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Glycopeptide Specificity of Helper T Cells Ob-
tained in Mouse Models for Rheumatoid Arthritis
Bjˆrn Holm,[a] Johan B‰cklund,[b] Miguel A. F. Recio,[a] Rikard Holmdahl,[b] and
Jan Kihlberg*[a]

Five protected analogues of �-D-galactosyl-(5R)-5-hydroxy-L-lysine
were prepared, in which the galactosyl moiety was modified by
monodeoxygenation or inversion of stereochemistry at C-4. The
building blocks were used in the solid-phase synthesis of a set of
glycopeptides related to the peptide fragment CII256 ± 273 from
type II collagen. Evaluation of the glycopeptides revealed that T-cell
hybridomas obtained in collagen-induced arthritis (CIA), which is a
common mouse model for rheumatoid arthritis, recognized the
galactosyl moiety with high specificity for individual hydroxy
groups. Moreover, T-cell hybridomas obtained in a humanized
variant of CIA were also found to recognize the glycopeptides in an
equally carbohydrate-specific manner. The results allowed the
generation of models of the complexes formed between the

appropriate class II major histocompatibility complex (MHC)
molecule, glycopeptide, and the T-cell receptor, that is, of an
interaction that is critical for the stimulation of T cells in the
arthritis models. In the structural models, peptide side chains
anchor the glycopeptide in pockets in the class II MHC molecule,
whereas the galactosylated hydroxylysine residue forms the key
contacts with the T-cell receptor. Importantly, the results also
suggest that a T-cell response towards glycopeptide fragments
from type II collagen could play an important role in the develop-
ment of rheumatoid arthritis in humans.
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Introduction

The last 10 ± 20 years has led to a tremendous increase in our
knowledge of how cell-mediated immune responses occur, and
many key interactions are now understood at the molecular and
structural level.[1] Proper functioning of the immune system of
higher vertebrates requires the processing of protein antigens
into shorter peptides by antigen-presenting cells.[2±4] Peptides
resulting from this degradation are bound by major histocom-
patibility complex (MHC) molecules, and the complexes are then
transported to the cell surface where they are displayed to Tcells.
Recognition of the complexes by receptors on circulating Tcells
triggers responses that depend on the origin of the protein
antigen and also on the kind of antigen-presenting cell and Tcell
that are involved. Almost all cells can process foreign protein
antigens produced intracellularly, for example, due to a viral
infection or transformation of the cell during cancer. Recognition
of the resulting peptide ± class-I-MHC-molecule complexes by
receptors on ™cytotoxic∫ (CD8�) Tcells leads to destruction of the
presenting cell, thereby eliminating the viral infection or
preventing the development of cancer. In a similar manner,
specialized antigen-presenting cells, such as macrophages,
B cells, and dendritic cells, take up and process extracellular
protein material, for example, bacterial proteins. Recognition of
the complexes between peptides and class II MHC molecules on
the surface of such antigen-presenting cells by ™helper∫ (CD4�)
Tcells leads to the release of immunomodulating cytokines, such
as interleukines. These cytokines are essential for inducing
production of high-affinity IgG antibodies in B cells as well as
production of memory B cells and activation of phagocytic cells ;

these events are all essential for the elimination of the bacterial
infection.

The interactions that occur in ternary complexes of MHC
molecules, peptides, and T-cell receptors are thus critical for
eliciting proper immune responses from both cytotoxic and
helper T cells. Studies based on X-ray crystallography have
recently revealed the structures of such complexes, which
provide a platform for understanding how structural features
relate to signal transduction.[5±9] In both class I and class II MHC
molecules, two � helices form the sides of the elongated
peptide-binding groove and the floor consists of an eight-
stranded � sheet.[10, 11] The groove of class I MHC molecules is
closed at both ends, which limits the length of the bound
peptides to between eight and ten residues. Class II MHC
molecules have peptide-binding grooves that are open at both
ends, thereby allowing the binding of longer peptides that often
contain more than 13 amino acids. Pockets in the binding
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groove require insertion of side chains from two or three
residues in the bound peptide and thus provide specificity for
the interaction. Since the peptide is deeply bound in the groove
of the MHC molecule, only a few of its side chains (usually
between one and three) are accessible for binding to the T-cell
receptor.[5±9] It appears to be a common theme that the CDR3
loops of the T-cell receptor, which have the highest potential
diversity, form specific interactions with a side chain that
protrudes from the center of the bound peptide.

It is important to keep in mind that endogenous proteins are
processed in antigen-presenting cells in the same manner as
™foreign∫ proteins. Large numbers of self-peptides are therefore
presented by MHC molecules on the surface of antigen-
presenting cells. Normally, Tcells that recognize complexes
between self-peptides and MHC molecules are deleted during
development in the thymus or inactivated in the periphery.[1] As
a consequence the organism becomes tolerant to its endoge-
nous proteins; however, if tolerance is broken then an auto-
immune disease may develop. Rheumatoid arthritis (RA), which
affects 0.5 ± 1% of the human population, is generally consid-
ered to be an autoimmune inflammatory disease.[12] This
conclusion is supported by the association of RA with certain
human class II MHC molecules, that is, HLA-DR4 and HLA-DR1. A
detailed insight into how RA develops requires studies that
range from animal models to the molecular level. Nowadays, the
use of transgenic animals may provide a more ™human∫ setting
for such investigations. Immunization of mice with type II
collagen, which is the major glycoprotein found in joint cartilage,
induces an autoimmune inflammatory response termed colla-
gen-induced arthritis (CIA).[13, 14] In CIA, self-tolerance is broken
by using type II collagen from rat as immunogen in Complete
Freund's Adjuvant (CFA). CIA is accompanied by erythema and
severe, painful swelling of peripheral joints, that is, symptoms
and histopathology similar to those displayed by patients
suffering from rheumatoid arthritis. Development of CIA in mice
is associated with the presence of H-2Aq class II MHC molecules
on antigen-presenting cells, which results in the display of an
immunodominant peptide epitope located between resi-
dues 256 and 270 of type II collagen (CII256 ± 270) to the T-cell
receptor.[15] Recently, mice that were transgenic for both the
human, RA-associated DR4 class II molecule and the human CD4
Tcell co-receptor were generated.[16, 17] Interestingly, these
™humanized∫ mice are also highly susceptible to the develop-
ment of arthritis after immunization with type II collagen.
Furthermore, the immunodominant T-cell epitope in these mice
was found to be located within residues 259 ±273 of type II
collagen (CII259± 273), that is, in a peptide closely related to that
found in CIA.

We have previously demonstrated that the majority of the
members of a panel of T-cell hybridomas obtained in CIA[15, 18]

actually recognize the immunodominant peptide epitope
CII256 ± 270 in a post-translationally modified form when it is
presented by H-2Aq class II MHC molecules.[19, 20] Lysine residues
in type II collagen can undergo hydroxylation followed by
glycosylation with �-D-galactopyranosyl or �-D-glucopyranosyl-
(1�2)-�-D-galactopyranosyl residues,[21, 22] and CII256 ± 270 rec-
ognized by the hybridomas was found to carry a �-D-galactosyl

residue attached to hydroxylysine at position 264. We now
report the synthesis of five CII-derived glycopeptides, which
have modified galactosyl residues attached to hydroxy-
lysine 264. The glycopeptides were used to investigate the
carbohydrate specificity of the T-cell hybridomas from CIA that
recognize galactosylated CII256 ± 270. Moreover, they were also
used to study whether glycosylation of CII259 ± 273 is important
when arthritis is induced in mice that are transgenic for the
human DR4 class II molecule. We believe that the results of these
studies contribute to the development of a molecular under-
standing of how arthritis develops not only in mice, but also in
humans.

Results and Discussion

Synthesis of glycosylated amino acids and glycopeptides

To investigate the fine specificity of the T-cell hybridomas
obtained in CIA, five glycopeptides with modified D-galactosyl
residues were selected as synthetic targets. The modifications
consisted of the sequential monodeoxygenation of the four
hydroxy groups on the galactose moiety and the inversion of the
stereochemistry at C-4 (i.e. , by using D-glucose). Published
methods for the synthesis of glycosylated derivatives of
hydroxylysine have often involved the use of acid-labile
protecting groups on the carbohydrate moiety.[19, 23, 24] Glyco-
sides of deoxygenated sugars are, however, substantially more
susceptible to acid-catalyzed degradation than their nondeoxy-
genated counterparts.[25] As a consequence, protection with
acetyl groups is necessary to prevent degradation during acid-
catalyzed cleavage from the solid support of peptides glycosy-
lated with the 6-deoxysugar L-fucose.[26, 27] Acetyl or benzoyl (Bz)
groups were therefore chosen for the carbohydrate moieties in
the present study.

Attempts to find conditions for the attachment of mono-
deoxygenated D-galactosyl residues to (5R)-5-hydroxy-L-lysine
were first focused on the coupling of readily available, O-
acetylated D-fucosyl donors to Fmoc-Hyl(Boc)-OBzl (Fmoc�N-
(9-fluorenylmethyloxycarbonyl), Boc� tert-butoxycarbonyl,
Bzl�benzyl). Unfortunately, the use of ethyl 1-thio-2,3,4-tri-O-
acetyl-�-D-fucopyranoside in combination with N-iodosuccini-
mide (NIS) and either trifluoromethanesulfonic acid (TfOH)[28, 29]

or silver trifluoromethanesulfonate (AgOTf) as promotors did not
give the desired product. This was also the case when 2,3,4-tri-O-
acetyl-�-D-fucopyranosyl bromide was used with promotion by
silver trifluoromethanesulfonate. The thiofucoside/NIS/TfOH
conditions were too acidic and led to cleavage of the Boc group
from Fmoc-Hyl(Boc)-OBzl, whereas the other less acidic con-
ditions (fucosyl bromide, AgOTf, and 2,6-di-tert-butylpyridine)
resulted in formation of mixtures of �- and �-glycosides of
hydroxylysine together with varying amounts of the correspond-
ing orthoester. However, silver silicate promoted[30] glycosylation
of Fmoc-Hyl(Boc)-OBzl with 2,3,4-tri-O-acetyl-�-D-fucopyranosyl
bromide (2) in dichloromethane gave the � anomer 3 in 60%
yield (Scheme 1). Hydrogenolysis of the benzyl ester[19, 31] of 3
over Pd/C in ethyl acetate at atmospheric pressure then gave the
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Scheme 1. a) HBr, HOAc, Ac2O; b) Fmoc-Hyl(Boc)-OBzl or Fmoc-Hyl(Cbz)-OAll,
silver silicate, 3 ä MS, CH2Cl2 ; c) H2, Pd/C, EtOAc; d) (PPh3)4Pd(0), N-methylaniline,
THF; e) HCl(g), toluene.

glycosylated building block 4 (88% yield), which is ready for use
in solid-phase glycopeptide synthesis.

Although the yield and stereoselectivity of the glycosylation
leading to 3 is adequate, the formation of a number of minor
side-products was observed. Recent experience with acetobro-
mogalactose donors in silver silicate promoted glycosylations of
Fmoc-Hyl(Boc)-OBzl and Fmoc-Hyl(Cbz)-OAll (Cbz� carbobenz-
yloxy) led us to conclude that the latter acceptor is more
suitable.[32] This conclusion was based on the increased stability
of the Cbz group relative to the Boc group under acidic
conditions such as those encountered during glycosylation. In
spite of its higher stability towards acids, the Cbz group can still
be removed by trifluoroacetic acid (TFA) under conditions
commonly used for the cleavage of peptides and glycopeptides
from the solid phase.[24, 33] The O-acetylated 4- and 3-deoxy-xylo-
hexopyranosyl bromides (6) and (10) were therefore used in
silver silicate promoted glycosylations of Fmoc-Hyl(Cbz)-OAll in

dichloromethane, which gave 7 and 11 in 86 and 82% yields,
respectively (Scheme 1). Use of the less reactive acetobromo-
glucose (13) under identical conditions gave the expected �-
glycoside 14 ; however, the corresponding othoester was formed
as a side-product and proved difficult to remove. After repeated
purification by chromatography, 14 was obtained in approx-
imately 41% yield, although a small amount of the orthoester
still remained (3% relative to 14). Deallylation of 7, 11, and 14
was achieved by using (PPh3)4Pd(0) and N-methylaniline in
tetrahydrofuran (THF) and gave glycosylated building blocks 8,
12, and 15 (in 82, 84, and 84% yields, respectively). At this stage
the last remnants of orthoester could be removed from 15.

Activation of glycosyl halides by insoluble silver salts is an
established method for creating �-glycosides in the absence of a
participating group at C-2 of the glycosyl donor.[30, 34, 35] The
2-deoxyglycosyl chloride 17 was therefore generated from 3,4,6-
tri-O-benzoyl-D-galactal (16) by treatment with gaseous HCl in
toluene. Use of chloride donor 17 for silver silicate promoted
glycosylation of Fmoc-Hyl(Cbz)-OAll in dichloromethane at 0 �C
yielded glycoside 18 as an anomeric mixture (�/��2:1). Low-
ering the temperature (�30 �C�0 �C over 36 h) and also the
polarity of the solvent (dichloromethane/toluene, 1:1) increased
the �/� ratio to 10:1, and the � anomer 18 could be isolated in
59% yield. The increase in �/� ratio on lowering the polarity of
the solvent may be explained by a preference for the direct
substitution mechanism[30] of silver silicate over other pathways
involving ionic intermediates. Deallylation of 18 (as described for
8, 12, and 15) then gave the 2-deoxygalactosyl hydroxylysine
building block 19 in 90% yield.

The five hydroxylysine building blocks with modified galacto-
syl residues were employed in the solid-phase synthesis of
glycopeptides 20 ±24 (Scheme 2). Synthesis was performed
under standard conditions according to the Fmoc protocol on
a polystyrene resin grafted with poly(ethylene glycol) spacers

Scheme 2. Glycopeptides 20 ±26, which correspond to residues 259 ± 273 or
256 ± 270 of type II collagen, were used to reveal the specificity of T-cell
hybridomas obtained in mouse models for rheumatoid arthritis.



J. Kihlberg et al.

1212 ChemBioChem 2002, 3, 1209 ± 1222

(Tentagel) that were functionalized with a 4-alkoxybenzyl alcohol
linker.[19, 24, 32] Acid-catalyzed cleavage from the solid phase,
followed by deacylation of the carbohydrate moieties with
methanolic sodium methoxide and purification by reversed-
phase HPLC gave the target glycopeptides 20 ±24 in 13 ± 43%
yields based on the resin capacity. The glycopeptides were
homogeneous according to analytical reversed-phase HPLC and
their structures were confirmed by mass spectrometry, amino
acid analysis, and 1H NMR spectroscopy. These analyses also
revealed that the glycosidic bonds of the acid-labile, deoxy-
genated carbohydrate moieties had remained intact during
purification with reversed-phase HPLC performed at low pH
values (pH 1± 2). Glycopeptides 23 and 24, which carry a
6-deoxygalactose moiety and a glucose residue, respectively,
were prepared first. The structures of these compounds were
based on the peptide sequence of residues 256 ±270 in type II
collagen from rat (Scheme 2), which is known to bind well to the
murine H-2Aq class II MHC molecule.[15, 36] The two glycopeptides
can therefore be used in studies of the specificity of H-2Aq-
restricted T-cell hybridomas, that is, hybridomas obtained in
collagen-induced arthritis. During the course of the synthetic
work, T-cell hybridomas that recognize antigens bound by the
human HLA-DR4 (DRB*0401) class II MHC molecule were pro-
duced (as discussed below). The DR4 class II MHCmolecule binds
a peptide epitope that is shifted four residues towards the
C terminus of type II collagen as compared to peptides bound by
the H-2Aq molecule.[16, 37] To allow studies of both H-2Aq- and
HLA-DR4-restricted hybridomas, the peptide sequence was
altered to that of CII259 ± 273 for glycopeptides 20 ±22, which
have galactose moieties that are deoxygenated at C-2, C-3, and
C-4, respectively. Glycopeptides 25 and 26,[19] which have a
galactosylated hydroxylysine residue at position 264 of either of
the two peptide sequences were prepared to evaluate the
influence of peptide structure on the hybridoma response and
for use as controls.[38]

Specificity of T-cell hybridomas obtained in collagen-induced
arthritis

Recent investigations into the response of a panel of helper-T-
cell hybridomas obtained in collagen-induced arthritis revealed
that the majority of the hybridomas (20 out of 29) responded to
glycopeptide 25, but not to the corresponding nonglycosylated
CII256 ± 270 peptide.[19] To unravel the fine specificity of these
H-2Aq-restricted T-cell hybridomas, increasing concentrations of
the modified glycopeptides 20 ±24 and the unmodified control
25 were incubated together with each of the hybridomas and
antigen-presenting spleen cells that express H-2Aq. The response
of the hybridomas, that is, the secretion of interleukin-2 (IL-2)
into the medium on recognition of glycopeptide ±H-2Aq com-
plexes on the surface of the spleen cells, was determined in a
secondary assay based on proliferation of the IL-2-dependent
CTLL T-cell clone.[20, 39] These studies revealed that the 20 hybrid-
omas can be divided into four groups with different patterns of
fine specificity for the galactosyl moiety of glycopeptide 25
(Table 1). The eleven hybridomas belonging to group 1 have a
strong dependency on the hydroxy group at C-4 of the

galactosyl moiety (compare data for hybridoma HD13.10 in
Figure 1) as revealed by the loss of response towards glycopep-
tides 22 (4-deoxy) and 24 (Glc). Removal of any of the hydroxy
groups at C-2, C-3, or C-6 (glycopeptides 20, 21, and 23,
respectively) had no effect on the response of the hybridomas in
group 1. The three hybridomas of group 2 depended strongly on
HO-3 and weakly on HO-4, whereas HO-2 and HO-6 lacked
importance in eliciting a response from these hybridomas (see
hybridoma HCQ.10 in Figure 1). Finally, the three hybridomas in
group 3 depend strongly on both HO-2 and HO-4 and also
weakly on HO-3 and HO-6 (see hybridoma HCQ.3 in Figure 1),
whereas the three group 4 hybridomas have a strong depend-
ency on HO-2, HO-3, and HO-4, but not on HO-6 (see hybridoma
HM1R.2 in Figure 1). In addition, the hybridomas in groups 1 ±3,
but not those in group 4, have previously been shown to require
the �-amino group in the side chain of the glycosylated
hydroxylysine.[19]

X-ray crystallography reveals that T-cell receptors bury a
surface area of approximately 900 ±1000 ä2 when binding to
complexes between peptides and class I or II MHC molecules.[5±9]

Although not determined experimentally, it can be assumed that
a similar surface area is involved in binding to complexes
between glycopeptides and MHC molecules, such as the
complex between glycopeptide 25 and H-2Aq. In view of the

Table 1. Response of H-2Aq-restricted T-cell hybridomas when incubated with
antigen-presenting spleen cells and increasing concentrations of glycopeptides
20 ±25.[a]

25 20 21 22 23 24
(Gal) (2-deoxy) (3-deoxy) (4-deoxy) (6-deoxy) (Glc)

Group 1
HD13.1 ���� ���� ���� � ����� �
HD13.2 ���� ���� ����� � ����� �
HD13.3 ����� ����� ����� (�) ����� (� � )
HD13.4 ���� ���� ���� � ����� �
HD13.5 ��� ��� ��� � ���� �
HD13.6 ����� ����� ����� � ������ �
HD13.7 ���� ���� ���� � ���� �
HD13.9 ���� ���� ��� (�) � ���� �
HD13.10 ����� ����� ����� � ������
HM2.1 ���� ��� ���� � ����� �
HNC.1 ������ ���� ���� � ����� (� � )
Group 2
HCQ.10 ������ ����� � ��� ����� ���
HCQ.1 ����� ����� � ��� ����� �� (�)
HCQ.9 ����� ����� � ��� ����� ���
Group 3
HCQ.3 ������ � ���� � ��� �
HCQ.2 ����� � ��� � ��� �
HCQ.6 ����� � ��� � ��� �
Group 4
HM1R.1 ����� � � � ������ �
HM1R.2 ����� � � � ����� �
HDC.1 ��� � � � ��� �
[a] The magnitude of the response was determined from the concentration of
antigen required to induce a proliferation of the IL-2-dependent T-cell clone CTLL
that was 10 times greater than the background (that is, than without antigen):
� �no response or [Ag]�50 �gmL�1; � �50 �gmL�1; ���10 �gmL�1; ��� �
2 �gmL�1 ; ���� � 0.4 �gmL�1 ; ����� � 0.08 �gmL�1; ������ �
0.016 �gmL�1; absence of a symbol�not tested; (�)� just below the threshold.
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large size of the surface area buried, it is interesting to find that
individual hydroxy groups of the galactose moiety in 25 are
always critical for eliciting a proper response from each of the
T-cell hybridomas. Similar observations have been made in
model studies dealing with how T-cell hybridomas recognize
neoglycopeptides.[40±42] However, in contrast to the present
investigation, these studies employed less comprehensive sets
of modified glycopeptides. Somewhat surprisingly, only three of
the 20 hybridomas investigated here had a (weak) dependence
on the less sterically hindered, primary hydroxy group at C-6 of
the galactosyl residue. In contrast, all hybridomas require HO-4
of galactose to generate a full response. In a previous study, a
similar importance of HO-4 of N-acetyl-D-galactosamine was
found for class-II-MHC-restricted recognition of hemoglobin-
derived neoglycopeptides by T-cell hybridomas.[40]

The complementarity-determining region-3 (CDR3) loops of
T-cell receptors are of the utmost importance for specific
recognition of peptide antigens.[5±8, 43] For helper Tcells this is
demonstrated in the crystal structure of a ternary complex
between a T-cell receptor, a peptide, and a class II MHCmolecule,
in which the CDR3 loops contact the central parts of the bound
peptide as well as the surrounding parts of the MHC molecule.[7]

The high specificity with which the galactosylated hydroxylysine
residue at position 264 of the type II collagen-derived glycopep-
tide 25 is recognized by all of the T-cell hybridomas reveals that
this residue forms key contacts with the T-cell receptor, but it
remains to be determined if it contacts the CDR3 loops.

However, the CDR3 loops do appear to be involved in
recognition of the galactosylated hydroxylysine, since the
division of the hybridomas into groups based on carbohydrate
fine specificity matches groups reported previously based on the
nucleotide sequences of the T-cell receptor CDR3 loops.[20] In this
context, it should be pointed out that CDR3-mediated recog-
nition of centrally located carbohydrate moieties in glycopep-
tides was proposed in an early review[44] and experimentally
supported in a study of a mouse hemoglobin-derived neo-
glycopeptide.[45, 46]

Recent studies of how peptides are bound by H-2Aq,[36] in
combination with the present observations on the specific
recognition of the galactose moiety of 25, provide experimental
support for a model of how the T-cell receptor recognizes the
complex between H-2Aq and 25 (Figure 2). Single alanine
substitutions revealed that Ile260 and Phe263 are required for
binding of 25 into the groove of H-2Aq, and modeling placed
these residues in the P1 and P4 binding pockets of H-2Aq.[36] As a
consequence, the galactosylated Hyl264 is found in the P5
position, that is, facing up towards the T-cell receptor from the
center of the glycopeptide ±H-2Aq complex. Interestingly, the
two reported structures of complexes between a T-cell receptor,
a peptide, and a class II MHC molecule both reveal that the P5
peptide residue makes contacts with the variable CDR3 loops in
the center of the T-cell receptor.[7, 9] In these complexes, the P5
residues are also known to be critical for recognition and T-cell
signaling in the same way as the galactosylated Hyl264 in 25.

Figure 1. Response of H-2Aq-restricted T-cell hybridomas on incubation with antigen-presenting spleen cells and increasing concentrations of glycopeptides 20 ±25. The
hybridomas were selected from each of the four groups that displayed different patterns of fine specificity for the galactosyl moiety in the glycopeptides. Recognition of
complexes between glycopeptides and H-2Aq class II molecules on the surface of antigen-presenting cells by a T-cell hybridoma results in secretion of IL-2 in a dose-
dependent manner. This T-cell response is subsequently determined in a radioassay based on proliferation of the IL-2-sensitive T-cell clone CTLL.[39]
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Specificity of T-cell hybridomas obtained in transgenic mice

The immune response towards type II collagen was recently
investigated in a ™humanized∫ mouse model, that is, in mice
which are transgenic for the human DR4 class II MHC molecule

and the human CD4 co-receptor.[47] It was
found that the response of the polyclonal
helper Tcell population in these mice was
dominated by reactivities towards the pep-
tide CII259 ± 273 with lysine residues at
positions 264 and 270, and the correspond-
ing monoglycosylated peptides with �-D-
galactopyranosyl hydroxylysine residues at
either position 264 or 270. To further inves-
tigate the glycopeptide-specific part of the
T-cell response, the transgenic mice were
immunized with bisgalactosylated peptide
27 (Figure 3),[19] which has a well-defined
glycosylation pattern in contrast to type II
collagen. Ten days later the mice were
sacrificed, the lymph nodes were taken out,
and helper-T-cell hybridomas were prepared
by fusion with a T-cell-receptor-negative cell
line. Altogether, this strategy gave ten help-
er-T-cell hybridomas that responded to gly-
copeptide 27 when used as immunogen
without showing cross-reactivity to the non-
glycosylated peptide, thereby confirming
that glycosylation was required for the
recognition. Eight out of the ten hybridomas
also responded well to glycopeptide 26,
which has the galactosyl residue at Hyl264.
The specificity of these hybridomas for the

galactosyl residue was investigated in greater detail by incuba-
tion with monodeoxygenated glycopeptides 20 ±22 and anti-
gen-presenting spleen cells, as described above for the H-2Aq-
restricted hybridomas. This process allowed division of the eight
hybridomas into two groups based on their fine specificity for

Figure 2. Model of the complex between the class II MHC molecule H-2Aq and the immunodominant
glycopeptide 25 from type II collagen, in which hydroxylysine 264 carries a �-D-galactopyranosyl moiety.
The �-D-galactopyranosyl hydroxylysine residue is seen extending out of the peptide binding groove of
H-2Aq in a way which allows specific interactions with the T-cell receptor. The side chains of isoleucine 260
and phenylalanine 263 anchor the glycopeptide in the P1 and P4 pockets of H-2Aq. Polar parts of the
surface of H-2Aq are in blue, nonpolar parts are brown, while green represents intermediate polarity. The
figure was generated with the program Sybyl.

Figure 3. Glycopeptide 27, which corresponds to residues 259 ±278 from type II collagen, was used for the immunization of mice that were transgenic for the human
DR4 class II MHC molecule. The graphs show the response of two T-cell hybridomas selected from each of the two groups obtained in the immunization with 27. The
hybridomas were incubated with antigen-presenting spleen cells and increasing concentrations of glycopeptides 20 ±22 and 26. The assay is described in the legend of
Figure 1.
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the galactosyl moiety (Table 2). The five hybridomas belonging
to the first group did not respond to glycopeptides 20 (2-deoxy)
and 22 (4-deoxy), thus revealing a strong dependence on the
hydroxy groups at C-2 and C-4 (see hybridoma mDR16.2 in
Figure 3). Removal of the hydroxy group at C-3 (glycopeptide 21)
led to a slight reduction of the response of these hybridomas.
The three hybridomas in the second group were found to
depend strongly on all three hydroxy groups, that is, HO-2, HO-3,
and HO-4 (see hybridoma mDR17.1 in Figure 3).

Single alanine substitutions revealed that Phe263 serves as the
only crucial anchor residue when the CII259 ± 273 peptide binds
into the groove of DR4 class II MHC molecules.[16, 48] In addition,
Lys264 and Glu266 were found to make less important
contributions in binding to DR4. Our findings with deoxygen-
ated glycopeptides 20 ±22 reveal that the T-cell receptor
recognizes the galactosyl moiety attached to Hyl264 in glyco-
peptide 26 in a highly specific manner. Altogether, these
observations support a model in which Phe263 is located in
the P1 pocket of DR4, whereas Hyl264 extends towards the T-cell
receptor and allows specific recognition of the galactosyl moiety
(Figure 4). This model is closely related to one of the crystal
structures of a complex between a T-cell receptor, a peptide, and
a class II MHC molecule,[7] in which the P2 residue of the
complexed peptide is specifically recognized by the CDR1 and
CDR3 loops of the T-cell receptor.

The finding that glycopeptides from type II collagen are
recognized in a highly specific manner by T-cell hybridomas
obtained in DR4 transgenic mice has implications for our
understanding of how rheumatoid arthritis may develop in
humans. Studies in rheumatoid arthritis patients have in general
failed to identify DR4-restricted helper Tcells specific for the
peptide epitope CII259 ± 273.[16, 17, 37] One potential explanation
for this problem is that these studies did not address the
possibility of post-translational hydroxylation and glycosylation
of the two lysine residues found at positions 264 and 270 in

Figure 4. A schematic model of the ternary complex of glycopeptide 26, the DR4
class II MHC molecule, and a T-cell receptor. The side chain of phenylalanine 263
anchors 26 in the P1 pocket of DR4. Galactosylated hydroxylysine 264 is bound by
the T-cell receptor in agreement with the finding that the hydroxy groups at C-2,
C-3, and C-4 are required for proper stimulation of the T-cell hybridomas obtained
in DR4 transgenic mice.

CII259 ± 273. The results presented in this work suggest the
possibility that a T-cell-mediated autoimmune response towards
glycopeptide fragments from type II collagen from joints could
play an important role in disease development in humans. If
correct, this could open possibilities for the development of
treatments for rheumatoid arthritis patients based on glycopep-
tides or their analogues. It is known that structural modifications
of amino acid side chains that contact the T-cell receptor can
have a dramatic influence on the response of the Tcell, which
ranges from induction of selective stimulatory functions to
completely turning off the functional capacity of the cell.[49±51]

Peptides in which T-cell receptor contact sites have been
manipulated, but which retain the capacity to activate some
functions of the Tcell have been termed altered peptide ligands
(APLs).[49] Promising results in using APLs for immunotherapy in
autoimmune disease have already been obtained in animal
models of experimental autoimmune encephalomyelitis.[52, 53]

Since all glycopeptide-specific T-cell hybridomas investigated
in this study show recognition of HO-4 of the galactose moiety,
modification of this position, for instance by replacement of the
hydroxy group by fluorine, appears interesting for attempts to
generate APLs.

Conclusions

Five protected analogues of �-D-galactosyl-(5R)-5-hydroxy-L-
lysine were prepared in which the galactosyl moiety has been
modified by sequential monodeoxygenation or inversion of the
stereochemistry at C-4. The five glycosylated building blocks
were then employed in solid-phase synthesis of derivatives of
the peptide fragments CII256 ± 270 and CII259 ± 273 from type II
collagen (CII). The resulting glycopeptides were used to evaluate
the specificity of panels of T-cell hybridomas that occur in two
variants of collagen-induced arthritis, that is, in mouse models
for rheumatoid arthritis in which disease is induced by
immunization with the glycoprotein type II collagen. The first
panel of hybridomas were obtained in mice in which peptide
epitopes were presented to Tcells by H-2Aq class II MHC

Table 2. Response of DR4-restricted T-cell hybridomas when incubated with
antigen-presenting spleen cells and increasing concentrations of glycopeptides
20 ±22 and 26.[a]

26 20 21 22
(Gal) (2-deoxy) (3-deoxy) (4-deoxy)

Group 1
mDR-1.1 ����� � ���� �
mDR-2.2 ���� � ��� �
mDR-8.4 ���� � ���� �
mDR-14.1 ����� � ���� �
mDR-16.2 ���� � ��� �
Group 2
mDR-6.3 ��� � � �
mDR-15.2 �� � � �
mDR-17.1 ����� � � �
[a] The magnitude of the response was determined from the concentration
of antigen required to induce a proliferation of the IL-2-dependent T-cell
clone CTLL that was 10 times greater than the background that is, than
without antigen): � �no response or [Ag] �50 �gmL�1 ; � � 50 �gmL�1 ;
��� 10 �gmL�1 ;���� 2 �gmL�1 ;�����0.4 �gmL�1 ;����� �
0.08 �gmL�1 ; ������� 0.016 �gmL�1.
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molecules on the surface of antigen-presenting immune cells.
These hybridomas, which have previously been shown to
recognize the glycopeptide CII256 ± 270 in which Hyl264 carries
a �-D-galactosyl residue, were now found to recognize the
galactosyl moiety with high specificity for the individual hydroxy
groups. The second group of hybridomas was obtained in a
™humanized∫ mouse model, in which the mice were transgenic
for the human, arthritis-associated DR4 class II MHC molecule
and the human CD4 T-cell co-receptor. Tcells from this trans-
genic mouse recognized the glycopeptide CII259 ± 273 with a �-
D-galactosyl moiety attached to Hyl264, but not the correspond-
ing nonglycosylated peptide; this again reveals the importance
of post-translational glycosylation for the cellular immune
response. Moreover, the DR4-restricted T-cell hybridomas were
also found to recognize the galactosyl moiety with high fine
specificity. The results presented in this work allowed construc-
tion of models of how the T-cell receptor interacts with
complexes between glycopeptides and class II MHC mole-
cules–a key interaction in the pathway to rheumatoid arthritis.
In addition, the results suggest the possibility that a T-cell-
mediated autoimmune response towards glycopeptide frag-
ments from type II collagen found in joints could also play an
important role in disease development in humans.

Experimental Section

General : TLC was performed on silica gel 60 F254 (Merck) with
detection by UV light, charring with 10% aqueous sulfuric acid, or by
treatment with phosphomolybdic acid and ceric sulfate in 6%
aqueous sulfuric acid followed by heating. Flash column chroma-
tography was performed on silica gel (Matrex, 60 ä, 35 ± 70 �m,
Grace Amicon) with solvents of HPLC grade, analytical grade, or
distilled technical grade. Dimethyl formamide (DMF) was distilled
and then dried over 3-ä molecular sieves. Dry THF and CH2Cl2 were
obtained by distilling from potassium and CaH2, respectively.

The 1H and 13C NMR spectra of compounds 3, 4, 7, 8, 11, 12, 14, 15,
18, and 19 were recorded on a Bruker DRX-400 spectrometer at
400 MHz and 100 MHz, respectively. Chemical shifts are referenced to
residual CHCl3 (�H� 7.27 ppm) and CDCl3 (�C�77.0 ppm) for solu-
tions in CDCl3 or to CD2HOD (�H� 3.31 ppm) and CD3OD (�C�
49.0 ppm) for solutions in a 1:1 mixture of CDCl3 and CD3OD. For
these compounds, resonances for aromatic protons and protons that
could not be assigned are omitted. The 1H NMR spectra of
compounds 3, 4, 7, 8, 11, 12, 14, 15, 18, and 19 all contained broad,
minor peaks. These have previously been shown to be caused by the
existence of rotamers about the amide bond in the Fmoc
urethane.[54, 55] Spectra for glycopeptides 20 ±22 and 24 were
recorded on a Bruker AMX-500 spectrometer in H2O/D2O (9:1) at
278 K and pH 5.4. Spectra for glycopeptide 23 were recorded on a
Bruker DRX-600 spectrometer at 600 MHz in phosphate buffer
(40 mM) containing NaN3 (1.5 mM) and D2O (10%) at 278 K at pH 6.2.
H2O (�H� 4.98 ppm) was used as internal standard for 20±24. First-
order chemical shifts and coupling constants were determined from
one-dimensional spectra and resonances were assigned from
appropriate combinations of COSY, TOCSY, 1H± 13C-HSQC, 1H± 15N-
HSQC, 1H± 13C-HSQC-TOCSY, DEPT, and NOESY experiments. Optical
rotations were recorded on a Perkin ± Elmer 343 polarimeter.

Analytical reversed-phase HPLC was performed on a Kromasil C-8
column (25�4.6 mm, 5 �m, 100 ä), eluted with a linear gradient of

MeCN (0�100% over 60 min) in H2O, both of which contained TFA
(0.1%). A flow rate of 1.5 mLmin�1 was used and detection was at
214 nm. Preparative reversed-phase HPLC was performed on a
Kromasil C-8 column (250� 20 mm, 5�m, 100 ä), with the same
eluent, a flow rate of 11 mLmin�1, and detection at 214 nm.
Analytical normal-phase HPLC was performed on a Kromasil silica
column (25� 4.6 mm, 5�m, 100 ä), eluted with a linear gradient of
MeCN (0�30% over 60 min) in CH2Cl2 , a flow rate of 2 mLmin�1, and
detection at 254 nm.

Silver silicate was prepared as previously reported.[32] Fmoc-Hyl(Boc)-
OBzl and Fmoc-Hyl(Cbz)-OAll were prepared as described else-
where.[19, 24] 1,2,3,4-Tetra-O-acetyl-D-fucopyranose (1),[56] 1,2,3,6-tetra-
O-acetyl-4-deoxy-D-xylo-hexopyranose (5),[57] 1,2,4,6-tetra-O-acetyl-3-
deoxy-D-xylo-hexopyranose (9),[58] and 2,3,4,6-tetra-O-acetyl-�-D-glu-
copyranosyl bromide (13)[59] were prepared essentially as described
in the cited references. 3,4,6-Tri-O-benzoyl-D-galactal (16) is com-
mercially available.

Bromosugars 2, 6, and 10 were prepared by treatment of the
corresponding 1-O-acyl sugars with HBr (15%) in HOAc/Ac2O (6:1) for
2 ± 3 h. The solutions were diluted with CH2Cl2 , washed with water,
saturated aqueous NaHCO3, and water, dried (Na2SO4), filtered, and
concentrated. The crude products were analyzed with 1H NMR
spectroscopy and were then used without further purification.

The yields for glycopeptides 20±24 have been corrected with regard
to the peptide content as determined by quantitative amino acid
analysis. Glycopeptides 25±27 were prepared as described previ-
ously.[19]

(5R)-N�-(Fluoren-9-ylmethoxycarbonyl)-N�-(tert-butoxycarbonyl)-
5-O-(2,3,4-tri-O-acetyl-�-D-fucopyranosyl)-5-hydroxy-L-lysine benz-
yl ester (3): A solution of 2 (228 mg, 0.6 mmol) in CH2Cl2 (4 mL) was
added dropwise to a stirred mixture of silver silicate (600 mg),
crushed 3-ä molecular sieves (600 mg), and Fmoc-Hyl(Boc)-OBzl
(230 mg, 0.40 mmol) in dry CH2Cl2 (7 mL) at �10 �C under N2 in the
absence of light. After stirring for 50 min, the temperature was raised
to 0 �C. After stirring for an additional 5 h, Et3N (150 �L, 1.1 mmol) was
added, and the mixture was allowed to warm to room temperature.
The solid material was filtered off, washed with CH2Cl2 (50 mL), and
the combined filtrates were concentrated. Flash column chromatog-
raphy of the residue (toluene/MeCN 5:1) gave 3 (199 mg, 60%).
[�]20D ��10 (c� 1.0, CHCl3); 1H NMR (CDCl3): �� 5.55 (m, 1H; NH-�),
5.42 (d, 1H, J�8.0 Hz; NH-�), 5.24 (d, 1H, J�3.1 Hz; H-4), 5.19 (s, 2H;
PhCH2O), 5.15 (dd, 1H, J�10.5, 8.0 Hz; H-2), 5.00 (dd, 1H, J� 10.5,
3.5 Hz; H-3), 4.48 ± 4.30 (m, 4H; H-1, H-�, OCOCH2CH), 4.21 (t, 1H, J�
6.8 Hz; OCOCH2CH), 3.81 (q, 1H, J� 6.4 Hz; H-5), 3.59 ± 3.50 (m, 1H;
H-�), 3.39 ± 3.27 (m, 1H; H-�), 3.07 ±2.97 (m, 1H; H-�), 2.19, 1.99, 1.96
(3 s, 3� 3H; 3CH3CO), 2.01 ± 1.90 (m, 1H; H-�), 1.76 ± 1.38 (m, 3H;
H-�, H-�,�), 1.44 (s, 9H; C(CH3)3), 1.25 (d, 3H, J�6.4 Hz; H-6) ppm;
13C NMR (CDCl3): �� 171.9, 170.7, 170.6, 169.5, 156.1, 155.9, 143.8,
143.7, 141.3, 135.0, 128.7, 128.6, 128.4, 127.7, 127.1, 127.1, 125.0, 120.0,
101.3, 81.4, 79.1, 71.2, 70.1, 69.3, 69.0, 67.4, 67.1, 53.7, 47.1, 44.2, 28.7,
28.4, 20.6, 20.6, 20.6, 15.9 ppm; HRMS (FAB): m/z calcd for
C45H54N2NaO14: 869.3473 [M�Na]� ; found: 869.3465.

(5R)-N�-(Fluoren-9-ylmethoxycarbonyl)-N�-(tert-butoxycarbonyl)-
5-O-(2,3,4-tri-O-acetyl-�-D-fucopyranosyl)-5-hydroxy-L-lysine (4):
A solution of 3 (115 mg, 0.14 mmol) in EtOAc (10 mL) was hydro-
genated at atmospheric pressure over 10% Pd/C (115 mg) for 8.5 h.
The mixture was filtered (Hyflo-Supercel), the solid material was
washed with EtOAc, and the combined filtrates were concentrated.
Flash column chromatography of the residue (toluene/EtOH
10:1�3:1) gave 4 (91 mg, 88%) as a white amorphous solid.
[�]20D ��2.2 (c� 0.6, CHCl3) ; 1H NMR (CDCl3): �� 5.80 ± 5.70 (m, 2H;
NH-�, NH-�), 5.22 (d, 1H, J� 3.1 Hz; H-4), 5.15 (dd, 1H, J� 10.5,
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7.9 Hz; H-2), 4.99 (dd, 1H, J� 10.5, 3.4 Hz; H-3), 4.45 ± 4.30 (m, 4H;
H-1, H-�, OCOCH2CH), 4.18 (t, 1H, J� 7.1 Hz; OCOCH2CH), 3.83 ±3.75
(m, 1H; H-5), 3.62 ± 3.54 (m, 1H; H-�), 3.47 ±3.35 (m, 1H; H-�), 3.15 ±
2.96 (m, 1H; H-�), 2.17, 2.01, 1.97 (3 s, 3� 3H; CH3CO), 2.01 ± 1.95 (m,
1H; H-�), 1.78 ± 1.40 (m, 3H; H-�, H-�,�), 1.43 (s, 9H, C(CH3)3), 1.22 (d,
3H, J� 6.3 Hz, H-6) ppm; 13C NMR (CDCl3): ��174.5, 170.6, 170.2,
169.8, 156.6, 156.3, 143.8, 143.6, 141.2, 127.7, 127.1, 127.1, 125.1, 119.9,
101.4, 81.6, 79.8, 71.2, 70.1, 69.2, 69.1, 67.1, 53.4, 47.0, 44.3, 28.7, 28.4,
28.1, 20.7, 20.6, 20.6, 15.9 ppm; HRMS (FAB): m/z calcd for
C38H47N2Na2O14: 801.2816 [M�H�2Na]� ; found: 801.2816.

(5R)-N�-(Fluoren-9-ylmethoxycarbonyl)-N�-benzyloxycarbonyl-5-
O-(2,3,6-tri-O-acetyl-4-deoxy-�-D-xylo-hexopyranosyl)-5-hydroxy-
L-lysine allyl ester (7): Bromosugar 6 (211 mg, 0.6 mmol) was reacted
with Fmoc-Hyl(Cbz)-OAll (223 mg, 0.4 mmol) as described for 3 at
0 �C for 2 h to give 7 (285 mg, 86%) as a white amorphous solid, after
purification by flash column chromatography (toluene/MeCN 5:1).
[�]20D ��2.9 (c� 1.0, CHCl3); 1H NMR (CDCl3): �� 5.98 ± 5.84 (m, 1H;
CH�CH2), 5.71 (br t, 1H, J� 5.4 Hz; NH-�), 5.44 (d, 1H, J� 8.5 Hz; NH-
�), 5.34 (d, 1H, J� 17.2 Hz; OCH2CH�CH2trans), 5.27 (d, 1H, J�10.4 Hz;
OCH2CH�CH2cis), 5.10 (s, 2H; PhCH2O), 4.96 (dt, 1H, J� 10.5, 5.3 Hz;
H-3), 4.86 (dd, 1H, J�9.6, 7.8 Hz; H-2), 4.70 ± 4.60 (m, 2H;
OCH2CH�CH2), 4.49 ± 4.29 (m, 4H; OCOCH2CH, H-1, H-�), 4.23 (t,
1H, J� 6.9 Hz; OCOCH2CH), 4.04 (dd, 1H, J�11.7, 3.7 Hz; H-6), 4.04
(dd, 1H, J�11.0, 6.4 Hz; H-6), 3.86 ± 3.78 (m, 1H; H-5), 3.72 ± 3.62 (m,
1H; H-�), 3.48 ± 3.37 (m, 1H; H-�), 3.25 ± 3.13 (m, 1H; H-�), 2.14 ±2.06
(m, 1H; H-4eq), 2.04 ±1.94 (m, 1H; H-�), 2.03, 2.01, 1.97 (3s, 3� 3H;
CH3CO), 1.72 ± 1.52 (m, 4H; H-�, H-�,�, H-4ax) ppm; 13C NMR (CDCl3):
��171.8, 170.5, 170.2, 169.6, 156.7, 155.9, 143.8, 143.7, 141.2, 136.5,
131.3, 128.5, 128.1, 128.1, 127.7, 127.1, 127.0, 125.0, 101.1, 80.7, 72.2,
70.4, 69.5, 67.0, 66.6, 66.1, 65.1, 53.7, 47.0, 44.9, 32.3, 28.8, 28.3, 20.9,
20.7, 20.5 ppm; HRMS (FAB): m/z calcd for C44H50N2NaO14: 853.3160
[M�Na]� ; found: 853.3177.

(5R)-N�-(Fluoren-9-ylmethoxycarbonyl)-N�-benzyloxycarbonyl-5-
O-(2,3,6-tri-O-acetyl-4-deoxy-�-D-xylo-hexopyranosyl)-5-hydroxy-
L-lysine (8): (Ph3P)4Pd (33 mg, 30 �mol) was added to a stirred
solution of 7 (236 mg, 0.28 mmol) and N-methyl aniline (93 �L,
0.88 mmol) in dry THF (6 mL) under N2 in the absence of light. After
stirring for 1.5 h at room temperature, the solution was diluted with
EtOAc and washed with saturated aqueous NH4Cl, dried (Na2SO4),
filtered, and concentrated. Flash column chromatography of the
residue (toluene/EtOH 50:1�5:1) gave 8 (183 mg, 82%) as a white
amorphous solid. [�]20D ��4.3 (c� 1.0, CHCl3) ; 1H NMR (CDCl3/CD3OD
1:1): �� 5.04 (s, 2H; PhCH2O), 4.99 ± 4.91 (m, 1H; H-3), 4.78 (dd, 1H,
J�9.4, 8.0 Hz; H-2), 4.48 (d, 1H, J�7.9 Hz; H-1), 4.33 (d, 2H, J�
7.1 Hz; OCOCH2CH), 4.18 (t, 1H, J� 6.9 Hz; OCOCH2CH), 4.15 ±4.06
(m, 2H; H-6, H-�), 4.02 (dd, 1H, J� 11.8, 6.3 Hz; H-6), 3.77 ± 3.67 (m,
1H; H-5), 3.66 ± 3.56 (m, 1H; H-�), 3.35 ± 3.25 (m, 1H; H-�), 3.17 ±3.06
(m, 1H; H-�), 2.09 ± 1.96 (m, 2H; H-4eq, H-�), 2.00, 1.98, 1.93 (3 s, 3�
3H; 3CH3CO), 1.71 ± 1.46 (m, 4H; H-�,�, H-�, H-4ax) ppm; 13C NMR
(CDCl3/CD3OD 1:1): �� 175.8, 171.8, 171.3, 171.1, 157.9, 157.7, 144.6,
144.4, 141.9, 137.2, 137.0, 129.4, 129.0, 128.9, 128.7, 128.6, 128.3, 127.7,
127.5, 125.7, 125.4, 120.5, 101.8, 81.3, 73.2, 71.3, 70.0, 67.4, 67.2, 65.9,
54.8, 45.7, 32.8, 29.9, 28.6, 21.0, 20.9, 20.7 ppm; HRMS (FAB):m/z calcd
for C41H46N2NaO14: 813.2847 [M�Na]� ; found: 813.2827.

(5R)-N�-(Fluoren-9-ylmethoxycarbonyl)-N�-benzyloxycarbonyl-5-
O-(2,4,6-tri-O-acetyl-3-deoxy-�-D-xylo-hexopyranosyl)-5-hydroxy-
L-lysine allyl ester (11): Bromosugar 10 (136 mg, 0.4 mmol) was
reacted with Fmoc-Hyl(Cbz)-OAll (145 mg, 0.26 mmol) at 0 �C for 2 h
as described for 3 to give 11 (176 mg, 82%) as a white amorphous
solid, after purification by flash column chromatography (toluene/
MeCN 5:1). [�]20D ��12 (c�1.0, CHCl3) ; 1H NMR (CDCl3): �� 5.99 ±
5.85 (m, 1H; CH�CH2), 5.71 ± 5.61 (m, 1H; NH-�), 5.43 (d, 1H, J�
6.7 Hz; NH-�), 5.35 (d, 1H, J�16.9 Hz; OCH2CH�CH2trans), 5.28 (dd,

1H, J� 10.4, 0.7 Hz; OCH2CH�CH2cis), 5.11, 5.10 (ABd, 2� 1H, J�
13.8 Hz; PhCH2O), 5.05 ± 5.01 (m, 1H; H-4), 4.88 (ddd, 1H, J�11.8,
8.0, 5.2 Hz; H-2), 4.69 ± 4.61 (m, 2H; OCH2CH�CH2), 4.51 ±4.31 (m, 4H;
OCOCH2CH, H-1, H-�), 4.22 (t, 1H, J�6.7 Hz; OCOCH2CH), 4.16 (dd,
1H, J� 11.5, 5.4 Hz; H-6), 4.06 (dd, 1H, J� 11.4, 7.5 Hz; H-6), 3.86 ±3.78
(m, 1H; H-5), 3.72 ± 3.62 (m, 1H; H-�), 3.48 ±3.37 (m, 1H; H-�), 3.25 ±
3.13 (m, 1H; H-�), 2.35 (ddd, 1H, J� 14.2, 5.2, 3.1 Hz; H-3eq), 2.11 (s,
3H; CH3CO), 2.05 ± 1.95 (m, 1H; H-�), 1.97 (s, 6H; 2CH3CO), 1.83 ± 1.40
(m, 4H; H-�, H-�,�, H-3ax) ppm; 13C NMR (CDCl3): �� 171.8, 170.4,
170.1, 169.5, 156.7, 155.9, 143.8, 143.7, 141.3, 136.5, 131.3, 128.5,
128.2, 128.1, 127.7, 127.0, 124.9, 120.0, 119.2, 102.6, 80.4, 74.2, 67.6,
66.9, 66.8, 66.7, 66.1, 62.4, 53.8, 47.1, 45.0, 32.8, 28.9, 28.2, 20.9, 20.8,
20.5 ppm; HRMS(FAB): m/z calcd for C44H50N2NaO14: 853.3160
[M�Na]� ; found: 853.3171.

(5R)-N�-(Fluoren-9-ylmethoxycarbonyl)-N�-benzyloxycarbonyl-5-
O-(2,4,6-tri-O-acetyl-3-deoxy-�-D-xylo-hexopyranosyl)-5-hydroxy-
L-lysine (12): Compound 11 (124 mg, 0.15 mmol) was reacted as
described for 8 for 1.25 h. The crude product was purified by flash
column chromatography (toluene/EtOH 50:1�10:1�5:1) to give
12 (99 mg, 84%) as a white amorphous solid. [�]20D �0 (c� 1, CHCl3) ;
1H NMR (CDCl3/CD3OD 1:1): ��5.05 (s, 2H; PhCH2O), 5.02 ± 4.98 (m,
1H; H-4), 4.81 (ddd, J�12.0, 8.0, 5.2 Hz, 1H; H-2), 4.51 (d, 1H, J�
8.0 Hz; H-1), 4.35 (d, 2H, J� 7.0 Hz; OCOCH2CH), 4.18 (t, 1H, J� 7.0 Hz;
OCOCH2CH), 4.15 ± 4.07 (m, 2H; H-6, H-� ), 4.00 (dd, 1H, J�11.3,
7.0 Hz; H-6), 3.89 (t, 1H, J�6.3 Hz; H-5), 3.71 ± 3.61 (m, 1H; H-�),
3.34 ± 3.18 (m, 1H; H-�), 3.20 ± 3.10 (m, 1H; H-�), 2.28 (ddd, 1H, J�
14.0, 5.0, 3.1 Hz; H-3eq), 2.06, 1.97, 1.93 (3s, 3�3H; 3CH3CO), 1.99 ±
1.92 (m, 1H; H-�), 1.74 ± 1.52 (m, 4H; H-�,�, H-�, H-3ax) ppm; 13C NMR
(CDCl3/CD3OD 1:1): �� 176.5, 171.7, 171.3, 171.2, 157.9, 157.6, 129.1,
128.8, 128.7, 128.6, 128.3, 127.7, 125.6, 120.5, 103.3, 81.2, 74.7, 68.4,
68.0, 67.4, 67.3, 63.0, 55.1, 47.8, 45.7, 33.2, 29.9, 28.7, 21.0, 20.7 ppm;
HRMS (FAB): m/z calcd for C41H45N2Na2O14: 835.2666 [M�H�2Na]� ;
found: 835.2667.

(5R)-N�-(Fluoren-9-ylmethoxycarbonyl)-N�-benzyloxycarbonyl-5-
O-(2,3,4,6-tetra-O-acetyl-�-D-glucopyranosyl)-5-hydroxy-L-lysine
allyl ester (14): Acetobromoglucose 13 (141 mg, 0.34 mmol) was
treated with Fmoc-Hyl(Cbz)-OAll (107 mg, 0.19 mmol) at 0 �C for 1 h
and then at 10 �C for 8 h as described for 3. The crude product was
purified by flash column chromatography (toluene/MeCN 6:1,
toluene/MeCN 8:1, and toluene/EtOH 20:1) to give 14 (70 mg,
41%, �97% pure by 1H NMR spectroscopy) as a white amorphous
solid, which was used in the next step without further purification.
1H NMR (CDCl3): �� 5.96 ± 5.84 (m, 1H; CH�CH2), 5.62 (m, 1H;
NH-�), 5.42 (d, 1H, J� 7.9 Hz; NH-�), 5.34 (d, 1H, J� 17.2 Hz;
OCH2CH�CH2trans), 5.34 (d, 1H, J� 10.3 Hz; OCH2CH�CH2cis), 5.16 (t,
1H, J� 9.5 Hz; H-3), 5.08 (s, 2H; PhCH2O), 5.03 (t, 1H, J� 9.7 Hz; H-4),
4.95 (dd, 1H, J� 9.6, 8.2 Hz; H-2), 4.66 ± 4.60 (m, 2H; OCH2CH�CH2),
4.50 (d, 1H, J�7.9 Hz; H-1), 4.47 ±4.29 (m, 3H; OCOCH2CH, H-�), 4.22
(t, 1H, J�6.7 Hz; OCOCH2CH), 4.18 ± 4.05 (m, 2H; H-6), 3.69 ± 3.58 (m,
2H; H-5, H-�), 3.46 ± 3.11 (m, 2H; H-�,�), 2.03 ± 1.95 (m, 1H; H-�), 2.02
(s, 3H; CH3CO), 1.99 (s, 6H; 2CH3CO), 1.96 (s, 3H; CH3CO), 1.80 ± 1.76
(m, 3H; H-�, H-�,�) ppm; 13C NMR (CDCl3): �� 171.7, 170.5, 170.1,
169.3, 169.2, 156.7, 155.9, 143.7, 143.6, 141.3, 136.5, 131.3, 128.5,
128.1, 127.7, 127.0, 125.0, 120.0, 119.3, 100.8, 81.0, 72.6, 71.7, 71.3, 68.1,
67.0, 66.7, 61.7, 47.1, 44.8, 28.7, 28.4, 20.5 ppm.

(5R)-N�-(Fluoren-9-ylmethoxycarbonyl)-N�-benzyloxycarbonyl-5-
O-(2,3,4,6-tetra-O-acetyl-�-D-glucopyranosyl)-5-hydroxy-L-lysine
(15): Allyl ester 14 (55 mg, 64 �mol) was treated as described for 8.
The crude product was purified twice by flash column chromatog-
raphy (toluene/EtOH 10:1�4:1) to give 15 (42 mg, 84%) as a white
amorphous solid. [�]20D ��11.7 (c� 1,CHCl3) ; 1H NMR (CDCl3/CD3OD
1:1): ��5.12 (t, 1H, J�9.6 Hz; H-3), 5.01 (d, 2H; PhCH2O), 4.96 (t, 1H,
J�9.8 Hz; H-4), 4.86 (t, 1H, J�8.7 Hz; H-2), 4.52 (d, 1H, J� 8.0 Hz;
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H-1), 4.37 ± 4.23 (m, 2H; OCOCH2CH), 4.19 ± 3.97 (m, 4H; H-6,6, H-�,
OCOCH2CH), 3.68 ± 3.56 (m, 2H; H-5, H-�), 3.35 ± 3.24 (m, 1H; H-�),
3.13 ± 3.01 (m, 1H; H-�), 2.00 ± 1.85 (m, 1H; H-�), 1.98, 1.95, 1.94, 1.90
(4 s, 4�3H; 4CH3CO), 1.68 ± 1.45 (m, 3H; H-�, H-�,�) ppm; 13C NMR
(CDCl3): �� 178.9, 171.7, 171.0, 170.7, 170.5, 157.8, 157.5, 144.5, 144.4,
141.8, 137.0, 129.0, 128.8, 128.7, 128.5, 128.3, 127.6, 125.5, 120.5, 101.3,
81.5, 73.4, 72.1, 72.0, 67.3, 67.3, 62.3, 55.8, 47.7, 45.4, 29.5, 28.9, 20.8,
28.7 ppm; HRMS(FAB): m/z calcd for C43H48N2NaO16: 871.2902
[M�Na]� ; found: 871.2872.

(5R)-N�-(Fluoren-9-ylmethoxycarbonyl)-N�-benzyloxycarbonyl-5-
O-(3,4,6-tri-O-benzoyl-2-deoxy-�-D-lyxo-hexopyranosyl)-5-hy-
droxy-L-lysine allyl ester (18): HCl gas was bubbled through an ice-
cold solution of 3,4,6-tri-O-benzoyl-D-galactal (16 ; 140 mg,
0.30 mmol) in dry toluene for 1 h. The solution was concentrated
and the remaining traces of solvent and HCl were removed under
high vacuum. The resulting crude 17 was dissolved in dry toluene
(3 mL) and added dropwise to a stirred mixture of silver silicate
(300 mg), crushed 3-ä molecular sieves (100 mg), and Fmoc-
Hyl(Cbz)-OAll (112 mg, 0.20 mmol) in dry CH2Cl2 (1 mL) at �30 �C
under N2 in the absence of light. After stirring overnight, dry CH2Cl2
(3 mL) was added and the temperature was raised slowly to 0 �C over
36 h. Et3N (55 �L, 0.4 mmol) was added and the mixture was allowed
to warm to room temperature. The solid material was filtered off,
washed with CH2Cl2 (50 mL), and the combined filtrates were
concentrated to give crude 18 (�/� ratio 1:10 as judged by
normal-phase HPLC). Repeated flash chromatography of the residue
(toluene/MeCN 6:1) gave 18 (120 mg, 59%) as a white amorphous
solid. [�]20D ��7 (c�1, CHCl3) ; 1H NMR (CDCl3): �� 5.97 ± 5.86 (m,
1H; CH�CH2), 5.85 ± 5.79 (m, 1H; NH-�), 5.76 (d, 1H, J� 2.8 Hz;
H-4), 5.56 (d, 1H, J� 7.9 Hz; NH-�), 5.39 ±5.31 (m, 2H; H-3,
OCH2CH�CH2trans), 5.27 (d, 1H, J�10.4 Hz; OCH2CH�CH2cis), 5.05 (s,
2H; PhCH2O), 4.77 (brd, 1H, J� 8.4 Hz; H-1), 4.66 (d, 2H, J� 5.3 Hz;
OCH2CH�CH2), 4.55 (dd, 1H, J�11.3, 6.9 Hz; H-6), 4.48 ± 4.35 (m, 4H;
H-6, OCOCH2CH, H-�), 4.23 (t, 1H, J� 7.0 Hz; OCOCH2CH), 4.11 (t, 1H,
J�6.3 Hz; H-5), 3.82 ± 3.74 (m, 1H; H-�), 3.51 ± 3.42 (m, 1H; H-�),
3.32 ± 3.23 (m, 1H; H-�), 2.32 ± 2.16 (m, 2H; H-2ax, H-2eq), 2.07 ± 1.95
(m, 1H; H-�), 1.87 ±1.60 (m, 3H; H-�, H-�,�) ppm; 13C NMR (CDCl3):
��171.7, 166.0, 165.7, 165.3, 156.8, 155.9, 143.8, 143.7, 141.2, 136.5,
133.4, 133.2, 131.4, 129.9, 129.7, 129.7, 129.4, 129.4, 129.3, 128.6,
128.4, 128.4, 128.3, 128.1, 128.0, 127.7, 125.0, 119.9, 119.2, 100.5, 80.4,
71.7, 69.2, 67.1, 66.6, 66.1, 66.1, 62.5, 53.6, 47.1, 44.6, 32.6, 28.6,
28.5 ppm; HRMS(FAB): m/z calcd for C59H56N2NaO14: 1039.3629
[M�Na]� ; found: 1039.3640.

(5R)-N�-(Fluoren-9-ylmethoxycarbonyl)-N�-benzyloxycarbonyl-5-
O-(3,4,6-tri-O-benzoyl-2-deoxy-�-D-lyxo-hexopyranosyl)-5-hy-
droxy-L-lysine (19): Allyl ester 18 (91 mg, 89 �mol) was treated as
described for 8. The crude product was purified twice by flash
chromatography (toluene/EtOH/HOAc 50:2:1 followed by CH2Cl2/
EtOH/HOAc 200:2:1�CH2Cl2/EtOH 10:1) to give 19 (79 mg, 90%) as
a white amorphous solid after lyophilization. [�]20D � 0 (c�1, CHCl3) ;
1H NMR (CDCl3/CD3OD 1:1): ��6.36 (t, 1H, J�5.3 Hz; NH-�), 5.71 (d,
1H, J�2.7 Hz; H-4), 5.39 ± 5.31 (m, 1H; H-3), 4.98 (d, 1H, J�12.3 Hz;
PhCH2O), 4.93 (d, 1H, J� 12.4 Hz; PhCH2O), 4.82 (brd, 1H, J�9.3 Hz;
H-1), 4.48 (dd, 1H, J� 11.7, 7.0 Hz; H-6), 4.41 ± 4.31 (m, 3H, H-6;
OCOCH2CH), 4.27 ± 4.21 (m, 1H; H-�), 4.20 ± 4.12 (m, 2H, H-5;
OCOCH2CH), 3.85 ± 3.75 (m, 1H; H-�), 3.41 ± 3.32 (m, 1H; H-�),
3.27 ± 3.17 (m, 1H; H-�), 2.28 ±2.11 (m, 2H; H-2ax, H-2eq), 2.05 ± 1.93
(m, 1H; H-�), 1.83 ± 1.72 (m, 1H; H-�), 1.70 ± 1.58 (m, 2H; H-�,�) ppm;
13C NMR (CDCl3): ��174.8, 166.9, 166.7, 166.2, 157.8, 157.5, 144.5,
144.3, 141.8, 137.1, 134.2, 133.9, 133.1, 133.1, 132.5, 132.4, 132.3,
131.3, 130.3, 130.2, 130.1, 129.9, 129.9, 129.4, 129.4, 129.3, 129.2,
129.0, 128.9, 128.7, 128.5, 128.4, 128.2, 127.6, 125.6, 120.4, 100.9, 80.6,
72.0, 70.1, 67.5, 67.2, 67.1, 63.3, 54.3, 47.7, 33.1, 29.4, 28.5 ppm;

HRMS(FAB): m/z calcd for C56H52N2NaO14: 999.3316 [M�Na]� ; found:
999.3310.

General procedure for solid-phase glycopeptide synthesis : Glyco-
peptides 20 ±24 were synthesized on Tentagel-S-PHB-Lys-Fmoc or
Tentagel-S-PHB-Thr-Fmoc resins essentially as described else-
where.[19] N�-Fmoc amino acids with standard side-chain protecting
groups were coupled by using either O-(benzotriazol-1-yl)-N,N,N�,N�-
tetramethyluronium hexafluororphosphate (HBTU; 6 equiv) and
diisopropylethylamine (DIPEA; 6 equiv), diisopropyl carbodiimide
(DIC; 4 equiv), and 1-hydroxybenzotriazole (HOBt; 6 equiv), or DIC
(4 equiv) and 1-hydroxy-7-azabenzotriazole (HOAt, 6 equiv) as cou-
pling reagents. Glycosylated building blocks 4, 8, 12, 15, and 19
(1.2 ± 1.5 equiv) were coupled to the peptide resins in manually
agitated reactors by using DIC (1.2 ± 1.5 equiv) and HOAt (3.6 ±
4.5 equiv) as coupling reagents in dry DMF for 29 ± 38 h. After
coupling of the glycosylated building blocks, unreacted amino
groups were acetylated with Ac2O/DMF (1:1) for 1 h. Cleavage of the
glycopeptides from the resin with trifluoroacetic acid/water/thio-
anisole/ethanedithiol (35:2:2:1) and subsequent workup were
performed essentially as described elsewhere.[19]

Glycyl-L-isoleucyl-L-alanylglycyl-L-phenylalanyl-5-O-(2-deoxy-�-D-
lyxo-hexopyranosyl)-5-hydroxy-L-lysylglycyl-L-glutam-1-yl-L-glu-
taminylglycyl-L-prolyl-L-lysylglycyl-L-glutam-1-yl-L-threonine (20):
Synthesis was performed with building block 19 on resin (50 �mol)
according to the general procedure. Cleavage and then purification
by reversed-phase HPLC gave the 3,4,6-O-benzoylated glycopeptide
(42.5 mg). A portion (14 mg) of this glycopeptide was treated with
NaOMe in MeOH (0.2M) for 3 h at room temperature (monitored by
analytical reversed-phase HPLC). The solution was then neutralized
(HOAc) and concentrated, and the residue was purified by prepa-
rative reversed-phase HPLC to give 20 (9 mg, 74% peptide content,
24% yield based on the amount of resin used). MS (ES): m/z calcd:
819.4 [M�2H]2� ; found: 819.3; amino acid analysis: Ala 0.99 (1), Glu
3.00 (3), Gly 4.93 (5), Hyl 1.03 (1), Ile 0.99 (1), Lys 1.03(1), Phe 1.02 (1),
Pro 1.01 (1), Thr 1.00 (1). 1H NMR data are given in Table 3.

Glycyl-L-isoleucyl-L-alanylglycyl-L-phenylalanyl-5-O-(3-deoxy-�-D-
xylo-hexopyranosyl)-5-hydroxy-L-lysylglycyl-L-glutam-1-yl-L-glu-
taminylglycyl-L-prolyl-L-lysylglycyl-L-glutam-1-yl-L-threonine (21):
Synthesis was performed with building block 12 on resin (50 �mol)
according to the general procedure. Cleavage and then purification
by reversed-phase HPLC gave the 2,4,6-O-acetylated glycopeptide
(43.7 mg). A portion (25 mg) of this glycopeptide was treated with
NaOMe in MeOH (0.02M) for 3 h at room temperature (monitored by
analytical reversed-phase HPLC). The solution was then neutralized
(HOAc) and concentrated, and the residue was purified by prepa-
rative reversed-phase HPLC to give 21 (13 mg, 75% peptide content,
20% yield based on the amount of resin used). MS (ES): m/z calcd:
819.4 [M�2H]2� ; found: 819.3; amino acid analysis: Ala 1.01 (1), Glu
2.98 (3), Gly 4.94 (5), Hyl 1.01 (1), Ile 1.00 (1), Lys 1.00(1), Phe 1.02 (1),
Pro 1.04 (1), Thr 1.01 (1). 1H NMR data are given in Table 4.

Glycyl-L-isoleucyl-L-alanylglycyl-L-phenylalanyl-5-O-(4-deoxy-�-D-
xylo-hexopyranosyl)-5-hydroxy-L-lysylglycyl-L-glutam-1-yl-L-glu-
taminylglycyl-L-prolyl-L-lysylglycyl-L-glutam-1-yl-L-threonine (22):
Synthesis was performed with building block 8 on resin (50 �mol)
according to the general procedure. Cleavage and then purification
by preparative reversed-phase HPLC gave the 2,3,6-O-acetylated
glycopeptide (48.2 mg). A portion of this glycopeptide (30 mg) was
treated with NaOMe in MeOH (0.02M) for 2 h 40 min at room
temperature (monitored by analytical reversed-phase HPLC). The
solution was then neutralized (HOAc), concentrated, and the residue
was purified by preparative reversed-phase HPLC to give 22
(21.9 mg, 79% peptide content, 34% yield based on the amount of
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resin used). MS (ES):m/z calcd: 546.6 [M�3H]3� ; found: 546.6; Amino
acid analysis: Ala 1.02 (1), Glu 3.01 (3), Gly 4.93 (5), Hyl 1.02 (1), Ile 1.01
(1), Lys 1.03(1), Phe 1.04 (1), Pro 0.94 (1), Thr 1.02 (1). 1H NMR data are
given in Table 5.

Glycyl-L-glutamin-1-yl-trans-4-hydroxy-L-prolylglycyl-L-isoleucyl-
L-alanylglycyl-L-phenylalanyl-5-O-(�-D-fucopyranosyl)-5-hydroxy-
L-lysylglycyl-L-glutam-1-yl-L-glutaminylglycyl-L-prolyl-L-lysine (23):
Synthesis was performed with building block 4 on resin (60 �mol)
according to the general procedure to give glycopeptide-containing
resin (352 mg). Cleavage and workup of a portion of the resin
(125 mg, �21 �mol) according to the general procedure, followed
by purification by preparative reversed-phase HPLC gave the 2,3,4-O-
acetylated glycopeptide (26 mg). A portion of this glycopeptide
(25.5 mg) was treated with NaOMe in MeOH (9 mM) for 6 h at room
temperature (monitored by analytical reversed-phase HPLC). The
solution was then neutralized (HOAc) and concentrated, and the
residue was purified by preparative reversed-phase HPLC to give 23
(20.6 mg, 74% peptide content, 43% yield based on the amount of
resin used). MS (FAB): m/z calcd: 1649 [M�H]� ; found: 1649; amino
acid analysis: Ala 1.03 (1), Glu 2.87 (3), Gly 4.89 (5), Hyl 1.04 (1), Ile 1.02

(1), Lys 1.05(1), Phe 1.04 (1), Pro 1.03 (1), Hyp 1.03 (1). 1H NMR data are
given in Table 6.

Glycyl-L-glutamin-1-yl-trans-4-hydroxy-L-prolylglycyl-L-isoleucyl-
L-alanylglycyl-L-phenylalanyl-5-O-(�-D-glucopyranosyl)-5-hydroxy-
L-lysylglycyl-L-glutam-1-yl-L-glutaminylglycyl-L-prolyl-L-lysine
(24): Synthesis was performed with building block 15 on resin
(35 �mol) according to the general procedure. Cleavage and then
purification by preparative reversed-phase HPLC gave 2,3,4,6-O-
acetylated glycopeptide (22 mg). A portion of this glycopeptide
(20 mg) was treated with NaOMe in MeOH (5 mM) for 3.5 h at room
temperature (monitored by analytical reversed-phase HPLC). The
solution was then neutralized (HOAc) and concentrated, and the
residue was purified by preparative reversed-phase HPLC to give 24
(9.4 mg, 70% peptide content, 13% yield based on the amount of
resin used). MS (FAB): m/z calcd: 1665 [M�H]� ; found: 1665; amino
acid analysis: Ala 1.01 (1), Glu 2.98 (3), Gly 4.99 (5), Hyl 0.99 (1), Ile 1.00
(1), Lys 1.01(1), Phe 1.01 (1), Pro 1.01 (1), Hyp 1.01 (1). 1H NMR data are
given in Table 7.

Generation of DR4-restricted T-cell hybridomas : Three mice that
were transgenic for the human DR4 class II MHC molecule and the

Table 3. 1H NMR chemical shifts for glycopeptide 20 in water containing 10% D2O.[a]

Residue NH H� H� H� Others

Gly259 3.82[b]

Ile260 8.59 4.18 1.82 1.43, 1.14, 0.91 (CH3) 0.82 (H�)
Ala261 8.65 4.28 1.36
Gly262 8.48 3.88[b]

Phe263 8.21 4.57 3.05[b] 7.31 (H3,H5), 7.30 (H4), 7.23 (H2,H6)
Hyl264[c] 8.54 4.25 1.88, 1.67 1.50[b] 4.01 (H�), 3.14, 2.89 (H�)
Gly265 7.89 3.84, 3.89
Glu266 8.47 4.26 2.03, 1.89 2.24[b]

Gln267 8.62 4.34 2.11, 1.95 2.36[b] 6.61, 6.92 (CONH2)
Gly268 8.41 4.12, 3.95
Pro269 4.38 2.25, 1.90 1.98[b] 3.58[b] (H�)
Lys270 8.63 4.30 1.83, 1.75 1.44[b] 1.66[b] (H�), 2.97[b] (H�)
Gly271 8.48 3.99, 3.84
Glu272 8.46 4.35 1.99, 1.90 2.25[b]

Thr273 7.93 4.20 4.12 1.14

[a] Spectra were recorded at 500 MHz, 278 K, and pH 5.4 with H2O (�H� 4.98 ppm) as internal standard. [b] Degeneracy has been assumed. [c] Chemical shifts for
the 2-deoxy-�-D-lyxo-hexopyranosyl moiety in 20 : �� 4.65 (H-1), 3.84 (H-3), 3.76 (H-6,6), 3.75 (H-4), 3.56 (H-5), 2.03 (H-2eq), 1.62 (H-2ax) ppm.

Table 4. 1H NMR chemical shifts for glycopeptide 21 in water containing 10% D2O.[a]

Residue NH H� H� H� Others

Gly259[b]

Ile260 8.60 4.17 1.82 1.44, 1.14, 0.92 (CH3) 0.83 (H�)
Ala261 8.67 4.28 1.36
Gly262 8.44 3.84[c]

Phe263 8.22 4.58 3.05[c] 7.32 (H3,H5), 7.23 (H2,H6)
Hyl264[d] 8.55 4.24 1.98, 1.71 1.58[c] 4.01 (H�), 3.15, 2.96 (H�)
Gly265 7.90 3.89, 3.84
Glu266 8.48 4.27 2.04, 1.90 2.27[c]

Gln267 8.61 4.32 2.11, 1.90 2.27[c]

Gly268 8.44 4.12, 3.96
Pro269 4.39 2.26, 1.91 1.99[c] 3.59[c] (H�)
Lys270 8.62 4.29 1.84, 1.76 1.45[c] 1.67[c] (H�), 2.94[c] (H�)
Gly271 8.50 3.99, 3.90
Glu272 8.47 4.35 2.11, 1.97 2.28[c]

Thr273 7.96 4.21 4.15 1.15

[a] Spectra were recorded at 500 MHz, 278 K, and pH 5.4 with H2O (�H�4.98 ppm) as internal standard. [b] Not assigned due to spectral overlap. [c] Degeneracy
has been assumed. [d] Chemical shifts for the 3-deoxy-�-D-xylo-hexopyranosyl moiety in 21 : �� 4.43 (H-1), 3.97 (H-4), 3.70 (H-2), 2.17 (H-3eq), 1.68 (H-3ax) ppm.
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Table 5. 1H NMR chemical shifts for glycopeptide 22 in water containing 10% D2O.[a]

Residue NH H� H� H� Others

Gly259 3.82[b]

Ile260 8.60 4.18 1.82 1.44, 1.15, 0.91 (CH3) 0.84 (H�)
Ala261 8.67 4.29 1.39
Gly262 8.49 3.88[b]

Phe263 8.21 4.59 3.06[b] 7.33 (H3,H5), 7.30 (H4), 7.23 (H2,H6)
Hyl264[c] 8.55 4.26 1.99, 1.71 1.57[b] 3.97 (H�), 3.15, 2.96 (H�)
Gly265 7.89 3.90, 3.84
Glu266 8.48 4.27 2.05, 1.91 2.28[b]

Gln267 8.65 4.35 2.14, 1.98 2.37[b] 7.62, 6.93 (CONH2)
Gly268 8.44 4.12, 3.96
Pro269 4.40 2.27, 1.91 2.00[b] 3.60[b] (H�)
Lys270 8.65 4.31 1.84, 1.78 1.46[b] 1.68[b] (H�), 2.97[b] (H�), 7.59 (�-NH2)
Gly271 8.48 3.98, 3.89
Glu272 8.47 4.37 2.10, 1.91 2.28[b]

Thr273 7.96 4.21 4.14 1.15

[a] Spectra were recorded at 500 MHz, 278 K, and pH 5.4 with H2O (�H� 4.98 ppm) as internal standard. [b] Degeneracy has been assumed. [c] Chemical shifts for
the 4-deoxy-�-D-xylo-hexopyranosyl moiety in 22 : �� 4.39 (H-1), 3.74 (H-3), 3.71 (H-5), 3.71, 3.59 (H-6), 3.19 (H-2), 1.93 (H-4eq), 1.43 (H-4ax) ppm.

Table 6. 1H NMR chemical shifts for glycopeptide 23 in 40 mM phosphate buffer containing 10% D2O and 1.5 mM NaN3.[a]

Residue NH H� H� H� Others

Gly256 3.78, 3.63
Glu257 8.74 4.62 2.00, 1.79 2.24[b]

Hyp258 4.49 2.31, 2.04 4.60 3.82[b] (H�)
Gly259 8.71 3.90[b]

Ile260 8.09 4.15 1.85 1.14[b], 0.88 (CH3) 0.79 (H�)
Ala261 8.66 4.24 1.34
Gly262 8.46 3.84[b]

Phe263 8.18 4.53 3.05[b] 7.30 (H3,H5), 7.27 (H2,H6), 7.2 (H4)
Hyl264[c] 8.50 4.24 1.95, 1.66 1.53[b] 3.95 (H�), 3.11, 2.91 (H�)
Gly265 7.79 3.87, 3.80
Glu266 8.48 4.24 2.02, 1.88 2.24[b]

Gln267 8.66 4.32 2.10, 1.95 2.24[b] 7.62, 6.90 (CONH2)
Gly268 8.43 4.12, 3.93
Pro269 4.38 2.23, 1.96 1.98[b] 3.66[b] (H�)
Lys270 8.17 4.10 1.78, 1.68 1.39[b] 1.65[b] (H�), 2.95[b] (H�), 7.54 (�-NH2)

[a] Spectra were recorded at 600 MHz, 278 K, and pH 5.4 with H2O (�H� 4.98 ppm) as internal standard. [b] Degeneracy has been assumed. [c] Chemical shifts for
the �-D-fucopyranosyl moiety in 23 : ��4.34 (H-1), 3.72 (H-5), 3.70 (H-4), 3.60 (H-3), 3.42 (H-2), 1.19 (H-6) ppm.

Table 7. 1H NMR chemical shifts for glycopeptide 24 in water containing 10% D2O.[a]

Residue NH H� H� H� Others

Gly256 3.80, 3.67
Glu257 8.74 4.65 2.02, 1.82 2.27[b]

Hyp258 4.50 2.32, 2.06 4.62 3.87[b] (H�)
Gly259 8.70 3.87[b]

Ile260 8.08 4.17 1.87 1.41, 1.17, 0.90 (CH3) 0.80 (H�)
Ala261 8.65 4.26 1.37
Gly262 8.45 3.87[b]

Phe263 8.18 4.56 3.06[b] 7.32 (H3,H5, H4), 7.22 (H2,H6)
Hyl264[c] 8.49 4.28 1.98, 1.69 1.58[b] 3.97 (H�), 3.13, 2.94 (H�)
Gly265 7.80 3.86[b]

Glu266 8.49 4.27 2.04, 1.91 2.26[b]

Gln267 8.65 4.34 2.12, 1.97 2.37[b] 7.62, 6.92 (CONH2)
Gly268 8.42 4.13, 3.97
Pro269 4.39 2.25, 1.98 1.98[b] 3.59[b] (H�)
Lys270 8.16 4.13 1.79, 1.65 1.40[b] 1.64[b] (H�), 2.96[b] (H�), 7.54 (�-NH2)

[a] Spectra were recorded at 500 MHz, 278 K, and pH 5.3 with H2O (�H� 4.98 ppm) as internal standard. [b] Degeneracy has been assumed. [c] Chemical shifts for
the �-D-glucopyranosyl moiety in 24 : ��4.45 (H-1), 3.78, 3.72 (H-6), 3.45 (H-3), 3.43 (H-5), 3.39 (H-4), 3.27 (H-2) ppm.
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human CD4 co-receptor were used in the study. The mice were
immunized subcutaneously with 3�50 �g of glycopeptide 27
(CII259 ± 278 in which hydroxylysine at positions 264 and 270 carried
�-D-galactopyranosyl residues) emulsified in CFA in the footpads and
at the base of the tail. Ten days later the mice were sacrificed and the
draining popliteal and inguinal lymph nodes were pooled and single-
cell suspensions prepared. Cells were restimulated in vitro with 27,
that is, the same peptide used for immunization, at a concentration
of 20 �gmL�1 for 7 days. The last three days' cells were expanded by
the addition of IL-2-containing medium to the cultures. The cells
were then fused with �/� T-cell receptor-negative thymoma cell line
BW5147.[60] After selection, positive cells were tested for IL-2
production in the presence of 27 as described below. Positive
clones were further subcloned by limited dilution.

Determination of T-cell hybridoma response : The response of each
T-cell hybridoma, that is, IL-2 secreted on incubation of the
hybridoma with antigen-presenting spleen cells and increasing
concentrations of glycopeptides 20 ±26, was determined in a
standard assay by using the Tcell clone CTLL.[39] In brief, 5� 104 T-
cell hybridomas were cocultured with 5� 105 syngeneic, irradiated
(1500 rad) spleen cells and antigen in a volume of 200 �L in flat-
bottomed microtiter plate wells. After 24 h, 100-�L aliquots of the
supernatants were removed and frozen to kill any transferred T-cell
hybridomas. Then, 104 IL-2-sensitive CTLL Tcells were added to the
thawed supernatant. The CTLL cultures were incubated for 24 h, after
which they were pulsed with 1 �Ci of 3H-TdR for an additional 15 ±
18 h. The cells were harvested on glass fiber sheets in a Filtermate
cell harvester (Packard Instruments, Meriden, CT) and the amount of
radioactivity was determined in a matrix 96 Direct Beta Counter
(Packard). All experiments were performed in duplicate.

Molecular modeling : The model of glycopeptide 25 bound to H-2Aq

was generated from a previous model of the corresponding peptide
CII256 ± 270 bound to H-2Aq.[36] The �-D-galactopyranosyl moiety was
added to hydroxylysine 264 by using the program Sybyl and was
oriented manually to avoid steric interactions with H-2Aq.

This work was funded by grants from the ™Glycoconjugates in
Biological Systems∫ (GLIBS) program sponsored by the Swedish
Foundation for Strategic Research, the Swedish Research Council,
and the Gˆran Gustafsson Foundation for Research in Natural
Sciences and Medicine.

[1] C. A. Janeway, Jr. , P. Travers, Immunobiology: The Immune System in Health
and Disease, 2nd ed., Current Biology/Garland Publishing, London, 1996.

[2] H. M. Grey, A. Sette, S. Buus, Sci. Am. 1989, 38 ± 46.
[3] V. H. Engelhard, Sci. Am. 1994, 44 ± 51.
[4] J. J. Monaco, J. Leukocyte Biol. 1995, 57, 543 ± 547.
[5] D. N. Garboczi, P. Ghosh, U. Utz, Q. R. Fan, W. E. Biddison, D. C. Wiley,

Nature 1996, 384, 134 ± 141.
[6] K. C. Garcia, M. Degano, L. R. Pease, M. Huang, P. A. Peterson, L. Teyton,

I. A. Wilson, Science 1998, 279, 1166 ± 1172.
[7] E. L. Reinherz, K. Tan, L. Tang, P. Kern, J.-h. Liu, Y. Xiong, R. E. Hussey, A.

Smolyar, B. Hare, R. Zhang, A. Joachimiak, H.-C. Chang, G. Wagner, J.-h.
Wang, Science 1999, 286, 1913 ± 1921.

[8] Y.-H. Ding, B. M. Baker, D. N. Garboczi, W. E. Biddison, D. C. Wiley, Immunity
1999, 11, 45 ± 56.

[9] J. Hennecke, A. Carfi, D. C. Wiley, EMBO J. 2000, 19, 5611 ±5624.
[10] D. R. Madden, Annu. Rev. Immunol. 1995, 13, 587 ± 622.
[11] L. J. Stern, D. C. Wiley, Structure 1994, 2, 245 ± 251.
[12] R. Holmdahl, E. C. Andersson, C. B. Anderssen, A. Svejgaard, L. Fugger,

Immunol. Rev. 1999, 169, 161 ± 173.
[13] D. E. Trentham, A. S. Townes, A. H. Kang, J. Exp. Med. 1977, 146, 857 ± 868.

[14] R. Holmdahl, M. Andersson, T. J. Goldschmidt, K. Gustafsson, L. Jansson,
J. A. Mo, Immunol. Rev. 1990, 118, 193 ± 232.

[15] E. Michae»lsson, M. Andersson, ä. Engstrˆm, R. Holmdahl, Eur. J. Immunol.
1992, 22, 1819 ± 1825.

[16] E. C. Andersson, B. E. Hansen, H. Jacobsen, L. S. Madsen, C. B. Andersen, J.
Engberg, J. B. Rothbard, G. S. McDevitt, V. Malmstrom, R. Holmdahl, A.
Svejgaard, L. Fugger, Proc. Natl. Acad. Sci. USA 1998, 95, 7574 ± 7579.

[17] E. F. Rosloniec, D. D. Brand, L. K. Myers, Y. Esaki, K. B. Whittington, D. M.
Zaller, A. Woods, J. M. Stuart, A. H. Kang, J. Immunol. 1998, 160, 2573 ±
2578.

[18] E. Michae»lsson, V. Malmstrˆm, S. Reis, ä. Engstrˆm, H. Burkhardt, R.
Holmdahl, J. Exp. Med. 1994, 180, 745 ± 749.

[19] J. Broddefalk, J. B‰cklund, F. Almqvist, M. Johansson, R. Holmdahl, J.
Kihlberg, J. Am. Chem. Soc. 1998, 120, 7676 ± 7683.

[20] A. Corthay, J. B‰cklund, J. Broddefalk, E. Michae»lsson, T. J. Goldschmidt, J.
Kihlberg, R. Holmdahl, Eur. J. Immunol. 1998, 28, 2580 ± 2590.

[21] R. G. Spiro, J. Biol. Chem. 1967, 242, 4813 ± 4823.
[22] K. I. Kivirikko, R. Myllyl‰, in Collagen in Health and Disease (Eds. : J. B. Weiss,

M. I. V. Jayson), Churchill Livingstone, Edinburgh, 1982, pp. 101 ±120.
[23] H. J. Koeners, C. Schattenkerk, J. J. Verhoeven, J. H. van Boom, Tetrahedron

1981, 37, 1763 ± 1771.
[24] J. Broddefalk, M. Forsgren, I. Sethson, J. Kihlberg, J. Org. Chem. 1999, 64,

8948 ± 8953.
[25] B. Capon, Chem. Rev. 1969, 69, 407 ±498.
[26] C. Unverzagt, H. Kunz, Bioorg. Med. Chem. 1994, 2, 1189 ± 1201.
[27] S. Peters, T. L. Lowary, O. Hindsgaul, M. Meldal, K. Bock, J. Chem. Soc. Perkin

Trans. 1 1995, 3017 ± 3022.
[28] G. H. Veeneman, S. H. van Leeuwen, J. H. van Boom, Tetrahedron Lett.

1990, 31, 1331 ± 1334.
[29] P. Konradsson, U. E. Udodong, B. Fraser-Reid, Tetrahedron Lett. 1990, 31,

4313 ± 4316.
[30] H. Paulsen, O. Lockhoff, Chem. Ber. 1981, 114, 3102 ± 3114.
[31] L. A. Carpino, A. Tunga, J. Org. Chem. 1986, 51, 1930 ± 1932.
[32] B. Holm, J. Broddefalk, S. Flodell, E. Wellner, J. Kihlberg, Tetrahedron 2000,

56, 1579 ± 1586.
[33] Y. Kiso, K. Ukawa, T. Akita, J. Chem. Soc. Chem. Commun. 1980, 101 ±

102.
[34] Z. Zhang, G. Magnusson, J. Org. Chem. 1996, 61, 2383 ± 2393.
[35] C. H. Marzabadi, R. W. Franck, Tetrahedron 2000, 56, 8385 ± 8417.
[36] P. Kjelle¬n, U. Brunsberg, J. Broddefalk, B. Hansen, M. Vestberg, I. Ivarsson,

ä. Engstrˆm, A. Svejgaard, J. Kihlberg, L. Fugger, R. Holmdahl, Eur. J.
Immunol. 1998, 28, 755 ± 767.

[37] L. Fugger, J. B. Rothbard, G. Sonderstrup-McDevitt, Eur. J. Immunol. 1996,
26, 928 ± 933.

[38] The difference in peptide sequence between glycopeptides 20 ±22 and
23 ±24 was shown to have no or only a minor influence on the response
of the H-2Aq-restricted T-cell hybridomas. Comparative studies of a few
hybridomas with glycopeptide 25 and 26, which have different peptide
sequences, showed that 26 gave marginally weaker responses than 25.
The HLA-DR4-restricted T-cell hybridomas were only studied with
glycopeptides 20 ±22 and 26.

[39] S. Gillis, K. A. Smith, Nature 1977, 268, 154 ± 156.
[40] T. Jensen, P. Hansen, L. Galli-Stampino, S. Mouritsen, K. Frische, E.

Meinjohanns, M. Meldal, O. Werdelin, J. Immunol. 1997, 158, 3769 ± 3778.
[41] L. Galli-Stampino, E. Meinjohanns, K. Frische, M. Meldal, T. Jensen, O.

Werdelin, S. Mouritsen, Cancer Res. 1997, 57, 3214 ±3222.
[42] M. D. Deck, P. Sjˆlin, E. R. Unanue, J. Kihlberg, J. Immunol. 1999, 162,

4740 ± 4744.
[43] M.-K. Teng, A. Smolyar, A. G. D. Tse, J.-H. Liu, J. Liu, R. E. Hussey, S. G.

Nathenson, H.-C. Chang, E. L. Reinherz, J.-H. Wang, Curr. Biol. 1998, 8,
409 ± 412.

[44] J. Kihlberg, M. Elofsson, Curr. Med. Chem. 1997, 4, 79 ± 110.
[45] T. Jensen, P. Hansen, A. Faurskov Nielsen, M. Meldal, S. Komba, O.

Werdelin, Eur. J. Immunol. 1999, 29, 2759 ± 2768.
[46] T. Jensen, M. Nielsen, M. Gad, P. Hansen, S. Komba, M. Meldal, N. Èdum, O.

Werdelin, Eur. J. Immunol. 2001, 31, 3197 ± 3206.
[47] J. B‰cklund, S. Carlsen, T. Hˆger, B. Holm, L. Fugger, J. Kihlberg, H.

Burkhardt, R. Holmdahl, Proc. Natl. Acad. Sci. USA 2002, in press.
[48] E. F. Rosloniec, K. B. Whittington, D. M. Zaller, A. H. Kang, J. Immunol. 2002,

168, 253 ± 259.
[49] J. Sloan-Lancaster, P. M. Allen, Ann. Rev. Immunol. 1996, 14, 1 ± 27.



J. Kihlberg et al.

1222 ChemBioChem 2002, 3, 1209 ± 1222

[50] G. J. Kersh, E. N. Kersh, D. H. Fremont, P. M. Allen, Immunity 1998, 9, 817 ±
826.

[51] D. S. Lyons, S. A. Lieberman, J. Hampl, J. J. Boniface, Y.-h. Chien, L. J. Berg,
M. M. Davis, Immunity 1996, 5, 53 ± 61.

[52] L. B. Nicholson, J. M. Greer, R. A. Sobel, M. B. Lees, V. K. Kuchroo, Immunity
1995, 3, 397 ± 405.

[53] S. Brocke, K. Gijbels, M. Allegretta, I. Ferber, C. Piercy, T. Blankenstein, R.
Martin, U. Utz, N. Karin, D. Mitchell, T. Veromaa, A. Waisman, A. Gaur, P.
Conion, N. Ling, P. J. Fairchild, D. C. Wraith, A. O�Garra, C. G. Fathman, L.
Steinman, Nature 1996, 379, 343 ± 346.

[54] M. Elofsson, L. A. Salvador, J. Kihlberg, Tetrahedron 1997, 53, 369 ±390.

[55] L. Szabo¬ , J. Ramza, C. Langdon, R. Polt, Carbohydr. Res. 1995, 274, 11 ± 28.
[56] A. F¸rstner, T. M¸ller, J. Org. Chem. 1998, 63, 424 ± 425.
[57] J. A. L. M. van Dorst, C. J. van Heusden, A. F. Voskamp, J. P. Kamerling,

J. F. G. Vliegenthart, Carbohydr. Res. 1996, 291, 63 ± 83.
[58] J. A. L. M. van Dorst, C. J. van Heusden, J. M. Tikkanen, J. P. Kamerling,

J. F. G. Vliegenthart, Carbohydr. Res. 1997, 297, 209 ± 227.
[59] R. U. Lemieux, Methods Carbohydr. Chem. 1963, 2, 221 ± 222.
[60] J. White, M. Blackman, J. Bill, J. Kappler, P. Marrack, D. P. Gold, W. Born, J.

Immunol. 1989, 143, 1822 ± 1825.

Received: June 3, 2002 [F430]


