
Oligosaccharide Trimming Plays a Role
i
D

Y
I
M

R

t
w
W
m
t
h
i
m
s
p
a
O
t
a
E
p
r
g
s

a

t
o
l
a
i
t
t
w
s
c

C
4
E

Biochemical and Biophysical Research Communications 271, 22–27 (2000)

doi:10.1006/bbrc.2000.2577, available online at http://www.idealibrary.com on

0
C
A

n the Endoplasmic Reticulum-Associated
egradation of Tyrosinase

e Wang and Matthew J. Androlewicz1

mmunology Program, H. Lee Moffitt Cancer Center and Research Institute, and Department of Biochemistry and
olecular Biology, University of South Florida College of Medicine, Tampa, Florida 33612

eceived March 21, 2000
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The effect of glucosidase and mannosidase inhibi-
ors on the ER-associated degradation of tyrosinase
as assessed in transiently transfected COS-7 cells.
e found that the glucosidase inhibitors castanosper-
ine and deoxynojirimycin had very little effect on

yrosinase degradation, whereas the mannosidase in-
ibitors deoxymannojirimycin and kifunensine signif-

cantly delayed the rate of tyrosinase degradation as
easured by pulse-chase analysis. In addition, we

how that tyrosinase degradation is sensitive to the
roteasome inhibitor lactacystin and that tyrosinase
ssociates with endogenous calnexin in COS-7 cells.
ur data support a model of tyrosinase degradation

hat involves mannose trimming, calnexin association,
nd the retrograde transport of tyrosinase from the
R to the cytosol for proteasomal degradation. The
athways of tyrosinase degradation have important
amifications with regard to the exact types of anti-
enic epitopes that are presented to the immune
ystem. © 2000 Academic Press

Key Words: tyrosinase; ER-associated degradation;
ntigen processing; tumor antigen.

Quality control mechanisms in the endoplasmic re-
iculum (ER) play an important part in ensuring that
nly properly folded and functional proteins are re-
eased for further trafficking within the cell. An under-
ppreciated role for ER quality control is to ensure that
mproperly folded or mutant proteins are efficiently
argeted for degradation. This ER-associated degrada-
ion (ERAD) was initially presumed to take place
ithin the ER itself, however, more recent evidence

uggests that the bulk of ERAD actually occurs in the
ytosol and is mediated by the proteasome (for reviews
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roteins have been shown to undergo retrograde trans-
ort out of the ER into the cytoplasm where they are
egraded. The list includes a1-antitrypsin (4), prepro-a
actor (5), carboxypeptidase Y (CPY*) (6), cystic fibrosis
ransmembrane conductance regulator (CFTR) (7),
-cell receptor subunits a and d (8), and MHC class I
olecules (9). There is keen interest in elucidating the

athways that govern ERAD. It is currently thought
hat the translocon serves as the pore through which
roteins destined for degradation are transported out
f the ER (10). However, very little is known about how
roteins are targeted for ERAD. It is known that ER-
esident chaperones, such as, calnexin and calreticulin
lay an intimate role in the proper assembly and fold-
ng of newly synthesized proteins (11), and now recent
vidence suggests that they may also be involved in
argeting the protein for degradation (12). Much of the
upporting data has been attained through the use of
gents that interfere with carbohydrate trimming,
uch as, castanospermine and deoxynojirimycin.
The enzyme tyrosinase is one such molecule that

ndergoes retrograde transport out of the ER for deg-
adation. Tyrosinase is one of the key enzymes in-
olved in melanin biosynthesis, and it is predomi-
antly expressed in melanocytes (13). Under certain
onditions, such as in amelanotic melanomas, tyrosi-
ase is rapidly degraded by ERAD (14). It has been
hown that this degradation is sensitive to the protea-
ome inhibitor lactacystin (14, 15). Tyrosinase is also a
ource of MHC class I-restricted T cell epitopes that
lay an important role in anti-tumor immunity (16,
7). The retrograde transport of tyrosinase out of the
R plays a critical role in determining precisely what
pitopes are generated by the antigen processing ma-
hinery in the cytosol. It has therefore become evident
hat ERAD can play an important role in MHC class I
ntigen processing and presentation. Other antigens
hat serve as a source of MHC class I epitopes have



been reported to undergo a similar pathway of degra-
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ation (18, 19).
We set out to further elucidate the mechanisms that

ontrol the ERAD of tyrosinase. Previous studies have
ndicated that oligosaccharide trimming in the ER can
ave profound effects on protein folding and degrada-
ion. For instance, it was shown that glucosidase activ-
ty is important for the proper folding and copper load-
ng of tyrosinase (20), and that mannosidase activity is
mportant for the ER-associated degradation of a1-
ntitrypsin (12). Using the transient expression and
egradation of tyrosinase in COS-7 cells as our read-
ut, we found that specific inhibitors of ER mannosi-
ases can substantially delay the degradation of tyrosi-
ase, while inhibitors of ER glucosidases do not. Our
esults support the hypothesis, as previously reported,
hat mannose trimming in the ER can have a key
egulatory effect on protein degradation (21).

ATERIALS AND METHODS

Cell culture. COS-7 cells (African green monkey kidney cells)
ere cultured in complete Dulbecco’s modified Eagle medium

DMEM, Gibco BRL, Grand Island, NY) containing 10% Bovine Calf
erum (HyClone, Logan, UT), 2 mM L-glutamine, and 100 units/ml
ach of penicillin and streptomycin (Gibco BRL).

Antibodies. Rabbit polyclonal antiserum specific for human ty-
osinase C-terminal peptide (CEKEDYHSLYQSHL) was generated
ommercially by Quality Controlled Biochemicals, Inc. (QCB, Hop-
inton, MA), and designated 1331. The antibody was affinity-
urified using tyrosinase C-terminal peptide coupled to a gel matrix
QCB). The anti-calnexin antibody (Cat. No. SPA-860) was pur-
hased from Stressgen Biotechnologies Corp. (Victoria, BC, Canada).

Vectors and inhibitors. The human tyrosinase expression vector
cTYR (22) was a gift from Dr. Ruth Halaban, Yale University (New
aven, CT). The inhibitors, deoxynojirimycin (DNJ), deoxyman-
ojirimycin (DMJ), and castanospermine (CST), were purchased
rom Sigma (St. Louis, MO). Kifunensine (KIF) was purchased from
oronto Research Chemicals (North York, Ontario, Canada). The
roteasome inhibitor lactacystin was purchased from Calbiochem
San Diego, CA).

Tyrosinase expression and metabolic labeling. Transient expres-
ion of tyrosinase in COS-7 cells was performed following the proto-
ol provided by Qiagen Inc. (Valencia, CA) for use with its transfec-
ion reagent Superfect. Briefly, cells were grown to 70–80%
onfluence in 100-mm dishes, and incubated with a mixture of
cTYR DNA and Superfect (l:5 ratio) for 6 h at 37°C. The dishes were
hen washed with PBS and incubated in fresh complete medium for
8 h at 37°C. For metabolic labeling experiments, COS-7 cells ex-
ressing tyrosinase, were treated with trypsin and harvested. The
ells were washed with methionine/cysteine-free medium (RPMI
640, Gibco BRL), and 2 3 107 cells resuspended in 500 ml of labeling
edia (methionine/cysteine-free medium containing 3% dialyzed fe-

al bovine serum (dFBS, Gibco BRL). After 1 h preincubation, the
ells were labeled with 250 mCi/ml [35S]methionine/cysteine (Expres-
ion Protein Labeling Mix, NEN Dupont, Boston, MA) for 15 min at
7°C. Following the labeling period, the cells were washed with
omplete medium, resuspended in 1 ml complete medium, and
hased for various time points at 37°C. At each time point, the chase
edium was removed, and the cells were washed with serum-free
edium. The inhibitors were added to the cells during the starving

eriod and were maintained throughout the chase period. The final
oncentrations of the inhibitors used were: lactacystin (LCT), 50 mM;
23
ifunensine (KIF), 100 mM; castanospermine (CST), 200 mM.

Immunoprecipitation. 35S-labeled cells were solubilized for 1 h on
ce in 500 ml of TBS (10 mM Tris–HCl and 150 mM NaCl, pH 7.4)
ontaining 1% Triton X-100, 0.5 mM PMSF, and 5 mM iodoacet-
mide. The lysates were spun at 10,000g for 5 min, and the super-
atants were precleared with normal rabbit serum (5 ml) and protein
-Sepharose (35 ml) (Sigma) overnight at 4°C. The precleared super-
atants were then incubated with tyrosinase antibody 1331 (1:200)
r with anti-calnexin antibody (1:200) and protein A-Sepharose for
ne hour at 4°C. The beads were washed three times with TBS
ontaining 0.5% Triton X-100, and the bound proteins were eluted by
oiling in reducing SDS-sample buffer. Immunoprecipitated proteins
ere then subjected to SDS–PAGE (10%) and phosphorimager anal-
sis (Molecular Dynamics, Sunnyvale, CA). Tyrosinase bands were
uantified with ImageQuant 5.0 software. Half-life calculations were
erformed as previously described (23).

ESULTS

Site of action of the inhibitors used in this study.
hown in Fig. 1 is a schematic representation of the
-linked oligosaccharide chain that is added to newly

ynthesized proteins in the ER, and the sites of action
f the inhibitors used in this study. Deoxynojirimycin
DNJ) and castanospermine (CST) are inhibitors of
oth glucosidases I and II. Deoxymannojirimycin
DMJ) inhibits both ER mannosidases I and II, while
ifunensine (KIF) is an inhibitor of ER mannosidase I
nly. The trimming events depicted are the major steps
f carbohydrate processing that occur in the ER, prior
o transport of the glycoprotein to the cis Golgi [for
eview see (24)].

Glucosidase inhibitors do not affect the degradation
f tyrosinase in COS-7 cells. To assess the role of
lucose trimming in the degradation of tyrosinase we
erformed pulse-chase experiments in transiently-
ransfected COS-7 cells in the presence and absence of
eoxynojirimycin and castanospermine. The cells were
reincubated with the inhibitors for 1 h before the
nitiation of labeling. The results of these experiments
re shown in Fig. 2 and Table 1. In untreated cells,
yrosinase degradation occurred with a half-life of ;2
. In the presence of the two inhibitors, the rate of
yrosinase degradation remained unchanged (Table 1).
his can also be seen in both the phosphorimager anal-
sis (Figs. 2A and 2C) and in the quantitative plots of
he data (Figs. 2B and 2D).

Mannosidase inhibitors inhibit the degradation of
yrosinase in COS-7 cells. In contrast to the glucosi-
ase inhibitors, the specific mannosidase inhibitors de-
xymannojirimycin and kifunensine do inhibit the
egradation of tyrosinase. The results of these experi-
ents are shown in Fig. 3 and Table 1. The phosphor-

mager analysis revealed that a greater amount of the
yrosinase was present at the later time points in
reated cells (Figs. 3A and 3C), and quantitation of the
ata clearly shows a delay in the rate of degradation of
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yrosinase in the presence of the inhibitors (Figs. 3B
nd 3D). The calculated difference in half-life between
reated and untreated cells is ;2 h (Table 1). This

FIG. 1. Structure of the N-linked carbohydrate chain and the si
rimming events in the ER and the enzymes involved are shown. DNJ
IF, kifunensine.

FIG. 2. The glucosidase inhibitors castanospermine (CST) and d
ulse-chase labeling experiments were performed in transfected COS-7 c
as immunoprecipitated with anti-tyrosinase antibody 1331. Tyrosinas
els (A and C), and by plots showing the levels of tyrosinase at each ti
24
elay in the rate of degradation is indicative that man-
ose trimming events are important in controlling ty-
osinase degradation.

of action of the various inhibitors used. The major oligosaccharide
oxynojirimycin; CST, castanospermine; DMJ, deoxymannojirimycin;

ynojirimycin (DNJ) do not affect the rate of tyrosinase degradation.
. At the end of each time point the cells were solubilized, and tyrosinase
egradation was monitored by phosphorimager analysis of SDS–PAGE
point in the presence and absence of inhibitors (B and D).
tes
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The degradation of tyrosinase is sensitive to the pro-
easome inhibitor lactacystin. To confirm that the
egradation of tyrosinase in COS-7 cells is mediated
hrough retrograde transport from the ER to the cy-
osol, we tested whether tyrosinase degradation was
ensitive to lactacystin, a specific inhibitor of the pro-
easome. As shown in Fig. 4, lactacystin had a similar
ffect as the mannosidase inhibitors. Again, the kinet-
cs were delayed by ;2 h (Table 1). These results
onfirm that tyrosinase is degraded through a pro-
easome-sensitive pathway in COS-7 cells, and indi-
ates that tyrosinase is being delivered to the cytosol
or degradation. Taken together, the results suggest
hat mannose trimming in the ER plays a role in de-
ivering tyrosinase to the cytosol.

Calnexin associates with tyrosinase in COS-7 cells.
o provide support for a role for calnexin in mediating
he delivery of secretory proteins to proteasomes as

Summary of the Effects of Inhibitors
on Tyrosinase Degradation

CST DNJ DMJ KIF LCT

Inhibitor 2.1 2.1 2.2 1.8 ;2.0
Inhibitor 1.8 2.1 4.3 4.4 4.7

Note. The values represent the half-lives of tyrosinase in hours for
he experiments shown in this report. Half-life values were deter-
ined by the procedure of Chun et al. as previously described (23).

FIG. 3. The mannosidase inhibitors deoxymannojirimycin (DM
ulse-chase labeling experiments were performed in transfected C
nalyses (A and C) and plots (B and D) are shown in the presence a
25
ally labeled tyrosinase-expressing COS-7 cells and
erformed coimmunoprecipitation experiments be-
ween calnexin and tyrosinase. The results, shown in
ig. 5, revealed that tyrosinase associated with the
ndogenous calnexin in COS-7 cells (lane 2). No band
orresponding to tyrosinase was seen in association
ith calnexin in non-transfected COS-7 cells (lane 4).
hese results indicate that calnexin does associate
ith tyrosinase in COS-7 cells, as previously reported

25), and supports a role for calnexin in mediating the
egradation of tyrosinase.

ISCUSSION

We have shown that specific inhibitors of ER man-
osidases can inhibit the degradation of tyrosinase in
OS-7 cells. Our data provide further support for a role

or mannose trimming in the regulation of protein deg-
adation in the ER. The current model for the role of
annose residues in ER quality control has been out-

ined elegantly by Liu et al. for the degradation of
1-antitrypsin (21). The basis for this model is the cycle
f deglucosylation and reglucosylation by ER glucosi-
ase II and UDP-glucose:glycoprotein glucosyltrans-
erase (UGTR), respectively. Calnexin will bind glyco-
roteins that contain a single glucose residue, i.e.,
lc1Man7–9, but will release the substrate once glucose

s cleaved by glucosidase II. While Glc1Man9 is a good
ubstrate for glucosidase II, Glc1Man7 and Glc1Man8

and kifunensine (KIF) delay the rate of tyrosinase degradation.
-7 cells as described in the legend to Fig. 2. The phosphorimager
absence of inhibitors.
J)
OS
nd
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re not. Therefore, if glycoproteins are trimmed by
annosidases prior to proper folding then it is likely

hat they will remain bound to calnexin, ultimately
eading to retrograde transport out of the ER and deg-
adation. However, if mannose trimming is inhibited
hen this leads to increased rounds of deglucosylation/
eglucosylation, binding and release by calnexin, and a
elay in degradation. The importance of mannose trim-
ing in the degradation of ER glycoproteins has also

een shown for the T cell receptor (8). In this study,
eoxymannojirimycin was shown to inhibit the ERAD

FIG. 4. Lactacystin (LCT) inhibits the rate of degradation of tyros
bsence of lactacystin in transfected COS-7 cells. Phosphorimager
uantitative plot is shown in B.

FIG. 5. Calnexin associates with tyrosinase in transfected COS-7
ells. Metabolic labeling experiments were performed on tyrosinase-
ransfected and non-transfected COS-7 cells. After a 15 min labeling
eriod the cells were solubilized and the extracts were immunopre-
ipitated with either anti-tyrosinase antibody 1331 (lanes 1 and 3) or
nti-calnexin (CNX) antibody (lanes 2 and 4). The SDS–PAGE gel
as subjected to phosphorimager analysis.
26
f the T cell receptor d-chain. It is therefore becoming
ncreasingly clear that the trimming of mannose resi-
ues plays an important part in ER quality control.
There is growing evidence of a role for calnexin in the

olding of tyrosinase. Two groups have reported an
mportant role for calnexin in promoting the proper
olding and copper loading of tyrosinase in vivo (25,
0). In these studies, the proper folding of tyrosinase
as measured by tyrosinase activity as well as the
bility to bind copper. These groups concluded that
alnexin was required for the optimal folding of tyrosi-
ase. Our data here suggest that calnexin also plays a
ole in targeting tyrosinase for degradation if, for some
eason, correct folding fails to occur. As a whole, these
tudies show that calnexin is intimately involved with
oth tyrosinase folding and degradation. The effect of
he mannosidase inhibitors in our system is consistent
ith a prolonged cycling of tyrosinase between the
onoglucosylated and deglucosylated forms, which

revents the targeting of improperly folded tyrosinase
or degradation. It is also clear that tyrosinase degra-
ation can occur in a calnexin-independent manner
ecause tyrosinase was still degraded in the presence
f glucosidase inhibitors (Fig. 2), which should prevent
he association of tyrosinase with calnexin by blocking
he trimming of glucose residues down to a single res-
due. The nature of the calnexin-independent pathway
f degradation for tyrosinase remains to be deter-
ined. However, a similar pathway has been shown to

se. Pulse-chase labeling analysis was carried out in the presence and
lysis of the SDS–PAGE gel is shown in A, and the corresponding
ina
ana



exist for a1-antitrypsin which is non-proteasomal (21).
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herefore, based on our results, we would argue that at
east two pathways for the ER-associated degradation
f tyrosinase exist: one, a cytosolic proteasome-
ependent pathway, and two, an ER-lumenal non-
roteasomal pathway.
The delineation of tyrosinase degradation pathways

as important implications with regard to antigen pro-
essing and presentation. The degradation pathways in
he cytosol and ER are fundamentally different. While
he cytosolic pathway has been well-characterized and is
redominantly through the ubiquitin-proteasome path-
ay, the ER pathway of degradation is not well-defined
nd is certainly non-proteasomal. It is important to keep
n mind that the particular pathway utilized will have a
rofound effect on the types of epitopes generated for
resentation by class I molecules, which, in turn, will
ffect the overall immune response to tyrosinase. It is
herefore essential that the degradation pathways of ty-
osinase be further defined. This is especially important
ith regard to tumor biology and cancer immunotherapy.
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