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T cells obtained in a mouse model for rheumatoid arthritis are activated by a glycopeptide fragment from
rat type Il collagen (Cll) bound to the class Il major histocompatibility complé&xlecule. We report a
comparative model of &in complex with the glycopeptide Cl11260-267. This model was used in a structure-
based design approach where the amide bond betweéft Atad GI\*®? in the glycopeptide was selected

for replacement withy[COCH;,], ¥[CH,NH,*], and y[(E)-CH=CH] isosteres. Ala-Gly isostere building
blocks were then synthesized and introduced in Cl1260-267 and CH2%3 glycopeptides. The modified
glycopeptides were evaluated for binding to thferdolecule, and the results were interpreted in view of the
AdYglycopeptide model. Moreover, recognition by a panel of T-cell hybridomas revealed high sensitivity
for the backbone modifications. These studies contribute to the understanding of the interactions in the
ternary Al/glycopeptide/T-cell receptor complexes that activate T cells in autoimmune arthritis and suggest
possibilities for new vaccination approaches.

Introduction similar symptoms and histopathology of the affected joints as

Autoimmune diseases are characterized by the immuneSeen in RA patient¥’ In a similar way that RA is associated
system responding to self-tissue antigens. In rheumatoid arthritiswith expression of DR4 and DR1, susceptibility to CIA in mice
(RA?), this specifically leads to chronic inflammation of the is genetically linked to the class II MHC %moleculet®4 It
peripheral cartilaginous joints, eventually resulting in degrada- has been found that T cells obtained from mice with CIA are
tion of joint cartilage, irreversible bone erosion, and severe joint activated by the rat Cl1259273 peptide sequenée Further
deformationt Susceptibility to RA has been strongly correlated studies have revealed that3and Phé®3 are critical residues
with the class Il major histocompatibility complex (MHC) genes for binding to Af, while Lys?%4is a major T-cell receptor (TCR)
HLA-DR4 and HLA-DR1, that code for the class Il MHC contact point®” Importantly, a majority of the T-cell hybri-
molecules DR4 and DR1, respectivéiy. Class Il MHC domas specifically recognize L3 when post-translationally
molecules are membrane-bound glycoproteins, with a molecularhydroxylated and glycosylated with A-p-galactopyranosyl
weight of approximately 60 kDa, that consist of two nonco- residue (GalHyi%4).18-20 This recogpnition is specific for indi-
valently associated chaine,and .5 These glycoproteins are  vidual hydroxyl groups on the carbohydrate mot&g}and, in
found in antigen-presenting cells (APC), that is, macrophages, addition, also depends on interactions with tk@mino
B cells and dendritic cells, where they bind peptide antigens group2223in the hydroxylysine side chain and tBeglycosidic
obtained by degradation of extracellular prOteiﬂS. The class Il |inkage.22y24'|'he Ad bmdmg preferences for some of the amino
MHC molecule in complex with the peptide antigen is subse- acid residues in CI1266267, which is the minimal epitope
quently transported to the cell surface of the APC where it is required for binding to A while still being able to elicit a T-cell
presented for recognition by receptors on circulating €04 respons@® have recently been described by a quantitative
cells. Although the events initiating the immune response in structure-activity relationship (QSAR) modéf

RA are unknown, the specific inflammatory attack on joint It has been shown that vaccination of mice with the CI1259

cartilage indicates that T cells recognize a joint-specific self- S . .

antigen. Both T celfs® and antibodies 11 directed against type 273 glycopeptide in complex with solubléfrotein can protect

Il collagen (CII), which is the main protein in joint cartilage, a_gamst CIA, a_nd that those individuals that still develog the

have been found in RA patients, indicating that it is an important disease experience a dglayed onset anq reduced seerity.

component of the disease pathology Importantly, treatment with the #glycopeptide complex was
Collagen-induced arthritis (CIA) is an animal model for RA, glso succes;ful in rglieving symptoms in mice with an ?Sta,b'

where immunization of mice with ClI derived from rat leads to ''Shed chronic relapsing disease. Although neonatal vaccination

with the Cl1259-273 glycopeptide alone can confer protection
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complexes to obtain knowledge of the autoimmune T-cell structures of the class Il MHC moleculé And one of A These
response in CIA on a molecular level. structures, determined with resolutions between 2.15 and 2.50
Peptidomimetics that inhibit antigen presentation by the A, were found suitable as modeling templates because\A
human DR1 and DR4 proteins have recently been shown toas well as A have an insertion of two amino acids, that is,
have a therapeutic effect in transgenic mouse models for both65Pro ands66Glu, that are missing in the other I-A mol-
RA and multiple sclerosis (MSP. Moreover, peptide epitopes  ecules!” Backbone alignment of the crystal structures revealed
with subtle modifications of TCR contact points, such as high conformational similarity with root-mean-square deviation
substitution of one amino acid, can induce altered T-cell (RMSD) values for thex-carbons in the binding sites between
activation states, including anergy where the T cells no longer 0.59 and 0.75 A. Importantly, the RMSD values of the two
are responsive to the antig¢hSuch modified peptides have different proteins, Aand A%, were in the same range as for the
been used to modulate the T-cell responses and preventiwo crystal structures of the same proteif)Aeflecting a high
experimental autoimmune encephalomyelitis in a mouse modelpreservation of the overall 3D structure of these proteins.
for MS 31 Design strategies for modified peptides and peptido- Additionally, the side chains displayed high conformational
mimetics that interact with human or murine class II MHC similarity, where conserved amino acids were almost identically
proteins include introduction ob-amino acids?? aza-amino positioned in the three crystal structures. Amino acids that
acids?® and other non-natural amino aciéfsAmide bonds in differed between Aand A¢, but with side chains having related
the peptide backbone have also been replaced with variousmolecular properties, also adopted strikingly similar conforma-

isosteres, such as retro-invefSanethyleneaminé® (E)-alk- tions. Based on the high sequence identity and conformational
ene?’” and ketomethyler#® isosteres. Furthermore, peptide similarity of the three suitable templates, the crystal structure
mimetics based on polypyrrolinone scaffofdsnimicking the with the highest resolution, that isPA complex with a human

polyproline type Il conformation of the native peptide ligands, CLIP peptide (2.15 A, PDB code: 1MU4jwas selected for

as well as nonpeptidic small organic compoufideave been the comparative modeling.

reported to bind to class Il MHC proteins. The’fig-Ala** In the initial comparative modeling, the side chain conforma-
amide bond of ClI266267 has previously been replaced by a tjons of four amino acids in the binding site ofiAthat is,
methylene ether isostere, which was found to decrease thea73Trp,a79Phe,828Asn, ang337Trp, could not be unambigu-
binding affinity to the A molecule while still allowing some  gysly determined, and two rotamers for each side chain were
T-cell hybridomas to recognize the§lycopeptide complex  therefore investigated, resulting in 16 models in total. Further-
weakly 42 more, two amino acidsg86Val anda52Thr) in the protein,

In recent years, several computational tools have emergedwhich also differed from the template, restricted the volume of
that can promote the discovery of new peptide-based vaccinesthe P1 pocket as noted after initial attempts of docking the
These include online databases that use predictive algorithmsc|1260-267 glycopeptide and were therefore adjusted to make
to perform B cell and T cell epitope mapping as well as the pocket as large as possible. Energy minimization was
prediction of MHC binding**~> The design of peptide epitopes  successfully performed for 13 of the 16 models, and a final
with optimized immunogenicity can also be guided by informa- comparative model of the #molecule was selected based on
tion from a crystal structure of the target class Il MHC molecule. the ability of the four investigated side chains (i.€Z3Trp,
Rational design can thus be combined with synthetic chemical a79Phe, 528Asn, and337Trp) to participate in favorable
methods to develop modified peptides with altered MHC binding interactions. Evaluation of this model revealed that all torsion
and TCR signaling. Although the structure off Ras not yet  angles were in allowed regions in the Ramachandran plot and

been solved by X-ray crystallography, a comparative model of no outliers were detected among the dihedral angles, bond
A9 based on the human class Il MHC DR1 molecule, which angles, or bond lengths.

has 63% sequence identity withdAhas previously been Modeling of the ClI260—267 Glycopeptide.The modeling
described’ In recent years, however, X-ray crystallography has studies were focused on the minimal epitope CI2867, rather
provided several crystal structures of murine class Il MHC than the longer CII259273 glycopeptide, to faciliiate the
molecules that are more closely r_elated o A computational operations by minimizing the number of rotatable
_ Here we report a new comparative model of tifaolecule o4 in the ligand. The epitope Cl126@67 was modeled into

in complex with ClI266-267 that was developed to enable o peptide-binding groove using two different strategies;
studies of specific molecular interactions. The crystal structure docking and comparative modeling. In the former, 106 different
that was used as template had significantly higher SequUeNCeqy_energy conformations of the glycopeptide were rigidly

identity with A% and higher resolution, as compared 10 the ke into the binding site of the%somparative model. The
previous DR1 template. In a subsequent structure-based des'gnoinding pose ranked second by the scoring function was

the amide bond between AR and Gly°2in the glycopeptide  qnsistent with previously experimentally determined binding
Ilgan+d was selected for replacement withiCOCHy], y[CH- datalsl? The latter approach, where the coordinates of the
.NH2 ] and. %[(E)'CH=CH1 Isosteres. .The three Ala-Gly p4ckhone in the human CLIP peptide found in thecdystal
isostere building blocks were synthesized and subsequentlygy .t re was used as template to model the backbone of the

i2n?tg)duc_ed inFCII265267dand|'gze II(:nger glycc_)geptide ﬁ||2_59 Th glycopeptide, also resulted in conformations of the amino acid
using Fmoc-based solid-phase peptide synthesis. TNegye chains that fulfilled the evaluation criteria (see Experimental
backbone-modified glycopeptlde:.s.were evaluated f°T binding Section). After energy minimization with the9Anolecule, the

to the Al molecyle qnd recognition by T-cell hybridomas two binding poses were found to be almost identical in the
obtained from mice with CIA.

backbone from [1&°to GalHyP%* of the glycopeptide (Figure

1). However, differences were observed in the conformation of

the GIrf%7 residue at the C-terminal, which may indicate that
Comparative Modeling of the A9 Molecule. Three crystal this part of the glycopeptide is more flexible in the binding site.

structures in the Protein Data Bank (PBRJatabase were found  The conformation generated by the rigid docking was rotated

to have more than 90% sequence identity with that is, two at the C-terminal, while the pose generated using the backbone

Results and Discussion
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Figure 1. Superposition of two extracted binding poses of the CIt260
267 glycopeptide generated by docking (colored red) and comparative
modeling (colored gray); here shown after energy minimization with
the A% comparative model.

coordinates of the CLIP peptide displayed an extended confor-
mation throughout the peptide backbone with the?&lside
chain pointing out of the peptide-binding groove. As for other
class Il MHC proteins, the Amolecule is capable of binding
longer peptides, which is consistent with an extended conforma-
tion of the peptide backbone. Consequently, the following
studies in this paper are focused on the model having CH260
267 in its extended conformation.

Characterization of the AYCII260—267 Complex. As
expected, the overall backbone conformation of the modeled
Admolecule in the energy-minimizedAC11260—267 complex
displayed high structural similarity with the template crystal
structure. Backbone alignment of thecarbons gave RMSD
values of 1.06 A and 0.88 A for the whole protein and in the
binding site, respectively. Also, the conserved amino acids in
the binding site of A showed high conformational similarity
with the crystal structure homolog. The CI126R67 glycopep-
tide, which bound to Awith an extended backbone conforma-
tion, was positioned deep in the peptide-binding groove, leaving
the side chain of GalHy#* only partly extending out of the
groove to interact with a TCR (Figure 2). The position of the
flexible GalHyP®* side chain is somewhat uncertain and
structural interpretation of T-cell responses is further compli-

Journal of Medicinal Chemistry, 2007, Vol. 50, No5@39

Figure 2. (a) Secondary structure (shown as a ribbon diagram) of the
peptide-binding groove of thed&comparative model with the CI11260

267 glycopeptide bound with an extended backbone conformation. (b)
The AY/CII260—267 complex viewed along the peptide-binding groove
from the N- to the C-terminal of the glycopeptide and with HO-4 and
HO-6 of the GalHy#%* moiety indicated. The molecular surface of the
A9 molecule is colored blue for polar parts, brown for nonpolar parts,
and green for intermediate polarity.

cated by the absence of a TCR in the model. Previous studiesg7gval, anda7Gly established the hydrophobic to medium
have, however, shown that most T-cell hybridomas have a strongpolarity of the P4 pocket. The amino acids in CII26867 at

dependence on the hydroxyl group at C-4 on the G&fMyl
moiety15 In the A%glycopeptide model this hydroxyl group,
that is, HO-4, is the most exposed of all the galactose hydroxyl
groups for contacts with a TCR, providing overall support for
the extended orientation of GalH§t. However, it should be
noted that a conformation where the Galt{kide chain instead

is flipped in the opposite direction could also lead to an exposed
HO-4.

A total of nine areas that bind peptide side chains, referred
to as PEP9, with different properties could be distinguished
in the peptide-binding groove, thereby establishing the binding-
specificity of Ad. Residues 1I#° and Phé®® in the CII260-

267 glycopeptide were found to be extensively anchored in the

positions P3, P6, and P7 were found to be completely or
predominantly buried in the Abinding groove. GI§f? was
positioned at P3 in a shallow, slightly polar binding area, while
the medium-sized, hydrophobic P6 accommodated®&I7
was also found to be quite shallow, where the®lside chain

in ClI260—267 adopted a conformation where it was pointing
toward the helical domain rather than toward flisheet floor

of the binding groove, just as in the’/£LIP crystal structure.
The glycopeptide side chains Af4 GalHyP%4, and GIrfs”
positioned at P2, P5, and P8, respectively, were solvent exposed.
Conformational flexibility of the GI#’ residue in the C-
terminus of ClI2606-267 was however indicated in the modeling,
as previously stated. The properties of the P2, P3, antPB6

prominent P1 and P4 pockets, respectively, as proposedbinding areas in the modeled!Atructure were consistent with

earliet®17(Figure 3a). The well-defined, hydrophobic P1 pocket
was formed by residuea31Trp, a43Trp, a32Phe,585Val,
o52Thr, andf82Asn of Ad. Similarly, as in the previous A
comparative modél] the $84aGly residue is positioned in the
vicinity of the P1 pocket. The restricted size of this residue
probably contributes to making the P1 pocket large enough to
accommodate the bulky side chain of2figin Cl11260—267.
Analogously, f13Gly, 528Asn, 526Ser, f15Cys, f79Cys,

the preferred amino acids in each position suggested by the

recently published QSAR model for peptide binding t&2A

The medium-sized P9, which was not occupied by the glyco-

peptide in the model, was found to be of moderate polarity.
An extensive hydrogen-bonding network was found between

the CII260-267 glycopeptide and amino acids it fFigure

3b). A total of 8 out of 13 hydrogen bonds (marked in Figure

3b) that were formed to the glycopeptide backbone were
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Figure 3. (a) View of the modeled Apeptide-binding groove with the CII26267 glycopeptide with an extended backbone conformation. The
nine binding areas are denoted-FA9 (see text for details) and the molecular surface of thenélecule is colored blue for polar parts, brown for
nonpolar parts, and green for intermediate polarity. (b) The extensive network of hydrogen bonds and ionic interactions found between-the CIl1260
267 glycopeptide and the%Amolecule. The interactions (see Experimental Section for definition) are illustrated with dashed lines and are color
coded according to the hydrogen-acceptor distance; orange indicates a distance1099.A, while green indicates a distance of 2207 A.
Interactions that are conserved in the investigateamd A? crystal structures are indicated by underlined amino acids in thedlecule. (c) The

three isosteres with varying geometry, charge, and hydrogen-bonding properties that were selected to replace the amide bond ¥éameen Ala
Gly?2in the glycopeptide backbone.

conserved in the investigated And Af crystal structure$’—4° AYCII260—267 model, the AIZ-Gly?52 amide bond was
Both amide groups on either side of the important Gadffyl  found to be interesting to modify because its carbonyl group
residue were involved in hydrogen bond interactions, thereby formed two hydrogen bonds to residues ify &hile the amino
contributing to the positioning of this important TCR contact group did not participate in any interactions. Isosteric replace-
point in the binding site. Previous studies have shown that ment of this amide bond was thus aimed at exploring the
replacement of GR$® with alanine leaves the T-cell hybridoma interactions within the Alglycopeptide/TCR complexes as well
HCQ.3 nonresponsiv.Somewhat surprisingly, the Gkf side as to validate the #glycopeptide model. Isosteres with different
chain was found to be almost completely buried in the binding hydrogen-bonding properties selected for this study were the
site in the A/CI1260—267 model, although it was noted that it ketomethylene[COCH;]), methyleneaminey[CH.NH,™),
formed a hydrogen bond to HO-2 of GalR$A Interestingly, and E)-alkene {[(E)-CH=CH]) isosteres (Figure 3c). Intro-
replacement of HO-2 with a hydrogen atom also led to that the duction of the amide bond isosteres in the glycopeptide
T-cell response was lost for HCQ'3A possible explanation  backbone required synthesis of building blodks3 (Figure 4)
could thus be that the TCR of HCQ.3 is not in direct contact for subsequent use in Fmoc-based solid-phase glycopeptide
with the GItF®¢ side chain, but that this residue instead stabilizes synthesis.
the position of the GalHy#* side chain so that an epitope with Synthesis of Alay[COCH ]Gly Isostere 1. The synthetic
the proper contact points is presented to the TCR. sequence toward the ketomethylene isostereelied on a
Design of Backbone-Modified GlycopeptidesThe sequence  strategy previously described by Bel et al>® A key step was
from 11e2%0 to GalHyP®% of Cl1260—267 contains the most the HornerWadswortR-Emmons reaction (Scheme 1) between
essential features, that is, the anchoring residues and the majotert-butyl glyoxylaté! and/-ketophosphonatg, prepared from
TCR contacts required for binding tdAnd for eliciting a T-cell methyl ested according to a literature proced®l o minimize
response. Hence, it was attractive to probe the molecular racemization, the reaction was initially performed with 1 equiv
interactions in this part of the ternary%glycopeptide/TCR of N-methylmorpholine in dichloromethane at°@.5° Unfor-
complexes. Based on the structural information provided by the tunately, this rendered alkerfe in unacceptably low yields
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CHs 0 Scheme 3.Synthesis of the Alg[CH,NH,"]Gly Isosteré
FmocHNWOH /Cvl\Hs c CHy |, O g
0 . FmocHN™ R FmocHN N\)kOtBu -
11 R=CO,H 14
CHs Boc O CH, 0 a[ 2
N 12 R =CH,0OH
FmocHN)\/ N\)J\OH FmocHNwOH b E 2
13 R=CHO
2 3 TFA
Figure 4. Ala-Gly isostere building blocks protected for solid-phase i
i . . CH3 o} CH; Boc O
synthesis of backbone-modified type Il collagen glycopeptides. H e &
) FmocHN OH FmocHN OH
Scheme 1.Synthesis of the Alg[COCH,]|Gly Isosteré
CHs CHy 0 15 2
R b S J\ c aReagents and conditions: (a) cf. refs 55 and 56; (b) Dess-Martin
BocHN BocHN OtBu periodinane, ChCI,/DMSO 1:1, rt; () HCIH-Gly-OtBu, NaBH(OAC),
o] o CH,Cl,, MeOH, rt, 43% froml12; (d) TFA, CHCly, rt; (€) BocO, DIPEA,

. E 4 R =OMe CHClIy, rt, 89% from14.
5 R = CH,PO(OMe),

>100:1 and it was thus concluded that no significant degree of
CHj 0 CHs o}

d epimerization had occurred (see Supporting Information).
BocHNWOtBu — RHNWOH Synthesis of Alag[CH2N(Boc)]Gly Isostere 2.The synthetic
o o route toward the orthogonally protected methyleneamine isostere
7 8 R=H 2 involved reductive amination as a key step (Scheme 3).
€ E1 R = Fmoc Alcohol 1255 was first prepared fromN-Fmoc-protected.-
aReagents and conditions: (a) cf. ref 50; @)-butyl glyoxylateS: TEA, alanine (1) via reduction of the corresponding mixesd-butyl
LiCl, MeCN, 0°C, 97% as an isomeric mixture &Z 3:1; (c) H, Pd/C, anhydride using sodium borohydride according to a published
EtOAc, 1, fli{m (d) TFA, CHClz, 1t; (¢) FmocOSu, NaHC@ acetone,  one-pot proceduré After workup, 12 was directly oxidized to
H20, 1t, 88% from’. aldehydel 3 by treatment with DessMartin periodinané? This
Scheme 2. Synthesis of Mosher Amides oxidation was performed in dichloromethane/dimethyl sulfoxide
(1:1) due to solubility problems. To minimize racemization of
H CHs .
M the stereocentet 3 was kept cold during workup and was used
eO . . e .
\eL W directly without further purificatiory®-5° Thus, reductive alky-
FsC' 'ph H latiorf9 of glycine tert-butyl ester with 13 using sodium
a/' 9 triacetoxyborohydride as reducing agent afforded secondary

amine 14 in a modest yield (43% fromi2). Deprotection of
the carboxylic acid to givel5 required stirring overnight in
trifluoroacetic acid/dichloromethane (1:3), and this was followed

then a Meo\ej\ j\”/\)‘\ by Boc-protection of the secondary amine to afford carboxylic
acid 2 (89% from14).

F3C
© Pn Synthesis of Alay[(E)-CH=CH]Gly Isostere 3. Wiktelius
& s and condi @0 TF1A° Gl 1t (i) TMSCI, MeOH et al. have developed a synthetic route to theyH{E)-CH=
_Reagents and conditions: (a) (i) TFA, @, 1t; (i 1, MeOH, CH]Phe isostere relying on a Wittig-type reaction with excellent
"t (i) (S-MTPA-CI, DIPEA, CHCI rt; (b) DBU, THF, 80°C. E-selectivity for the PhePhe derivativé! This methodology
was applied to the synthesis of Al E)-CH=CH]Gly isostere
3, which allowed investigation of the selectivity in the Wittig
reaction for a derivative with less bulky side chains.
Phosphonium saltl9 was prepared in three steps from
L-alaninol in 62% overall yield (Scheme 4). Unfortunately, small
impurities of triphenylphosphine oxide-3.5%) could not be
Yremoved in the purification o19. In the Wittig reaction,19
was first treated with 2 equiv af-butyllithium to generate the
ylide and to lithiate the amid®. Subsequent addition dért-
butyldiphenylsilyl-protecteg@-hydroxipropionic aldehyd@-64
at —78°C was followed by slowly raising the temperature to 0

(<22%), although exclusively as tiieisomer. By instead using

1 equiv of triethylamine and lithium chlorié&in acetonitrile

at 0 °C an excellent yield of6 (97%) was obtained as a
diastereomeric mixture5(Z 3:1) according tdH NMR analy-
sis®! Separation of the two diastereomers was not required
because the alkene functionality was subsequently reduced b
hydrogenation over palladium on charcoal to afford the corre-
sponding saturated isostefein 81% yield>® Simultaneous
cleavage of the Boc-group and thet-butyl ester followed by
Fmoc-protection then afforded the desired building blb¢&8%

from 7). . °C to allow equilibration of the alkene to tHeisomer. This
It had previously been reported that the Horriéfadsworth- resulted in formation oR0 in 80—89% yield, but disappoint-
Emmons reaction between benzyl glyoxylate &nohder similar ~ ingly, the E/Z ratios varied between 3:2 and 2:3. No effect of

conditions (i.e., 2 equiv of triethylamine in acetonitrile at room  the counterion on the selectivity was observed when the bromide
temperature) was accompanied by racemization of the stereo-corresponding td9was employed instead. Because the alkene
center®® To investigate how the modified reaction conditions isomers could not be separated by flash chromatography, the
used in the synthesis o6 had influenced the degree of mixture was treated with tetrabutylammonium fluoride to afford
racemization, Mosher amitfe 9 was synthesized fron¥ the corresponding alcohols. According to TLC, this deprotection
(Scheme 2). A reference 1:1 diastereomeric mixture of Mosher appeared to be quantitative, however, repeated purification by
amideslOwas prepared analogously from racefmitntegration flash chromatography to separde-21 and(Z)-21 resulted in

of the signals from the diastereomeric methyl groups intthe only modest yields (29% and 30%, respectively, when starting
NMR spectrum oB established that the diastereoselectivity was from a mixture of20 with E/Z 1:1). In the following step,
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Scheme 4. Synthesis of Alg[(E)-CH=CH]Gly and
Alay[(Z)-CH=CH]Gly Isostere%

HN/'\/OH TUFC N)\/X_’Fac N)\/Pph3_’
2 H H |©
16 17 X =OH 19
o[
18 X =1
O CHs
FoC N 7 OH
O CHy (E)-21

e
F3CJ\HWOTBDPS +

O CH OH
2 I SUR
F3C

N
H
(2)-21
O CH, o)
£ g CHs o}
E21 — _ I =
FC™ N OH RHN™ OH
22 23 R=H
h E
3 R=Fmoc
% o}
@21 T Y s | on
- — / —
FC™ N RHN"
24 25 R=H
h E
26 R =Fmoc

aReagents and conditions: (a) TFAA, TEA, g, 0°C, 78%; (b) b,
PPh, imidazole, toluene, rt, 79%,; (c) PRholuene, reflux, quantitative
yield; (d) (i) 2 equiv n-BuLi, THF, =78 °C — rt — —78 °C; (ii)
TBDPSO(CH),CHO %2764 THF, —78 °C — 0 °C, 80-89% as isomeric
mixtures of E/Z 3:2—2:3; (e) TBAF, THF, rt,(E)-21 (29%) and(Z)-21
(30%); (f) CrGs, 4.4 M H,SOy (aq), acetone, rt, 92% fd2, 87% for 24;
(9) K2COs, MeOH, HO, rt; (h) FmocOSu, MeCN/NEOs (10% aq) 1:1,
rt, 89% for3 from 22, 86% for 26 from 24.

alcohol(E)-21 was oxidized to carboxylic acig2 in 92% vyield

Andersson et al.

(2)-21 in 75% yield over three steps according to the same
procedure as described f8r

Synthesis of Backbone-Modified GlycopeptidesThe im-
munological studies were initially focused on the minimal
epitope ClI266-267 7), and building blocksl and 2 were
therefore introduced in its backbone to gia&8 and 29,
respectively (Scheme 5). However, use of the longer glycopep-
tide Cl1259-273 could also allow studies of the human class
I MHC protein DR4 because its epitope is shifted three amino
acids toward the C-terminus as compared to peptides bound by
the murine A molecule®® Thus, all isostere building blocks,
that is, 1—3 and 26, were incorporated instead of residues
Ala?%1-Gly262in the Cl1259-273 glycopeptid&0to give 31—
34. The modified glycopeptides were synthesized on solid phase
under standard conditiotsaccording to the Fmoc protocol.
Glycopeptides31—34 were synthesized with charged termini,
while the truncated glycopeptid@8 and29 were synthesized
as C-terminal amides and with acetylated N-terminals to avoid
positioning glycopeptides with charged termini in the binding
site of A9. An orthogonally protected galactosylated hydroxy-
lysine derivative, which was prepared according to a published
proceduré® but with some modifications (see Supporting
Information), was used in the syntheses.

An initial attempt to synthesize glycopepti@8, containing
the ketomethylene isostere, relied on coupling of Fmoc-protected
isoleucine at the N-terminal followed by Fmoc deprotection and
acetylation. However, this rendered a complex mixture of
products after cleavage from the solid phase, with the major
product being the ring-closed analo& as indicated by mass
spectrometry and NMR spectroscopy (Figure 5). Formation of
35 could be explained by nucleophilic attack of theamino
group in isoleucine on the ketone of the isostere, resulting in
formation of an iminé® followed by oxidation. This side reaction
was efficiently avoided by coupling of Ac-lle-OH at the
N-terminus in the synthesis @8, whereas Boc-Gly-lle-OH was
coupled in the synthesis 8fL. Gratifyingly, this strategy would
also minimize epimerization of the stereocenter in the isostere
during solid-phase synthesis by avoiding treatments with
piperidine that previously has been reported to epimeriae C

by treatment with Jones’ reagent. This reaction was carefully of other ketomethylene isoster&s.

monitored to minimize the formation of unidentified byproducts
that could not be removed in the following purification step.

The glycopeptides were cleaved from the solid support
followed by deacetylation of the galactose moiety by treatment

Deprotection of the amino group using aqueous potassium with methanolic sodium methoxide; a reaction that was carefully
carbonate and methanol, followed by immediate Fmoc-protec- monitored by analytical reversed-phase HPLC. Unfortunately,

tion afforded the desired building blo&(89% from22). Due
to lack of E-selectivity in the Wittig reaction, this reaction
sequence could also provide the p[62)-CH=CH)]Gly building

the deprotection conditions led to epimerization of the base-
sensitive stereocenter in the ketomethylene isostere in glyco-
peptides28 and 31. However, it was found that the rate of

block 26, which was subsequently incorporated in the glyco- deacetylation was much faster than the epimeriz&fiestence,

peptide backbone. Thus, building blo2&was synthesized from

by performing the deacetylation in several small portions under

Scheme 5. Structures of the Backbone-Modified Glycopeptides Derived from Type Il Collagen
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Ho OH peptide at the 10@M concentration, just as nativa9. However,
Hog:o o 0. OH at 4 uM concentration only ketomethylergd bound to A as
o NH, efficiently as the nonmodified glycopeptid#®. At this con-
O\ - 4O Lo© centration, a reduction in the binding efficiency was observed
HNMN%N N\)LN NQLNH for (E)-alkene33, whereas methyleneamige displayed almost
CH, 6 i H 3§ H § = 2 no A4 binding. As expected, theJ-alkene modification irB4
j/\ resulted in a complete loss of binding td Aven at the highest
\® 07 NH, tested concentrations.
In the AYCII260—267 model, two hydrogen bonds were
35 formed between the carbonyl group in the &la-Gly262 amide

Figure 5. Structure of the major product formed in the initial attempt  bond and thegg82Asn anda24His residues in A(Figure 3b).
to synthesize glycopeptid@8, which contains the ketomethylene The hydrogen bond involving th882Asn is conserved in other

Isostere. class Il MHC A/peptide complexe$-4° The ketomethylene
50000 isostere in31is able to retain these hydrogen-bonding interac-
: —4&— 30 (CONH) tions, and its increased flexibility compared to the amide bond
& 40000 did not seem to affe_ct the%binding ability. Th(_e hydrophobic_
3 T 31(CocHy) and rigid E)-alkene in33, on the other hand, is successful in
k5 T 100004 —&— 32 (CHpNHp+) mimicking the geometry of the amide bond but is not able to
=E° 33 ()-CH=CH)) participate in any hydrogen-bonding interactions and is not
% E favored by the polar character of the binding site at this position.
] E 20000 —0— 34 ((Z)-CH=CH)) (E)-Alkene 33 still displayed good binding to A despite the
E’E O— 27 (CONH) !oss of two hydrogen bonqls, suggesting that this gly_copeptide
B g 17 is bound in a conformation that successfully retains other
@e & 28(COCH) important interactions. However, the loss of binding that was
0 - 29 (CHoNHo+) observed at low concentrations3g indicates that the carbonyl
g group in the Al&%1—Gly262 amide bond is engaged in interac-
Antigen concentration (uM) tions that, although not critical for #inding, do contribute to

Figure 6. Binding of a fixed concentration of biotinylated CLIP peptide ~ the affinity of the glycopeptide/Acomplex. The importance

to recombinant A proteins in a competitive binding assay with Of hydrogen bonding to the peptide backbone has previously

increasing concentrations of the backbone-modified glycopepfifles  been studied for a diverse set of peptides that bind to the A

29, and 31-34, or the native glycopeptide87 and 30. A%bound molecule®® It was found that selective mutations of residues in

biotinylated CLIP was detected in a time-resolved fluoroimmunoassay ad that hydrogen bonded to the peptide ligand increased the

using europium-labeled streptavidin. The values represent the average,. L ) )

from duplicates. dissociation rates of the complexes by 4- to 1000-fold. The
hydrogen-bonding interactions at the peptide N-terminal were

a limited reaction time, epimerization was minimized and the part|cula.rly_|rnportant for_ the_b'”‘_’"”g stability.

minor diastereomer could successfully be removed during the ~ The significant reduction in binding observed for methyl-
subsequent purification by reversed-phase HPLC. Analytical éamined2 at 20uM and lower concentrations is most likely
reversed-phase HPLC also revealed that crude glycopeptides@used to a large extent by localization of a charged group in
29 and 32 each consisted of two main products in a ratio of @n unfavorable position in the peptide-binding groove 6f A
4:1, and after separation, both compounds were established tdn addition, 32 is more flexible than the amide bond and is
have the correct mass. This isomeric mixture was most likely Unable to form the hydrogen bonds that the carbonyl group of
due to racemization of the sensitive stereocenter in aldehydethe Al&®—Gly**?amide bond is involved in. As expected){

13 during synthesis of the methyleneamine building bi@ck  alkene34 displayed only a very weak ability to bind to%4at

Importantly, all traces of the minor diastereomers were suc- high concentrations, which is most likely explained by the
cessfully removed in the purification to give b8 and32 as stereochemistry of the alkene that distorts the extended backbone

pure isomers. conformation in between the two anchoring residues. The

After purification by reversed-phase HPLC, the backbone- Simultaneous positioning of the P& and Phé® side chains in
modified glycopeptide®8, 29, and 31—34 were obtained in  the P1 and P4 pockets ofiAs thereby prevented.
7—26% overall yields based on the resin capacities andin 98~ The truncated Cl11266267 backbone-modified glycopeptides
100% purity. All glycopeptides were homogeneous according 28 and29 displayed the same trends in binding té @s their
to analytical reversed-phase HPLC using two eluent systems,extended counterparts. The effects were, however, more pro-
and their structures were confirmed Hy NMR spectroscopy ~ hounced in these shorter sequences, probably because fewer

and MALDI-TOF mass spectrometry. interaction points in total are present that may compensate for
Binding to the Class Il MHC A @ Molecule. The ability of any loss of interactions, as a consequence of the introduced
the backbone-modifie®g, 29, and31—34) and native 27 and isosteres. Compared to the corresponding refere2icea

30) g|ycopeptides to bind to the class || MHC Mmolecule was reduction in blndlng was observed for ketomethyl%t all
studied in a competitive binding assay. Increasing concentrationstested concentrations. The methyleneamine isoste?® imas

of each glycopeptide were incubated with a fixed concentration found to only have a very weak ability to bind tdlA

of biotinylated CLIP peptide and recombinant protein, and Recognition by T-Cell Hybridomas. The ability of the

the amount of A-bound biotinylated CLIP was then quantified isosteric glycopeptide®8, 29, and31—34, as well as the native

in a time-resolved fluoroimmunoassay (Figure 6). It was found 27 and30, to induce an immune response was studied using a
that the Cl1259-273 glycopeptides incorporating the ketom- panel of carbohydrate-dependent antréstricted T-cell hy-
ethylene 81), methyleneamine3@), and E)-alkene 83) isos- bridomas obtained from mice with CIA. The hybridomas were
teres completely inhibited binding of the biotinylated CLIP selected from five groups previously established to have different
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Table 1. Immune Response of T-Cell Hybridomas When Incubated with Antigen-Presenting Spleen Cells Expréssidgifcreasing Concentrations

of Glycopeptide27—342p

sequence Cl1259273 ClI260-267
30 31 32 33 34 2r 28 29
hybridoma  group (CONH) (COCHp) (CHzNHZ™) ((E)-CH=CH))  ((2)-CH=CH)) (CONH) (COCH) (CH2NH2™)

HD13.9 1 +++ +++ - - - ++ ++ -
HD13.10 1 4+ +++ - - - +++++ +++ -
HNC.1 1 ++++ ++ - - - +++ + -
HCQ.10 2 +++ - - - - ++++ - -
HCQ.2 3 4+ +++ - + - +++++ ++ -
HCQ.3 3 4+ +++ - + - ++++++ ++ -
HCQ.6 3 +++++ +++ - + - ++++++ ++ -
HM1R.2 4 +++ ++ - - - +++ + -
22al-7E 5 +++(+) ++ - - - +++ + -

aThe T-cell response data and the corresponding-éi@sponse curves are provided in the Supporting Informatidihe magnitude of the responses
were determined from the concentration of antigen required to induce secretion of IL-2 corresponding to 6% of the max response for the nati®@3C11259

glycopeptide30: — = no responsei = 20 uM; ++ = 4 uM; +++ = 0.8uM
(+) = just below the threshold.Groups of hybridomas with different specific

i ++++ = 0.16uM; +++++ = 0.032uM; ++++++ = 0.0064uM;
ity for the hydroxyl groups on the G&fgioiety®> d The native CI1266-

267 glycopeptid®7 was tested on a separate plate and the magnitude of its response was determined compared to the response induced3tyareference

the same plate according to the criteria stated above.

specificity for the hydroxyl groups on the GalH$t moiety1®

The glycopeptides were incubated with antigen-presenting
spleen cells expressing'/and each of the selected hybridomas.
Recognition of the Alglycopeptide complex on the cell surface
by a T-cell hybridoma results in secretion of interleukin-2 (IL-
2) into the medium, which was quantified in an ELISA.

As expected, all T-cell hybridomas elicited strong responses
when stimulated with the native glycopepti@® in complex
with the AY molecule (Table 1). Presentation of the keto-
methylene-modified glycopeptidgdl by A% molecules led to
IL-2 secretion by eight out of nine T-cell hybridomas, represent-
ing four out of five groups but, compared to the nativé38
complex, the responses were weaker. Interestingly, Hal1A
complex failed to stimulate HCQ.10, indicating that the interac-
tions between its TCR and¥81 have been altered as compared
to A930. The inability of31to activate HCQ.10 could indicate
that its TCR depends on interactions with the proton in the
Ala?61-Gly?62 amide bond of30. Although this proton is
pointing up toward the TCR in the modeled/811260—267
complex, it is still positioned deep down in the peptide-binding
groove, making it somewhat uncertain if direct contact is
possible. The reduced stimulation may also be explained by a
subtle change of the conformation of théBound glycopeptide
induced by the isostere that, as a consequence, results i
presentation of a slightly different epitope, affecting other
interaction points with the TCR of HCQ.10. The T-cell
responses of the different hybridomas displayed the same trend
for the truncated ketomethylene-modified glycopepf8evhen
bound to A as for 31, but the responses were even weaker,
most likely due to the lower affinity 028 for the A3 molecule.

Although the E)-alkene in33 was well-tolerated in binding
to AY, it was found to have a drastic effect on the interactions
with the different T-cell hybridomas. Only the three hybridomas
belonging to group 3 secreted low amounts of IL-2 upon
stimulation at the highest concentration38. The remaining
five hybridomas, which recognized badsii and28 when bound
to A9, displayed a complete loss of T-cell response when instead
presented to the %33 complex. Isoster83 is unable to retain
the two hydrogen bonds that, according to tHéG\N260—267
model, were formed between residues ifvahd the carbonyl
group in the Al&%1—Gly?52 amide bond. As a consequence, we
propose that the conformation &3 is adjusted in the A
peptide-binding groove to compensate for positioning of the
alkene in the polar environment that is normally occupied by
the Ala252—Gly262amide bond, thus resulting in the presentation
of an altered T-cell epitope. A contributing factor to the lack of

n

signal transduction could also be the inability of the TCRs to
directly interact with an amide proton at the modified position
in 33.

A previous study has shown that Binding glycopeptides
with amino acid substitution and small differences in the TCR
exposed carbohydrate moiety induced drastically altered TCR
signaling’® It was found that the levels of secreted IL-2 that
was triggered by the analogues could be linked to different
phosphorylation patterns in the signal transduction machinery
of the TCR. Other studies have correlated the ability of a class
I MHC/peptide complex to activate a TCR with the dissociation
rate of the MCH/peptide/TCR complék.”® A somewhat slower
dissociation rate was required for complete phosphorylation and
thereby efficient T-cell stimulation, while dissociation rates at
the faster end of the scale resulted in partial activation or even
deactivation. Studies to elucidate the phosphorylation patterns
and the rates of dissociation have not been performed for the
backbone-modified glycopeptides described in this article.
However, based on the findings from such studies, it is possible
that an adjustment of the%ound conformation off)-alkene
33 could confer presentation of a slightly altered T-cell epitope
that in turn affect the interactions with the TCRs leading to
faster dissociation rates for the MHC/glycopeptide/TCR com-
plexes. Thus, incomplete or lack of phosphorylation then results
in partial or no activation of the TCRs, respectively, as was

seen for A/33and the T-cell hybridomas included in the present

study. Methyleneamine32, which displayed a significant
reduction in A binding, failed to stimulate any of the T-cell
hybridomas. As expected, the T-cell hybridomas did not show
any stimulation either on incubation with the corresponding
truncated methyleneamine analog@® or the @)-alkene
containing34, which displayed very weak and almost no binding
to A9, respectively.

In summary, our data show that very small structural changes
in the glycopeptide backbone can have striking effects on the
interactions with different TCRs and thereby on T-cell activa-
tion. Such sensitivity of TCRs when interacting with various
backbone-modified and amino acid-substituted peptides bound
to other murine class Il MHC proteins have been encountered
in several recent studi€%:3870.73 The different responses
displayed by the T-cell hybridomas investigated in this study
have not yet been correlated to their effect in vivo. Thus, it
would be highly interesting to evaluate the ability of ketom-
ethylene31 and E)-alkene34, that both bind well to A to
induce tolerance in mice with CIA in vaccination studies. These
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could be performed either with the glycopeptide alone or in
complex with soluble A proteins.

Conclusions

In this study, a new comparative model of the murine class
I MHC A9 molecule in complex with the CIlI1260267
glycopeptide has provided a detailed structural basis for
understanding antigen presentation by. Ahe CIlI260-267
glycopeptide, positioned deep in the binding groove &fuas
firmly anchored by the 18° and Phéf3 residues in the P1 and
P4 pockets, respectively. This left the Galf¥lside chain,
which is a critical TCR contact point, partially extending out
of the groove. On the basis of thel/€11260—267 model, the
Ala?51-Gly262 amide bond in the glycopeptide backbone was
selected for replacement iy COCH;], y[CH2NH2"], andy-
[(E)-CH=CH] isosteres. Fmoc-protected Ala-Gly isostere build-
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and by calculation of RMSD values before selecting a template.
The coordinates for seven amino acids (residues ff@0bArg to
B111His) in thep-chain of the template crystal structure (PDB
code: 1MUJ’) were missing. These amino acids were located far
away from the binding site and were therefore considered to be of
no relevance for the modeling. The sequences ofittendS-chain

of A9 were separately aligned with their corresponding template
sequence using the blosum62 substitution matrben independent
models were constructed for each chain based on a Boltzmann-
weighted randomized modeling procedure as implemented in MOE
with no energy minimization. The coordinates for the backbone
and the side chains of conserved amino acids were directly copied
from the template crystal structure. For the amino acidstithat
differed from the template, 10 side chain conformations were
suggested using a rotamer library in MOE. All models of the
andp-chains were superposed and side chain conformations were
selected for those amino acids that differed from the template in
the binding site. This selection was guided by the indicated rotamer

ing blocks were successfully synthesized and introduced in two preference found in all crystal structures with more than 90%

sets of glycopeptides from rat Cll based on the CI2293
and the ClI266-267 sequences.

The ability of the modified glycopeptides to bind td' And
to stimulate T-cell hybridomas was evaluated and then inter-
preted in view of the structural features of th&/glycopeptide

sequence identity. In those cases where the side chain conformations
could not be unambiguously determined, several rotamers were
chosen to represent the suggested conformations. aFhand
f-chains were combined to give all possible combinations of the
side chain conformations and subjected to further analysis. REduce
was used to add hydrogens to the molecules followed by energy

model. It was found that the ketomethylene isostere, being the minimization using a combination of three methods; steepest
only isostere able to retain the two hydrogen bonds formed to descent, conjugate gradient, and truncated Newton, as implemented

the Ala262—Gly?62 amide bond, bound to ®as efficiently as
the native glycopeptide. Th&)-alkene isostere also bound well,
while the other modifications had various degrees of detrimental
effects on binding. Evaluation of the ability of the modified
glycopeptides to stimulate a panel of T-cell hybridomas reveale
that the TCRs were very sensitive for the isosteric modifications.

While the ketomethylene isostere was able to stimulate eight

out of nine T-cell hybridomas (four out of five groups) to various
extents, the E)-alkene gave only weak responses for three

in MOE. The minimizations were terminated when the root-mean-
square gradient (RMSG) was0.1, current geometry was used as
chiral constraint, and a quadratic force was applied on the backbone
atoms with a force constant of 100. The side chaifi@éVal was

g kept fixed during the energy minimization to prevent it from

readopting its initial conformation (see Results and Discussion).
After visual inspection of the minimized models, a final comparative
model of the A molecule was chosen based on the ability of the
amino acid side chains to participate in hydrogen bonds, hydro-
phobic andr-interactions, as well as steric factors. The numbering

hybridomas belonging to the same group. It was reasoned thatof amino acids in the Amolecule is consistent with those used for

the introduction of anK)-alkene isostere probably conferred
changes in the conformation of the glycopeptide when bound

AP, Ak HLA-DR, and I-E. Hydrogen bonds were defined to have
a distance 0f3.0 A between a hydrogen of a donor atom D and

by Ad, thereby causing a different epitope to be presented to an acceptor atom A, and to have a-B---A angle of 126-18C°.

the TCRs. It is also possible, but less likely, that a direct loss
of hydrogen-bonding interactions with the TCRs at the position
of the original Al&%—Gly262 amide bond contributes to the
altered T-cell response.

In conclusion, novel backbone-modified glycopeptides have
been used to probe the interactions in ternatigkcopeptide/

Modeling of the CIlI260—267 Glycopeptide. Docking: The
BABEL "8 file format converter was used to represent the CIF260
267 glycopeptide as chiral SMILES from which the 3D atomic
coordinates were generated using the CORINgoftware. This
conformation was used as input in a conformational search using
OMEGA8! with the parameterswindow rms, andmaxconfset to
14, 1.0, and 5000, respectively. The generated ensemble of ligand

TCR complexes to investigate the molecular mechanisms conformations was docked into the binding site of the comparative

governing activation of autoreactive T cells in CIA. The results

Admodel using the FRE® program. The parameter settingsep

obtained in this study can be further used in the design of new 1.25, rstep 1.0, clash checking 0.5, neg_img_sizelarge, and

glycopeptide mimetics with increased stability toward proteolytic
degradation in vivo, potentially rendering structures that can
give protective effects when used in vaccination studies in CIA.

Experimental Section

Comparative Modeling. The modeling was performed using
the Molecular Operating Environmémt{MOE) software and the
AMBER94 force field with an implicit distance dependent dielectric

chemgauss as scoring function were selected based on previous
optimization studie& The 20 highest-ranked conformations by the
scoring function were subjected to visual inspection and manual
ranking based on the following criteria: the side chains offle

and Phé&7 positioned deeply in the P1 and P4 pockets, respectively,
an extended backbone conformation, and the galactose moiety
pointing out of the binding site as supported by experimentally
determined dat& 1" The highest manually ranked conformation
was energy-minimized with the%molecule using MOE until the

solvation model. Default parameter settings were used in the RMSG was <0.01 and applying current geometry as chiral
computational operations, unless otherwise stated. The amino acidconstraintComparative Modeling: The sequence of ClI26€267

sequence of the Aprotein was retrieved from the Swiss-Prot/
TrEMBL’® database (accession numbers;chain: P04227,
f-chain: P06342). Amino acids DHVGFY were added at the
N-terminal of thea-chain. The BLAST® program was used to
search the PDf database for crystal structures with more than
90% sequence-identity with both thlee and g-chain of the A
protein. The resulting complexes (PDB codes: 1MUZ2JAD,*8

and 1LNUY*® were superposed by backbone alignment using the
MOE" software and their similarity was compared both visually

(with Lys?%4instead of GalHy®®%) was manually aligned with the
template CLIP” sequence so that the anchoring residues in the
respective P1 and P4 pocket matched. A total of 100 independent
comparative models were then constructed for CI2B67 using

the same parameter settings as previously described for the modeling
of the A9 molecule. Selection of side chain conformations in
ClI260—267 was guided by the indicated rotamer preference of
the ligand found in the template and two other crystal structt§ s,

as well as in the conformation of ClI26@67 obtained when
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docking with FRED. The ability to participate in hydrogen bonds, 4.52 (m, 1H, NCH), 1.49 (s, 9H, C(G)3), 1.43 (s, 9H, C(Ch)3),
hydrophobic andz-interactions, as well as steric factors with the 1.34 (d,J = 7.1 Hz, 3H, CH); 13C NMR (CDCk) 6 198.4 (CO),
A9 molecule were also considered. Manual hydroxylation and 164.3 (COQ), 155.1 (NCO), 135.0 (COCH), 134.5 (CHCOO), 82.1
subsequent glycosylation of the 12f$side chain, acetylation of ~ (C(CHg)s), 80.0 C(CHa)3), 54.3 (NCH), 28.3 (QCHa3)3), 27.9
the N-terminal and amidation of the C-terminal, were followed by (C(CHs)s), 17.6 (CH).
energy minimization with the Amolecule until the RMSG was (2)-6: *H NMR (CDClg) ¢ 6.46 (d,J = 12.1 Hz, 1H, COCH),
<0.01. 6.04 (d,J=12.1 Hz, 1H, CHCOO), 5.345.21 (m, 1H, NH), 4.56-
General Synthetic ProceduresAll reactions were carried out  4.41 (m, 1H, NCH), 1.46 (s, 9H, C(Gh3), 1.43 (s, 9H, C(Ch)3),
under an inert atmosphere with dry solvents under anhydrous 1.38 (d,J = 7.2 Hz, 3H, CH); 13C NMR (CDCk) 6 202.1 (CO),
conditions, unless otherwise stated. 4 and MeCN were 164.6 (COO0), 155.1 (NCO), 137.4 (COCH), 128.9 (CHCOO0), 82.4
distilled from calcium hydride, whereas THF was distilled from (C(CHs)s), 79.7 C(CHs)s), 55.2 (NCH), 28.3 (CCH3)3), 27.9
potassium. DMF was distilled under reduced pressure and then dried(C(CHs)s), 17.3 (CH).
over 3 A molecular sieves. MeOH was dried o@A molecular (5S)-5-tert-Butoxycarbonylamino-4-oxo-hexanoic Acidtert-
sieves. TLC analysis was performed on silica gel 6§ fMerck) Butyl Ester (7). The isomeric mixture of alkenés(133 mg, 0.447
with detection by UV light and staining with phosphomolybdic acid mmol) and Pd/C (15 mg) in EtOAc (15 mL) were stirred under an
in ethanol, phosphomolybdic acid and CepOin aqueous atmospheric pressure ogifor 16 h at rt. The catalyst was removed
H,SO, or alkaline aqueous KMn§g) followed by heating. After by filtration through a pad of Celite followed by concentration under
workup, organic phases were dried over,8@, before being reduced pressure and purification by flash chromatography (
concentrated under reduced pressure. Flash column chromatographfieptane/EtOAc 5:1 4:1) to afford the saturated analogti€109
was performed on silica gel (Matrex, 60 A, 330 um, Grace mg, 81%) as a colorless oil]?%; +13.3 € 2.0, CHCE); *H NMR
Amicon). Optical rotations were measured with a Perkin EImer (CDCl) 6 5.26 (d,J = 5.8 Hz, 1H, NH), 4.33-4.23 (m, 1H, CH),
model 343 polarimeter at 2WC. H and13C NMR spectra for the 2.83-2.72 (m, 1H, COCH), 2.70-2.62 (m, 1H, COCH), 2.56—
Ala-Gly isostere building blocks and their intermediates were 2.41 (m, 2H, CHCOO), 1.39 (s, 9H, C(Ch)), 1.38 (s, 9H,
recorded at 298 K on a Bruker DRX-400 spectrometer at 400 and C(CHg)s), 1.31 (d,J = 7.1 Hz, 3H, CH); 13C NMR (CDCk) ¢
100 MHz, respectively, and calibrated using the residual peak of 208.1 (CO), 171.6 (COO), 155.1 (NCO), 80.6(CHs)3), 79.6
solvent as internal standard [CRGICHCl; 6y 7.26 ppm, CDJ (C(CHg)3), 55.0 (CH), 33.8 (COCh), 28.9 (CHCOO), 28.2
Oc 77.0 ppm) or CROD (CD,HOD dy 3.31 ppm, CROD ¢ 49.0 (C(CHg)3), 27.9 (CCH3)3), 17.7 (CH); HRMS (FAB) calcd for
ppm)]. First-order chemical shifts and coupling constants were C;sHgNOs, 302.1967 [M+ H]*; found, 302.1980.
obtained from one-dimensional spectra; carbon and proton reso- (5S)-5-(9H-Fluoren-9-ylmethoxycarbonylamino)-4-oxo-hex-
nances were assigned from COSY and HETCOR experiments. anoic Acid (1). Trifluoroacetic acid (0.7 mL) was added to a stirred
Signals that could not be assigned are not reported. Spectra for thesolution of7 (103 mg, 0.342 mmol) in CkCl, (3.3 mL) at rt. After
glycopeptides were recorded at 298 K on a Bruker Avance 90 min, the solution was concentrated under reduced pressure and
spectrometer at 500 MHz inJ@/D,0 (9:1) with O (04 4.76) as the residue was then concentrated from CH@lee times. The
internal standard. COSY, TOCSY, and ROESY experiments were crude trifluoroacetate salt &was dissolved in kD/acetone (1:1,
used for assignment of signals and determination of chemical shifts.4 mL), and NaHC@ (64 mg, 0.762 mmol) was added followed by
Analytical reversed-phase HPLC was performed on a Beckman addition of N-(9-fluorenylmethoxycarbonyloxy)succinimide (122
System Gold HPLC equipped with either a Kromasil C8 column mg, 0.362 mmol). After stirring for 90 min, a second portion of
(250 x 4.6 mm, 5um) or a Supelco Discovery Bio Wide Pore  NaHCQ; (32 mg, 0.381 mmol) was added followed by stirring for
C18 column (250x 4.6 mm, 5um) using a flow-rate of 1.5 mL/ another 3 h. The acetone was removed under reduced pressure,
min and detection at 214 nm. Preparative reversed-phase HPLCCHCI; was added to the aqueous phase and the solution was
was performed on either a Kromasil C8 column (26@1.2 mm, acidified to pH 2 by addition of HCI (10%, aq) at’C. The organic
5 um) or a Supelco Discovery Bio Wide Pore C18 column (250  layer was separated, and the aqueous phase was extracted with
21.2 mm, 5um) using the same eluent as for the analytical HPLC, CHCls. The combined organic layers were washed with brine, dried,
a flow-rate of 11 mL/min, and detection at 214 nm. HRMS data and concentrated under reduced pressure. Purification by flash
were recorded with fast atom bombardment (FARnization or chromatographyrt-heptane/EtOAc/AcOH 3:1:1%> 1:1:1%) af-
electro spray (ES) ionizatiom-Butyllithium was titrate@* with forded1 (110 mg, 88%) as a white amorphous solid]?f, —15.2
diphenyl acetic acid as indicator. Compous&° tert-butyl gly- (c 1.0, MeOH);*H NMR (CD3;0OD; broad, minor peaks due to the
oxylate®! N-Fmoc alaninoP>5¢and TBDPSO(CH),CHO 5264 were existence of rotamers are not reportéd).79 (d,J = 7.4 Hz, 2H,
synthesized as described in the cited literature referencB¥. (5 Fmoc-arom), 7.697.63 (m, 2H, Fmoc-arom), 7.4%7.35 (m, 2H,
N*-(Fluoren-9-ylmethoxycarbonyl)\-benzyloxycarbonyl-53- Fmoc-arom), 7.347.28 (m, 2H, Fmoc-arom), 4.46 (dd,= 10.5
(2,3,4,6-tetrad-acetyl$-p-galactopyranosyl)-5-hydroxy-ysine was and 6.8 Hz, 1H, Fmoc-C§)l, 4.35 (dd,J = 10.5 and 6.8 Hz, 1H,
prepared according to a published proceffuteut with some Fmoc-CH), 4.24-4.14 (m, 2H, Fmoc-CH, NCH), 2.73 @,= 6.1
modifications (see Supporting Information). Boc-Gly-lle-OH was Hz, 2H, COCH), 2.56-2.50 (m, 2H, G,CO.H), 1.29 (d,J=7.2
synthesized from commercially available H-Gly-lle-OH using Hz, 3H, CH); 13C NMR (CD;OD, rotamers) 210.7 (CO), 176.2
standard conditior§s for Boc-protection. (CO,H), 158.4 (NCO), 145.3, 145.2, 142.7, 128.8, 128.2, 128.1,
(59)-5-tert-Butoxycarbonylamino-4-oxo-hex-2-enoic Acidert- 126.3, 126.1, 120.9, 67.7 (Fmoc-@H57.0 (NCH), 48.5 (Fmoc-
Butyl Ester (6). Lithium chloride (162 mg, 3.82 mmol) and CH), 34.2 (CQCH,), 28.5 CH,CO,H), 16.6 (CH); HRMS (FAB)
triethylamine (530uL, 3.80 mmol) were added to a solution of calcd for GiH2,NOs, 368.1498 [M+ H]™; found, 368.1492.
B-ketophosphonatg® (1.12 g, 3.80 mmol) in MeCN (30 mL) at (59)-4-0x0-5-((X)-3,3,3-trifluoro-2-methoxy-2-phenylpropio-
0 °C. tert-Butyl glyoxylaté! (705 mg, 5.41 mmol) dissolved in  nylamino)-hexanoic Acid Methyl Ester (9).Compound? (41 mg,
MeCN (34 mL) was added dropwise, and the reaction was stirred 0.133 mmol) in CHCI, (8.5 mL) was treated with TFA (1.5 mL)
for a further 90 min at OC after completed addition. The reaction for 2 h at rt. Thesolution was concentrated under reduced pressure,
was quenched by addition of citric acid (10%, aqy@tand brine, and the residue was then concentrated from GHiir times. The
and the organic layer was separated. The aqueous phase wasrude product was dissolved in MeOH (2.0 mL), trimethylsilyl
extracted with BEXO and the combined organic layers were washed chloride (59uL, 0.465 mmol) was added, and the reaction was
with brine, dried, and concentrated under reduced pressure. Thestirred for 3 h8® The solution was concentrated under reduced
residue was purified by flash chromatograpimyhgptane/EtOAc pressure and the crude methyl ester was dissolved ¥CGHR2.0
8:1— 2:1) to afford6 (1.11 g, 97% as an isomeric mixture B2 mL). (9-(+)-o-Methoxy-o-trifluoromethylphenylacetyl chloride
3:1) as a slightly yellow oil. ((9-MTPA-CI, 30uL, 0.160 mmol) was added dropwise followed
(E)-6: *H NMR (CDCl) 6 7.08 (d,J = 15.8 Hz, 1H, COCH), by addition of DIPEA (35.L, 0.199 mmol), and the reaction was
6.74 (d,J=15.8 Hz, 1H, CHCOO), 5.345.21 (m, 1H, NH), 4.6t stirred for a further 80 min. The reaction was quenched by addition
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of NH,CI (1 M, aq), and the phases were separated. The aqueousmatography rf-heptane/EtOAc/AcOH 3:1:2%> 2:1:2%) to give
phase was extracted with GEl,, and the combined organic layers  carboxylic acid2 (252 mg, 89%) as a white foam 2% —5.1 (c
were dried and concentrated under reduced pressure to give Moshef.0, CHCE); IH NMR (CDCl;, rotamers)d 7.75 (d,J = 7.5 Hz,
amide9. The diastereomeric ratio could not be determined from 2H, Fmoc-arom), 7.637.54 (m, 2H, Fmoc-arom), 7.417.36 (m,
the crude product due to overlapping signals. The crude product2H, Fmoc-arom), 7.337.26 (m, 2H, Fmoc-arom), 5.55 (d,=
was therefore filtered through a silica column with care to minimize 6.6 Hz, 0.6H, NH), 5.1+5.02 (m, 0.4H, NH), 4.41 (dJ = 5.1
any changes in the isomeric ratio. Integration oftH&NMR spectra Hz, 0.8H, Fmoc-CH), 4.32 (d,J = 6.8 Hz, 1.2H, Fmoc-C}yj,

displayed a diastereomeric ratio »fL00:1. 4.22-4.14 (m, 1H, Fmoc-CH), 4.013.91 (m, 2H, G1,CO,H),
(55/R)-4-0Ox0-5-(()-3,3,3-trifluoro-2-methoxy-2-phenylpro- 3.91-3.80 (m, 0.8H, NCH), 3.763.58 (m, 0.7H, CH€El,), 3.58—
pionylamino)-hexanoic Acid Methyl Ester (10). DBU (98 uL, 3.46 (m, 0.2H, NCH), 3.443.33 (m, 0.3H, CHEl,), 3.26-3.15

0.650 mmol) was added to a solution®f15 mg, 0.049 mmol) in (m, 0.4H, CH®,), 3.11-2.98 (m, 0.6H, CHEl,), 1.44 (s, 3.2H,
THF (1.0 mL) followed by heating at 80C for 1800 s by C(CHg)3), 1.41 (s, 5.8H, C(CH)3), 1.21-1.14 (m, 2.5H, CH),
microwave irradiation in a closed vessel. The solution was 1.08-0.93 (m, 0.5H, Ch); 3C NMR (CDCk, rotamers for minor
concentrated under reduced pressure, and the residue was taken uptamer when assigned})174.2 [173.9] (CGH), 156.5 (NCOO),

in CH.Cl, and washed with citric acid (10% aq). The combined 156.3 (NCOO), 155.9 (NCOO), 143.9, 143.8, 141.3, 141.2, 127.6,
aqueous phases were extracted with,Chl and the combined 127.0,125.2,124.9,119.9, 119.9, 81.2 [81F[EHs)3), 66.8 [66.5]
organic layers were then washed with brine, dried, and concentrated(Fmoc-CH), 52.8 [53.3] (CHCH,), 49.8 (CH,CO.H), 47.2
under reduced pressure to give the crude racemsatd, [o]*% (Fmoc-CH), 46.9 [46.7] (NCH), 28.1 [28.2] (CHaz)3), 18.6 (CHy);

0.0 (¢ 1.0, CHC}). The corresponding diastereomeric mixture of HRMS (FAB) calcd for GsH31N,Og, 455.2182 [M+ H]*; found,
Mosher amideslO was synthesized fromac-7 using the same 455.2189.

procedure as described farand integration of théH NMR spectra N-Trifluoroacetyl-(2 S)-alaninol (17). L-Alaninol (2.50 g, 33.3
confirmed a 1:1 diastereomeric mixture. . mmol) dissolved in CkCl, (200 mL) was treated with triethylamine
((2S)-2-(9H-Fluoren-9-yimethoxycarbonylamino)-propylaminol- (16.3 mL, 117 mmol) at rt. The solution was cooled to’©,

acetic Acid tert-Butyl Ester (14)._Des.s-Martin periodinane (9.50  trifluoroacetic anhydride (6.5 mL, 46.6 mmol) was slowly added
mL, 4.57 mmol, 15 wt % solution in Ci€l;) was added to a  gyer 40 min, and the reaction was stirred foh after complete
solution of aIcohoI1255_(E_500 mg, 2.69_mmol) in CIZC|2/DMSO addition. The solution was concentrated under reduced pressure at
(1:1, 24 mL). After stirring for 40 min at rt, the reaction was |\ temperature and the crude product was dissolved in EtOAc
quenched by addition of N&Os _(5.37 g, 28.2 mmol) dissolved  5nq washed with NaHCO(aq, satd). The aqueous phase was
in NaHCG; (aq, satd). The organic layer was separated and washedgytracted with EtOAc, and the combined organic layers were
with NaHCQ; (aq, satd) and k0. The combined aqueous phases \yashed with HCI (0.1 M, aq) and brine. The organic layer was
were extracted with ChCl>, and the combined organic layers were  qriaq and concentrated under reduced pressure to afford alcohol
washed with brine and dried. The solution was concentrated under (4.43 g, 78%) as a white amorphous solid, which was used
reduced pressure at low temperature to provide crude aldet®de | inout furfher purification. ¢]2% —16.3 € 1.0 CI—]C&)' 1H NMR

(643 mq) as a white amorphous solid, which was directly dissolved (CDCL) 6 6.77 (br s, 1H, NH), 4.174.06 (m ,lH CH’) 3.74 (dd

in CH.Cl, (15 mL) and treated with glycingert-butyl ester J=11.2 and 3.8 Hz. 1H Cb] 361 (dd,J —'11.2 and 4.9 Hz.
hydrochloride (438 mg, 2.61 mmol) at rt for 40 min. NaBH(O4c) 1 CH,), 2.38 (br s iH éH) ’1.26 (dl=,6.9 Hz, 3H, CH): 3 d
(738 mg, 3.48 mmol) and MeOH (3.6 mL) were added to the \uRr (CISCIg) ) 157’.1 (Cl],JC—F,: 37 Hz, NCO), 1’15.é (ch’—F=

reaction. After 90 min, NaHC®(aq, satd) and brine were added, 287 Hz, CR), 65.0 (splitted, Ch), 47.8 (splitted, CH), 16.5 (splitted,

the organic layer was separated, and the aqueous phase wa - HRMS (ES led f E-NO, 172.0585 M+ HI*:
extracted with CHCl,. The combined organic layers were dried E‘:;)d 172_05(70_) caled for GHgFsNO, ' [ I

and concentrated under reduced pressure. Purification by flash . . .
chromatography (silica gel pretreatedpwith AcO1-heptane/EtOAyc/ N-((15)-2-lodo-1-methyl-ethyl)-trifluoroacetamide (18). Triph-
triethylamine 2:3:0% 1:4:2%) afforded secondary amifé (468 enylphosphine (7.51 g, 28.6 mmol) and imidazole (2.20 g, 32.3
mg, 43% from12) as a slightly yellow oil. §]2% +2.1 (¢ 1.0, mmol) were added to aIcohCh_I? (2.04 9,119 mmol) dissolved in
CHCL): *H NMR (CDCl) 6 7.76 (d,J = 7.5 Hz, 2H, Fmoc-arom), toluene (140 mL)_. The solution was treatg_d with(5.80 g, _22.9
7.64-7.59 (m, 2H, Fmoc-arom), 7.427.37 (m, 2H, Fmoc-arom), mmol) and was slightly hez_ated during addition. Afte_r 75 minCEt
7.34-7.29 (m, 2H, Fmoc-arom), 5.25 (br s, 1H, CONH), 4.39 (d, Was added, and the organic phase was washed wit,8a(5%,

J = 6.9 Hz, 2H, Fmoc-Ch), 4.23 (t,J = 6.9 Hz, 1H, Fmoc-CH), aq). The aqueous pha;e was extracted wit Find the combined
3.86-3.74 (m, 1H, NCH), 3.383.22 (m, 2H, COCH), 2.70-2.61 organic layers were dried and concentrated under reduced pressure.
(m, 2H, NCH,CH), 1.96 (br s, 1H, NH), 1.48 (s, 9H, C(GH), The residue was purified by flash chromatographyhé¢ptane/
1.22-1.14 (m, 3H, CH): 3C NMR (CDCk, rotamers)d 171.7 EtOAc 40:1— 2:1) to afford iodidel8 (2.64 g, 79%) as a white
(CO0), 156.1 (NCO), 144.0, 144.0, 141.3, 127.6, 127.0, 125.1, amorphous solid.d]*% —47.2 € 1.0, CHCE); *H NMR (CDCly)
119.9, 81.3 C(CHs)s), 66.5 (Fmoc-Chl), 54.2 (NCH,CH), 51.6 0 6.56 (brs, 1H, NH), 3.963.85 (m, 1H, CH), 3.43 (dd] = 10.5
(COCHy), 47.3 (NCH), 46.8 (Fmoc-CH), 28.1 (CHaj)3), 18.9 and 4.9 Hz, 1H, Ch), 3.29 (dd,J = 10.5 and 4.5 Hz, 1H, C}),

(CHa); HRMS (FAB) calcd for GsHsiN,Oy, 411.2284 [M+ H]*; 1.32 (d,J = 6.7 Hz, 3H, CH); **C NMR (CDCk) 0 156.5 (q.Jc—r
found, 411.2275. = 37 Hz, NCO), 115.6 (qJc_r = 288 Hz, CF), 45.8 (CH), 20.5
{tert-Butoxycarbonyl-[(2S)-2-(9H-fluoren-9-ylmethoxycarbo- (CHy), 1%-_0 (CH); HRMS (ES) caled for €HgFsINO, 281.9603
nylamino)-propyl]-amino } -acetic Acid (2). Secondary aminé4 [M + H]™; found, 281.9621. _ _
(255 mg, 0.621 mmol) was dissolved in &, (20 mL) and treated ((29)-2-Trifluoroacetamido-propyl)-triphenyl Phosphonium

with trifluoroacetic acid (8.6 mL). The reaction was stirred for 14 lodide (19).lodide 18 (1.76 g, 6.26 mmol) and PRK6.63 g, 25.3

h at rt followed by concentration under reduced pressure. The mmol) were refluxed in toluene (22 mL) for 18 h. The solvent was
residue was concentrated from CHGhree times and was then  evaporated under reduced pressure and the residue was purified
dissolved in CHCI, (12 mL). Diisopropylethylamine (23@L, 1.37 by flash chromatography (GEl,/MeOH 1:0 — 30:1) to give
mmol) was added followed by addition of B6Z (186 mg, 0.853 phosphonium salt9 (3.40 g, quantitative yield) as a white foam.
mmol) dissolved in CKCl, (2.0 mL). After 40 min, a second portion  [0]?% —17.2 € 1.0, CHC}); *H NMR (CDsOD) 6 7.93-7.85 (m,

of DIPEA (66uL, 0.379 mmol) and Bo© (177 mg, 0.811 mmol) 8H, Ph), 7.86-7.73 (m, 6H, Ph), 4.654.53 (m, 1H, CH), 4.03
were added. After an additional 15 min, the reaction was quenched3.82 (m, 2H, CH), 1.47 (dd,J = 6.6 and 1.9 Hz, 3H, Ck); 13C

by addition of citric acid (10%, aq), the phases were separated, NMR (CDsOD) 6 157.5 (q,Jc-¢ = 37 Hz, NCO), 136.3 (dJc-p
and the aqueous phase was extracted withGHThe combined = 2.9 Hz, Ph), 134.9 (dJc—p = 10 Hz, Ph), 131.5 (dJc-p = 13
organic layers were washed with brine, dried, and concentrated Hz, Ph), 119.1 (dJc-p = 108 Hz, Ph), 116.6 (qJc-r = 288 Hz,
under reduced pressure. The residue was purified by flash chro-CF;), 42.6 (d,Jc—p = 4.4 Hz, CH), 29.2 (dJc-p = 51 Hz, CH),
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23.5 (d,chp = 14 Hz, CH;), HRMS (FAB) calcd for GaHooF5-
NOP, 416.1386 [M}; found, 416.1400.

(E)-(5S)-5-(Trifluoroacetamido)-hex-3-enoic Acid (22).The
general procedure described above applied®p21 (134 mg,

N-[(1S5)-5-(tert-Butyl-diphenyl-silyloxy)-1-methyl-pent-2-enyl]- 0.635 mmol) in acetone (13 mL) followed by flash chromatography
trifluoroacetamide (20). Phosphonium salt9 (1.46 g, 2.94 mmol) (n-heptane/EtOAC/ACOH 4:1:1%> 3:1:1%) afforded carboxylic
was dried under vacuum overnight before being dissolved in THF acid 22 (132 mg, 92%) as a white amorphous solid]?fp —72.0
(25 mL) and cooled te-78 °C. Titrated* n-BuLi (4.20 mL, 1.4 M (c 1.0, CHC}); 'H NMR (CDCly) 6 6.35-6.23 (m, 1H, NH), 5.82
in hexanes, 5.88 mmol) was slowly added whereby the solution 5.73 (m, 1H, GZ1{CH,CO,H), 5.62 (dd,J = 15.6 and 5.7 Hz, 1H,
turned bright yellow. The reaction was allowed to reach rt during NCHCH), 4.65-4.55 (m, 1H, NCH), 3.14 (d] = 6.8 Hz, 2H, G-
20 min and was then cooled t678 °C again followed by addition CO,H), 1.35 (d,J = 6.9 Hz, 3H, CH); 13C NMR (CDCk) 6 176.6
of 3-(tert-butyl-diphenyl-silyloxy)-propionaldehy&&%(TBDPSO(CH) - (COH), 156.3 (c—¢ = 37 Hz, NCO), 133.6 (NCEBH), 123.4
CHO, 919 mg, 2.94 mmol) dissolved in THF (8 mL). The reaction (CHCH,CO.H), 115.8 (c—r = 288 Hz, CR), 47.1 (NCH), 37.0
was allowed to reach @C over a period of 110 min, followed by  (CH,CO;H), 19.9 (CH); HRMS (FAB) calcd for GH11F3NOs,
addition of E§O and 0.1 M HCI saturated with Nj&I. The organic 226.0691 [M+ H]*; found, 226.0689.
layer was separated and the aqueous phase was extracted@ith Et  (z)_(55)-5-(Trifluoroacetamido)-hex-3-enoic Acid (24).The
The combined organic layers were washed with brine, dried, and general procedure described above applieZy21 (144 mg, 0.682
concentrated under reduced pressure. The residue was purified bynmol) in acetone (14 mL) followed by flash chromatography (

flash chromatographyn¢heptane/EtOAc 10:1~ 8:1) to afford20

(.17 g, 89%) as an isomeric mixture BfZ 1:1 (this reaction

typically gave mixtures of alkenes df/Z 3:2—2:3). 'H NMR
(CDCls, E/Z isomers)d 7.69-7.63 (m, 8H, Ph), 7.457.35 (m,
12H, Ph), 6.18 (br s, 1H, NfJ, 6.12 (br s, 1H, NH), 5.74-5.66
(m, 1H, NCHCHGHE), 5.66-5.58 (m, 1H, NCHCHEI;), 5.48 (dd,
J=16.4and 5.9 Hz, 1H, NCH#Ex), 5.40-5.31 (m, 1H, NCHEI;),
4.82-4.71 (m, 1H, NCH), 4.60-4.50 (m, 1H, NCH}), 3.77-3.63
(m, 4H, CHOSI), 2.49-2.34 (m, 2H, G,CH,0Sk), 2.33-2.25
(m, 2H, CH,CH,0Sk), 1.30 (d,J = 6.8 Hz, 3H, CH ¢), 1.26 (d,
J=6.7 Hz, 3H, CH ), 1.06 (s, 18H, C(Ch)s3); 1°C NMR (CDCE,
E/Z isomers)d 156.1 (q,Jc—F = 37 Hz, NCO), 156.0 (gJc—F =

37 Hz, NCO), 135.5 (Ph), 134.8 (Ph), 133.8 (Ph), 133.8 (Ph), 133.7

(Ph), 130.9 (NCKEHg), 130.5 (NCHCHEH,), 130.3 (NCHCHy),

129.6 (Ph), 129.6 (Ph), 129.5 (NCHCHi), 127.6 (Ph), 115.8

(0, Jo_r = 288 Hz, CF), 115.8 (q,Jc_r = 288 Hz, Ck), 63.1
(CH,0Si), 63.1 (CHOSI), 47.4 (NCH), 43.9 (NCH,), 35.5 CH;-
CH,0Sk), 31.1 CH,CH,0Sk), 26.8 (CCHs)3), 26.8 (CCHa)3),
21.1 (CH ), 20.1 (CH g), 19.2 (C(CH3)3), 19.2 C(CHs)3).

(59)-5-(Trifluoroacetamido)-hex-3-en-1-ol (21).The isomeric
mixture of 20 (1.10 g, 2.46 mmolE/Z 1:1) in THF (50 mL) was
treated with tetrabutylammonium fluoride trihydrate (2.33 g, 7.37
mmol) for 6 h at rt. Thesolvent was evaporated under reduced
pressure and the residue was purified by flash chromatogragphy (

heptane/EtOAc 4:1> 2:1) twice to completely separate)-21 (148
mg, 29%) andZ)-21 (156 mg, 30%).

(E)-21: A colorless oil; p]?% —75.6 € 1.0, CHCL); 'H NMR
(CDCls) 6 6.90-6.80 (m, 1H, NH), 5.685.59 (m, 1H, GIiCH,),
5.51 (dd,J = 15.6 and 5.9 Hz, 1H, NCH@), 4.56-4.46 (m, 1H,

NCH), 3.64 (,J = 6.2 Hz, 2H, Gi,0H), 2.37 (br s, 1H, OH),

2.30-2.24 (m, 2H, G1,CH,OH), 1.30 (d,J = 6.9 Hz, 3H, CH);

13C NMR (CDCk) ¢ 156.5 (q,Jc—r = 37 Hz, NCO), 131.9

(NCHCH), 128.8 CHCH,), 115.8 (g,Jc—r = 288 Hz, Ck), 61.4
(CH,OH), 47.6 (NCH), 35.4 ¢H,CH,OH), 20.0 (CH); HRMS
(FAB) calcd for GHi3FsNO,, 212.0898 [M + H]*; found,
212.0887.

(2)-21: A colorless oil; p]?% —12.4 € 1.0, CHCE) *H NMR
(CDCls) 6 6.73 (br s, 1H, NH), 5.625.53 (m, 1H, GCH,CH,-
OH), 5.45-5.39 (m, 1H, NCH®), 4.82-4.71 (m, 1H, NCH),
3.75-3.61 (m, 2H, ®G,0H), 2.55-2.45 (m, 1H, ®,CH,OH),
2.36-2.27 (m, 1H, ¢1,CH,OH), 2.23 (br s, 1H, OH), 1.31 (d,
= 6.7 Hz, 3H, CH)); 13C NMR (CDCk) ¢ 156.5 (q,Jc—r = 37 Hz,
NCO), 131.6 (NCKCH), 129.8 CHCHy), 115.7 (q,Jc-r = 288
Hz, CR), 61.5 CH,OH), 44.0 (NCH), 31.0 ¢H,CH,OH), 20.8
(CHs); HRMS (FAB) calcd for GH13FsNO,, 212.0898 [M+ H]*;
found, 212.0888.

General Procedure for Oxidation of (E)-21 and £)-21 to
Afford 22 and 24. Jones’ reagent (1 M Cr§X3.0 equiv) in 4.4 M

H,SOy) was added to alcohdE)-21 or (Z)-21 (1.0 equiv) dissolved
in acetone (20.5 mL/mmol alcohol) at°@, and the solution was
stirred for 45 min, while allowed to attain ritzPrOH (1 mL) was

added, and the pH was adjusted to 3 by addition of Nakl@Q,

satd). The aqueous phase was extracted wityOEfand the

heptane/EtOAc/AcOH 4:1:1%) afforded carboxylic add (133
mg, 87%) as a colorless oik]?%; +13.3 € 1.0, CHCE); *H NMR
(CDCl3) 6 10.8 (br s, 1H, CGH), 6.44 (br s, 1H, NH), 5.7#5.69
(m, 1H, CHCH,CO,H), 5.54-5.46 (m, 1H, NCHG), 4.80-4.69
(m, 1H, NCH), 3.29 (ddJ = 7.4 and 1.6 Hz, 2H, B,CO,H), 1.33
(d, J = 6.7 Hz, 3H, CH); 13C NMR (CDCk) ¢ 176.7 (CQH),
156.4 (c—¢ = 37 Hz, NCO), 132.7 (NCBH), 124.2 CHCH,-
CO,H), 115.7 (§c = 288 Hz, Ck), 43.7 (NCH), 32.9CH,CO.H),
20.6 (CHy); HRMS (FAB) calcd for GH11F3NO;s, 226.0691 [M+
H]*; found, 226.0701.

General Procedure for Hydrolysis of 22 and 24 and Subse-
quent Fmoc-Protection to Afford 3 and 26. Trifluoroacetamide
22 or 24 (1.0 equiv) was dissolved in MeOH (19 mL/mmol
trifluoroacetamide), and ¥CO; (10% ag, 7.5 mL/mmol trifluoro-
acetamide) was added followed by stirring for-436 h at rt. The

solvent was removed under reduced pressure, and the residue was

dissolved in NaCO; (10%, aq)/MeCN (1:1, 29 mL/mmol), followed
by addition of N-(9-fluorenylmethoxycarbonyloxy)succinimide
(1.05 equiv). After stirring for 816 h, the MeCN was evaporated

under reduced pressure, CH@las added, and the aqueous phase

was acidified to pH 2 by addition of HCI (10% aq) at’G. The

organic layer was separated, and the aqueous phase was extracted
with CHClz. The combined organic layers were washed with brine,
dried, and concentrated under reduced pressure, followed by

purification by flash chromatographg-heptane/EtOAc/AcOH 3:1:
1%).
(E)-(59)-5-(9H-Fluoren-9-yImethoxycarbonylamino)-hex-3-

enoic Acid (3).The general procedure described above applied on
22 (122 mg, 0.543 mmol) afforded the Fmoc-protected building

block 3 (169 mg, 89%) as a white amorphous solid}?f, —18.8
(c 1.0, MeOH);*H NMR (CDCl) 6 7.76 (d,J = 7.6 Hz, 2H, Fmoc-
arom), 7.59 (dJ = 7.4 Hz, 2H, Fmoc-arom), 7.427.37 (m, 2H,
Fmoc-arom), 7.347.29 (m, 2H, Fmoc-arom), 5.7%.49 (m, 2H,
NCHCH, CHCH,CO,H), 4.92 (br s, 1H, NH), 4.564.38 (m, 2H,
Fmoc-CH), 4.35-4.25 (m, 1H, NCH), 4.22 (tJ = 6.5 Hz, 1H,
Fmoc-CH), 3.15-3.04 (m, 2H, Gi1,COH), 1.34-1.12 (m, 3H,
CHg); 13C NMR (CDCk) ¢ 176.4 (CQH), 155.6 (NCO), 143.9,
141.4,135.9 (NCIgH), 127.7, 127.0, 125.0, 121.EICH,CO,H),
120.0, 66.6 (Fmoc-Ch), 48.0 (NCH), 47.3 (Fmoc-CH), 37.CHy»-
CO.H), 20.8 (CH); HRMS (FAB) calcd for GiH2,NOy, 352.1549
[M + H]*; found, 352.1552.

(2)-(59)-5-(9H-Fluoren-9-ylmethoxycarbonylamino)-hex-3-

enoic Acid (26). The general procedure described above applied
on24(100 mg, 0.445 mmol) afforded the Fmoc-protected building

block 26 (134 mg, 86%) as a white amorphous solid]?f5 +71.2
(c 1.0, MeOH);'H NMR (CDCl) 6 7.76 (d,J = 7.6 Hz, 2H, Fmoc-
arom), 7.57 (dJ = 7.6 Hz, 2H, Fmoc-arom), 7.427.37 (m, 2H,
Fmoc-arom), 7.31 (m, 2H, Fmoc-arom), 5-:6¢.56 (m, 1H, GI1CH,-
COH), 5.46-5.38 (m, 1H, NCH®I), 4.79 (br s, 1H, NH), 4.52
4.37 (m, 3H, Fmoc-ChH NCH), 4.20 (t,J = 6.3 Hz, 1H, Fmoc-
CH), 3.45-3.31 (m, 1H, G¢1,COH), 3.27-3.14 (m, 1H, E,COH),
1.30-1.16 (m, 3H, CH); 13C NMR (CDCk, rotamers)d 174.6

combined organic layers were dried and concentrated under reduceCO,H), 155.9 (NCO), 143.8, 143.8, 141.3, 134.9 (NCH), 127.7,

pressure.

127.1,124.9, 124.9, 122.€KHCH,CO,H), 120.0, 66.8 (Fmoc-CHj,



Molecular Interactions Associated with Arthritis Journal of Medicinal Chemistry, 2007, Vol. 50, No5@39

Table 2. 'H NMR Chemical Shifts for Cl1266-267 with GalHyP54 and Al&%4y[COCH;]Gly?262 (28)2

residue NH Fdt Hp Hy others
llg260 8.08 411 1.81 1.45,1.18,0.91 (gH 0.86 (H)°
Ala?sly[COCH] 8.42 4.40 1.29 2.83 and 2.75 (CO@H
Gly262 2.46
Phe®3 8.21 457 3.07,3.01 7.25 W, 7.34 (), 7.31 (H)
Hyl264 8.35 4.26 2.00, 1.73 1.59 4.01 (W), 3.17 and 2.97 (H)d
Gly265 7.91 3.88
Glu2se 8.26 4.31 2.08,1.93 2.41
GIn?67 8.44 4.26 2.08,1.96 2.34 7.47 and 6.82qNH,)®

aMeasured at 500 MHz and 298 K in water containing 109@®vith H,O (o1 4.76 ppm) as internal standafiChemical shift for the N-terminal acetate
group: ¢ 2.01.¢Degeneracy has been assunfé@hemical shifts for the galactose moiety:4.42 (H1), 3.91 (H4), 3.75 (H6), 3.68 (H5), 3.63 (H3), and
3.52 (H2).2 Chemical shifts for the C-terminal amidex 7.55, 7.08.

Table 3. *H NMR Chemical Shifts for Cl1266-267 with GalHyP5* and Al&®hy[CHNH,T]Gly?262 (29)2

residue NH F Hp Hy others
lg260 8.13 4.07 1.87 1.18, 1.42, 0.90 (gH 0.86 (H)P
Ala283)[CH,NH, ] 8.12 4.20 1.22 3.08 and 3.00 Ki3NH,™")
Glyz262 3.86
Phes3 8.56 4.72 3.11,2.99 7.26 (9, 7.34 (H), 7.31 (HD)
Hyl264 8.52 4.26 1.99,1.76 1.60 4.01 (W), 3.16 and 2.97 (K¢
Gly265 8.13 3.90
Glu266 8.21 4.31 2.07,1.88 2.43
GIn267 8.47 4.26 2.08,1.97 2.83 7.48 and 6.824NHy)e

aMeasured at 500 MHz and 298 K in water containing 10%@®vith H,O (51 4.76 ppm) as internal standafiChemical shift for the N-terminal acetate
group: ¢ 2.03.¢Degeneracy has been assunfé@hemical shifts for the galactose moiety:4.43 (H1), 3.91 (H4), 3.76 (H6), 3.69 (H5), 3.64 (H3), and
3.53 (H2).® Chemical shifts for the C-terminal amidée: 7.57, 7.09.

Table 4. TH NMR Chemical Shifts for Cl1259273 with GalHyP%* and Al&284)[COCH;]Gly262 (31)2

residue NH Fdx Hp Hy others
Gly259 3.84
llg260 8.44 4.21 1.82 1.44,1.17,0.92 (gH 0.85 (HY)
Ala?5L)[COCHy) 8.53 4.42 1.30 2.84 and 2.74 (COQH
Gly262 247
Phes3 8.18 4.59 3.06, 3.00 7.24 Y, 7.33 (H), 7.31 (HE)
Hy1264 8.35 4.26 1.99,1.73 1.89 4.00 (M), 3.16 and 2.98 (¥)°
Gly265 7.97 3.88
Glu266 8.19 4.35 2.11,1.94 2.44
GIn2e7? 8.48 4.36 2.10,1.96 2.85 7.48 and 6.81¢NH,)
Gly?268 8.26 4.11,3.98
Prceee 4.40 2.26,1.90 1.98 3.58 (Ho)
Lys?70 8.44 4.28 1.82,1.74 1.44 1.68 (Ho), 2.9% (He)
Gly2™ 8.34 3.98
Glu?"2 8.20 4.46 2.14,1.96 2.45
Thr273 8.10 4.33 4.33 1.16

aMeasured at 500 MHz and 298 K in water containing 10%Dvith H,O (0w 4.76 ppm) as internal standard. The glycopeptide existed in two forms
in solution due tais/transisomerization of the GRfS—Prc?%® amide bond. Shifts are reported for the majansisomer (displayed NOEs between &i§
He and Prg®H??"), while the minorcis-isomer (<15%) could not be completely assigned due to spectral oveérBpgeneracy has been assunfedhemical
shifts for the galactose moietyd 4.42 (H1), 3.90 (H4), 3.75 (H6), 3.67 (H5), 3.62 (H3), and 3.51 (H2).

47.3 (Fmoc-CH), 44.3 (NCH), 33.6CH,CO,H), 21.0 (CH); were coupled for 2646 h usingO-(7-azabenzotriazol-1-yl)-1,1,3,3-
HRMS (FAB) calcd for GiH2oNO,, 352.1549 [M+ H]*; found, tetramethyluronium hexafluorophosphate (HATU,-2262 equiv)
352.1545. and 2,4,6-collidine (3.23.5 equiv), except in the synthesis28,

General Procedure for Solid-Phase Glycopeptide Synthesis.  where building blocK. (2.0 equiv) was instead activated with HOAt
All glycopeptides were synthesized in mechanically agitated reactors (4.7 equiv) and DIC (2.1 equiv). Fmoc-deprotection after each
using standard solid-phase methodology according to the Fmoc-coupling cycle was accomplished by treatment with 20% piperidine
protocol essentially as described elsewhé@lycopeptides1, 32, in DMF for 10 min. Cleavage of the glycopeptides from the solid
33, and34 were synthesized on Tentagel-S-PHB-Thr-Fmoc resins, phase by treatment with trifluoroacetic acid®ithioanisole/
whereas28 and 29 were synthesized as C-terminal amides on ethanedithiol (35:2:2:1) at 40C for 3 h and subsequent workup
Tentagel-S-NH resins by first coupling the linker Fmoc-2,4- was performed essentially as described elsewteiighis was
dimethoxy-4-(carboxymethyloxy)-benzhydrylamine (Rink). All  followed by purification by reversed-phase HPLC using-&00%
couplings were performed in DMF, unless otherwise stated, and linear gradient of MeCN (0.1% TFA) in $#D (0.1% TFA) over 60
monitored either by using bromophenol blue as indicator by min, except in the synthesis &9, where the crude acetylated
performing a Kaiser te$t N*-Fmoc amino acids (4 equiv) with  glycopeptide was directly deacetylated. Deacetylation was ac-
standard side chain protecting groups and the Rink linker (4 equiv) complished by treatment with NaOMe in MeOH (20 mM, 1 mL/
were activated with 1-hydroxy-benzotriazole (HOBt, 6 equiv) and mg peptide) for 23 h. Neutralization by addition of AcOH and
diisopropyl carbodiimide (DIC, 3.9 equiv). §-N*-(Fluoren-9- concentration under reduced pressure was followed by purification
ylmethoxycarbonylN¢-benzyloxycarbonyl-83-(2,3,4,6tetra-O- using reversed-phase HPLC and the same eluent as stated previ-
acetyl$3-p-galactopyranosyl)-5-hydroxy-ysine® (1.5-1.6 equiv) ously.
was coupled for 2437 h using 1-hydroxy-7-azabenzotriazole Ac-L-isoleucyl+ -alanyly[COCH j]glycyl-L-phenylalanyl-5-O-
(HOAt, 3.0-3.4 equiv) and DIC (1.51.6 equiv) as coupling (B-p-galactopyranosyl)-5-hydroxy+-lysylglycyl-L-glutam-1-yl-L-
reagents. Isostere building blocks2, 3, and26 (1.5-1.8 equiv) glutamine (28). Synthesis was performed with building blogk
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Table 5. 'H NMR Chemical Shifts for Cl1259-273 with GalHyP54 and Al&®%y[CHNH,T]Gly?262 (32)2

residue NH Fdt Hp Hy others
Gly259 3.87
1260 8.50 4.16 1.87 1.41, 1.16, 0.90 (@H 0.85 (HY)
Ala284)[CH,NH, ] 8.27 4.18 1.23 3.10 and 2.98 ¥GNH,)
Gly262 3.91,3.84
Phet3 8.56 472 3.13,3.00 7.24 (Y, 7.33 €H), 7.31 (H)
Hyl264 8.52 4.28 2.00, 1.80 1.81 4.03 (M), 3.12 and 2.99 (K)©
Gly?265 8.17 3.96, 3.87
Glu?66 8.18 4.33 2.06, 1.87 2.80
GIn267 8.50 4.37 2.12,1.88 2.86 7.49 and 6.824NH>)
Gly?268 8.27 4.11, 3.98
Pro?%9 4.39 2.26,1.90 1.98 3.58
Lys?70 8.44 4.29 1.84,1.76 1.45 1.67 (Ho), 2.99 (He)
Gly?7t 8.34 3.92
Glu?’2 8.19 4.46 2.16,1.97 2.45
Thr273 8.04 4.30 4.30 1.16

aMeasured at 500 MHz and 298 K in water containing 10%Dvith H,O (0w 4.76 ppm) as internal standard. The glycopeptide existed in two forms
in solution due tacis/transisomerization of the GRP8—Prc?®® amide bond. Shifts are reported for the majansisomer (displayed NOEs between &§
He and Pré® H22"), while the minorcis-isomer (<15%) could not be completely assigned due to spectral ovérBpgeneracy has been assunfedhemical
shifts for the galactose moietyd 4.42 (H1), 3.91 (H4), 3.76 (H6), 3.68 (H5), 3.63 (H3), and 3.52 (H2).

Table 6. 'H NMR Chemical Shifts for Cl1259-273 with GalHyf%4 and Al&®%y[(E)-CH=CH]Gly262 (33)2

residue NH Hdt Hp Hy others
Gly?s9 3.84
1260 8.39 4.11 1.78 1.43,1.14, 0.87 (@H 0.82 (H)
Ala28%[(E)-CH=CH] 8.24 4.36 1.19 5.81(CH=CH)
Gly?262 2.9%
Phes3 8.07 4.59 3.08, 2.98 7.22 M, 7.33 (M), 7.29 (HE)
Hy|264 8.42 4.27 2.01,1.75 1.81 4.02 (H), 3.07 and 2.97 (H)°
Gly265 7.99 3.92, 3.86
Glu266 8.21 4.36 2.09, 1.93 2.84
GIn267 8.48 4.37 2.11,1.97 2.85 7.48 and 6.814NHy)
Gly268 8.26 4.12, 3.98
Preo9 4.39 2.26,1.90 1.98 3.57 (Ho)
Lys?70 8.44 4.37 1.84,1.76 1.45 1.68 (H0), 2.99 (He)
Gly27t 8.34 3.98
Glu272 8.19 4.46 2.15,1.97 2.46
Thr273 8.08 4.32 4.32 1.17

aMeasured at 500 MHz and 298 K in water containing 10%Dvith H,O (0w 4.76 ppm) as internal standard. The glycopeptide existed in two forms
in solution due tccis/transisomerization of the GRPS—Prc?%° amide bond. Shifts are reported for the majansisomer (displayed NOEs between &i§
He and Prg® Ho9"), while the minorcis-isomer (<7%) could not be completely assigned due to spectral ovetlBpgeneracy has been assunfe@hemical
shifts for the galactose moietyd 4.42 (H1), 3.90 (H4), 3.75 (H6), 3.68 (H5), 3.63 (H3), and 3.51 (H2).

Table 7. TH NMR Chemical Shifts for Cl1259-273 with GalHyF%* and Al&84p[(Z2)-CH=CH]Gly252 (34)2

residue NH Ht Hp Hy others
G|y259 3.83
lle260 8.41 4.07 1.76 1.43,1.13,0.83 (gH 0.82 (H)
Ala2%y[(Z)-CH=CH] 8.30 4.58 1.16 5.47 and 5.44 (EtCH)
G|y262 3.11b
Phees 8.11 4.58 3.08,3.01 7.23 @), 7.32 (H), 7.30 (H)
Hyl264 8.41 4.28 2.00,1.74 1.80 4.04 (Hp), 3.06 and 2.98 (H)°
Gly265 7.91 3.90, 3.86
Glu20e 8.21 437 2.10,1.94 2.5
GIn267 8.47 4.37 211,197 2.86 7.48 and 6.814NHy)
Gly268 8.26 4.13, 3.98
Pro®9 4.39 2.26,1.90 1.98 3.58 (Ho)
Lys?70 8.44 4.29 1.83,1.76 1.4 1.67 (H0), 2.98 (He)
Gly?™ 8.34 3.93
Glu?™2 8.18 4.47 2.15,1.98 2.8
Thr2?3 8.16 4.38 4.34 1.17

aMeasured at 500 MHz and 298 K in water containing 10%Dvith H,O (0w 4.76 ppm) as internal standard. The glycopeptide existed in two forms
in solution due tais/transisomerization of the GRPS—Prc?%® amide bond. Shifts are reported for the majansisomer (displayed NOEs between &i§
He and Prgs® Ho"), while the minorcis-isomer (<11%) could not be completely assigned due to spectral ovérpgeneracy has been assunfedhemical
shifts for the galactose moietyd 4.42 (H1), 3.91 (H4), 3.75 (H6), 3.68 (H5), 3.63 (H3), and 3.51 (H2).

attached to the solid phase (48nol) according to the general  of MeOH (0.1% TFA) in BO (0.1% TFA) over 40 min to afford
procedure described above, with the modification of coupling Ac- 28(3.8 mg, 7% yield based on the amount of resin used) as a white
lle-OH (4.0 equiv) at the N-terminal using HOBt (6 equiv) and amorphous solid after lyophilization. MS (MALDI-TOF) calcd for
DIC (3.9 equiv) as coupling reagents. Deacetylation was performed [M -+ Na]", 1089.5; found, 1089.4H NMR data are given in

in several small scales (x5 mg) by treatment with NaOMe in ~ Table 2.

MeOH (5 mM, 1 mL/mg peptide) and the reaction time was limited Ac-L-isoleucyl+-alanyly[CH,NH;]glycyl-L-phenylalanyl-5-

to 10 min. The final purification using reversed-phase HPLC was O-(f-p-galactopyranosyl)-5-hydroxy+-lysylglycyl-L-glutam-1-yl-
performed twice, the second time using-al®0% linear gradient L-glutamine (29). Synthesis was performed with building blo2k
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attached to the solid phase (4@nol) according to the general
procedure described above, with the modification of acetylating
the N-terminal by treatment with A©O/DMF (2:1) for 3 h. This
afforded29 (16 mg, 26% yield based on the amount of resin used)
as a white amorphous solid after lyophilization. MS (MALDI-TOF)
calcd 1054.5 [M+ H] ™, found 1054.7'H NMR data are given in
Table 3.

Glycyl-L-isoleucyl+-alanyly[COCH ;]glycyl-L-phenylalanyl-
5-O-(5-p-galactopyranosyl)-5-hydroxy+ -lysylglycyl-L-glutam-1-
yl-L-glutaminylglycyl- L-prolyl- L-lysylglycyl-L-glutam-1-yl-L-thre-
onine (31).Synthesis was performed with building blotlattached
to the solid phase (5@mol) according to the general procedure
described above, with the modification of coupling Boc-Gly-lle-
OH?®5 (2.0 equiv) at the N-terminal using HATU (2.1 equiv) and
2,4,6-collidine (4.2 equiv) in CkCl,. This coupling was repeated
using 1.0 equiv of Boc-Gly-lle-OH. Deacetylation was
performed in several small scales (@&mg) and the reaction time
was limited to 10 min. The final purification using reversed-phase
HPLC was performed twice, the second time using-al00%
linear gradient of MeOH (0.1% TFA) in ¥ (0.1% TFA) over
40 min to afford31 (7 mg, 7% vyield based on the amount of
resin used) as a white amorphous solid. MS (MALDI-TOF) calcd
1652.8 [M + H]*, found 1652.8.!H NMR data are given in
Table 4.

Glycyl-L-isoleucyli-alanyliy[CH ,NH, glycyl-L-phenylalanyl-
5-O-(#-p-galactopyranosyl)-5-hydroxy+-lysylglycyl-L-glutam-1-
yl-L-glutaminylglycyl- L-prolyl- L-lysylglycyl-L-glutam-1-yl-L-thre-
onine (32).Synthesis was performed with building blo2lattached
to the solid phase (5@mol) according to the general procedure
described above. This afford&2 (19.5 mg, 19% yield based on
the amount of resin used) as a white amorphous solid after
lyophilization. MS (MALDI-TOF) calcd 1639.8 [M+ H]*, found
1639.8."H NMR data are given in Table 5.

Glycyl-L-isoleucyl+-alanyly[(E)-CH=CH]glycyl- L-phenyla-
lanyl-5-O-(3-D-galactopyranosyl)-5-hydroxyt -lysylglycyl-L-glutam-
1-yl-L-glutaminylglycyl- L-prolyl- L-lysylglycyl-L-glutam-1-yI-L-
threonine (33). Synthesis was performed with building blo&k
attached to the solid phase (@nol) according to the general
procedure described above. This afford81(19 mg, 19% yield
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instructions. All glycopeptides were evaluated on the same plate
using biological material from the same batch. The experiments
were performed in duplicates.

Determination of T-Cell Hybridoma ResponsesThe response
of each glycopeptide-specific andi-Aestricted T-cell hybridoma
line, that is, the amount of IL-2 secreted following incubation of
the hybridoma with antigen-presenting spleen cells expressing A
and increasing concentrations of the glycopeptides, was determined
in a standard assay using ELISA. In brief, 6 10* T-cell
hybridomas were co-cultured with 6 10° syngeneic spleen cells
and increasing concentrations of the glycopept@is34 (0 uM,
0.001284M, 0.0064uM, 0.032uM, 0.16uM, 0.8 uM, 4 uM, and
20 uM) in a volume of 200uL in 96-well flat-bottom microtiter
plates. After 24 h, 100L aliquots of the supernatants were removed
and frozen to kill any transferred T cells hybridoma. The contents
of IL-2 in the culture supernatant were measured by sandwich
ELISA (purified rat anti-mouse IL-2 as capturing mAb and the
biotin rat anti-mouse IL-2 as detecting mAb, both from PharMingen,
Los Angeles, CA) using the DELFIA system (Wallac, Turku,
Finland). Recombinant mouse IL-2 served as a positive control and
standard.
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Supporting Information Available: Coordinates of the com-
parative model of A details of the molecular modeling, the
modified experimental procedures for the galactosylated hydroxy-
lysine derivative, purity of the glycopeptides, HPLC chromatograms

based on the amount of resin used) as a white amorphous solidfor the backbone-modified glycopeptides, inhibition data for

after lyophilization. MS (MALDI-TOF) calcd 1636.8 [M- H]*,
found 1636.91H NMR data are given in Table 6.
Glycyl-L-isoleucyl+-alanyly[(Z)-CH=CH]glycyl-L-phenyla-
lanyl-5-O-(3-D-galactopyranosyl)-5-hydroxyt -lysylglycyl-L-glutam-
1-yl-L-glutaminylglycyl-L-prolyl- L-lysylglycyl-L-glutam-1-yl-L-
threonine (34). Synthesis was performed with building blo2&
attached to the solid phase (@nol) according to the general
procedure described above. This affor@d22.6 mg, 23% yield

based on the amount of resin used) as a white amorphous solid

after lyophilization. MS (MALDI-TOF) calcd 1636.8 [Mr- H]*,
found 1636.81H NMR data are given in Table 7.

Inhibition Assay. The ability of the backbone-modified glyco-
peptides to bind to the Amolecule was studied in an inhibition
assay, performed essentially as described elsevihétBriefly, a
96-well microtiter plate was first coated with the mAb Y3-P (10
©g/mL) by incubating fo 2 h atroom temperature. Blocking was
achieved by treatment with PBS containing 2% low fat milk for 1
h and this was followed by washing. Recombinafpfoteins (0.1
uM) were then captured by incubating overnight at@. After
washing, 10QuL of a mixture containing a fixed concentration of
biotinylated CLIP peptide (2.aM) and increasing concentrations
of the (modified) glycopeptide®7—34 (0 uM, 0.8 uM, 4 uM, 20
uM, 100uM, and 500uM) in 100 mM phosphate buffer (pH 7.0)
was then incubated for 48 h at room temperature. This mixture
also contained a cocktail of protease inhibitors (Complete, Boe-
hringer, Mannheim). Excess of peptide was removed by washing
with PBS, and the amount of biotinylated CLIP peptide bound to
the recombinant Aproteins was quantified using the dissociation-
enhanced lanthanide fluoroimmunoassay (DELFIA) system based
on the time-resolved fluoroimmunoassay technique with europium-
labeled streptavidin (Wallac, Turku), according to the manufacturers

glycopeptide binding to A T-cell response data with dose
response curves, ariti NMR and3C NMR spectra for all new
isolated compounds. This material is available free of charge via
the Internet at http://pubs.acs.org.
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