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Human erythropoietin (EPO) produced in Chinese hamster ovary cells (CHO-EPO) is a
hydrophobic protein stabilized by the highly branched complex-type iV-glycans. To char-
acterize the stabilizing effect of the iV-glycans, the properties of enzymatically iV-glycan-
modified CHO-EPO species were compared spectrophotometrically. CD and fluores-
cence spectra following the protein unfolding induced by guanidine hydrochloride or
pH revealed that the inner regions including the galactose residues of the iV-glycans sta-
bilize the protein conformation. The decrease in the conformational stability caused by
enzymatic trimming of the iV-glycans was associated with the exposure of the hydropho-
bic protein surface areas accessible to l-anilino-8-naphthalenesulfonic acid (ANS) bind-
ing. Further, the ANS binding and heat denaturation of Escherichia co/i-expressed EPO
(nonglycosylated EPO) were depressed in dilute solutions (1 mM or so) of free iV-glycans
of the complex type. These results, together with the finding that the iV-glycans of CHO-
EPO make little contact with the aromatic amino acid residues exposed on the protein
surface, indicate that the inner regions including the galactose residues of the intramo-
lecular iV-glycans stabilize the protein conformation by clinging to the hydrophobic pro-
tein surface areas mainly made up of nonaromatic hydrocarbon groups.

Key words: erythropoietin, glycoprotein, iV-glycan, iV-glycan function, iV-glycan-protein
interaction.

In addition to their direct participation in biological activi-
ties, iV-glycans have recently been found to directly pro-
mote protein folding (1-5) and stabilize protein conforma-
tion (6-10). Although such a dependence of protein confor-
mation on iV-glycans is of decided importance in the acqui-
sition and retention of the biological activities of glycopro-
teins, the mechanisms underlying these functions of iV-gly-
cans remain unknown.

Erythropoietin is a glycoprotein hormone that regulates
the red blood cell level by stimulating the maturation of
erythroid precursor cells (11, 12). Human erythropoietin
(EPO) is a highly hydrophobic protein stabilized by an ap-
proximately equal mass of glycans, i.e., three complex-type
Af-glycan chains mostly having the tetraantennary struc-
ture with or without iV-acetyllactosamine repeating units,
and one O-glycan composed of sialic acid and Gaipi-3Gal-
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NAc (13-16). The O-glycan, however, does not seem to ap-
preciably contribute to the stabilization of EPO protein, be-
cause EPO from which most of the iV-glycans were enzy-
matically removed aggregates during incubation under
mild conditions (17). To reveal the participation of the N-
glycans in the maintenance of the protein conformation of
EPO, Narhi et al. compared the stability of fully glycosy-
lated EPO produced in Chinese hamster ovary cells (CHO-
EPO) with those of its asialo form and a nonglycosylated
EPO expressed in Escherichia coli (EC-EPO) (18). Monitor-
ing the protein conformation change by CD, they found
that the Af-glycans play an important role in stabilizing the
protein molecules to denaturing conditions, and that the
terminal sialic acid residues are not involved in the stabi-
lizing function of the Af-glycans. On the other hand, Tsuda
et al. reported that the iV-glycans including the sialic acid
residues contribute to the thermal stability of the in vitro
activity (16). In the present study, an attempt was made to
get more accurate information about the relationship
between the structure and stabilizing effect of the iV-gly-
cans, and also to get some insight into the interaction be-
tween the iV-glycans and the protein moiety. Spectroscopic
examination of the stability and l-anilino-8-naphthalene-
sulfonic acid (ANS) binding of EPO species with different
iV-glycan structures revealed that the inner regions includ-
ing the galactose residues of the AT-glycans stabilize the
protein conformation by clinging to the hydrophobic areas
accessible to ANS binding.
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MATERIALS AND METHODS

Materials—EPO was expressed and purified from Chi-
nese hamster ovary cells as described previously (18). EPO
was also produced in E. coli, folded, and purified by the
method previously described (18). Spectroscopic examina-
tions showed no appreciable difference in protein conforma-
tion between CHO-EPO and EC-EPO as reported previ-
ously (18). Protein concentrations of EPOs were deter-
mined using a molar extinction coefficient of 2.26 X 104 M"1

cm"1 for all forms of EPO (19). Sialidase (Streptococcus sp.),
P-galactosidase (Streptococcus 6646K), and p-2V-acetylhex-
osaminidase (jack bean) were purchased from Seikagaku
Kogyo. Prestained SDS-PAGE molecular weight standards
were obtained from Bio-Rad. Biotinylated Ricinus commu-
nis agglutinin I (RCA-I) and Griffonia simplicifolia aggluti-
nin II (GS-II) were products of Vector Laboratories. Bio-
tinylated concanavalin A (Con A) and horseradish peroxi-
dase-labeled avidin were purchased from Honen Corp.
ANS was a product of Sigma, and 3,3'-diaminobenzidine
was from Nacalai Tesque. A triantennary iV-glycan devoid
of any amino acid residues, ±NeuAca2-3Galpl-4GlcNAcpi-
4( ±NeuAca2-6Gaip l-4GlcNAcp l-2)Mana l-3( ± NeuAca2-
3Galp l-4GlcNAcp l-2Mana l-6)Manp l-4GlcNAcp l-4Glc-
NAc (CIII), was prepared by pepsin digestion of bovine
serum fetuin (Seikagaku Kogyo) followed by glycopeptidase
A (Seikagaku Kogyo) digestion of the resulting glycopeptide
as described previously (1). CIII devoid of sialic acid resi-
dues (asialo CIII) was obtained by sialidase digestion of
CIII followed by gel filtration on Sephadex G-25.

Enzymatic Modification of N-Glycans of CHO-EPO—
Intact CHO-EPO (1 mg) was incubated with sialidase (100
mU) in 10 mM CaCL/100 mM sodium acetate buffer (pH
6.5) (0.66 ml) at 37°C for 3 h, dialyzed against water, then
lyophilized. Part of the digestion product obtained (0.3 mg)
was incubated with p-galactosidase (3 mU) in 50 mM sodi-
um phosphate buffer (pH 5.5) (0.6 ml) or with a mixture of
P-galactosidase (3 mU) and p-iV-acetylhexosaminidase (300
mU) in 50 mM sodium phosphate buffer (pH 6.0) (0.6 ml)
at 37°C for 16 h, dialyzed against water, then lyophilized.

SDS-PAGE and Dot Lectin Assay—SDS-PAGE was per-
formed by the method of Laemmli (20) using 14% acryl-
amide slab gels. Gels were stained for protein with Co-
omassie Brilliant Blue R-250. Dot lectin assay was per-
formed essentially as reported previously (21), but with
some modifications. Briefly, a glycoprotein (0.5 (jig) dis-
solved in 0.15 M NaCl/0.15 M sodium phosphate buffer (pH
7.2) (30 \il) was transferred onto nitrocellulose membrane
using a Bio-Dot SF (Bio-Rad). The membrane was blocked
with 0.15 M NaCl/0.05% Tween 20/10 mM Tris-HCl (pH
7.4), immersed in a biotinylated lectin solution (10 |xg/ml in
the blocking buffer), and washed with the blocking buffer.
The membrane was treated with a horseradish peroxidase-
labeled streptavidin solution (0.3 |xg/ml in the blocking
buffer), washed with the blocking buffer, then stained with
0.03% 3,3'-diaminobenzidine/0.003% H^OJO.15 M NaCl/
0.15 M sodium phosphate buffer (pH 7.2).

Guanidine Hydrochloride-Induced Denaturation of
EPOs—A stock solution of EPO in 0.1 M NaCl/20 mM
sodium citrate (pH 7.0) was mixed with 7.6 M guanidine
hydrochloride in the same buffer, and buffer alone, to
obtain solutions containing 12 JJLM protein along with vari-

ous concentrations of guanidine hydrochloride. After incu-
bation at 25°C for 24 h, the CD spectra were recorded to
monitor the loss of signal at 282 nm. Guanidine hydrochlo-
ride-induced denaturation was also determined by follow-
ing the change in the tryptophyl fluorescence of 4.6 JJLM
protein solutions after incubation at 37°C for 24 h. The
spectra, from 290 to 400 nm, were recorded with excitation
at 280 nm.

pH Stability of EPOs—The pH of EPO solutions in 35%
(w/v) glycerol/0.1 M NaCl/1 mM sodium citrate (pH 7.0)
was adjusted by the addition of 1 M citric acid and 1 M
sodium citrate in appropriate ratios in a total volume of 20
ul The final protein concentration of the samples was 45
aM. The CD spectra were recorded to monitor the loss of
signal at 282 nm.

Effect of Free N-Glycans on Heat Denaturation of EC-
EPO—EC-EPO (0.25 mg/ml) in 0.1 M NaCl/20 mM sodium
citrate (pH 7.0) was incubated at 40°C in the presence or
absence of an Af-glycan. Denaturation of EC-EPO was fol-
lowed by light scattering at 360 nm using a Shimadzu UV-
1600 spectrophotometer equipped with a Peltier cell holder.

Spectrophotometry—CD spectra were measured with a
JASCO J-720 spectropolarimeter. Mean residue molar
ellipticity was calculated using a mean residue weight of
111 for the protein moiety of CHO-EPO. Cuvettes of 1-cm
pathlength were used for the near UV CD region. Spectra
in the far UV CD were recorded in cells of 0.1-cm path-
length. Fluorescence measurements were performed on a
Shimadzu RF-1500 fluorescence spectrophotometer at
25°C. To study the binding of ANS to EPOs, an aliquot (5
(xl) of ANS stock solutions (1.5 to 18 mM) was added to a
0.16 mg/ml EPO solution in 0.1 M NaCl/20 mM sodium cit-
rate (pH 7.0), and the fluorescence spectra from 400 to 550
nm were recorded with excitation at 380 nm. Tryptophyl
fluorescence spectra of CHO-EPO and EC-EPO (9 uM in
0.1 M NaCl/20 mM sodium citrate, pH 7.0) were recorded
with excitation at 280 nm.

RESULTS

Glycosidase Trimming of the Glycan Chains of CHO-
EPO—The iV-glycans of CHO-EPO are mostly of the tet-
raantennary type with or without iV-acetyllactosamine re-
peating units (13,14). Figure 1 shows the major structures
of the iV-glycans of CHO-EPO and their changes by glycosi-
dase trimmings. Complete digestions of the substrate gly-
cans were confirmed by SDS-PAGE and by dot-lectin assay
(21). Apparent molecular weights of the digestion products,
which had been treated with different combinations of
exoglycosidases, gradually decreased with the enzymatic
trimming of their glycan chains (Fig. 2, lanes C, D, and E in
the upper panel). One minor band on lane E seemed to cor-
respond to a CHO-EPO species lacking the O-glycan (16).
The newly exposed sugar residues of the digestion products
corresponding to lanes C, D, and E, were confirmed by dot-
lectin assay, using RCA-I, a galactose-binding lectin (22),
GS-II, an A^-acetylglucosamine-binding lectin (23), and Con
A, a mannose-binding lectin (24), respectively (Fig. 2, lower
panels). CD and fluorescence measurements showed that
those enzymatic modifications caused no significant
changes in the conformation of the protein itself (data not
shown).

Glycan-Dependent Stability of CHO-EPO—To reveal the
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Fig. 1. Glycosidase trimming of the major iV-gly-
cans of CHO-EPO. The productions of asialo, galac-
tose-deficient, and AT-acetylglucosamine—deficient N-
glycans are indicated by the expected glycosidase
trimmings (dotted lines a, b, and c). The cleavage
sites by glycosidases: (a), sialidase; (b), p-galactosi-
dase after sialidase; (c), p-galactosidase/p-A^-acetyl-
hexosaminidase after sialidase.
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panel: SDS-PAGE. Lane A, molecular weight standards; lane B, in-
tact CHO-EPO; lane C, CHO-EPO treated with sialidase; lane D,
CHO-EPO treated with (3-galactosidase after sialidase digestion;
lane E, CHO-EPO treated with p-galactosidase/p-iV-acetylhex-
osaminidase after sialidase digestion; lane F, EC-EPO. Lower pan-
els: Each (ca. 0.5 p.g) of the CHO-EPO species corresponding to lanes
B-F was spotted on nitrocellulose membrane and stained with RCA-
I, GS-II, and Con A.

effects of the glycan modifications on the stability of CHO-
EPO, the unfolding of EPO species with different glycan

structures was studied by measuring spectral changes
under denaturing conditions. Figure 3 shows the guanidine
hydrochloride-induced unfolding of the EPO species moni-
tored by CD at 282 run and by intrinsic fluorescence. The
intact CHO-EPO and the asialo CHO-EPO gave closely
similar denaturation curves to each other, confirming the
previous results that the stabilizing effect of the glycans of
CHO-EPO does not depend on the presence of sialic acid
(18). Removal of a greater part (ca. 80%) of the galactose
residues, however, distinctly reduced the stability, and fur-
ther trirnming to expose the mannose residues mostly abol-
ished the stabilizing effect of the glycans. These results
suggest that the inner regions including the galactose resi-
dues of the glycans stabilize the protein conformation.
There was a considerable difference in guanidine hydro-
chloride concentration between the denaturation curves
constructed by CD and by intrinsic fluorescence measure-
ments. It seems likely that the change in the restricted
mobility of the aromatic groups precedes that in their envi-
ronmental hydrophobicity during the guanidine hydrochlo-
ride-induced unfolding. The far UV spectra were also re-
corded for these EPO species under the denaturing condi-
tions. There was no clear correlation, however, between the
drop in the helical content and the guanidine hydrochloride
concentration (data not shown). This observation might be
interpreted as due largely to the accumulation of a non-
native a-helical intermediate induced by guanidine hydro-
chloride, as has been reported with a variety of proteins
(25,26).

Further, the spectral changes associated with pH-in-
duced unfolding of the EPO species were followed by CD at
282 nm. Narhi et at. have reported that EC-EPO com-
pletely unfolds and precipitates at pH 5.0, and that the
presence of Zb% glycerol stabilizes EC-EPO, allowing a
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Guanidine Hydrochloride (M)

Fig. 3. Guanidine hydrochloride-induced denaturation of
EPO species with different iV-glycan structures. The effects of
guanidine hydrochloride on the conformations of the intact CHO-
EPO (o), asialo CHO-EPO (A), galactose-deficient CHO-EPO (a), and

iV-acetylglucosamine-deficient CHO-EPO (o), and EC-EPO (•) were
determined by monitoring the loss of signal at 282 nm in the CD spec-
tra (A) or the change in the tryptophyl fluorescence spectra (B).
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Fig. 4. pH-induced denaturation of EPO species with differ-
ent iV-glycan structures. The effects of pH on the conformations
of the intact CHO-EPO (o), asialo CHO-EPO (A), galactose-deficient
CHO-EPO (a), iV-acetylglucosamine-deficient CHO-EPO (o), and
EC-EPO (•) were determined by monitoring the loss of signal at 282
nm in the CD spectra.
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Fig. 5. Binding of ANS to EPO species with different iV-glycan
structures. The intensities of the fluorescence peaks for the intact
CHO-EPO (o), asialo CHO-EPO (A), galactose-deficient CHO-EPO
(D), iV-acetylglucosamine-deficient CHO-EPO (o), and EC-EPO (•)
were plotted against ANS concentration.

comparison with the other EPO species to be made under
these conditions (18). We also examined the unfolding of
the EPO species with different glycan structures in the pre-
sence of 35% glycerol. It is evident from Fig. 4 that the
inner regions including the galactose residues of the iV-gly-
cans play an important role in stabilizing the EPO protein
to acid-induced denaturation, and the sialic acid residues
did not seem responsible for the increased stability, con-
firming the above results observed with guanidine hydro-
chloride. The changes in pH, however, seemed not to con-
siderably affect the secondary structure estimated by far
UV CD. In agreement with the results previously reported
(18), greater than 70% of the secondary structure was

maintained even at pH 2.5 (data not shown).
ANS Binding of EPO Species with Different Glycan

Structures—The EPO protein surface is widely occupied by
hydrophobic areas mainly made up of hydrophobic amino
acid residues such as leucine, isoleucine, valine, proline,
and some aromatic amino acids (27). With a view to getting
some insight into the interaction of the iV-glycans with the
protein surface, the exposure of the hydrophobic areas of
the protein surface of the EPO species with different glycan
structures was explored by the use of a hydrophobic fluo-
rescent dye, ANS. ANS increases its fluorescence quantum
yield upon noncovalent binding to hydrophobic areas of pro-
teins (28). Figure 5 shows that the AT-glycans of CHO-EPO
firmly keep the protein surface from the ANS binding, and
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410
Wavelength (nm)

Fig. 6. Comparison of the intrinsic fluorescence of CHO-EPO
and EC-EPO. Tryptophyl fluorescence spectra of CHO-EPO (thick
lines) and EC-EPO (thin lines) were recorded after 1 h of incubation
at 25°C with (dotted lines) or without (solid lines) 1 mM asialo CIII.

60 90
Incubation Time (min)

Fig. 7. Effects of free iV-glycans on the heat denaturation of
EC-EPO monitored by light scattering. EC-EPO was treated at
40°C with 1 mM concentration of CIII (•), asialo CIII (A), or without
any of these iV-glycans (•). Each point represents the mean of two
independent measurements differing by less than 6%.

that the sialic acid residues of the iV-glycans are not closely
related to the ANS binding, in agreement with the result
previously reported (18). Removal of the inner sugar resi-
dues including galactose, however, resulted in a marked
increase in the ANS binding, showing that the inner
regions of the Af-glycans are in contact with the hydropho-
bic protein surface accessible to ANS binding.

Interactions between N-Glycans and EPO Protein—It is
known that the EPO protein molecule has several solvent-
exposed aromatic amino acid residues including one or two
tryptophan residues (27, 29). On the other hand, it has
recently been found that iV-glycans of both the high-man-
nose and complex types have binding affinity for aromatic
amino acid residues (30, 31), and that iV-glycans markedly
depress the intrinsic fluorescence intensity of proteins by
binding to their solvent-exposed aromatic groups (30). To
see whether the intramolecular iV-glycan chains of CHO-
EPO are in contact with the aromatic amino acid residues
exposed on the protein surface, the fluorescence spectra of
CHO-EPO were compared with those of EC-EPO (Fig. 6).
The tryptophyl fluorescence spectrum of CHO-EPO was
similar to that of EC-EPO, and, in addition, the fluores-
cence intensities of CHO-EPO and EC-EPO were almost
equally depressed in solutions of a free triantennary iV-gly-
can CIII or its asialo derivative (data shown only for asialo
CIII). These results show that the intramolecular iV-gly-
cans make little contact with the aromatic groups exposed
on the protein molecules of CHO-EPO. It seems probable,
therefore, that the iV-glycans of CHO-EPO cling to the hy-
drophobic areas mainly made up of nonaromatic groups
accessible to ANS binding.

Interaction between Free N-Glycans and EC-EPO—In
connection with the interaction between the iV-glycans and
EPO protein, it might be interesting to see the effect of ex-
tramolecular free iV-glycans on the stability of EC-EPO.
Since a sufficient amount of free iV-glycans was hard to
prepare from CHO-EPO owing to the limited availability of
this glycoprotein, a triantennary JV-glycan CIII and its
asialo derivative were tested for the effect on heat denatur-
ation of EC-EPO, which is heat-labile and easily aggre-

gates. Interestingly, the heat denaturation of EC-EPO was
depressed in 1 mM solutions of CIII or asialo CIII, when
monitored by the light-scattering technique (Fig. 7). This
result, together with the finding that CIII and asialo CIII
also depress the ANS binding of EC-EPO (data not shown),
indicates their affinity for the hydrophobic protein surface
unfavorable for the protein stability. Further, it is also note-
worthy that CIII and asialo CIII were similar to each other
in their depressing effects, in agreement with the above
observation that the intact CHO-EPO and asialo CHO-
EPO gave closely similar denaturation curves (Fig. 3). Un-
fortunately, no further attempt to probe whether the free
iV-glycans could stabilize the protein conformation could be
made because of the small amount of EC-EPO available.

DISCUSSION

Although the stabilizing effect of iV-glycosylation on protein
structure has been reported for a variety of glycoproteins
(6-10,18), little is known about the molecular basis for the
interaction between iV-glycans and proteins. CHO-EPO
appeared appropriate for approach to this problem, because
the intramolecular iV-glycans play a critical role in stabiliz-
ing the protein conformation to denaturing conditions (28,
32) and, consequently, significant changes in the property
of CHO-EPO could be expected even from minor modifica-
tions to the iV-glycan structure. In fact, the results and
arguments presented here offer some helpful suggestions
for general understanding of the role of iV-glycans in pro-
tein stabilization.

The surface hydrophobicity of proteins has been consid-
ered a primary factor governing their conformational sta-
bility (33). There seems no doubt that a number of the
solvent-exposed hydrophobic amino acid residues (27), such
as proline, and aliphatic and aromatic amino acids, make
the EPO protein significantly unstable. It is to be noted
that free iV-glycans of the complex type also inhibit the
ANS binding and depress the heat denaturation of EC-
EPO. This striking result firmly supports the concept that
the intramolecular Af-glycans stabilize the protein confor-
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mation through their interactions with the hydrophobic
protein surface. The iV-glycans, however, seem to require to
be linked to the protein moiety for their full stabilizing
effects on the protein conformation in view of the highly
stabilized conformation of CHO-EPO. The three iV-glycans,
which are similar in structural features to one another (34,
35), are tethered on the opposite end to the EPO receptor
binding sites of the elongated protein molecule (27), and an
extensive hydrophobic protein surface surrounds the iV-gly-
cosylation sites (27). In view of these molecular features of
CHO-EPO, it seems unlikely that the stabilizing effect of
the iV-glycosylation on the protein conformation is largely
attributable to one or two particular Af-glycans, although
the information at hand is not conclusive.

Polysaccharides can generate areas of hydrophobic sur-
face through alignment of the hydrophobic patch of a carbo-
hydrate, resulting from the disposition of the equatorial
and axial hydroxyls to one side of the pyranose ring of a
monomer unit, glycosidic linkage formation (36), and the
existence of the hydrophobic acetylamino groups of amino
sugar residues. Further, Yano et al. revealed that the hy-
drophobicity of carbohydrates is determined by a set of fac-
tors including the CH-dense surface area, degrees of poly-
merization and branching, molecular planarity, etc. (36).
The hydrophobic surface thus formed is similar to the inte-
rior of the cyclodextrin cavity, which is well known to ac-
commodate aliphatic and aromatic hydrocarbons. It seems
probable, therefore, that highly branched AT-glycans have
hydrophobic regions extensively stretching across the plane
holding acetylamino groups.

The most probable conclusion from the results and argu-
ments presented here is that the inner regions including
the galactose residues of the highly branched iV-glycans
stabilize the protein conformation through their interaction
with the hydrophobic surface areas mainly made up of non-
aromatic hydrocarbon groups. In connection with this con-
clusion, it is particularly interesting to note the function of
the AT-glycans of human serum IgG. It has been reported
that hypogalactosylation of the complex-type AT-glycans
conserved at Asn297 in the CH2 domain of IgG is associ-
ated with decline of the IgG function in some intractable
diseases (37-39) and aging (40), and that the nonreducing
terminal galactose residues of the Af-glycans play impor-
tant roles in binding of IgG to Clq and the Fc receptors
(36). From this information and the results obtained here,
it may be said that the galactosyl deficiency weakens the
iV-glycan—protein hydrophobic interaction, resulting in a
less stable conformation of Fc portion insufficient to keep
its full activity.

It has been revealed that both intra- and extramolecular
high-mannose type AT-glycans directly promote protein fold-
ing (1-5), and that they play critical roles in the subunit
assembly and retention of the subunit structure of oligo-
meric proteins (1, 5, 41). On the other hand, complex-type
iV-glycans, as described here, seem to stabilize protein con-
formation through tranquilizing hydrophobic protein sur-
faces unfavorable for protein stability. Such newly acquired
information on the iV-glycan roles associated with protein
structure, together with the recent findings that free oli-
gosaccharides of both the high-mannose and complex types
are widespread in animal (42-44) and plant cells (45), indi-
cate the need to consider the influence of iV-glycans in dis-
cussing protein conformation.

We wish to express our gratitude to Ms. C. Yagi for her continued
encouragement and support.
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