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It was previously revealed [Yamaguchi, H., Nishiyama, T., and Uchida, M. (1999) J. Bio-
chem. 126, 261-265] that N-glycans of both the high-mannose and complex types have
binding affinity for aromatic amino acid residues. This study shows that free N-glycans
protect proteins from protease digestion through their binding affinities for the aro-
matic amino acid residues exposed on protein molecules. Protease digestion of bovine
pancreatic RNase A and bovine a-lactalbumin was depressed in solutions (1 mM or so)
of free N-glycans of both the high-mannose and complex types. The increasing order of
the protective effects of the N-glycans paralleled that of their affinities for aromatic
amino acid residues; and the presence of aromatic amino acids practically abolished the
protective effects of the N-glycans. The N-glycans also depressed the protease digestion
of metallothionein, an aromatic amino acid-free protein, in agreement with the observa-
tion that the N-glycans also interact with the solvent-exposed aromatic amino acid resi-
dues of the proteases. Thus it seems probable that the N-glycans protect proteins from
protease digestion by steric hindrance attributable to their binding affinity for the sol-

vent-exposed aromatic amino acid residues of both substrate proteins and proteases.

Key words: N-glycan, N-glycan function, N-glycan-protein interaction, glycoprotein,

protease.

In recent years, N-glycans have been found to be closely
related to protein conformation. It has become apparent
that the intramolecular N-glycans are directly involved in
the stabilization of protein conformation (1-6). On the other
hand, we recently revealed that the intramolecular high-
mannose type N-glycans directly promote the oxidative re-
folding of reductively denatured pancreatic RNase B (7, 8).
Such a chaperone-like function was also observed for ex-
tramolecular free N-glycans of the complex as well as the
high-mannose type (8, 9). These studies also provided evi-
dence to suggest that free N-glycans of both the high-man-
nose and complex types have binding affinity for aromatic
amino acid residues (10). This unique binding affinity of N-
glycans, which seems to be attributable to their hydropho-
bic regions which are similar to the interior of cyclodextrin
cavity, and which implies a novel interaction between N-
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Abbreviations: CII-Asn, tNeuAco2-6Galf1-4GlcNAcB1-2Manal-6
(tNeuAco2-6Galp1-4GleNAcBl-2Manal-3)ManB1-4GlcNAcp1-4
(zFucal-6)GlcNAc-Asn; CIII-Asn, tNeuAcu2-3Galp1-4GleNAcB1-4
(tNeuAca2-6Galf1-4GlcNAcB1-2)Manal-6(+NeuAco2-3Galpl-
4GleNAcB1-2Manal-3)Manf1-4GleNAcB1-4GleNAc-Asn; LA, bovine
a-lactalbumin; M9-Asn, Manol-2Manal-6(Manal-2Manoal-3)Man-
al-6(Manol-2Manal-2Manal-3)Manf1-4GlcNAcB1-4GlcNAc-Asn;
TEA-HCI, 50 mM triethanolamine hydrochloride buffer, pH 8.0.
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glycans and proteins, prompted us to examine whether free
N-glycans affect protease digestion of proteins. This report
shows that free N-glycans protect proteins from protease
digestion through their binding affinities for the solvent-ex-
posed aromatic amino acid residues of both siubstrate pro-
teins and proteases.

MATERIALS AND METHODS

Materials—RNase A (type IIIA), LA (type III, Ca*-de-
pleted), horse kidney metallothionein, GlcNAc-Asn, cyti-
dine 2":3-cCMP, fluorescamine, N-acetyl-L-tyrosine, and N-
acetyl-L-tryptophan were all purchased from Sigma. Tryp-
sin and chymotrypsin, treated with N-tosyl-L-phenylalanyl
chloromethyl ketone and N-tosyl-L-lysyl chloromethyl
ketone, respectively, were also from Sigma. o-N-Benzoyl-L-
arginine ethyl ester was a product of Nacalai Tesque. An N-
linked high-mannose type glycan, Mana1-2Manal-6 (Man-
ol-2Mano1-3) Manal-6 (Manol-2Manol-2Manal-3) Man-
B1-4GlcNAcB1-4GlcNAc-Asn (M9-Asn), was obtained from
soybean agglutinin as described previously (11). A mixture
of N-linked biantennary glycans, tNeuAco2-6Galp1-4Gle-
NAcB1-2manol-6 (zNeuAco2-6Galpf1-4GlcNAcf1-2Manal-
3) ManfB1-4GlcNAcB1-4 (+Fucal-6) GleNAc-Asn (CII-Asn),
was prepared by repeated pronase digestion of human apo-
transferrin (Nacalai Tesque), followed by gel-filtration on a
Sephadex G-25 column. Another mixture of N-linked trian-
tennary glycans, +NeuAco2-3Galf1-4GIlcNAcf1-4 (+Neu-
Aco2-6GalB1-4GlcNAcB1-2) Manal-6 (zNeuAco2-3Galpl-
4GleNAcBl-2Manal-3)  ManP1-4GleNAcB1-4GlcNAc-Asn
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(CIII-Asn), was prepared from bovine serum fetuin (Seika-
gaku Kogyo) as described for CII-Asn after the starting
material had been treated with alkaline borohydride to
remove O-glycans (12). N-Glycans devoid of asparagine res-
idues were prepared by pepsin digestion of the glycopro-
teins followed by glycopeptidase A digestion of the resulting
glycopeptides as described previously (11). Other chemicals
used here were described in the preceding papers (7, 8).

Trypsin and Chymotrypsin Digestions—RNase A, LA,
and metallothionein (100, 40, and 100 pM, respectively)
were digested with protease at 40°C at an enzyme/sub-
strate molar ratio of 1:4 in 50 mM triethanolamine hydro-
chloride buffer (pH 8.0) (TEA-HC]) containing 0.1 M NaCl
and 10 mM CaCl,. Trypsin digestion of a synthetic sub-
strate, a-IN-benzoyl-L-arginine ethyl ester, was performed
essentially as described previously (13): the substrate (0.94
mM) was digested with trypsin (1.6 uM), and change in A,,,
was measured at 25°C for 3 min.

Assay of RNase A Activity—An aliquot (20 pl) of the pro-
tease digests of RNase A was diluted 50-fold with TEA-HCI
containing 1 mM phenylmethanesulfonyl fluoride, 0.1 M
Na(Cl, and 10 mM CaCl,. The solution was mixed with 0.21
M cytidine 2":3’-cCMP in TEA-HC] (20 ul, 25°C) containing
0.1 M NaCl and 10 mM CaCl,, and then change in A, was
measured at 25°C for 10 min (14).

Fluorescence Measurements—Fluorescence measure-
ments were performed with a Shimadzu RF-1500 fluores-
cence spectrophotometer at 25°C. Fluorescamine reaction
for the estimation of the free amino groups produced by
protease digestion was carried out essentially as described
by Udenfriend et al. (15). To the protease digests (0.82 ml)
was added 2 mM fluorescamine in acetone (80 ul), and then
fluorescence was measured with excitation at 390 nm and
emission at 475 nm. Tyrosyl and tryptophyl fluorescence
spectra of the proteases were recorded with excitation at
268 and 280 nm, respectively, as described previously (10).
Fluorescence measurements of 1-anilino-8-naphthalene-
sulfonate binding were also described previously (8, 9).

Size-Exclusion HPLC of the Protease Digestion Products
of LA—After stopping the digestion with 1 mM phenyl-
methanesulfonyl fluoride, 20 pl of the digest was applied to
a TSK-GEL G3000SW column (0.75 x 30 cm) (Tosoh),
which was developed with 50 mM Tris-acetate buffer (pH
7.2) at a flow rate of 0.5 ml/min. The elution of protein was
monitored by measuring A,,..
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RESULTS

Effects of Free N-Glycans on the Protease Digestion of
RNase A—Three of the six tyrosine residues of RNase A
are known to be solvent-exposed (16, 17) and quantitatively
O-acetylated with N-acetylimidazole under native condi-
tions (16). We recently revealed that free N-glycans of both
the high-mannose and complex types have binding affinity
for these exposed tyrosine residues (10). It is interesting,
therefore, to see whether free N-glycans affect the protease
digestion of RNase A.

Figure 1 shows the time course of activity decrease dur-
ing trypsin digestion of RNase A in the presence of various
N-glycans. The mixture of complex-type N-linked trianten-
nary glycans, CIII-Asn, distinctly depressed the decrease of
RNase A activity, while the N-linked biantennary glycans,
CII-Asn, and the high-mannose type glycan, M9-Asn, were
somewhat less effective. The increasing order of the protec-
tive effects of the N-glycans on the protease digestions ap-
pears to parallel that of their affinities for aromatic amino
acid residues (10), suggesting that the binding affinities of
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Fig. 1. Effects of N-glycans on the trypsin digestion of RNase
A. RNase A was digested with trypsin in the presence or absence of
1 mM N-glycan, and the remaining activity was assayed. Each point
represents the mean of at least three independent measurements
differing by less than 9%.
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Fig. 2. Effects of N-glycans on
the trypsin (A) and chymot-
rypsin (B) digestions of RNase
A. RNase A was digested with a
protease in the presence or ab-
sence of 1 mM N-glycan, and the
amino group liberation was fol-
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lowed by fluorescamine labeling.
Each point represents the mean of
at least three independent mea-
surements differing by less than
12%.
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the N-glycans for the exposed tyrosine residues interfered
with the proteolysis.

1.6

Relative Fluorescence
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Fig. 3. Effect of N-acetyl-L-tyrosine on the trypsin digestion of
RNase A in the presence of an N-glycan. RNase A was digested
with trypsin in the presence (0) or absence (@) of 1 mM CIII-Asn,
and in the presence (dashed lines) or absence (solid lines) of 50 mM
N-acetyl-L-tyrosine. The protease digestion was followed by fluores-
camine labeling of the liberated amino groups. Each point repre-
sents the mean of at least three independent measurements differ-
ing by less than 9%.
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To gain more insight into the protective effect of the N-
glycans on the protease digestion of RNase A, the time
course of the digestion was examined by fluorescamine
labeling of the newly liberated N-terminal amino groups.
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Fig. 4. Dependence of the trypsin digestion of RNase A on
carbohydrate concentration. Trypsin digestion was performed
with a carbohydrate at the indicated concentration, and the amino
group liberation was followed by fluorescamine labeling. Each point
represents the mean of at least two independent measurements.
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Fig. 5. Effects of N-glycans on the trypsin digestion of LA. (A) LA was digested
with trypsin in the presence (right panel) or absence (left panel) of 1 mM M9-Asn. After
stopping the digestion with 1 mM phenylmethanesulfonyl fluoride at the indicated
times, the digests were submitted to size-exclusion HPLC. The filled and open arrow-
heads show the elution positions of the native LA and M9-Asn, respectively. (B) LA was
digested with trypsin in the presence or absence of 1 mM N-glycan. After stopping the
digestion with 1 mM phenylmethanesulfonyl fluoride at the indicated times, the digests
were submitted to size-exclusion HPLC. Each point represents the mean of at least four
independent measurements differing by less than 12%.

2102 ‘T Jeqo1Q uo Asiealun Bunped e /Bio'seunolpioxoqly/:dny woly pepeojumoq


http://jb.oxfordjournals.org/

430

This highly sensitive fluorescent probe was expected to
reveal the protective features of the N-glycans at an early
stage of protease digestion. Contrary to the protective fea-
tures reflected in the decrease in RNase A activity, the N-
glycans were especially effective in the initial stages of the
trypsin digestion of RNase A (Fig. 2A), and similar results
were obtained with chymotrypsin digestion of RNase A
(Fig. 2B). These results confirmed that the increasing order
of the protective effects of the N-glycans parallels that of
their affinities for aromatic groups. In this connection it is
noteworthy that the presence of an aromatic amino acid
derivative such as N-acetyl-L-tyrosine or N-acetyl-L-tryp-
tophan greatly diminished the protective effects of the N-
glycans. Figure 3 shows the effect of N-acetyl-L-tyrosine on
the trypsin digestion of RNase A in the presence of CIII-
Asn. N-Acetyl-L-tryptophan showed an even stronger effect
and completely abolished the protective effects of the N-gly-
cans on the trypsin digestion of RNase A (data not shown).
These results firmly supported the view that the N-glycans
sterically disturb the protease digestion by interacting with
the aromatic amino acid residues exposed on the protein
molecules.

As shown in Fig. 4, the effects of these N-glycans in-
creased with their concentrations. The smallest N-glycan,
GlcNAc-Asn, seemed to be slightly effective, whereas
sucrose exhibited no detectable effect. The N-glycans devoid
of asparagine residues were also effective, similarly to the
“normal” N-glycans (data not shown).

Effects of N-Glycans on the Protease Digestion of LA—LA
has two solvent-exposed tryptophan residues, which are
quantitatively oxidized by N-bromosuccinimide (I18). First,
the effects of the N-glycans on the trypsin digestion of LA
were examined by means of size-exclusion HPLC. Figure
5A shows the elution profiles of LA digested with trypsin in
the presence or absence of 1 mM M9-Asn, which include
only one protein peak at the position corresponding to the
native LA. Peaks arising from partial proteolysis products
and from trypsin were not detected. It seems likely that
they were retained on the HPLC column and/or sample fil-
ters, as was the case with the refolding intermediates of LA
(9). More detailed time courses of trypsin digestion of LA in
the presence of N-glycans are shown in Fig. 5B. Next, the
trypsin digestion of LA in the presence of N-glycans was
followed by fluorescamine labeling (Fig. 6A). The N-glycans
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seemed to be especially effective at the initial stage of the
digestion, and CIII-Asn, was more effective than M9-Asn,
in agreement with the increasing order of their affinities
for tryptophan residue (10). Similar results were obtained
with chymotrypsin digestion of LA (Fig. 6B). The protective
effects of the N-glycans on LA were practically abolished in
the presence of N-acetyl-L-tryptophan (Fig. 7), as observed
with RNase A. Further, the protective effects of the N-gly-
cans increased with their concentrations, and GlcNAc-Asn
and sucrose had no significant effects (Fig. 8). Thus there
seems no doubt that N-glycans protect LA from protease
digestion through their binding affinities for the solvent-
exposed tryptophan residues.

Comparison of the Protective Effects of N-Glycans with
Those of Common Carbohydrates with Different Struc-
tures —To determine whether the depressive effect on pro-
tease digestion is characteristic of N-glycans, the effects of
some common carbohydrates on the proteolysis of RNase A
and LA were examined. As summarized in Fig. 9, the com-
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Fig. 7. Effect of N-acetyl-L-tryptophan on the trypsin diges-
tion of LA in the presence of an N-glycan. LA was digested with
trypsin in the presence (0) or absence (@) of 1 mM CIII-Asn, and in
the presence (dashed lines) or absence (solid lines) of 50 mM N-ace-
tyl-L-tryptophan. The protease digestion was followed by fluores-
camine labeling of the liberated amino groups. Each point repre-
sents the mean of at least three independent measurements differ-
ing by less than 8%.
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mon carbohydrates, but not yeast mannan, a high-mannose
type N-glycan, had no significant effects on the protease
digestions. These results, together with the above observa-
tions that the increasing order of the protective effects of
the N-glycans parallels that of their affinities for aromatic
amino acid residues and that the protective effects of the N-
glycans are abolished by the presence of an aromatic amino
acid, strongly suggest that the N-glycans protect proteins
through their binding affinities for aromatic groups that
are attributable to their glycan structures.

Effects of N-Glycans on Protease Activities—It is essential
for a full understanding of the protective effect of N-glycans
to reveal the interaction between N-glycans and proteases.
First, we inquired whether trypsin and chymotrypsin have
aromatic amino acid residues exposed on the protein mole-
cules. As previously revealed, free N-glycans of both the
high-mannose and complex types depress the intrinsic fluo-
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Fig. 8. The dependence of the trypsin digestion of LA on the-
carbohydrate concentrations. Trypsin digestion was performed
in the presence of a carbohydrate at the indicated concentration,
and the amino group liberation was followed by fluorescamine label-
ing. Each point represents the mean of at least two independent
measurements,

431

rescence intensities of proteins by interacting with the sol-
vent-exposed aromatic amino acid residues (10). The tyro-
syl and tryptophyl fluorescence intensities of both trypsin
and chymotrypsin were markedly depressed in 1 mM solu-
tions of N-glycans, as observed with RNase A and LA (10),
showing that they have solvent-exposed aromatic amino
acid residues (Fig. 10} (data shown only for trypsin). Never-
theless, no N-glycans exhibited detectable effects on the
trypsin and chymotrypsin activities toward a low molecu-
lar-weight substrate, o-N-benzoyl-L-arginine ethyl ester
(data not shown). On the other hand, the protease digestion
of metallothionein, which is considered to have no signifi-
cant affinity for N-glycans because of the lack of aromatic
amino acid residues and also because its 1-anilino-8-naph-
thalenesulfonate binding is independent of the presence of
free N-glycans (data not shown), was considerably depress-
ed by the presence of N-glycans (Fig. 11) (data shown only
for trypsin digestion). Because the increasing order of the
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Fig. 10. Effects of N-glycans on the intrinsic fluorescence of
trypsin. Spectra of the tryptophyl fluorescence of trypsin (2 pM)
were recorded after incubation for 10 min in the presence or absence
of 1 mM N-glycan in 50 mM Tris-HCl (pH 7.8) containing 0.1 M
NaCl and 10 mM CaCl,. The data are representative of two similar
experiments.
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3 mM GlcNAc-Asn

1 mM M9-Asn
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Fig. 9. Depressive effects of various carbohy-
drates on the trypsin digestion of RNase A and
LA. RNase A (open bars) and LA (shaded bars) were
digested with trypsin for 15 min with a carbohy-
drate at the indicated concentration, then the liber-
ated amino groups were estimated by fluorescamine
labeling. The data represent at least three indepen-
dent measurements and are expressed as relative
increase in fluorescence, where 1 corresponds to the
increase of the N-terminal amino groups of RNase A
and LA at 15 min after the start of protease diges-
tion in the absence of a carbohydrate. Error bars
show the maximum and minimum values of the re-
peated measurements.
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Fig. 11. Effects of N-glycans on the trypsin digestion of metal-
lothionein. Metallothionein was digested with trypsin in the pres-
ence or absence of 1 mM N-glycan, and the amino group liberation
was followed by fluorescamine labeling. Each point represents the
mean of at least three independent measurements differing by less
than 14%.

protective effects of the N-glycans on the protease digestion
of metallothionein parallels that of their affinities for aro-
matic amino acid residues, the interaction of the N-glycans
with the aromatic amino acid residues exposed on the pro-
tease molecules seems to have sterically hindered the enzy-
matic actions on metallothionein.

DISCUSSION

The most probable conclusion from the evidence at hand is
that the N-glycans protect proteins from protease digestion
through their binding affinities for the solvent-exposed aro-
matic amino acid residues. Most proteins, including pro-
teases, have a number of solvent-exposed aromatic amino
acid residues; i.e., free N-glycans should usually have affin-
ity for proteases as well as for substrate proteins. To exam-
ine the direct influence of free N-glycans on protease ac-
tivity, therefore, it is desirable to use a protein substrate
with no significant binding affinity for N-glycans. For this
purpose, metallothionein, which is one of the few aromatic
amino acid-free proteins readily available in sufficient
quantity, seemed to be an apposite protein substrate. The
findings that the N-glycans depress the protease digestion
of metallothionein, whereas they do not affect the hydroly-
sis of a-N-benzoyl-L-arginine ethyl ester, show that the pro-
tease digestion of proteins could be sterically hindered by
the binding of the N-glycans with the aromatic amino acid
residues exposed on protease molecules. Thus it is almost
certain that the N-glycans protect proteins from protease
digestion through their binding affinities for the solvent-ex-
posed aromatic amino acid residues of both substrate pro-
teins and proteases. It is still uncertain, however, whether
N-glycans have binding affinity for the aliphatic side chains
of hydrophobic amino acids such as isoleucine, leucine, and
proline.

The N-glycans appear to exhibit their protective effects
especially in early stages of the protease digestion, suggest-
ing that the initial hydrolysis of peptide linkages turns the
rigid protein molecules into rather flexible ones that are

T Nishiyama et al.

more readily accessible to protease digestion. In this study,
a high level of proteases was conveniently used to quickly
follow the protease digestion. With a relatively low level of
proteases, therefore, N-glycans could be expected to be
much more effective in protecting proteins from digestion.

It has recently become apparent that free oligosaccha-
rides of both the high-mannose and complex types are con-
tained in endoplasmic reticulum (19), cytosol (20-22), fish
eggs (23, 24), and plant cells (25-27) in substantial
amounts. The physiological significance of these oligosac-
charides has so far been studied primarily in relation to the
degradation pathway of glycoproteins (20, 28, 29). However,
the functional importance of the oligosaccharides is sug-
gested by the fact that free polymannose oligosaccharides
are released from the endoplasmic reticulum immediately
after their N-glycosylation there and translocated to the
lysosome via the cytosol by a circuitous route (19). Actually,
it is known that free oligosaccharides of both the high-man-
nose and complex types directly promote protein folding in
vitro (7-9), presumably through their affinity for the aro-
matic amino acid residues (10). It appears, therefore, that
particular attention should be paid to the potential in vivo
functions of the extramolecular free oligosaccharides, as in
the case of the intramolecular N-glycans of glycoproteins.
In view of the results and arguments presented here, it
would not be surprising if these oligosaccharides were
involved in such physiological functions as stabilization of
proteins and regulation of physiological activities.
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