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Synthesis of Glc1Man9-Glycoprotein Probes by a Misfolding/Enzymatic
Glucosylation/Misfolding Sequence
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Abstract: Glycoproteins in non-native conformations are
often toxic to cells and may cause diseases, thus the quality
control (QC) system eliminates these unwanted species. Lectin
chaperone calreticulin and glucosidase II, both of which
recognize the Glc1Man9 oligosaccharide on glycoproteins, are
important components of the glycoprotein QC system.
Reported herein is the preparation of Glc1Man9-glycoproteins
in both native and non-native conformations by using the
following sequence: misfolding of chemically synthesized
Man9-glycoprotein, enzymatic glucosylation, and another
misfolding step. By using synthetic glycoprotein probes,
calreticulin was found to bind preferentially to a hydrophobic
non-native glycoprotein whereas glucosidase II activity was
not affected by glycoprotein conformation. The results dem-
onstrate the ability of chemical synthesis to deliver homoge-
neous glycoproteins in several non-native conformations for
probing the glycoprotein QC system.

Protein N-glycosylation occurs in the lumen of the endo-
plasmic reticulum (ER). Newly synthesized glycoproteins
fold into their native structures with the aid of molecular
chaperones and folding factors which are resident in the ER.
Lectin chaperone calnexin (CNX)/calreticulin (CRT) recog-
nizes the Glc1Man9GlcNAc2 (G1M9) N-glycan on a glycopro-
tein. CNX/CRT is able to assist glycoprotein folding by
preventing premature aggregation and recruiting the thiol-
oxidoreductase ERp57, which catalyzes disulfide bond for-
mation and rearrangement.[1] Glucosidase II (G-II) then
removes a glucose residue, thus converting the N-glycan
structure into Man9GlcNAc2 (M9) so that the glycoprotein
can dissociate from the chaperone. At this point, the folding
sensor enzyme UDP-glucose:glycoprotein glucosyltransfer-
ase (UGGT) inspects the folding status of the glycoproteins:
glycoproteins in the native conformation escape the inspec-

tion and transit through the secretory pathway. However,
glycoproteins in non-native conformations are trapped by
UGGT, which then converts the M9 N-glycan on the non-
native glycoprotein back into G1M9 so that glycoprotein can
reassociate with CNX/CRT for an attempt at refolding.[2]

The process, consisting of CNX/CRT, G-II, and UGGT, is
called the CNX/CRT cycle (Figure 1) and it has a major role

in the glycoprotein quality control (QC) process,[3] the process
that is vital for maintaining protein homeostasis and mini-
mizing pathogenic occurrence.[4] Thus understanding of the
detailed mechanism of this cycle is essential for the develop-
ment of therapeutics for diseases associated with this cycle.[5]

In the CNX/CRT cycle, the folding sensor enzyme UGGT is
the key component that distinguishes native and non-native
conformers of glycoproteins.[6] In contrast, the roles of CNX/
CRT chaperones and G-II in the context of discriminating
between non-native and native conformers are less clear.
Lectin activity of CNX/CRT binding to G1M9 oligosacchar-

Figure 1. Calnexin/calreticulin cycle for glycoprotein quality control in
the endoplasmic reticulum. Lectin chaperone calreticulin (CRT) binds
to a glycoprotein bearing the G1M9 N-glycan for refolding with the aid
of protein disulfide isomerase ERp57. Glucosidase II (G-II) hydrolyzes
a glucose residue from G1M9 N-glycan, thus converting it into M9
N-glycan. UDP-glucose:glycoprotein glucosyltransferase (UGGT) is
a folding sensor enzyme which transfers a glucose residue only to
a non-native form of glycoprotein bearing an M9 N-glycan.[*] Dr. M. Izumi, Y. Oka, Dr. R. Okamoto, Prof. Dr. Y. Kajihara
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ide is well established, although there are different views on
the existence of binding sites on non-native polypeptides.[7]

Substrate specificity of G-II has been studied in detail, mainly
by using an oligosaccharide as the substrate,[8] but the effect of
the folding status of a substrate glycoprotein on hydrolysis
activity has merely been mentioned. G1M9 glycoprotein
probes in different folding states are required to answer these
questions. However, these are extremely difficult to obtain
from cells as a single glycoform because most of the
glycoproteins bearing G1M9 N-glycans are thought to exist
only transiently as biosynthetic intermediates. To overcome
this difficulty, Ito and co-workers prepared glycoprotein
mimics using chemically synthesized G1M9 oligosaccharides
and used them for the study of glycan recognition by CRT and
G-II.[9] After obtaining GlcNAc-ribonuclease (RNase) from
a natural source using endoglycosidase, Wang et al. prepared
G1M9-RNase by enzymatic transfer of a chemically synthe-
sized oligosaccharide to GlcNAc-RNase. This approach
allowed them to study G1M9-RNase binding to CRT.[10]

These elegant studies addressed the effects of oligosaccharide
structures, but the effects of protein conformations ought to
be elucidated.

We have been employing chemical glycoprotein synthesis
to study the QC system of glycoproteins[11] because chemical
synthesis is an effective approach to obtain a glycoprotein in
a single glycoform.[12] In addition, we can prepare proteins in
different conformations, such as in native or non-native
(misfolded, unfolded, folding intermediate) forms, using
chemical methods. Herein we report the syntheses of
G1M9-interleukin 8 (IL-8) in both the native and misfolded
forms, including monomers and a dimer wherein the disulfide
bonds are scrambled. Since isolating G1M9 oligosaccharides
from a natural source in sufficient amounts for use in solid-
phase glycopeptide synthesis is cumbersome and time con-
suming, we used UGGT to convert non-native M9-IL-8,
which was prepared by intentional misfolding, into G1M9-IL-
8 with high conversion. Subsequently, we carried out another
intentional misfolding step to obtain misfolded forms of
G1M9-IL-8. Through this enzymatic glucosylation and iter-
ative misfolding approach, we successfully obtained enough
G1M9-glycoprotein probes for use in the analysis of the
abilities of CRT and G-II in distinguishing conformational
differences in glycoproteins.

We first examined enzymatic glucosylation of two M9-IL-
8 derivatives, the monomer 4 and dimer 8, by UGGT1
(Scheme 1). In our previous study, we found that the
misfolded M9-IL-8 dimer 8, bearing two M9 N-glycans, is
a very good substrate of UGGT1.[11a] However, the yield of 8
under air oxidation conditions is relatively low because
undesired monomers (5–7) are also formed. Therefore we
examined the 4, wherein the cysteine side-chain thiol groups
were protected with methylthio groups, as a substrate of
UGGT1. The M9-IL-8 full-length polypeptide 3[11a] was
prepared by connecting the N-terminal IL-8(1-33) peptide
thioester 1 and C-terminal glycopeptide IL-8(34-72, N36-
(M9)) 2 by native-chemical ligation.[13] Treatment of 3 with S-
methyl methanethiosulfonate (MMTS) gave 4 in 80% yield
(see Figure S1 in the Supporting Information). Then, enzy-
matic glucosylation of 4 with recombinant human UGGT1

was examined in 50 mm Tris-HCl (pH 7.5), 5 mm CaCl2, and
0.5 mm UDP-glucose at 37 88C. Unfortunately, 4 was not quite
stable under the enzymatic reaction conditions, and conver-
sion of 4 into the native form 5 was observed during UGGT1
reaction. Since 5 was not a substrate of UGGT1, we could not
achieve good conversion into 4 (see Figure S2 in the
Supporting Information).

Scheme 1. Syntheses of G1M9-IL-8 probes in native and misfolded
forms by iterative intentional misfolding process. [Intentional misfol-
ding I] Air oxidation of 3 in 1m Gn·HCl at pH 8.3 gave 5, 6, and 7 (SS
bonds are indicated in brackets), as well as 8 (interchain SS bond:
C(7,9)–C(7,9), intrachain SS bond: C34–C50; blue solid line represents
IL-8 polypeptide chain). Enzymatic glucosylation of 8 by recombinant
UGGT1 gave 9 after reduction with DTT. [Intentional misfolding II] Air
oxidation of 9 in 1m Gn·HCl at pH 8.3 (red arrow) gave 10, 11, 12,
and 13. Air oxidation of 9 in 6m Gn·HCl at pH 8.3 (green arrow) 12 as
the main product (see Figure 2).
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We thus decided to use 8 for the syntheses of G1M9-IL-8
derivatives. The dimer 8 was obtained by intentional misfold-
ing of 3 in air-bubbled 1m guanidine hydrochloride (Gn·HCl)
and 0.1m Tris-acetate (pH 8.3), along with monomers in
native (5) and misfolded (shuffled disulfide bond) forms (6
and 7), as previously reported (Scheme 1: intentional mis-
folding I; see Figure S3 in the Supporting Information). We
omitted redox reagents such as cysteine-cystine to suppress
rearrangement of kinetically formed disulfide bonds, in the
misfolded species, to native disulfide bonds. The dimer 8 was
isolated in 19% yield by HPLC. Glucose transfer to 8 was
then examined under the same reaction conditions as 4.
Unlike 4, conversion of 8 into 5 was not observed during
UGGT1 reaction. After treating an aliquot of the UGGT1
reaction solution with dl-dithiothreitol (DTT) to convert the
reaction product into the monomer 9, conversion was
estimated to be about 89 % after 2 hours, based on the
intensities of the MS spectrum. This yield did not increase
after a prolonged time (see Figure S4 in the Supporting
Information). The G1M9-IL-8 polypeptide 9 was isolated in
35% yield after treatment with DTT.

To obtain G1M9-IL-8 derivatives in both native and
misfolded forms, we next examined another intentional
misfolding step using 9 under two different conditions
(Scheme 1:intentional misfolding II). First, we employed the
same misfolding conditions described for 3. Although the
oligosaccharide structure was slightly different, air oxidation
of 9 in 1m Gn·HCl gave essentially the same result observed
for 3. The reaction yielded the native form 10, two misfolded
monomers (11 and 12), and the misfolded dimer 13 (Fig-
ure 2a). Since 11 and 12 were only minor products under
these conditions, we sought reaction conditions which gave
misfolded monomers preferentially. When we increased the
concentration of Gn·HCl to 6m, 12 was formed as a major
product (Figure 2b). We speculated that high concentrations
of Gn·HCl might have stabilized the monomer having one
non-native disulfide bond between C34 and C50, thus
preventing the formation of dimer 13. Using these two
intentional misfolding conditions, we were able to obtain
enough of the native 10, misfolded monomer 12, and
misfolded dimer 13 for further biochemical studies.

With 10, 12, and 13 in hand, we examined the effects of the
conformation of the protein moiety on the hydrolysis activity
of G-II and ligand-binding activity of the lectin chaperone
CRT. The derivatives 10, 12, and 13 were incubated with
recombinant G-II. Glucose trimming yields by G-II were
estimated from MS intensities (Figure 3; black bars). No
significant difference in the hydrolysis yield was observed for
10, 12, and 13, thus suggesting that G-II hydrolyzes any
glycoprotein bearing the G1M9 N-glycan regardless of its
protein conformation. We then examined the binding of 10,
12, and 13 with CRT by using inhibition activity of CRT
against G-II hydrolysis (Figure 3).[9a] We used recombinant
human CRT and mutant CRT K111 H, both expressed in E.
coli (see the Supporting Information). K111 of CRT is known
to be involved in the binding of the G1M9 oligosaccharide to
CRT, therefore, the mutant K111H has diminished lectin
activity.[14] Hydrolyses of both 10 and 12 were inhibited by
CRT. However, as hydrolyses of both were not inhibited by

CRT K111 H, thus suggesting that binding of 10 and 12 to
CRT were mediated by the G1M9 N-glycan. In the case of 13,
both CRTand CRT K111H inhibited the hydrolysis by G-II to
the similar degree. CRT is reported to be capable of
suppressing aggregation of nonglycosylated proteins,[15] and
this suppression is reported to be mediated by a hydrophobic
peptide binding site.[16] We speculated that since only 8
possesses a hydrophobic patch on the protein surface, as
suggested by an 1-anilino-8-naphthalenesulfonate (ANS)
binding assay,[11a] the misfolded 13 also possesses a hydro-
phobic patch on the protein surface and binds not only to the
lectin site but also to the polypeptide binding site of CRT.

By observing the in vitro assays using our precisely
synthesized native and misfolded G1M9-IL-8 glycoprotein
probes, we are able to suggest the role of CRT and G-II in
glycoprotein QC process as follows: Wang et al. reported that
both native and completely denatured G1M9-RNases bind to
CRT with similar affinities,[10] and our results of10 and 12 also

Figure 2. HPLC profiles of the misfolding II step for 9 in a) Air-bubbled
1m Gn·HCl, 0.1m Tris-AcOH, pH 8.3. b) Air-bubbled 6m Gn·HCl, 0.1m
Tris-AcOH, pH 8.3. ESI-MS spectra of G1M9-IL-8 probes. c) 10 :[M++H]+

found 10 344.3, calcd 10343.4. d) 11:[M++H]+ found 10344.3, calcd
10343.4. e) 12 :[M++H]+ found 10 344.2, calcd 10 343.4. f) 13 :[M++H]+

found 20 687.9, calcd 20688.0.

Figure 3. Yields for the Glc hydrolysis of 10, 12, and 13 by immobilized
G-II after 20 min in either the absence or presence of either CRT or the
CRT K111H mutant.
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suggest that CRT does not distinguish between native and
non-native glycoproteins as UGGT does. However, binding
of 13 to lectin-deficient CRT (CRT K111H) suggests the
unique mechanism of CRT. CRT is proposed to interact with
glycoproteins not only through the lectin site but also through
the polypeptide binding site, a phenomenon known as the
dual-binding model.[1b] We speculated that the hydrophobic
13 binds to CRT K111H through the polypeptide binding site,
thus causing hydrolysis inhibition. Our findings using mis-
folded monomers and dimers suggest that CRT has binding
preference to hydrophobic non-native glycoproteins,
although it does not distinguish between native and non-
native glycoproteins as strictly as UGGT does. Because both
the native and non-native forms of glycoproteins bearing the
G1M9 N-glycan bind to CRT, G-IIÏs ability to hydrolyze
G1M9 N-glycan on both native and non-native forms of
glycoproteins is essential for preventing prolonged associa-
tion of glycoproteins in native conformation to lectin
chaperone CNX/CRT.

In conclusion, we have synthesized glycoproteins bearing
homogeneous G1M9 oligosaccharides in both native and
misfolded forms using combined chemical synthesis, enzy-
matic glucosylation, and iterative intentional misfolding. We
found that UGGT can transfer glucose to misfolded dimeric
M9-IL-8 in about 90 % yield so that we could obtain
homogeneous G1M9-IL-8 derivatives. We also found that
the concentration of Gn·HCl affects the ratio of misfolded
species formation, and we successfully obtained the misfolded
G1M9-IL-8 monomer and dimer in sufficient amounts.
In vitro assay of G-II revealed that it trims the glucose
residue from the G1M9 N-glycan regardless of the protein
conformation. Our assay results also suggested that CRT
binds to misfolded glycoproteins with the lectin site binding to
G1M9 N-glycan and the polypeptide binding site binding to
hydrophobic protein surface. This data supports the dual-
binding model of CRT. Using these chemically defined
glycoprotein probes, we are able to suggest the role of each
component in the CNX/CRT cycle: UGGT acts as a primary
folding sensor, and CRT interacts with hydrophobic glyco-
protein using the dual-binding model, and G-II hydrolyzes
everything to move the cycle forward. Our results clearly
demonstrate that combined chemical and enzymatic methods
give us access to homogeneous Glc1Man9-glycoprotein probes
with a defined structure, and these probes are versatile
chemical tools for gaining insight into the glycoprotein QC
system at the molecular level.
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