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It has recently become apparent that high-mannose type iV-glycans directly promote
protein folding, whereas complex-type ones play a crucial role in the stabilization of
protein functional conformations through hydrophobic interactions with the hydropho-
bic protein surfaces. Here an attempt was made to understand more deeply the molecu-
lar basis of these chaperone-like functions with the aid of information obtained from
spacefill models of TV-glycans. The promotion of protein folding by high-mannose iV-gly-
cans seemed to be based on their unique structure, which includes a hydrophobic
region similar to the cyclodextrin cavity. The promotive features of high-mannose iV-gly-
cans newly observed under various conditions furnished strong support for the view
that both intra- and extramolecular high-mannose iV-glycans are directly involved in the
promotion of protein folding in the endoplasmic reticulum. Further, it was revealed that
the TV-acetyllactosamine units in complex-type iV-glycans have an amphiphilic structure
and greatly contribute to the formation of extensive hydrophobic surfaces and, conse-
quently, to the iV-glycan-f>rotein hydrophobic interactions. The processing of high-man-
nose type JV-glycans to complex-type ones seems to be an ingenious device to enable the
iV-glycans to perform these two chaperone-like functions.

Key words: glycoprotein, N-glycan function, iV-linked oligosaccharide, protein folding,
protein stabilization.

Most secretory proteins become N-glycosylated as soon as
the growing polypeptide chains enter the endoplasmic retic-
ulum, before their functional conformations are established
(1, 2). Although much is known about the structure and
biosynthesis of iV-glycans, the central questions of why the
transferred iV-glycans should be processed to high-man-
nose-type, complex-type, or hybrid-type oligosaccharide
structures and how the iV-glycans interact with the protein
moieties are far from being elucidated. With a view to
approaching these long-standing questions, we have been
studying in vitro how the iV-glycan structures are related to
the protein conformations. It has become apparent that
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high-mannose type iV-glycans directly promote protein fold-
ing (3-5), whereas complex-type ones play a crucial role in
the stabilization of protein functional conformations (6-8).
Although such dependence of protein conformation on the
Af-glycans is of decided importance for the acquisition and
retention of the biological activities of glycoproteins, our
knowledge about the molecular basis for the interactions
between iV-glycans and proteins is still limited. In this
study, an attempt was made to understand more deeply the
molecular basis of these iV-glycan functions with the aid of
information obtained from spacefill models of N-glycans of
the high-mannose and complex types.

MATERIALS AND METHODS

Materials—Bovine pancreatic RNase A (type IDA) and
its N-glycosylated form, RNase B (type XII-B), were ob-
tained from Sigma and purified as previously described (3).
A RNase B species with a higher oligomannose glycan,
Mang^gGlcNAc,, (RNase B^ was prepared by affinity frac-
tionation of RNase B on a concanavalin A-Cellulofine col-
umn as previously described (9). To obtain another RNase
B species with a lower oligomannose glycan, ManjGlcNAcj
(RNase BJ, RNase B was digested with 1,2-a-mannosidase
according to the previous procedures (10), and the product
was purified by gel-filtration on a Sephadex-G50 (fine
grade) column. Protein concentrations were calculated
using e ^ = 9,800 M-'-cm"1 (11) and zrr6 = 8,160 NT'-cm"1

(12) for the native and reductively denatured RNases,
respectively. Bovine serum albumin, Micrococcus lysodeikti-
cus dried cells, GSH, and GSSG were also obtained from
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Sigma. Hen egg white lysozyme was a product of Wako
Pure Chem. The protein concentration of lysozyme was
determined using A2go[l%/cm] = 26.3 (13). Dithiothreitol
and guanidine hydrochloride were also products of Wako.
1,2-a-Mannosidase (Aspergillus saitoi) and P-galactosidase
(jack bean) were purchased from Seikagaku Kogyo. Human
erythropoietin (EPO) was expressed in and purified from
Chinese hamster ovary cells (CHO-EPO) as previously de-
scribed (6). EPO was also produced in Escherichia coli,
folded, and purified by the method previously described (6).
The protein concentrations of EPOs were determined using
a molar extinction coefficient of 2.26 x 10* M-'-cnr1 (14).
Ricinus communis agglutinin I was from Honen Corp. A
highly branched complex-type iV-glycan mixture mostly
composed of tetraantennary ones (15-18), ±NeuAca2-3(Gal-
pl^GlcNAcpl-3)0orlGalpl-4GlcNAcpi-6[±NeuAco2-3(Gal-
pi-4GlcNAcpi-3)0 or 1Galpl-4GlcNAcpi-2]Manal-6[±Neu-
Aco2-3(Gal(31-4GlcNAcpi-3)0orlGaipi-4GlcNAcpl-4(Gal31-
4GlcNAcpi-2)Manal-3]Manpi-4GlcNAcpl-4(±Fucal-
6)GlcNAc-Asn, was prepared from CHO-EPO as described
in the preceding paper (8). This N-glycan mixture was desi-
alyzed by treatment with 0.1 N rL,SO4 at 80°C for 1 h (8),
and is abbreviated as CIV-Asn. An iV-linked high-mannose
type oligosaccharide, Manal-2Manal-6(Manal-2Manal-
3)Manal-6(Manal-2Manal-2Manal-3)Manpl-4GlcNAcpl-
4GlcNAc-Asn (M9-Asn), was prepared by repeated pronase
digestion of soybean lectin, followed by gel-filtration on a
Sephadex G-25 column (19). During the preparation of
these iV-glycans, the proteolytic removal of amino acid resi-
dues other than the glycosylated asparagine ones was mon-
itored by means of amino acid analysis, as previously de-
scribed (20). Other chemicals used were described in the
preceding papers (7, 8).

Methods—The reductive denaturation of RNases was
performed exactly as described previously (3). The refolding
features of the denatured RNases were examined under
Cu2+-catalyzed oxidation conditions (4). The reductive dena-
turation of lysozyme was also carried out exactly according
to the procedures previously described (5). For regenera-
tion, the denatured lysozyme solution was first diluted 10-
fold with 0.1 M Tris-HCl (pH 8.0) containing 6 M guanidine
hydrochloride, then immediately further diluted 20-fold in-
to a refolding buffer [0.1 M Tris-HCl (pH 8.0) containing 2
mM EDTA, 5 mM GSH, 0.5 mM GSSG, and 0.2 M NaCl].
After various times of incubation at 25°C, the refolding was
assayed in terms of the activity regained as previously
described (5). M9-Asn was added to the refolding buffer
when the effect of an extramolecular M9-Asn on the refold-
ing of reductively denatured lysozyme was assayed. Pro-
tein aggregation was followed by measuring turbidity at
540 nm using a Shimadzu UV-1600 spectrophotometer
equipped with a Peltier cell holder. All BIAcore experi-
ments were performed with a BIAcore biosensor X (Phar-
macia Biosensor) at 25"C in 20 mM citrate buffer (pH 7.0)
containing 0.1 M NaCl. The flow rate was maintained at 5
(xl/min. Immobilization of CIV-Asn was performed essen-
tially as reported previously (8), resulting in 130 RU of the
iV-glycans being immobilized on the sensor chip. The N-gly-
can immobilization was confirmed by means of a lectin-
binding assay involving R. communis agglutinin I at differ-
ent concentrations (5-400 nM) (21). Complete p-galactosi-
dase digestion of the immobilized CIV-Asn was also con-
firmed by the lectin-binding assay. The interactions be-

tween the N-glycans and EC-EPO were analyzed by inject-
ing EC-EPO at different concentrations (2-15 \sM) onto the
AT-glycan—bound surface. Parameter values were calculated
by the global fitting procedure (22) using the sensorgrams
obtained on direct kinetic analysis of EC-EPO. Data analy-
sis was performed with the software of BIAevaluation
(Pharmacia Biosensor).

RESULTS

The Role of High-Mannose Type N-Glycans in Protein
Folding—High-mannose type iV-glycans have been sup-
posed to directly promote the folding of nascent polypep-
tides in the endoplasmic reticulum. Attempts to settle this
problem in vivo, however, have been thwarted by technical
difficulties. On the other hand, an appropriate experimen-
tal system for an in vitro approach to this problem was pro-
vided by the use of bovine pancreatic RNase, which occurs
naturally in both iV-glycosylated form (RNase B) and non-
glycosylated form (RNase A), which are thought to be struc-
turally identical except for the presence of a single high-
mannose Af-glycan chain (Man^GlcNAcj) (23). Comparison
of the refolding features of these two forms revealed that
the high-mannose JV-glycans of RNase B greatly promote
the polypeptide folding at an early stage (3, 4). This finding,
together with the fact that higher oligomannose structures
(MarLj.gGlcNAc;,) predominate in the nascent glycoproteins
in the endoplasmic reticulum (24, 25), has aroused interest
in the relationship between the size and the promotive
effect of iV-glycans.

It is evident from Fig. 1 that the higher oligomannose
chains (Mang^gGlcNAcj) promoted the protein folding
more strongly than the lower one (ManjGlcNACj). This
finding is in fair agreement with the previous results that
an extramolecular free -TV-glycan, M9-Asn, promoted the
refolding of various proteins more strongly than did a
smaller one, Manal-6(Manal-3)Manal-6(Manal-3)Man-
pl-4GlcNAcpi-4GlcNAc-Asn (4, 5).

It was previously revealed that extramolecular free N-
glycans of both the high-mannose and complex types di-
rectly promote the refolding of proteins, whereas common
mono-, oligo-, and polysaccharides exhibit much lower, if
any, promotive effects (4, 5). These results, together with

0 2 4 6
Incubation Time (h)

Fig. 1. Effects of intramolecular high-mannose type JV-glycans
on the refolding of reductively denatured RNases. The refolding
of RNase BH (•), RNase %^ (•), and RNase A (A) was assayed in
terms of the activity regained. See the text for details.
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the facts that free AT-glycans devoid of asparagine residues
are also-promotive (Yamaguchi, H., unpublished results)
and that the smallest iV-glycan, GlcNAc-Asn, does not show
any significant effect (5), suggest that the promotive effects
of iV-glycans are attributable to their characteristic sugar
compositions and branched structures. It is of interest,
therefore, to reveal the oligosaccharide conformations char-
acteristic of iV-glycans.

Figure 2 gives the stereoviews of the spacefill models of
high-mannose A^-glycans, Ma^GlcNAc^ and MangGlcNAcj.
It was recently suggested that complex-type iV-glycans, in
contrast to common carbohydrates, have a hydrophobic
plane generated through alignment of the hydrophobic
patches of carbohydrates (8). It can be seen in Fig. 2 that
the high-mannose iV-glycans also have a hydrophobic re-
gion surrounded by the pentasaccharide core and three
branches in their structures. Although the hydrophobic

region of MangGlcNAcj was not entirely visible at any
visual" angle, survey of the" hydrophobic regions visible at
various angles convinced us that MangGlcNAc, has a much
more extensive hydrophobic region than ManjGlcNAcj.
These hydrophobic regions of high-mannose iV-glycans
seemed to resemble the inner surface of the cyclodextrin
cavity, which is known to accommodate aliphatic and aro-
matic hydrocarbons.

It has become apparent that free oligosaccharides of both
the high-mannose and complex types are contained in vari-
ous organelles including the endoplasmic reticulum in sub-
stantial amounts (26-35). In view of the promotive effect of
these oligosaccharides on protein folding, it would not be
surprising if they were involved in the maturation of the
nascent proteins in the endoplasmic reticulum. It is known,
however, that the concentrations of the nascent proteins in
the endoplasmic reticulum are much higher than those

Man a 1\
X6

Manor K Asn
/3 X 6 I

Manal Man/Jl-4GlcNAc/Jl-4GlcNAc

/ 3
Mana-r

Manor 1—ZMana 1\

/3
Manor 1\ Asn

/3 \ |
Manal—2Manal' Man/9 l-4GkNAc/9 1—4GlcNAc

/ 3
VMan or 1 —2Man a 1—2Man a V

Fig. 2. Stereoviews of the possible conformations of high-mannose type .W-glycaiis. The sides holding acetylamino groups (a) and the
reverse sides (b) of M5-Asn (upper models) and M9-Asn Oower models) are shown as energy-diminished spacefll models. Hydroxyls are shown
in black. The figures were made with molecular modeling software Free Wheel (Butch Software Studio, Sagamihara).
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commonly found in in vitro studies of protein folding. It
might be interesting, therefore, to see how the promotive
effect of free iV-glycans on protein folding changes with
increasing protein concentration.

Tb clarify this problem, the refolding of hen egg white
lysozyme was performed in the presence of M9-Asn, which
is the only high-mannose N-glycan available in sufficient
quantity. It is known that egg white lysozyme, which is a
nonglycosylated polypeptide having four disulfide linkages,
cannot be readily refolded from a reductively denatured
form in vitro and that 1 mM M9-Asn remarkably stimu-
lates its refolding at a low protein concentration (24 ug/ml)
(5). As shown in Fig. 3, the protein aggregation became
increasingly prominent with increasing protein concentra-
tion, resulting in a less efficiency of protein refolding. Such
limited refolding of lysozyme was not much improved in the
presence of 5 mM M9-Asn, suggesting only a low ability of
M9-Asn to reduce the protein aggregation. Figure 3 further
shows that the protein refolding was considerably de-
pressed even under conditions where no significant protein
aggregation was observed, probably due to the formation of
soluble aggregates not detectable by Ag^.

Interestingly, however, the promotive effect of M9-Asn on
lysozyme refolding was enhanced in the presence of bovine
serum albumin, which is known to depress protein aggre-
gation (36, 37) (Fig. 4). Nearly 70% of lysozyme at a concen-
tration of as high as 0.3 mg/ml was refolded in the presence
of both 1 mM M9-Asn and 3% (wAv) serum albumin. There
seems no doubt that a concerted effect of M9-Asn and
serum albumin helped the proper folding of lysozyme. This
result seems to afford important information about the role
of free iV-glycans in the protein folding in endoplasmic
reticulum, as will be discussed later.

The Role of Complex-Type N-Glycans in the Stabilization
of Protein Conformation—CHO-EPO is a hydrophobic pro-
tein highly stabilized by multibranched complex-type N-
glycans (6, 7). We recently reported that complex-type N-
glycans, particularly multibranched ones, have a hydropho-
bic surface that extensively stretches across the plane hold-
ing acetylamino groups and that the AT-glycans of CHO-

1.6

- 1.2

- 0.8

- 0.4

0.60.1 0.2 0.3 0.4 0.5

Lysozyme (mg / ml)

Fig. 3. The dependence of the refolding of reductively dena-
tured lysozyme on the protein concentrations. Denatured
lysozyme was allowed to regenerate with (•) or without (o, o) 5 mM
M9-Asn under redox conditions. The refolding was assayed in terms
of the activity regained (•, o) and turbidity atA^,, (o). See the text
for details.

EPO stabilize the extremely unstable protein conformation
through hydrophobic interactions with the hydrophobic
protein surface (8). With a view to understanding more
deeply the stabilizing function of complex-type N-glycans,
the spacefill models of complex-type N-glycans with differ-
ent branching degrees were arranged to afford stereoviews
of their conformation (Fig. 5). Sialic acid residues were
excluded from the iV-glycan models, because they are not
responsible for the stabilization of EPO protein conforma-
tion (7) and also because the conformations of asialo N-gly-
cans seemed independent of the sialic acid residues at the
nonreducing ends. It is evident from these models that
complex-type AT-glycans are amphiphilic and have exten-
sive hydrophobic surfaces that become larger with increase
in their degree of branching, in fair agreement with their
binding affinity for the hydrophobic EPO protein, EC-EPO,
estimated by the surface plasmon resonance (SPR) tech-
nique (8). All of the axial hydroxyls were found on the con-
cave surfaces, whereas the reverse surfaces were mainly
made up of CH-dense areas, acetylamino groups, and glyco-
sidic linkages, which are all hydrophobic. The equatorial
disposition of the hydroxyls sparsely distributed on the
hydrophobic surfaces seems to make them more hydropho-
bic than they look. Further, it should be emphasized that
the complex-type iV-glycans have much more extensive
hydrophobic regions than have the high-mannose type
ones. Such extensive hydrophobic planes of complex-type
iV-glycans might be interpreted as being due largely to the
presence of AT-acetyllactosamine units, which are not
involved in high-mannose iV-glycans. To clarify this point,
the spacefill models of an AT-acetyllactosamine unit were

-30 mg BSA

0 30 60 90

Incubation Time (min)

Fig. 4. Concerted effect of M9-Asn and serum albumin on the
refolding of reductively denatured lysozyme. Denatured
lysozyme (0.3 mg/rnl) was allowed to regenerate with bovine serum
albumin (BSA) at the indicated concentrations in the presence (•) or
absence (o) of 1 mM M9-Asn under redox conditions. See the text for
details.

Fig. 5. Stereoviews of the possible conformations of complex-
type N-glycans. The surfaces holding acetylamino groups (a) and
the reverse surfaces (b) of a biantennary N-glycan, GalfJl-4Glc-
NAcp l-2Mana l-6(Galp l-4GlcNAc£ l-2Mana l-3)Man0 l^GlcNAc-
pi-4GlcNAc-Asn (top), a triantennary Af-glycan, Galpi-iGlcNAcpi-
2Manal-6[Galpi-4GlcNAcpi-4(Galpi-4GlcNAcpi-2)Manal-
3]Manpi-4GlcNAcpi-4GlcNAc-Asn (middle), and a tetraantennary
N-glycan,Ga^l-4GlcNAcpi-6(Gaipi-4GlcNAcpi-2)Manal-6[Gal-
pi-4GlcNAcpi-4(Galpl-4GlcNAcpi-2)Manal-3]Manpi-4Glc-
NAc(31-4GlcNAc-Asn (bottom) are shown as energy-diminished
spacefill models. See the legend in Fig. 2 for more details.
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inspected for their structural features.
From Fig. 6 there seems little doubt that the iV-acetyllac-

tosamine units in complex-type iV-glycans have an am-
phiphilic structure and greatly contribute to the formation
of the extensive hydrophobic surfaces of complex-type N-
glycans. The side holding the acetylamino group, contrary
to the reverse side, is almost completely kept away from
the hydroxyls. This is true also of the hydrophobic surface
of the pentasaccharide core common to all iV-glycans (Figs.
2 and 5). It seems probable, therefore, that the addition of
iV-acetyllactosamine units to the pentasaccharide core (i.e.,
the iV-glycan processing) creates the extensive hydrophobic
surface of a complex-type JV-glycan.

In this connection, it is noteworthy that removal of a
greater part of the galactose residues of CHO-EPO signifi-
cantly reduces the stability of the EPO protein conforma-
tion (7). We were interested to know how much the
galactose residues contribute to the formation of the hydro-
phobic surface of a multibranched iV-glycan. It is evident

from Fig. 7 that the loss of the galactose residues of N-
acetyllactosamine units results in a considerable reduction
of the hydrophobic surface of a tetraantennary AT-glycan. It
was previously revealed that the binding affinity of iV-gly-
cans for the hydrophobic EPO protein increases remark-
ably with the extension of their hydrophobic surfaces (8). It
may be said, therefore, that removal of the galactose resi-
dues of CHO-EPO weakens the hydrophobic interactions'
between the iV-glycans and the protein surface. To obtain
direct evidence for this view, the interactions between the
N-glycans (i.e., CTV-Asn), isolated from CHO-EPO and
immobilized on a sensor chip, and the EPO potein were
analyzed by the surface plasmon resonance (SPR) tech-
nique. Before the analysis, the immobilization and com-
plete p-galactosidase digestion of CIV-Asn were confirmed
by means of a lectin-binding assay involving a galactose-
binding lectin (Fig. 8A). The (3-galactosidase digestion of
CTV-Asn was regarded as complete, from a comparison with
the previous data (21). Sensorgrams showing the effect of

(B) R

ctyx CHjOW

OH HHCOCH,

Fig. 6. Amphiphilic structure of the iV-acetyl-
lactosamine unit in complex-type JV-giycans.
The hydrophobic side holding the acetylamino
group (B) and the reverse hydrophilic side (A) of
an iV-acetyllactosamine unit are shown as en-
ergy-diminished spacefill models. See the legend
in Fig. 2 for more details.

(B)

Asn Asn

Fig. 7. Comparison of the hydro-
phobic surface of a tetraanten-
nary JV-glycan with that of its
degalactosylated form. The hydro-
phobic surfaces of a tetraantennary
iV-glycan (A) and its degalactosy-
lated form (B) are shown as energy-
diminished spacefill models. See the
legend in Fig. 2 for more details.
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Fig. 8. Contribution of the galactose residues of CIVAsn to its
binding affinity for EC-EPO. Sensorgrama show the interactions
of surface-bound CIV-Asn with Ricinus communis agglutinin I (0.4
JJLM) (A) and with EC-EPO (15 pM) (B) before and after ^-galactosi-
dase digestion. See the text for details.

(3-galactosidase digestion of the immobilized CIV-Asn on its
binding affinity for EC-EPO are presented in Fig. 8B.
Removal of all the terminal galactosyl residues (ca. 80% of
the total galactose residues) of the immobilized CIV-Asn
resulted in a significant decrease in its binding affinity for
EC-EPO, i.e., KD = 3.4 x lfr6 for the intact CIV-Asn and KD

= 5.9 x 10"5 for the p-galactosidase-digested CIV-Asn.
In view of these findings and the previous information (7,

8), there seems no doubt that the A^-acetyllactosamine
units in complex-type .ZV-glycans greatly contribute to the
formation of their extensive hydrophobic surfaces and, con-
sequently, to the iV-glycan-protein hydrophobic interac-
tions.

DISCUSSION

The results obtained here seem to offer important informa-
tion about the roles of iV-glycan in protein folding in the
endoplasmic reticulum. In particular, the higher oligoman-
nose chains of KNase B were found to promote the protein
folding more strongly than the lower one. Interestingly, this
finding is in fair agreement with the previous one that the
folding of influenza virus hemagglutinin with a truncated
iV-glycan GlCjMarijGlcNAcj that normally interacts with
calnexin is markedly depressed in the endoplasmic reticu-
lum (38). These findings, together with the facts that
higher oligomannose structures (Man^GlcNAc;) predomi-
nate in the nascent glycoproteins in the endoplasmic reticu-
lum (24, 25) and that the endoplasmic reticulum-resident
lectins, calnexin and calreticulin, are unable to directly pro-
mote the folding of the nascent glycoproteins (39-41),
strongly suggest that the high-mannose iV-glycans play an
important role in the promotion of protein folding in the
endoplasmic reticulum.

Further, it is to be remembered that free iV-glycans,
which are contained-in endoplasmic retiralum-<26>-27),^also
promote protein folding (4, 5). Surprisingly, jack bean oc-
mannosidase, deglycosylated and denatured to a species
unable to refold, quantitatively regains its functional struc-
ture with as low as a concentration 25 (xM MangGlcNAq
(42). In addition, the present study showed that the promo-
tive effect of M9-Asn on the refolding of lysozyme at a high
concentration is enhanced when the protein aggregation is
depressed (Fig. 4). These findings, together with the fact
that calnexin and calreticulin sequester the nascent glyco-
proteins by tethering their monoglucosylated high-man-
nose AT-glycans, thus depressing their aggregation and
raising their folding efficiency (40, 43), suggest that free N-
glycans also play a significant role in the promotion of pro-
tein folding in the endoplasmic reticulum.

We must now consider how the structures of high-man-
nose AT-glycans are related to their promotive effects on
protein folding. In this connection it is necessary to note the
following: (i) Complex-type iV-glycans also have promotive
effects that become stronger with the extension of hydro-
phobic surfaces (4, 5, 8). (ii) The increasing order of the
binding affinities of iV-glycans for the hydrophobic regions
of proteins parallels that of their promotive effects on pro-
tein folding (5, 8, 44). (iii) Cyclodextrins have been noted as
having promotive effects on protein folding that are attrib-
utable to their unique structures, which include a hydro-
phobic cavity (45-47). (iv) It is well known that hydrophobic
interactions are predominant in both the proper and the
improper folding of proteins. On the basis of the results and
arguments presented here, there seems little doubt that
the hydrophobic area of high-mannose iV-glycans is closely
associated with their promotive effect on protein folding.
Further, it may well be said that glycan-protein hydropho-
bic interactions play the main role in promoting the protein
folding, possibly depressing the hydrophobic interactions
unfavorable to the proper folding of proteins. A more
detailed study, however, is still required for a full under-
standing of the mechanism of this iV-glycan function.

It is known that the intramolecular high-mannose iV-gly-
cans enhance the dynamic stability and fix the labile sur-
face areas of the protein molecules through hydrogen
bonding and van der Waals contact (48-50). Such stabiliz-
ing effects observed for high-mannose Af-glycans, however,
are not essential for the biological activities of glycopro-
teins, at least under physiological conditions. To our knowl-
edge, high-mannose iV-glycans are not closely associated
with the protein functional conformations, except in that
they play a critical role in the subunit assembly and reten-
tion of the subunit structure of oligomeric proteins through
their lectin-like interactions with the specific sites of the
polypeptides (9, 51-53). In agreement with this view, the
binding affinity of M9-Asn for the EPO protein is much
lower than those of complex-type iV-glycans, as estimated
by the SPR technique (8).

Complex-type iV-glycans, unlike high-mannose type ones,
fulfil the critical requirements for the stabilization of the
protein functional conformations. In fact, even minor disor-
ders of complex-type N-glycan structures would be accom-
panied by a significant decrease in the conformational
stability of the parent proteins (7, 54, 55). The results and
arguments presented here, together with the fact that the
surface hydrophobicity of a protein is a primary factor de-
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stabilizing its conformation (56), confirm the early sugges-
tions (7, 8) that complex-type iV-glycans have an extensive
hydrophobic surface and stabilize the protein conforma-
tions through hydrophobic interactions with the hydropho-
bic protein surfaces that are unfavorable to protein
stability. In view of the large contribution of galactose resi-
dues to the formation of the hydrophobic surfaces of com-
plex-type Af-glycans, it seems probable that hypogalac-
tosylation of complex-type N-glycans, which is associated
with decline of the protein functions in some intractable
diseases (57-59) and aging (60), weakens the iV-glycan-pro-
tein hydrophobic interactions, resulting in a less stable pro-
tein functional conformation.

The structures of complex-type N-glycans of glycopro-
teins seem to be closely related to the stability of the parent
proteins. That is to say, the high-mannose iV-glycans of gly-
coproteins should be processed so that the resulting com-
plex-type ones may cope with the surface properties of the
folded proteins. For example, highly branched iV-glycans
should be required for tranquilizing the extensive hydro-
phobic protein surfaces that are unfavorable to protein sta-
bility. The Af-acetyllactosamine repeating units in complex-
type TV-glycans would extend their hydrophobic areas. Fur-
ther, in view of the amphiphilic structure of an iV-acetylglu-
cosamine residue, a bisecting GlcNAcfJl-4 residue should
strengthen the hydrophobicity of the pentasaccharide core,
ensuring that a local hydrophobic area of the protein sur-
face may be stabilized. These suggestions seem to provide a
plausible hypothesis that the surface properties of folded
proteins profoundly participate in the processing of their
high-mannose iV-glycans in the Golgi apparatus.

The conclusion reached through this study can be sum-
marized as follows: iV-Glycans function as "sugar chaper-
ones" in the acquisition and retention of the functional
conformations of proteins, and the processing of the high-
mannose type to the complex type is an ingenious device to
enable the N-glycans to perform these two functions. Fur-
ther details of the molecular basis underlying these func-
tions, however, are essential if solid progress is to be made
in medical science and protein engineering.

REFERENCES

1. Kiely, M.L., McKnight, G.S., and Schimke, R.T. (1976) Studies
on the attachment of carbohydrate to ovalbumin nascent chains
in hen oviduct. J. Biol. Chem. 251, 5490-5495

2. Rothman, J.E. and Lodish, H.F. (1977) Synchronized trans-
membrane insertion and glycosylation of a nascent membrane
protein. Nature 269, 775-780

3. Yamaguchi, H. and Uchida, M. (1996) A chaperone-like func-
tion of intramolecular high-mannose chains in the oxidative
refolding of bovine pancreatic RNase B. J. Biochem. 120, 464-
477

4. Nishimura, I., Uchida, M., Inohana, Y., Setoh, K, Daba, K.,
Nishimura, S., and Yamaguchi, H. (1998) Oxidatdve refolding of
bovine pancreatic RNases A and B promoted by Asn-glycans. J.
Biochem. 123, 516-520

5. Kimura, N., Uchida, M., Nishimura, S., and Yamaguchi, H.
(1998) Promotion of polypeptdde folding by interactions with
Asn-glycans. J. Biochem. 124, 857-862

6. Narhi, L.O., Arakawa, T., Aoki, K.H., Elmore, R., Rhode, M.F.,
Boone, T., and Strickland, TW. (1991) The effect of carbohy-
drate on the structure and stability of erythropoietin. J. Biol.
Chem. 266, 23022-23026

7. Toyoda, T., Itai, T., Arakawa, T., Aoki, K.H., and Yamaguchi, H.
(2000) Stabilization of human recombinant erythropoietin

through interactions with the highly branched iV-glycans. J.
Biochem. 128, 731-737

8. Toyoda, T, Arakawa, T., and Yamaguchi, H. (2002) AT-Glycans
stabilize human erythropoietin through hydrophobic interac-
tions with the hydrophobic protein surface: Studies by surface
plasmon resonance analysis. J. Biochem. 131, 511-515

9. Masaoka, H., Shibata, K., and Yamaguchi, H. (1999) Topologi-
cal and functional characterization of the iV-glycans of soybean
(Glycine max) agglutinin. J. Biochem. 126, 212-217

10. Yamamoto, K., Hitomi, J., Kobatake, K, and Yamaguchi, H.
(1982) Purification and characterization of 1,2-ot-mannosidase
of Aspergillus oryzae. J. Biochem 91, 1971-1979

11. Tsong, T.Y., Hearn, R.P., Wrathall, D.P., and Sturtevant, J.M.
(1970) A calorimetric study of thermally induced conforma-
tional transition of ribonuclease A and certain of its derivatives.
Biochemistry 9, 2666-2677

12. Rothwarf, D.M. and Scheraga, H A (1993) Regeneration of
bovine pancreatic ribonuclease A. 1. Steady state distribution.
Biochemistry 32, 2671-2679

13. Puig, A. and Gilbert, H.F. (1994) Protein disulflde isomerase
exhibits chaperone and anti-chaperone activity in the oxidative
refolding of lysozyme. J. Biol. Chem 269, 7764-7771

14. Philo, J.S., Aoki, K.H., Arakawa, T, Narhi, L.O., and Wen, J.
(1996) Dimerization of the extracellular domain of the erythro-
poietin (EPO) receptor by EPO: One high affinity and one low
affinity interaction. Biochemistry 35, 1681-1691

15. Sasaki, H., Bothner, B., Dell, A., and Fukuda, M (1987) Carbo-
hydrate structure of erythropoietin expressed in Chinese ham-
ster ovary cells by a human erythropoietin cDNA. J. Biol. Chem.
262, 12059-12076

16. Takeuchi, M., Takasaki, S., Miyazaki, H., Kato, T, Hoshi, S.,
Kocbibe, N., and Kobata, A. (1988) Comparative study of the
asparagine-linked sugar chains of human erythropoietins puri-
fied from urine and the culture medium of recombinant Chi-
nese hamster ovary cells. J. Biol. Chem. 263, 3657-3663

17. Tsuda, E., Goto, M., Murakami, A., Akai, K., Ueda, M., Kawan-
ishi, G., Takahashi, N, Sasaki, R, Chiba, H., Ishihara, H.,
Mori, M., Tejima, S., Endo, S., and Arata, Y. (1988) Compara-
tive structural study of iV-linked oligosaccharides of urinary
and recombinant erythropoietins. Biochemistry 27, 5646-5654

18. Tsuda, E., Kawanishi, G., Ueda, M., Masuda, S., and Sasaki, R.
(1990) The role of carbohydrate in recombinant human erythro-
poietin. Eur. J. Biochem 188, 405—411

19. Nishiyama, T, Kimura, N., Jitsuhara, Y, Uchida, M., Ochi, F,
and Yamaguchi, H, (2000) AMjlycans protect proteins from pro-
tease digestions through their binding affinities for aromatic
amino acid residues. J. Biochem. 127, 427—i33

20. Kasahara, K, Hayashi, K., Arakawa, T, Philo, J.S., Wen, J.,
Hara, S., and Yamaguchi, H. (1996) Complete sequence, sub-
unit structure, and complexes with pancreatic a-amylase of an
ot-amylase inhibitor from Phaseolus vulgaris white kidney
beans. J. Biochem. 120,177-183

21. Okazaki, I., Hasegawa, Y, Shinohara, Y, and Kamasaki, T.
(1995) Determination of the interactions between lectins and
glycoproteins by surface plasmon resonance. J. Mol. Recognition
8,95-99

22. Khalifa, M.B., Choulier, L., Lortat-Jacob, H., Altechuh, D., and
Vernet, T. (2001) BIACORE data processing: an evaluation of
the global fitting procedure. AnaL Biochem. 293, 194-203

23. Puett, D. (1973) Conformational studies on a glycosylated
bovine pancreatic ribonuclease. J. Biol. Chem. 248, 3566-3572

24. Sousa, M.C., Ferrero-Garcia, M.A., and Parodi, A.J. (1992) Rec-
ognition of the oligosaccharide and protein moieties of glycopro-
teins by the UDP-Glc:glycoprotein glucosyltransferase Bio-
chemistry 31, 97-105

25. Weng, S. and Spiro, R.G. (1993) Demonstration that a ltifun-
ensine-resistant a-mannosidase is enzymatically and immuno-
logically related to the cytosolic a-mannosidase. J. Biol Chem.
268, 25656-25663

26. Weng, S. and Spiro, R.G. (1997) Determination of a peptdde: N-
glycosidase in the endoplasmic reticulum. Biochem, J. 322, 655-
661

J. Biochem.

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Chaperone-Like Functions ofN-Glycans 811

27. Durrant, C. and Moore, S.E. (2002) Perturbation of free oli-
gosaccharide trafficking in endoplasmic reticulum glucosidase
I-deficient and castanospermine-treated cells. Biochem. J. 365,
239-247

28. Cacan, R., Dengremont, C, Labiau, O., Kmiecik, D., Mir, A.-M.,
and Verbert, A. (1996) Occurrence of a cytosolic neutral chitobi-
ase activity involved in oligomannoside degradation: a study
with Mardin Darby bovine kidney (MDBK) cella Biochem. J.
313, 597-602

29. Iwai, K., Mega, T., and Hase, T. (1999) Detection of Maiv
GlcNAc and related free oligomannosides in the cytosol fraction
of hen oviduct. J. Biochem. 126, 70-74

30. Ohashi, S., Iwai, K., Mega, T., and Hase, S. (1999) Quantitation
and isomeric structure analysis of free oligosaccharides present
in the cytosol fraction of mouse liven Detection of a free disialo
biantennary oligosaccharide and glucosylated oligomannosides.
J. Biochem. 126, 852-858

31. Taguchi, T., Kitajima, K, Muto, Y., Inoue, S., Khoo, K.H., Mor-
ris, H.R., Dell, A., Wallace, R.A., Selman, K, and Inoue, Y.
(1995) A precise structural analysis of a fertilization-associated
carbohydrate-rich glycopeptdde isolated from the fertilized eggs
of euryhaline killi fish (Fundulus heterochtus). Novel pentaan-
tennary iV-glycan chains with a bisecting JV-acetylglucosaminyl
residue. Giycobiology 5, 611-624

32. Taguchi, T., Iwasaki, M., Muto, Y, Kitajima, K., Inoue, S., Khoo,
K.H., Morris, H.R., Dell, A., and Inoue, Y (1996) Occurrence
and structural analysis of highly sulfated multiantennary N-
Unked glycan chains derived from a fertilization-associated car-
bohydrate rich glycoprotein in unfertilized eggs of Tribolodon
hakonensis. Eur. J. Biochem. 238, 357-367

33. Priem, B., Gitti, R., Bush, CA, and Gross, KC. (1993) Arabi-
nose is a constituent of a plant A -̂glycan. Plant Physiol. 102,
445-458

34. Kimura, Y, Takagi, S., and Shiraishi, T. (1997) Occurrence of
free iV-glycans in pea iPisum sativum L) seedlings. Biosci. Bio-
technol. Biochem. 61, 924-926

35. Kimura, Y. (1999) Structural feature of free iV-glycans in plant
cells and substrate specificity of plant endoglycosidase. Glyco-
conjugate J. 16, S97

36. Chang, B.S. and Mahoney, R.R. (1995) Enzyme thermostabili-
zation by bovine serum albumin and other proteins: evidence
for hydrophobic interactions. Biotechnol. Appl. Biochem. 22,
203-214

37. Marini, I., Moschini, R., Del Corso, A., and Mura, U. (2000)
Complete protection by a-crystallin of lens sorbitol dehydroge-
nase undergoing thermal stresa J. Biol. Chem. 275, 32559-
32565

38. Ermonval, M., Duvet, S., Zonneveld, D., Cacan, R., Buttin, G.,
and Braakman, I. (2000) Truncated iV-glycans affect protein
folding in the ER of CHO-derived mutant cell lines without pre-
venting calnexin binding. Giycobiology 10, 77-87

39. Peterson, J.R., Ora, A., Van. P.N., and Helenius, A. (1995) Tran-
sient, lectin-like association of calreticulin with folding inter-
mediates of cellular and viral glycoproteins. Mol. Biol. Cell 6,
1173-1184

40. Hebert, D.N., Foellmer, B., and Helenius, A. (1996) Calnexin
and calreticulin promote protein folding, delay oligomerization
and suppress degradation of influenza hemagglutinin in mi-
crosomes. EMBO J. 15, 2961-2968

41. Zapun, A., Petrescu, S.M., Rudd, P.M., Dwek, R.A., Thomas,
D.Y, and Bergeron, J.J.M. (1997) Conformation-independent
binding of monoglucosylated ribonuclease B to calnexin. Cell
88,29-38

42. Kimura, Y (2000) Structural features of free iV-glycans occur-
ring in developing or growing plant cells and functional feature
of plant endo-fWV-acetylglucosaminidase. Trend. GlycoscL Gly-
cotech. 12, 103-112

43. Wada, I., Ou, W.-J., Liu, M.-C., and Scheele, G. (1994) Chaper-

one functions of calnexin for the folding intermediate of gp80,
the major secretory protein in MDCK cellsrRegulation by redox
state and ATP. J. Biol. Chem 269, 7464-7472

44. Yamaguchi, H., Nishiyama, T, and Uchida, M. (1999) Binding
affinity of iV-glycans for aromatic amino acid residues: Implica-
tions for novel interactions between iV-glycans and proteins. J.
Biochem. 126, 261-265

45. Karuppiah, N. and Sharma, A. (1995) Cyclodextrins as protein
folding aids. Biochem. Biophys. Res. Common, 211, 60-66

46. Machida, S., Ogawa, S., Xiaohua, S., Takaha, T, Fujii, K., and
Hayashi, K (2000) Cycloamylose as an efficient artificial chap-
erone for protein refolding. FEBS Lett. 486, 131-135

47. Bar, J., Golbik, R., Hubner, G., and Kopperschlager, G. (2000)
Denaturation of phosphofructokinase-1 from Saccharomyces
cereuisiae by guanidinium chloride and reconstitution of the
unfolded subunits to their catalytically active form. Biochemis-
try 39, 6960-6968

48. Rudd, P.M., Joao, H.C., Coghill, E., Fiten, P., Saunders, M.R.,
Opdenakker, G., and Dwek, R.A. (1994) Glycoforms modify the
dynamic stability and functional activity of an enzyme. Bio-
chemistry 33,17-22

49. Wyss, D.F., Choi, J.S., Li, J., and Knoppers, G. (1995) Conforma-
tion and function of the iV-linked glycan in the adhesion do-
main of CD2. Science 269, 1273-1278

50. Arnold, U. and Ulbrich-Hofrnann, R. (1997) Kinetic and ther-
modynamic thermal stabilities of ribonuclease A and ribonu-
clease B. Biochemistry 36, 2166-2172

51. Nagai, K., Shibata, K., and Yamaguchi, H. (1993) Role of
intramolecular high-mannose chains in the folding and assem-
bly of soybean (Glycine max) lectin polypeptides: Studies by the
combined use of spectroscopy and gel-filtration size analysis. J.
Biochem. 114, 830-834

52. Kimura, Y, Hess, D., and Sturm, A. (1999) The AT-glycans of
jack bean a-mannosidase. Structure, topology and function.
Eur. J. Biochem. 264, 168-175

53. Yamaguchi, H. (2002) Chaperone-like functions of A -̂glycans in
the formation and stabilization of protein conformation. Trend.
GlycoscL Glycotech. 14, 127-139

54. Ghirlando, R., Lund, J., Goodall, M., and Jefferis, R. (1999) Gly-
cosylation of human IgG-Fc: influences on structure revealed
by differential scanning micro-calorimetry Immunol. Lett. 68,
47-52

55. Mimura, Y, Church, S., Ghirlando, R., Ashton, PR., Dong, S.,
Goodall, M., Lund, J., and Jefferis, R. (2000) The influence of
glycosylation on the thermal stability and effector function
expression of human IgG-Fc: properties of a series of truncated
glycoforms. Mol. Immunol. 37, 697-706

56. Yue, K. and Dill, KA. (1995) Forces of tertiary structural orga-
nization in globular proteins. Proc Natl. Acad. Sci. USA 92,
146-150

57. Parekh, P.B., Dwek, R.A., Sutton, B.J., Fernandes, D.L., Leung,
A., Stanworth, D., Rademacher, T.W., Mizuochi, T., Taniguchi,
K, Matsuda, K., Takeuchi, Y, Nagano, T, Miyamoto, T, and
Kobata, A. (1985) Association of rheumatoid arthritis and pri-
mary osteoarthritis with changes in the glycosylation pattern of
total serum IgG. Nature 316, 452-457

58. Tomana, M., Schrohenloher, R.E., Koopman, W.J., Alarcon, G.S.,
and Paul, W.A. (1988) Abnormal glycosylation of serum IgG
from patients with chronic inflammatory diseases. Arthritis
Rheum. 31, 333-338

59. Nakao, H., Nishikawa, A., Nishiura, T, Kanayama, Y, Tarui,
S., and Taniguchi, N. (1990) Hypogalactosylation of immunoglo-
bulin G sugar chains and elevated serum interleukin 6 in Cas-
tleman's disease. Clin. ChinuActa 197, 221-228

60. Parekh, R., Roitt, I., Isenberg, D., Dwek, R.A., and Rademacher,
T. (1988) Age-related galactosylation of the iV-linked oligosac-
charides of human serum IgG. J. Exp. Med 167, 1731-1736

Vol. 132, No. 5,2002

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

