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Introduction

Recently, the functions of glycoprotein glycan chains in protein
quality control are attracting particular attention [1] (Figure 1).
Calnexin (CNX) and calreticulin (CRT) are ER-residing homol-
ogous chaperones, the former being membrane-bound and the
latter being soluble [2,3]. It is believed that they have unique
lectin properties, specifically recognizing Glc1Man9GlcNAc2

(G1M9, 3a), which is formed by stepwise removal of glu-
cose residues from Glc3Man9GlcNAc2(G3M9, 1a). After fur-
ther removal of the innermost glucose, glycoproteins possessing
Man9GlcNAc2 (M9, 4a) follow the diverged pathways. Namely,
correctly folded proteins are transported to the Golgi for fur-
ther processing, while misfolded ones are reglucosylated back
to 3a by the action of UDP-glucose:glycoprotein glucosyltrans-
ferase (UGGT) [4]. Fatally misfolded glycoproteins are deliv-
ered to the degradation pathway called ER-associated degrada-
tion (ERAD) [5]. Mannosidase-like proteins (MLPs), EDEM
discovered from mammalian cells [6] and its yeast counter-
part Mnl1p/Htm1p [7], are considered to have a lectin prop-
erty and recognize glycoproteins having M8 oligosaccharides
(Man8GlcNAc2, B-isomer, 5a), which are formed by the action
of ER mannosidase I from M9 [8,9]. Glycoproteins directed to
ERAD are degraded by the proteasome [10–12].

In order to gain precise understanding of glycoprotein qual-
ity control, accesses to homogeneous and structurally defined
oligosaccharides and glycoproteins are highly desired. In this
minireview, we wish to summarize our recent efforts toward
(1) the convergent synthesis of ER-related oligosaccharides and
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their partial structures, (2) the creation of glycoprotein mimet-
ics, and (3) observation of the specific interaction with CRT.

Synthesis of ER related high-mannose-type
oligosaccharides

Considering the central importance of CNX/CRT in glycopro-
tein quality control, the chemical syntheses of monoglucosy-
lated dodecasaccharide 3b (Figure 2) was conducted first [13].
For comparative purpose,β-Glc-isomer (7) as well as nongluco-
sylated counterpart (M9, 4b) were also prepared. Subsequently,
octamannosylated decasaccharide (M8, 5b)(the proposed lig-
and of MLPs) and its monoglucosylated homologue (6b) were
synthesized [14].

For the convergent synthesis of target oligosaccharides, frag-
ments corresponding to Glc (8,9), Man1GlcNAc2 (10), Man4

(11) or Man5 (12), and Man3 (14) components were designed
(Scheme 1). Fragment 10 was constructed from 13 by p-
methoxybenzyl (PMB) assisted intramolecular aglycon deliv-
ery [15] developed in our laboratory as the key.

Octa- (5b and 6b) and nonamannosylated glycan chain (4b,
3b and 7) were constructed as shown in Scheme 1. The cou-
pling of 10 with 14 afforded 3-O-glycosylated hexasaccharide
that was converted to the diol 15. Regioselective glycosylation
with tetra/pentasaccharide donor 11/12 gave deca- (16a) and
undecasaccharide (17a), respectively. These compounds were
then converted to 16b and 17b. For the incorporation of the
α-linked glucose residue, glycosylation with the thioglucoside
(8) proceeded satisfactorily and provided the desired undeca-
(18) and dodecasaccharide (19), both as a single isomer. On the
other hand, the stereoisomeric dodecasaccharide (20) carrying
β-linked glucose residue was synthesized using glycosyl donor
9. Finally, complete deprotection afforded M9 (4b), G1M9 (3b),
M8 (5b), G1M8 (6b)gnd β-G1M9 (7), respectively. In addition,
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Figure 1. Glycoprotein processing and quality control in ER.

Figure 2. Structures of high-mannose oligosaccharides associated with chaperone recognition.

syntheses of G2M9 (2b) and G3M9 (1b) were accomplished re-
cently [16].

Facile synthesis of the partial structure
of ER-oligosaccharide

Syntheses of terminal trimannose (21, Figure 3) and monoglu-
cosylated trimannose (22, Figure 3) portions of G1M9 were
conducted as depicted in Scheme 2 [17]. For the temporary
protection of 2- and 3-OH, pentafluoropropionyl (PFP) and tri-
fluoroacetyl (TFA) groups were employed. Since the Glc1Man3

arm is considered to be play the primary role in CRT/CNX
recognition, undecasaccharide 26 having bidentate Glc1Man3

was prepared, as well as its monodentate congener 25 (Figure 3)
[18].

Approaches to artificial glycoproteins

Since naturally occurring glycoproteins are generally com-
plex mixtures of various “glycoforms”, glycoprotein mimet-
ics having homogeneous and structurally defined oligosaccha-
rides would be valuable alternatives [19]. In this respect, we
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Scheme 1. Synthesis of ER-related oligosaccharide.

turned our attention to the combination of dihydrofolate re-
ductase (DHFR) [20] and its high-affinity (KD < 1 nM) ligand
methotrexate (MTX) (Figure 4) [21].

In the first place, pentasaccharide bifunctional ligand 27a was
prepared. Synthetic Man3GlcNAc2 was transformed to glyco-
sylamine 27b [22] and converted to glycine-linked oligosaccha-
ride 27c that was condensed with MTX(αt Bu) [23] and follow-
ing deprotection of t Bu group to give 27a. Undecasaccharide
(M9)-MTX conjugate 28a was prepared in a similar manner

from M9 [24]. These sugar-MTX conjugates retained strong
affinity to DHFR and their isolation were achieved by lectin
beads.

As the second approach to artificial glycoproteins, ligation
of synthetic oligosaccharide with carbonic anhydrase (CA) was
investigated. CA is a relatively small (27 kD) protein having a
single Cys residue. Taking advantage of the reactivity of thiol,
chemoselective ligation of oligosaccharide [25] was conducted.
Thus, undecasaccharide 17b was converted to iodoacetamide
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Figure 3. Synthetic analogues of high-mannose type oligosaccharides.

Scheme 2. Facile synthesis of Man3 and Glc1Man3 using PFP and TFA as protecting groups.
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Figure 4. Preparation of artificial glycoproteins.

Figure 5. 1H NMR spectra of Glc1Man9GlcNAc2 + CRT; (A) anomeric region of 1D 1H NMR spectra acquired of αGlc1Man9GlcNAc2

(3b) in 2H2O, 10 mM Tris-HCl buffer, 10 mM CaCl2 at pH 7.3. CRT was added to the sample by a step wise, final ratio of 3b and
CRT was 1:1. (B) anomeric region of 1D 1H NMR spectra acquired of 3b + 7 (1:1) without (a) and with 0.5 eq. of CRT(b).
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28d via glycosylamine 28b. Coupling was conducted under
denaturing conditions to give M9 incorporated 28-CA [26].

In both of above approaches, glycosylamines served as key
intermediates. Because the conversion of complex glycan chain
to corresponding glycosylamine is well-established [27], it is
expected that various types of oligosaccharides can be incor-
porated to DHFR and/or CA to analyse the interaction with ER
chaperones and lectins.

Analysis of interaction between synthetic
oligosaccharides and proteins

Synthetic dodecasaccharide (Figure 2, 3b) was subjected to
binding experiment with CRT using 1H-NMR. In the presence
of recombinant CRT, all anomeric signals were strongly sup-
pressed by extensive broadening, implying that 3b binds tightly
with CRT under these conditions (Figure 5A) [28]. Using 1:1
mixture of 3b and its stereoisomer 7, in the presence of 0.5
equiv. (with respect to the mixture of 3b and 7) of CRT, only
peaks derived from 3b were strongly suppressed, implying that
the CRT recognizes the fine structure of G1M9 (Figure 5B)
[13].

Oligosaccharide-CRT interactions were subjected to quanti-
tative measurement using isothermal titration calorimetry (ITC)
[29]. Preliminary results strongly support the current view of
the specificity of CRT recognition. Namely, G1M9 (3b) had
a strong affinity (KB ∼ 5.2 × 106 M−1) to CRT, while no in-
teractions with G2M9 (2b) and M9 (4b) were observed within
the detection limit of ITC. Judging from the slightly reduced
affinities of G1M8 (6b) (KB ∼ 5.2 × 106 M−1) and Glc1Man3

(22, KB ∼ 1.6 × 106 M−1), Man5 branch seems to play an ad-
junct role in CRT binding. Further interaction analyses of the
mono/bidentate hepta/undecasaccharides 25/26, and fluorine-
substituted Glc1Man2 (29) and Glc1Man3 (30) are under way.

Summary and future outlook

Convergent and stereoselective synthetic route to Man8

GlcNAc2, α-Glc1Man8GlcNAc2 Man9GlcNAc2, α-Glc1Man9

GlcNAc2 and its stereoisomer were established. Using 1H-
NMR and ITC, we observed the interaction with CRT. Gly-
coprotein mimetics were created by employing specific bind-
ing of MTX to DHFR and chemoselective ligation at Cys212 of
CA. These oligosaccharides and artificial glycoproteins would
be useful as molecular probes to analyze glycoprotein quality
control. Further studies are in progress along this line and will
be reported in due course.

Acknowledgment

We thank Drs. Koichi Kato and Yoshiki Yamaguchi for NMR
studies, Dr. Teiji Chihara and his staff for elemental analyses
and the operation of the high-pressure equipment, Dr. Hiroyuki
Koshino for high field NMR measurement, Drs. Shunji Natori

and Shunji Natsuka for providing GST-CRT construct and Ms.
Akemi Takahashi for technical assistance. We also thank Drs.
Yoshito Ihara, Tadashi Suzuki, and Kazuo Yamamoto for help-
ful discussions and Professor Naoyuki Taniguchi for his en-
couragement. Financial supports from Ministry of Education,
Culture, Sports, Science and Technology [Grant-in-Aid for Sci-
entific Research (B) No. 13480191 and for Encouragement of
Young Scientists (No. 15780220)] are acknowledged.

References

1 Parodi AJ, Annu Rev Biochem 69, 69–93 (2000).
2 Helenius A, Aebi M, Science 291, 2364–9 (2001).
3 Ellgaard L, Helenius A, Nature Rev Mol Cell Biol 4, 181–91

(2003).
4 Caramelo JJ, Castro OA, Alonso LG, de Prat-Gay G, Parodi AJ,

Proc Natl Acad Sci USA 100, 86–91 (2003).
5 Tsai B, Ye Y, Rapoport TA, Nature Rev Mol Cell Biol 3, 246–55

(2002).
6 Hosokawa N, Wada I, Hasegawa K, Yorihuzi T, Tremblay LO,

Herscovics A, Nagata K, EMBO Rep 2, 415–22 (2001).
7 Jakob CA, Bodmer D, Spirig U, Bättig P, Mardil A, Dignard D,

Bergeron JJM, Thomas DY, Aebi M, EMBO Rep 2, 423–30 (2001).
8 Liu Y, Choudhury P, Cabra CM, Sifers RN, J Biol Chem 274,

5861–7 (1999).
9 Braakman I, EMBO Rep 2, 666–8 (2001).

10 Glickman MH, Ciechanover A, Physiol Rev 82, 373–428 (2001).
11 Suzuki T, Park H, Lennarz WJ, FASEB J 16, 635–41 (2002).
12 Yoshida Y, Chiba T, Tokunaga F, Kawasaki H, Iwai K, Suzuki

T, Ito Y, Matsuoka K, Yoshida M, Tanaka K, Tai T, Nature 418,
438–42 (2002).

13 Matsuo I, Wada M, Manabe S, Yamaguchi Y, Otake K, Kato K,
Ito Y, J. Am Chem Soc 125, 3402–3 (2003).

14 Matsuo I, Ito Y, Carbohydr Res 338, 2163–8 (2003).
15 Ito Y, Ohnishi Y, Ogawa T, Nakahara Y, Synlett 1102–4 (1998).
16 Matsuo I, Ito Y, unpublished.
17 Takatani M, Matsuo I, Ito Y, Carbohydr Res 338, 1073–81

(2003).
18 Arai, MA, Ito Y, unpublished.
19 Marcaurelle LA, Bertozzi CR, Chem Eur J 5, 1384–9 (1999).
20 Totani K, Matsuo I, Ito Y, Bioorg Med Chem Lett (in press).
21 Sasso SP, Gilli RM, Sari JC, Rimet OS, Briand CM, Biochim Bio-

phys Acta 1207, 74–9 (1994).
22 Likhosherstov LM, Novikova OS, Derevitskaja VA, Kochetkov

NK, Carbohydr Res 146, c1–c5 (1986).
23 Rosowsky A, Forsch R, Uren J, Wick M, J. Med Chem 24, 1450–5

(1981).
24 Totani K, Ito Y, unpublished.
25 Macmillan D, Danies AM, Bayrhuber M, Flitsch S, Org Lett 4,

1467–70 (2002).
26 Matsuo I, Ito Y, unpublished.
27 (a) Stubbs HJ, Shia MA, Rice KG, Anal Biochem 247, 357–65

(1997). (b) Arsequell G, Dwek RA, Wong SYC, Anal Biochem
216, 165–70 (1994). (c) Meinjohanns E, Meldal M, Paulsen H,
Dwek R, Bock K, J Chem Soc Perkin Trans I 549–60 (1998).

28 Dam TK, Brewer CF, Chem Rev 102, 387–429 (2002).
29 Hagihara S, Matsuo I, Ito Y, unpublished.

Received 26 February 2004; accepted 30 April 2004


