to the N-terminal glycan is the sterically encumbered valine
residue. This would make the ligation of the corresponding
C-terminal glycine thioester difficult by standard SAL methods.
Extension by a further amino acid would now lead to a
glycopeptide bearing an N-terminal glycine that could be reacted
with a C-terminal histidine peptide thioester. This ligation was
shown to be efficient in the model exSAL studies (Table 2,
entry 2, 70% isolated yield).

To prepare the proposed glycopeptide target, two galac-
tosamine building blocksy-linked to Fmoe-threonine, were
first synthesized (Scheme 4). Formation of the trichloroace-

and 24%, respectively, entries 7 and 8). Aspartate extendedtimidate and subsequent glycosylation from the known alcohol

glycopeptides ligated in good yields (#96%, entries 9-12)
for all cases; however, these were slightly lower than the exSAL

cases shown in Table 2. This is once again presumed to be dugs1

to a more sluggish rate of ligation for these glycopeptides as
described in the kinetic studies. The ability to conduct dexSAL

(39
(40

Dziadek, S.; Kunz, HSynlett2003 1623-1626.

Dziadek, S.; Brocke, C.; Kunz, KLhem. Eur. J2004 10, 4150-4162.
Dziadek, S.; Griesinger, C.; Kunz, H.; Reinscheid, U.Ghem. Eur. J.
2006 12, 4981-4993.

Dziadek, S.; Kowalczyk, D.; Kunz, HAngew. Chem., Int. EQR005 44,
7624-7630.
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Scheme 5. Synthesis of the MUCL1 Starting Unit Diglycopeptide by SPPS Followed by exSAL and Desulfurization
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amino acid19 containing anN-acetyl group in 96% yield.

important to note that the use of a mixed solvent system in the Alternatively, reduction ofL8 with zinc dust and acetic acid,
glycosylation reaction (1:1 v/v dichloromethane/diethyl ether) followed by coupling toStrityl-2-mercaptoacetic acid gave

gave higher selectivity for the-anomer than that previously
reportec?® Reduction of the desired-anomerl8with zinc dust

glycosyl amino acid20 containing the thiol auxiliary at the
2-position?® Finally, the allyl groups ofl9 and20 were cleaved

in the presence of acetic anhydride and acetic acid gave glycosylysing Pd(PP}), and NMA to afford the desired glycosyl amino
(43) Koeller, K. M.: Smith. M. E. B.. Wong, C. HBioorg. Med. Chem2000 acid building block21 and22 in 76% and quantitative yield,

8, 1017-1026. respectively.
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Figure 7. Histogram representing the O-glycosylation sites from O-GlycBase that could not be synthesized using sugar-assisted ligation (SAL). These sites
have been re-evaluated for applications of the extended SAL methods (exSAL, dexSAL, texSAL, gexSAL, or pexSAL, two to six amino acid residues
N-terminal to the glycosyl amino acid) Key: (red) residues that cannot be ligated by exSAL, dexSAL, texSAL, gexAL, or pexSAL; (orange) residues that
can potentially be ligated by exSAL, dexSAL, texSAL, gexAL, or pexSAL but represent slow ligations; (green) residues that can be ligated by exSAL,
dexSAL, texSAL, gexAL, or pexSAL.

A

percentage of total (%)

Synthesis of the desired 15-mer diglycopeptig@ was methodology for ligation of glycopeptides extended by up to
achieved by SPPS via the Fmoc strategy (see Supportingsix amino acid residues N-terminal to the glycosylated amino
Information). TheN-acetylgalactosamine building blo2d was acid should significantly increase the synthetic accessibility of
incorporated as the first residue, and glycosyl amino 2@id glycopeptides (and potentially glycoproteins) by this method.
containing the thiol auxiliary at the 2-position, was coupled as To demonstrate the proposed generality and potential scope of
the third residue from the N-terminus of the glycopeptide the extended SAL methods with respect to the synthesis of
(Scheme 5). After acetate removal, side-chain deprotection, andnative glycoproteins, we chose to re-examine all targets from
cleavage from the resin, the resulting diglycopeptdewas O-GlycBase v6.00 that could not be synthesized using the
isolated in 15% overall yield. Diglycopeptidet was ligated traditional SAL methodology. These glycoproteins were re-
with the corresponding peptide thioester (Ac-APPAH-S{H evaluated by scanning amino acid residues N-terminal to the
CONH;,, 25, synthesized by the Boc strategy) under the mixed- O-glycosylation sites (by up to six amino acids) until a feasible
solvent conditions. This furnished the desired 20-mer glyco- ligation junction was found. As with the previous informatics
peptide26 in 70% yield. Finally, desulfurization of the thiol  study, a feasible ligation junction was qualified by assessing
auxiliary gave the starting unit of the MUC1 repe2f in the nature of the thioester component of the proposed ligation.
quantitative yield (Scheme 5). The successful implementation The application of extended SAL disconnections to these
of the exSAL method for the synthesis of this MUCL1 starting O-glycosylation sites is depicted in Figure 7.
unit will now serve as a platform to sequentially ligate amino It is clear from Figure 7 that the probability that a given
acid units of the MUC1 repeat in future research. It is hoped glycopeptide or glycoprotein target can be synthesized is greatly
that the resulting oligomers may serve as new immunogenic increased by the application of exSAL, dexSAL, texSAL,
constructs for the production of immunostimulating antigens gexSAL, and pexSAL methodologies. Of the O-glycosylation
for the development of cancer vaccines. sites that could not be synthesized by SAL, 65% are now

Revised Scope of SAL for the Assembly of Naturally accessible by these methods (indicated in green in Figure 7). A
Occurring Glycoproteins. The ability to utilize the SAL further 26% of O-glycosylation sites represent slower ligations,
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but remain synthetically accessible (indicated in orange in Figure or extended SAL technologies. As such, this method, either
7). Notably, a combination of the results of this study and those alone, or in combination with other ligation strategies should
described in Figure 1 suggest that 95% of all O-glycosylation aid in the efficient syntheses of native glycopeptide and
sites reported in O-Glycbase can be utilized for either SAL or glycoprotein targets that were not previously attainable.
extended SAL reactions. Of these O-glycosylation sites, 62% Current efforts in our laboratory are focused on the application
represent rapid ligations, while 38% represent slower ligation of this method to ligate glycopeptides bearing pre-assembled
reactions. glycans, which can be installed using synthetic or enzymatic
. methods.
Conclusion

The inherent limitations in our previously developed SAL Experimental Section

method for the total synthesis of native gIYCODrOFe'n_S inspired General Procedure for Extended SAL ReactionsGlycopeptides

the development of extended sugar-assisted ligation (SAL) (1.5 equiv, approximately 3mol) were dissolved in 15QiL of
methods, namely exSAL, dexSAL, texSAL, gexSAL, and deoxygenated ligation buffer [4:1 vA-methyl-2-pyrrolidinone (NMP)/6
pexSAL. Ligation products were isolated in high yields when M guanidine hydrochloridel M HEPES, pH= 8.5]. This solution
extended glycopeptides were reacted with peptide thioesterswas transferred to an eppendorf tube containing the thioester (ca. 2
bearing a C-terminal glycine residue by using a mixed-solvent «mol). Thiophenol (2% by volume, 8L) was added, and the reaction
system, which served to protect the thioester from hydrolysis. Was mixed gently. The ligation mixture was incubated at@7with
Kinetic studies indicated that ligation reactions proceeded at gsrr:';et”;iﬁ;gl_ce"&g #zhehIi;ggi)rtlhfe;i?g::gnw\graesqu?errllf(i:rr:g?jdb;ot::
progressively slower rates as further amino acid extensions were™, " S .
incorporated into the glycopeptide. These observations Wereadd(;non of TCEF.}.SZIlg'OEé?_'g mL of & 10 mg/mL solution), and the
rationalized by the use of molecular dynamics simulations which product was purified by i

ted that the dist bet th ired . it General Procedure for the Desulfurization of the Thiol Auxiliary.
suggested that the distances between the required reaction Sies . giycopeptides (1.0 mg) were dissolved in a degassed solution

(the N-terminus and the carbonyl carbon of the thioester) in ot g \ GnHCI, 100 mM potassium dihydrogen phosphate, 10 mM
the proposed thioester intermediate also increased as glycopeprcep buffer, pH= 5.8 (1.0 mL). Palladium on alumina (5 wt %, 16
tides were extended. As such, the rate is presumed to be amg) was added, and the reaction was stirred under aattosphere
function of the proximity of these two entities and hence the for 1 h. The reaction was filtered, and the product was purified by
ease at which the glycopeptide thioester intermediate canHPLC.

rearrange to afford the ligation product. All five of the extended

SAL methods were shown to exhibit broad tolerance for a he Sk Insti for Chemical Biol RIP. i ul
variety of amino acid residues at the ligation junction, including the aggs ns’gltute or “hemical blology. R.J.7. IS grate u
for funding provided by the Lindemann Trust Fellowship. S.F.

challenging residues such as alanine and tyrosine. In addition,, fl f d | fellowshi ided by th
the auxiliaries of several ligation products were desulfurized :; grat(ra] uAkorda posht ?:tora ethS 'P [?;\%g)ew y Td
efficiently to afford glycopeptides displaying the native eutsp € Axademische . ustauschdienst ( ): € wou
acetylglucosamine moiety. As a preliminary application, exSAL also like t[O thank Dr. William Greenberg for proof reading this
was effectively implemented in the synthesis of a naturally manuscript.

occurring glycopeptide, the starting unit of the MUCL repeat.  gypporting Information Available: Complete ref 38; detailed
A detailed search of over five hundred O-glycosylation sités mojecular dynamics simulation procedures and results, experi-
using the glycoprotein database O-GlycBase v6.00 reveals thatyenta| procedures, product characterization, and other detailed

many more sequences are accessible (when compared t0 SAL}esits. This material is available free of charge via the Internet
using exSAL, dexSAL, texSAL, qexSAL, or pexSAL. Specif- 4t pitp://pubs.acs.org.

ically, 95% of all O-glycosylation sites reported in O-Glycbase
v6.00 can potentially be constructed by applications of the SAL JA073653P
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