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Accelerated degradation of 160 kDa epidermal growth factor (EGF) receptor
precursor by the tyrosine kinase inhibitor herbimycin A in the endoplasmic
reticulum of A431 human epidermoid carcinoma cells
Yuko MURAKAMI, Satoshi MIZUNO and Yoshimasa UEHARA*
Department of Bioactive Molecules, National Institute of Health, Toyama 1-23-1, Shinjuku-ku, Tokyo 162, Japan

The effect of herbimycin A on the biosynthesis of epidermal
growth factor (EGF) receptor was examined in human epi-
dermoid carcinoma A431 cells. Cells were pulse-labelled with
[35S]methionine, and EGF receptor biosynthesis was quantified
by immunoprecipitation using a monoclonal anti-(EGF receptor)
antibody. In the presence of herbimycin A, an immature 160 kDa
EGF receptor precursor accumulated in 1 h and disappeared
completely in 4 h. Pulse-labelled 160 kDa receptor precursor in
the absence of herbimycin A, however, was converted normally
into a 170 kDa one by chase with herbimycin A. Herbimycin A
affected neither the synthesis of the secreted form of EGF

INTRODUCTION

Epidermal growth factor (EGF) stimulates growth of various
types of cells through its specific receptor. The EGF receptor is
a tyrosine kinase, and ligand binding brings about its auto-
phosphorylation, which triggers the signal transduction for cell
proliferation [1]. The subsequent pathway of signal transduction
is not yet clear, although it has recently been revealed that
recognition of the phosphorylated tyrosine residue of the EGF
receptor by a protein(s) with a SH2 (src-homologous) domain
may mediate the signal to the next step [2,3].
The EGF receptor is known to play an oncogenic role in

certain tumour cells, where it is over-expressed [4-6] as a result
of gene amplification, enhanced transcription or change in
metabolic turnover [7-9]. This abnormal expression is assumed
to be closely related to the cells' abnormal proliferation, that is,
their malignancy [10-12], as is true for other oncogenes. A
decrease in the expression of the receptor in these tumour cells by
antisense oligonucleotides [13], monoclonal antibodies [14,15], or

pharmacological agents may therefore be an effective therapy for
these tumours.

Herbimycin A is an inhibitor which inactivates non-receptor-
type tyrosine kinase, p60-src [16], and reverses transformation by
various tyrosine kinase oncogenes [17]. This effect seems to be the
result of direct interaction with the reactive thiol group(s) of the
kinases [18,19]. Thus, this action of herbimycin A is unique
compared with other tyrosine kinase inhibitors [20].

In studying of the effect of this inhibitor on EGF receptor
kinase, we recently found that it decreased the number of EGF
receptors in the tumour cell line A43 1: herbimycin A altered the
cell growth behaviour stimulated by EGF so that it was normal
by decreasing the EGF-receptor phosphorylation level. This
decrease in phosphorylation was not due to direct inactivation of
the kinase activity, but to a decrease in the amount of receptor
protein [20a]. The results suggested that the mechanism of

receptor devoid ofcytoplasmic domain, nor that ofthe transferrin
receptor in A43 1 cells. The herbimycin A-induced degradation of
160 kDa EGF receptor precursor was not inhibited by an
inhibitor of lysosomal enzymes, NH4CI. Endoglycosidase H
digestion of the 160 kDa precursor converted it into the
deglycosylated 130 kDa precursor peptide. These results
suggested that herbimycin A selectively acted on the EGF
receptor precursor during the synthesis of the 160 kDa form,
probably on the cytoplasmic domain, to form an aberrant
molecule which was subjected to rapid degradation in the
endoplasmic reticulum.

inhibition of receptor-type tyrosine kinases by herbimycin A may
be different from that of non-receptor-type tyrosine kinases, and
also suggested the inhibitor's potential usefulness for cancer
chemotherapy. We therefore decided to study further the mech-
anism of herbimycin A's unique action in this tumour cell line.
The previous study [20a] had suggested that the target of this
inhibitor was in the biosynthetic pathway or during the turnover
of the receptor. In the present study, we found that herbimycin
A selectively promoted degradation of the EGF receptor pre-
cursor in A431 cells.

MATERIALS AND METHODS
Materials
Herbimycin A was isolated as described previously [21] and was
used from a 1.0 mg/ml stock solution dissolved in dimethyl
sulphoxide. Monensin was purchased from Sigma Chemical Co.
(St. Louis, MO, U.S.A.), and tunicamycin was from Wako Pure
Chemical Industries (Osaka, Japan). EGF (1.00 mg/ml) was
purchased from Takara Shuzop Co. (Kyoto, Japan). Mouse
anti-(EGF receptor) monoclonal antibody Ab-1 was purchased
from Oncogene Science Inc. (O.S.I., Uniondale, NY, U.S.A.).
The anti-(EGF receptor) antibody B4G7 was kindly provided by
Dr. N. Shimizu (Department of Molecular Biology, Keio Uni-
versity School of Medicine, Japan). Mouse anti-(transferrin
receptor) monoclonal antibody was purchased from Amersham
International (Amersham, Bucks., U.K.). The second antibody,
rabbit anti-mouse IgG, was from Organon Teknika Corp.-
Cappel Products (West Chester, PA, U.S.A.). Endoglycosidase
H was purchased from Seikagaku Corp. (Tokyo, Japan).

Cell culture and cell labelling
A43 1 human epidermoid carcinoma cells (obtained from
Japanese Cancer Research Resources Bank, Tokyo, Japan) were

Abbreviations used: EGF, epidermal growth factor; ER, endoplasmic reticulum.
* To whom correspondence should be addressed.
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grown in Dulbecco's modified Eagle's medium (DME) (GIBCO,
Grand Island, NY, U.S.A.) and contained 10% fetal-calf serum
(FCS). To examine the biosynthesis of the EGF receptor, A431
cells were labelled with [35S]methionine (50 ,uCi/ml; American
Radiolabeled Chemicals, St. Louis, MO, U.S.A.) in methionine-
free minimal essential medium (MEM) (for up to 1 h) or
methionine-free MEM supplemented with 5 % dialysed FCS (for
up to 4 h) in the absence or presence of herbimycin A at the
indicated concentrations. To examine the maturation of EGF
receptor precursors, cells were incubated in methionine-free
MEM supplemented with 5 % dialysed FCS and labelled with
[35S]methionine (50 or 100 ,uCi/ml) for 10 min, and then chased
in DME containing 10% FCS and non-radioactive methionine
(150,ug/ml) with or without herbimycin A for the indicated
times.

Cell lysis and immunoprecipitatlon
[35S]Methionine-labelled cells were solubilized with RIPA buffer
(20 mM Tris/HCl, pH 7.2, 0.15 M NaCl, 1 % Triton X-100, 1 %
sodium deoxycholate, 0.1% SDS, 2 mM EDTA, 100 kallikrein-
inactivator units/ml aprotinin, 100l M N3V4, 1 mM phenyl-
methanesulphonyl fluoride), and the lysates were used for mea-
surement of protein amount and for immunoprecipitation. For
analysis of secreted EGF receptor, the culture media of cells
labelled with [35S]methionine were used for immunoprecipitation
of the secreted EGF receptor after removing cell debris by
centrifugation. The cell lysates containing 20-50,ug of protein,
or culture media containing corresponding amounts of protein,
were treated with anti-(EGF receptor) antibody (O.S.I. Ab-1) for
more than 1 h at 0 °C, followed by treatment with a second
antibody for 30 min. The immune complexes were collected with
Pansorbin (Calbiochem-Behring, La Jolla, CA, U.S.A.), washed
with RIPA buffer and separated by SDS/PAGE (7.5% gels).
Separated protein bands were revealed by fluorography, and
radioactivities in these bands were quantified by liquid-
scintillation counting after solubilizing the gel.

by monitoring the time course of [35S]methionine uptake into
EGF receptor and receptor precursors for up to 60 min in the
absence or presence of herbimycin A. The 160 kDa receptor
precursor became increasingly labelled in both control and
herbimycin A-treated cells (Figure la). After 60 min of labelling,
170 kDa mature EGF receptor became detectable in control
cells, but it was labelled less in herbimycin A-treated cells (Figure
la, lanes e versus j). In another experiment with longer labelling
times, 2 and 4 h, it was demonstrated that mature 170 kDa EGF
receptor accumulated after 2 h in control cells (Figure 1 b, lanes b
and c). However, in herbimycin A-treated cells, mature receptor
accumulation was not detected (lanes e andJ), and the 160 kDa
receptor precursor disappeared after 4 h (lane J).

Effect of herbimycin A on the maturation process of the EGF
receptor
To examine the effect of herbimycin A on the maturing process
from 160 kDa precursor to 170 kDa receptor, cells were pulse-
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Endoglycosidase H treatment
Cells were pulse-labelled with [35S]methionine for 10 min, chased
for 1 h, solubilized and immunoprecipitated with anti-EGF
receptor (O.S.I. Ab-1) as described above. The immuno-
precipitates were boiled in 1% SDS for 2 min to solubilize the
precipitates, and the mixtures were centrifuged to remove in-
soluble materials. The supernatants were diluted with an equal
volume of digestion buffer (0.1 M sodium acetate, 0.1 % Triton
X-100, 1 mM phenylmethanesulphonyl fluoride, pH 5.5) and
incubated with endoglycosidase H (10 m-units) for 20 h at 37 'C.
Digestion was terminated by the addition of 4-fold-concentrated
SDS/PAGE sample buffer, and samples were applied to SDS/
PAGE (7.5% gel) as described by Gamou et al. [22].
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Effect of herbimycin A on blosynthesis of the EGF receptor
The biosynthetic pathway of the EGF receptor in A43 1 cells has
been extensively studied [23-25]. The receptor precursor, a

130 kDa polypeptide, is glycosylated co-translationally to give
the 160 kDa precursor, and the 160 kDa glycoprotein precursor
is further glycosylated to give the 170 kDa mature EGF receptor.
We examined the biosynthesis of the EGF receptor in A43 1 cells

Figure 1 Effect of herbimycin A on synthesis of the EGF receptor In A431
cells

(a) Cells were labelled with [35S]methionine for 5 min (lanes a and f), 10 min (lanes b and
g), 20 min (lanes cand h), 30 min (lanes dand i) and 60 min (lanes e and j) in the absence
(lanes a-e) or presence (+ H; lanes f-j) of 1.0 ,tg/ml herbimycin A. (b) For longer labelling
and treatment, the cells were labelled for 1 h (lanes a and d), 2 h (lanes b and e) and 4 h
(lanes c and f) in the absence (lanes a-c) or presence (+ H; lanes d-f) of herbimycin A.
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Figure 2 Effect of herbimycin A on processing of the EGF receptor In A431 cells

Cells were labelled with [35Sjmethionine for 10 min, and chased for 0 h (lanes a, e and i), 1 h (lanes b, fand j), 4 h (lanes c, g and k) and 20 h (lanes d, h and I). In the experiment shown
in (c), cells were treated with 1.0 /,ug/ml herbimycin A (+ H) for 4 h, and in (b) and (c), chase medium contained 1.0 #sg/ml herbimycin A.
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FIgure 3 Effect of herbimycin A on the secreted EGF receptor In A431 cells
After treatment with 0.3 (lane b), 1.0 (lane c) and 3.0 (lane d) ,ug/ml herbimycin A (H) for
20 h, cells were pulse-labelled with [35S]methionine for 10 min and chased for 4 h with the same
concentration of herbimycin A. Treatment with monensin (MN) (0.5 #sM) was for 1 h, and pulse
(for 10 min) and chase (for 4 h) were performed in the presence of monensin. After the chase,
the conditioned media were immunoprecipitated with anti-(EGF receptor) antibody.

labelled for 10 min with [35S]methionine and then chased for up
to 20 h in the absence or presence of herbimycin A. As shown in
Figures 2(a) and 2(b), accumulation of the 160 kDa form and its
conversion into the 170 kDa form were not affected by herbi-
mycin A treatment during the chase period. However, when
herbimycin A was added to the cells 4 h before and during pulse
and chase periods, the 160 kDa precursor accumulated in the
first 1 h of chase and disappeared after 4 h of chase (Figure 2c,
lanes j versus k). Loss of the 160 kDa precursor was also
demonstrated when herbimycin A was added during the pulse
period without 4 h of pretreatment (results not shown). Thus the
conversion of the 160 kDa precursor into the 170 kDa mature
receptor did not appear to be inhibited by herbimycin A, but the

160 kDa precursor synthesized in the presence of herbimycin A
was selectively subjected to degradation.

Effect of herbimycin A on secreted EGF receptor
We next investigated the effect of herbimycin A on the bio-
synthesis of a secreted form ofEGF receptor. This secreted form
is peculiar to A431 cells, and is translated from another species
of mRNA different from that for the membrane-bound normal
EGF receptor [26]. The structure of the secreted EGF receptor is
devoid of the cytoplasmic domain of the normal EGF receptor.
It is secreted extracellularly after being glycosylated in a manner
nearly identical with that for the glycosylation of membrane-
anchored receptor [22,27,28]. Cells were treated with herbimycinA
for 20 h, before pulse-labelling with [35S]methionine for 10 min,
and then chased for 4 h in the presence of the inhibitor. The
conditioned medium was immunoprecipitated with anti-(EGF
receptor) antibody, and the precipitates were analysed. An
110 kDa protein band was detected in herbimycin A-treated cells
as well as in control cell (Figure 3, lanes a-d). The result indicated
that herbimycin A did not affect the secreted EGF receptor.
Treatment with monensin, an inhibitor of glycosylation, allowed
detection of a 95 kDa (lane e) band instead of the 10 kDa
protein band (lane e).

Effect of herbimycin A on transferrin receptor blosynthesis
To determine its specificity, we also examined the effect of
herbimycin A on transferrin receptor synthesis. The transferrin
receptor is a transmembrane receptor recognized as a specific
marker for rapidly growing cells, including malignant cells (for
review, see May and Cuatrecasas [29]). The transferrin receptor
is known to be expressed on the cell surface ofA431 cell [30]. The
biosynthetic pathway of the transferrin receptor, including
glycosylation and translocation in the cellular organelles, is
assumed to be basically similar to that of the EGF receptor [31].
Both receptors have high-mannose-type and complex-type
glycosaccharides in the outer membrane domains. After A431
cells were labelled for 1, 2 or 4 h in the absence or presence
of herbimycin A, immunoprecipitation with anti-transferrin
receptor antibody was performed and the products were analysed.
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Figure 4 Effect of herbimycin A on the transferrin receptor In A431 cells

Cells were labelled for 1 h (lanes a, dand g), 2 h (lanes b, e and h) and 4 h (lanes c, fand
i) in the absence (lanes a-c) or presence (lanes d-i) of herbimycin A (+ H; 1.0 Utg/ml). For
lanes g, h and i, cells were treated with 1.0 /sg/ml herbimycin A for 4 h before labelling.
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Figure 5 Subcellular localizaffon of 160 kDa
herbimycin A-treated A431 cells

precursor receptor In

The cells were pulse-labelled for 10 min with [35S]methionine, chased for 1 h in the absence
(lanes a and b) or presence (lanes c and d) of herbimycin A (+ H; 1.0 jug/ml), and then lysed
and immunoprecipitated with anti-(EGF receptor) antibody. The immunoprecipitates were
subjected to endoglycosidase H (Endo H) digestion. The main band in lane e shows the
130 K non-glycosylated precursor from tunicamycin (TM)-treated cells detected with B4G7
antibody [18].

As shown in Figure 4, under the conditions in which EGF
receptor synthesis was inhibited (see Figure Ib), transferrin
receptor biosynthesis was not affected by herbimycin A, indi-
cating that the cellular functions of glycosylation and subcellular
translocation of the surface receptor proteins were, in general,
not affected by this inhibitor.

Subcellular localization of 160 kDa receptor precursor and Its
degradaton by herbimycin A

Glycosylated 160 kDa receptor precursor is known to be modified
to various extents by high-mannose chains in the endoplasmic
reticulum (ER). The 160 kDa precursor is then subjected to
removal of mannose and, again modified with complex-type
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Figure 6 Effect of NH4CI and a low temperature on herbimycin A-induced
degradation of 160 kDa precursor receptor

The pulse-chase experiment on herbimycin A-treated cells was performed by the method
described for Figure 2(c), except for the chase conditions. 35S radioactivity in the 160 kDa
protein bands of 1 h-chased cells with herbimycin A was taken as 100%. Symbols: 0,

herbimycin A-induced degradation in control cells; A, degradation with 50 mM NH4CI; *,
degradation at 16 OC.

oligosaccharide chains to become the 170 kDa mature receptor
in the Golgi apparatus. Since herbimycin A seemed to act in an
early stage of the 160 kDa precursor biosynthesis, we examined
whether the 160 kDa receptor precursor was normally glycosyl-
ated and translocated in the subcellular organelles. Endo-
glycosidase H was used to distinguish proteins located in the ER
from those in the distal site of the Golgi from the ER (known as
trans-Golgi), because the glycosidase digests a high-mannose-
type oligosaccharide, but not a complex-type oligosaccharide
[32]. If the 160 kDa precursor is normally glycosylated in the ER,
but does not translocate to the trans-Golgi in herbimycin
A-treated cells, it will be sensitive to endoglycosidase H. Cells
were pulse-labelled and chased for 1 h in the presence of
herbimycin A. The cell lysate was immunoprecipitated with anti-
(EGF receptor) antibody (O.S.I. Ab-1) and the immunopre-
cipitate was subjected to endoglycosidase H digestion. As shown
in Figure 5, the 160 kDa precursor was almost completely
converted into the 130 kDa non-glycosylated precursor peptide
(lanes c versus d). On the other hand, in control cells the
conversion into the 130 kDa form was only partial, and a major
portion remained in the 170 kDa form (lanes a versus b),
indicating the existence of endoglycosidase H-resistant receptor
species. The 130 kDa non-glycosylated peptide which was used
as a reference band is demonstrated in lane e. The band was
revealed by tunicamycin treatment and immunoprecipitation
with B4G7 antibody, which reacted with the 130 kDa EGF
receptor precursor [33]. The indication was that, in herbimycin
A-treated cells, the 160 kDa receptor precursor was normally
synthesized and glycosylated in the ER; although it is not clear
whether or not it translocated into the cis-Golgi, it was clear that
it did not translocate up to the trans-Golgi. To understand the
features ofthe herbimycin A-induced degradation ofthe 160 kDa
receptor precursor, we examined the effect of NH4Cl, which
is known to raise intracellular pH and to inhibit activities of the
lysosomal enzymes [34]. As shown in Figure 6, the more intensely
labelled 160 kDa protein accumulated in a 1 h chase (see Figure
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2c) was degraded by herbimycin A to about half that amount of
1 h chase in 30 min and was degraded completely in 2.5 h (Figure
6). Addition of 50 mM NH4Cl in the chase period did not inhibit
degradation of the 160 kDa precursor. This concentration of
NH4Cl was sufficient to inhibit mature EGF receptor degradation
by EGF treatment of A431 cells (results not shown). In contrast,
the degradation of 160 kDa precursor protein was inhibited at a
low temperature (16 °C) (Figure 6), suggesting involvement of an
enzyme reaction in the degradation. Leupeptin (50, 100 or
200 jig/ml), which is known to inactivate lysosomal enzymes, did
not inhibit the degradation (results not shown). The data
suggested that the subcellular site for the 160 kDa precursor
degradation was not lysosomal, but might be ER or pre-Golgi
area.

DISCUSSION
We previously reported that herbimycin A directly inactivated
p60v-src kinase both in intact cells and in cell-free systems in vitro.
In contrast, for EGF receptor tyrosine kinase, the protein amount
of the receptor was drastically decreased in A431 cells, whereas
the kinase activity itself appeared not to be affected by herbimycin
A [20a]. We found that herbimycin A induced rapid degradation
of the 160 kDa EGF receptor precursor in A43 1 cells. However,
herbimycin did not affect the glycosylation process, nor the bio-
synthesis of either the secreted form of EGF receptor or the
transferrin receptor, suggesting that it did not act on the trans-
location or secretion process of proteins in general in the cell.
Herbimycin A therefore appeared to act selectively on the
160 kDa EGF receptor precursor, probably on its cytoplasmic
domain. Although at present it is not clear whether or not its
direct target site of action is the kinase domain, this is a
possibility, because the corresponding sequence in the kinase
domain of the receptor molecule is similar to p6-Osrc. Viewed in
this light, the degradation of 160 kDa EGF receptor precursor
corresponds to the degradation of p6Ov-src [16]. However, the
possibility cannot be ruled out that herbimycin A is acting not
directly on the EGF receptor precursor, but on another protein
involved in the biosynthetic pathway.

Questions remain about the difference between the effects of
herbimycin A on p60-src and those on the EGF receptor. Why
does herbimycin A interact with and inactivate p60-src, but not
mature EGF receptor? Why does it not degrade p60v-src during
its synthesis and allow it to translocate to the cell membrane?
One possible answer may involve the structural difference in
kinase and other domains between the EGF receptor and p60vsFc.
Another is the difference in translocation pathways between the
two proteins. The transmembrane-protein EGF receptor is
synthesized on the ER membrane-bound ribosomes and trans-
ported through the ER membrane and Golgi to the plasma
membrane [35]. In contrast, p6Ov-src protein is synthesized on free
polyribosomes in the cytosol, where it associates with two cellular
proteins, p50 and heat-shock protein 90 (hsp 90), to form a stable
complex; this complex is then transported to the plasma mem-
brane, where it is dissociated [36]. A possible difference in the
subcellular distribution of the inhibitor, as well as the subcellular
site of the target proteins, might be another factor worthy of
consideration.
With regard to the degradation of the receptor, we presume

participation by a heat-shock protein. We previously demon-
strated that herbimycin A induced the synthesis of heat-shock
protein 70 (hsp7o) in A43 1 cells and various kinds ofmammalian
cells [37]. Heat-shock proteins are induced by various stresses to

(heavy-chain-binding protein) was reported to bind to abnormal
proteins [38-40]. These aberrant proteins that failed to be secreted
were retained in the ER and eventually degraded [40,41]. From
the similarity to these observations, we presumed that in A431
cells herbimycin A reacted with newly synthesized EGF receptor
precursor to make an aberrant 160 kDa form, which was

subjected to degradation with assistance of the hsp70. Consistent
with the theory that hsp7o took part in the degradation of the
160 kDa EGF receptor precursor, the subcellular location of
hsp70 induced by herbimycin A was in the cytoplasm [37] and the
anti-EGF receptor antibody co-immunoprecipitated 70 kDa
protein (Figure 2c), but it was not confirmed to be hsp70.
Among many inhibitors of tyrosine kinases, herbimycin A is

unique in that it decreases the number of EGF receptors in
cancer cells. We have shown that herbimycin A altered the cell
growth behaviour of A431 cells to that of normal cells in
response to EGF [20a]. Herbimycin A should therefore be a

useful agent with which to investigate the role of over-expression
of the human EGF receptor in these transformed cells. The
findings also suggest the feasibility of such an inhibitor being
applied in the chemotherapy for EGF-receptor-over-expressing
human tumours.

We thank Dr. N. Shimizu for generously providing antibody B4G7, and Dr. H.
Fukazawa for helpful discussion. This work was supported by a Grant-in-Aid for
Special Project Research on Cancer Bio-Science from the Ministry of Education,
Science and Culture of Japan.

REFERENCES
1 Carpenter, G. (1987) Annu. Rev. Biochem. 56, 881-914
2 MacCormick, F. (1993) Nature (London) 363,15-16
3 Feig, L. A. (1993) Science 260, 767-768
4 Wong, A. J., Bigner, S. H., Bigner, D. D., Kinzler, K. W., Hamilton, S. R. and

Vogelstein, B. (1987) Proc. Natl. Acad. Sci. U.S.A. 84, 6899-6903
5 Sainsbury, J. R. C., Farndon, J. R., Needham, G. K., Malcolm, A. J. and Harris, A. L.

(1987) Lancet I, 1398-1402
6 Ozawa, S., Ueda, M., Ando, N. Abe, 0. and Shimizu, N. (1987) Int. J. Cancer 39,

333-337
7 Merlino, G. T., Xu, Y., Ishii, S., Clark, A. J. L., Semba, K., Toyoshima, K., Yamamoto,

T. and Pastan, I. (1984) Science 224, 417-419
8 Hunts, J., Gamou, S., Hirai, M. and Shimizu, N. (1986) Jpn. J. Cancer Res. 77,

423-427
9 Gamou, S. and Shimizu, N. (1987) J. Biol. Chem. 262, 6708-6713

10 Santon, J. B., Cronin, M. T., MacLeod, C. L., Mendelsohn, J., Masui. H. and Gill,
G. N. (1986) Cancer. Res. 46, 4701-4705

11 Ozawa, S., Ueda, M., Ando, N., Abe, O., Hirai, M. and Shimizu, N. (1987) Int. J.
Cancer 40, 706-710

12 Velu, T. J., Beguinot, L., Vass, W. C., Willingham, M. C., Merlino, G. T., Pastan, I.

and Lowy, D. R. (1987) Science 238,1408-1410
13 Moroni, M. C., Willingham, M. C. and Begnuiot, L. (1992) J. Biol. Chem. 267,

2714-2722
14 Aboud-Pirak, E., Hurwitz, E., Pirak, M. E., Bellot, F., Schiessinger, J. and Sela, M.

(1988) J. Natl. Cancer Inst. 80, 1605-1 611
15 Kawamoto, T., Mendelsohn, J., Le, A., Sato, G. H., Lazar, C. S. and Gill, G. N. (1984)

J. Biol. Chem. 259, 7761-7766
16 Uehara, Y., Murakami, Y., Sugimoto, Y. and Mizuno, S. (1989) Cancer Res. 49,

780-785
17 Uehara, Y., Murakami, Y., Mizuno, S. and Kawai, S. (1988) Virology 164, 294-298
18 Uehara, Y., Fukazawa, H., Murakami, Y. and Mizuno, S. (1989) Biochem. Biophys.

Res. Commun. 163, 803-809
19 Fukazawa, H., Mizuno, S. and Uehara, Y. (1990) Biochem. Biophys. Res. Commun.

173, 276-282
20 Levitzki, A. (1992) FASEB J. 6, 3275-3282
20a Murakami, Y., Fukazawa, H., Mizuno, S. and Uehara, Y. (1994) Biochem. J. 301,

57-62
21 Uehara, Y., Hori, M., Takeuchi, T. and Umezawa, H. (1986) Mol. Cell. Biol. 6,

21 98-2206
22 Gamou, S., Hirai, M., Rikimaru, K., Enomoto, S. and Shimizu, N. (1988) Cell Struct.

Funct. 13, 25-38
23 Decker, S. J. (1984) Mol. Cell. Biol. 4, 571-575

recover damaged cellular proteins. One type of hsp70, BiP 24 Soderquist, A. M. and Carpenter, G. (1984) J. Biol. Chem. 259, 12586-12594



68 Y. Murakami, S. Mizuno and Y. Uehara

25 Carlin, C. R. and Knowles, B. B. (1984) J. Biol. Chem. 259, 7902-7908
26 Ullrich, A., Coussens, L., Hayflick, J. S., Dull, T. J., Gray, A., Tam, A. W., Lee, J.,

Yarden, Y., Libermann, T. A., Schlessinger, J., Downward, J., Mayes, E. L. V., Whittle,
N., Waterfield, M. D. and Seeburg, P. H. (1984) Nature (London) 309, 418-425

27 Mayes, E. L. V. and Waterfield, M.D. (1984) EMBO J. 3, 531-537
28 Carlin, C. R. and Knowles, B. B. (1986) Mol. Cell. Biol. 6, 257-264
29 May, W. S., Jr. and Cuatrecasas, P. (1985) J. Membr. Biol. 88, 205-215
30 Hopkins, C. R. and Trowbridge, I. S. (1983) J. Cell Biol. 97, 508-521
31 Schneider, C., Sutherland, R., Newman, R. and Greaves, M. (1982) J. Biol. Chem.

257, 8516-8522
32 Tarentino, A. L. and Maley, F. (1974) J. Biol. Chem. 249, 811-816
33 Behzadian, M. A. and Shimizu, N. (1985) Cell Struct. Funct. 10, 219-232

34 Poole, B. and Ohkuma, S. (1981) J. Cell Biol. 90, 665-669
35 Kornfeld, R. and Kornfeld, S. (1985) Annu. Rev. Biochem. 54, 631-664
36 Brugge, J. S. (1986) Curr. Top. Microbiol. Immunol. 123, 1-22
37 Murakami, Y., Uehara, Y., Yamamoto, C., Fukazawa, H. and Mizuno, S. (1991)

Exp. Cell. Res. 195, 338-344
38 Sharma, S., Rodgers, L., Brandsma, J., Gething, M.-J. and Sambrook, J. (1985)

EMBO. J. 4,1479-1489
39 Dorner, A. J., Bole, D. G. and Kaufman, R. J. (1987) J. Cell Biol. 105, 2665-2674
40 Hendershot, L., Bole, D., KUhler, G. and Kearney, J. F. (1987) J. Cell Biol. 104,

761-767
41 Lippincott-Schwartz, J., Bonifacino, J. S., Yuan, L. C. and Klausner, J. S. (1988)

Cell 54, 209-220

Received 10 September 1993/15 November 1993; accepted 24 December 1993


