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Vimentin Serves as a Phosphate Sink During the 
Apparent Activation of Protein Kinases by Okadaic Acid 
in Mammalian Cells 
Yiu-Kay Lai, Wen-Chuan lee, and Kuang-Den Chen 

Institute of Life Science, National Tsing Hua University, Hsinchu, Taiwan 30043, Republic of China 

Abstract The vimentin contents of four mammalian cell lines originating from rat and human tissues were 
determined by immunoblotting and scanning densitometry. On per cell volume basis, vimentin content in 9L, KD, and 
HeLa cells was found to be 206.6, 151.6, and 19.1 ng/pI, respectively. A431 cells were devoid of vimentin. Protein 
phosphorylation was augmented by treatment of 600 nM okadaic acid for 1 h in these cells. During the apparent 
activation of protein kinases, vimentin became hyperphosphorylated and the phosphorylation level of other nonvimen- 
tin phosphoproteins was relatively little affected in 9L and KD cells. In contrast, cytokeratins and other nonvimentin 
proteins were heavily phosphorylated in OA-treated HeLa and A431 cells. Regression analysis indicated that the relative 
increase in phosphorylation level of nonvimentin phosphoproteins was inversely correlated to the contents of vimentin 
in the four cell lines [r2 = -0.9851. These observations strongly suggest that vimentin acts as a phosphate sink by which 
the effects of ”excess kinase activity” inflicted by phosphatases inhibition was attenuated. 
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Cytoplasmic IF network is a major cytoskele- 
tal system with a diameter of 8 to 12 nm found 
in a wide variety of mammalian cells [Traub, 
1985; Steinert and Roop, 1988; Goldman and 
Steinert, 19901. It is well established that the 
constituent polypeptides of IF are part of a large 
family sharing common structural domains 
[Bloemendal and Pieper, 1989; Steinert and 
Roop, 1988; Goldman and Steinert, 19901. Based 
on sequence homology and molecular structure, 
6 categories have thus far been identified [Lend- 
ha1 et al., 1990; Skalli and Goldman, 19911. The 
expression of IF proteins is tissue and cell type 
specific [Traub, 1985; Klymkowsky et al., 19891. 
In cells of mesenchymal origin and most cells in 
culture, IF is mainly composed of vimentin 
[Georgatos and Blobel, 19871. In contrast, cyto- 
keratins are the major IF proteins in cells of 
epithelial origin [Moll et al., 1982; Schliwa, 19861. 
Specific cells in culture [e.g., HeLa] contain both 
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vimentin and cytokeratin IF systems [Franke et 
al., 1979a,b]. IFs form a network interconnect- 
ing the nuclear envelope and the plasma mem- 
brane [Georgatos and Blobel, 19871. Together 
with IF associated proteins [Steinert and Roop, 
1988; Yang et al., 19901, the cytoplasmic IF and 
the nuclear IF may act in concert to convey 
mechanical as well as molecular information 
from the cell surface to  the nuclear and vice 
versa [Goldman et al., 1985, 1986; Skalli and 
Goldman, 19911. However, the physiological 
function[s] of IF is not yet fully understood [see 
Geiger, 1987; Bloemendal and Pieper, 1989; 
Skalli and Goldman, 19911. 

Post-translational modifications of vimentin 
are common phenomena which may be involved 
in the structural organization of the vimentin 
IF. A small portion of vimentin is found to be 
phosphorylated in quiescent cells [Cabral and 
Gottesman, 1979; Nelson and Traub, 1983; Lee 
et al., 19921 and all of the phosphovimentin 
molecules, which are not extractable by non- 
ionic detergents, are located in the cytoskeleton- 
nuclear fraction [Lee et al., 19921. Two- 
dimensional gel analysis of proteins from 
[32P]orthophosphate-labeled cells has revealed 
that phosphorylated vimentin is among the most 
prominent phosphoproteins in the cytoplasm 
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[O’Connor et al., 1981; Spruill et al., 1983; Tsuda 
et al., 19881. The phosphorylation of vimentin 
has been demonstrated to be site-specific and in 
most cases restricted to the 9 kDa N-terminal 
domain [Inagaki et al., 1987; Geisler et al., 1989; 
Ando et al., 19891. The process appears to be 
involved in the reorganization of the vimentin 
filaments [Inagaki et al., 1987; Lamb et al., 
1989; Chou et al., 1989; Geisler et al., 19891 
which has been shown to be altered dramatically 
during mitosis [Celis et al., 1983; Franke et al., 
1984; Chou et al., 19891, as well as during treat- 
ments with hormones [Spruill et al., 1983; Coca- 
Prados, 19851, heat [Thomas et al., 1982; Welch 
and Suhan, 1985; Welch et al., 19851, and OA 
[Lee et al., 19921. During the above treatments, 
vimentin IF usually switches from filamentous 
form to a higher order of organization [see Lee 
et al., 19921. 

Okadaic acid (OA), a toxin isolated from a 
variety of marine species [Tachibanaet al., 19811, 
is a potent inhibitor of a number of protein 
phosphatases including type 1 and type 2A pro- 
tein phosphatases [Bialojan and Takai, 19881. 
The inhibitory effect blocks the dephosphoryla- 
tion of proteins that are substrates for multiple 
protein kinases [Suganuma et al., 19891, result- 
ing in the apparent “activation” of the kinases 
[Issinger et al., 1988; Sassa et al., 19891 and 
subsequent induction of a variety of cellular 
responses that are modulated by protein phos- 
phorylation-dephosphorylation [Haystead et al., 
1989; Yamashita et al., 19901. In a recent study, 
we found that the phosphorylation level of vi- 
mentin is drastically elevated by OA in a revers- 
ible manner and that the hyperphosphorylation 
of vimentin could result in the reorganization of 
the vimentin IF which is more detergent-extract- 
able [Lee et al., 19921. We have further charac- 
terized the involvement of IF components dur- 
ing OA induction of hyperphosphorylation of 
intracellular proteins using four different cell 
lines containing different amounts of vimentin 
or kinds of IF components. Our results indicate 
that vimentin, and possibly other IF proteins, 
are preferentially hyperphosphorylated during 
the apparent activation of protein kinases in the 
presence of OA. These results suggest that the 
IF components may act as a phosphate sink 
during an inflicted disturbance of the protein 
kinases-phosphatases balance in cells. 

EXPERIMENTAL PROCEDURES 
Materials 

Unless otherwise indicated, chemical reagents 
were obtained from either Sigma or Merck. 
[32P]orthophosphate (specific activity 8,500-- 
9,120 Ci/mmol) was obtained from Du Pant- 
New England Nuclear. Culture medium compo- 
nents were purchased from Gibco Laboratories 
and supplies for immunostaining were pur- 
chased from Amersham. 

Cells and Cell Culture 

Rat gliosarcoma 9L cells were a gift of Dr. 
M.L. Rosenblum (University of California at 
San Francisco) and were maintained in Eagle’s 
minimum essential medium (MEM) containing 
10% fetal bovine serum, 100 units/ml penicillin 
G, and 100 kg/ml streptomycin [Weizsaecker et  
al., 19811. KD (human fibroblast), HeLa (hu- 
man cervical carcinoma), and A431 (human epi- 
dermoid carcinoma) cells were obtained from 
American Type Culture Collection and grown in 
Dulbecco’s modified Eagle’s medium (DMEM) 
containing the same supplements. Cell numbers 
were determined by a haemocytometer. Expo- 
nentially growing cells at 70-90% confluency 
were used. 

Electrophoresis, Western Blotting, and 
Autoradiography 

SDS-PAGE and 2-D PAGE were performed 
according to the methods of Laemmli [1970 I and 
O’Farrell [ 19751, respectively. Sample prepara- 
tion and other related experimental procedures 
were carried out as previously described [Lee et 
al., 1991, 1992; Hou et al., 19931. 

Quantitative Analysis of Cellular Vimentin 

Cell lysates from known volume and number 
of cells were electrophoresed along with seriallg 
diluted pure vimentin. After electrophoresis and 
Western blotting, the optical densities of the 
vimentin bands were determined and the vimen- 
tin contents of the cells were calculated from the 
calibration curve constructed from the pure sam- 
ples. 

Labeling With [32Plorthophosphate and 
Treatment With Okadaic Acid 

For in vivo labeling of proteins with [32P]ortho- 
phosphate, cells were washed twice with phos- 
phate-free medium and labeled for 1 h. Cells 
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Table I. Amounts of Vimentin in 9L, KD, HeLa 
and A431 Cells* 

Cell lines n d  CLI Molecules/cell 
~ 

9L 206.6 ? 9.2 6.7 5 0.3 x lo8 

HeLa 19.1 f 1.2 6.5 & 0.4 x lo7 
A43 1 Not detectable Not detectable 

KD 151.6 t 5.6 2.7 5 0.1 x 109 

"Cells at  70 to 90% confluency were lysed in SDS sample 
buffer and the lysates were resolved by SDS-PAGE together 
with serially diluted pure vimentin. After electrophoresis, 
protein bands were analyzed by Western blotting using 
mouse antivimentin mAb as the primary antibody and alka- 
line phosphatase-conjugated goat antimouse IgG antibody 
as the secondary antibody. Following color development, the 
vimentin bands on the immunoblots were quantitated by 
scanning densitometry. Vimentin contents in cells were 
calculated from the calibration curves constructed from the 
pure samples. Values are the means ? S.D. obtained from 
four independent experiments. 

were then treated with 600 nM OA for an addi- 
tional h in the presence of 132Pl~rthopho~phate 
(1 mCi/ml). After treatment, the cells were 
washed three times with ice-cold PBS and lysed 
with sample buffer [Laemmli, 19701 or lysis 
buffer [O'Farrell, 19751, depending on the elec- 
trophoretic system employed. Bands on the X-ray 
films (Fuji) and Western blots were quantitated 
by densitometric scanning (Molecular Dynam- 
ics). 

RESULTS 

The vimentin contents of 9L, KD, HeLa, and 
A431 cells were determined by SDS-PAGE, im- 
munoblotting, and scanning densitometry. On 
per cell volume basis, 9L, KD, and HeLa cells 
respectively contained 206.6, 151.6, and 19.1 
ngipl of vimentin. In contrast, vimentin was not 

Fig. 1. Effect of OA on the phosphorylation levels of phosphoproteins in 9L, KD, HeLa, and A431 cells. Cells were 
pre-labeled with [32P]orthophosphate for 1 h and then treated with 600 nM OA for 1 h in the presence of the isotope. 
The cells were then lysed with SDS sample buffer [Laemmli, 19701 and the lysates were resolved by SDS-PAGE. After 
electrophoresis, the gels were processed for autoradiography. lanes 1, 3, 5, 7: Untreated cells. lanes 2, 4, 6, 8: 
OA-treated cells. 
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Fig. 2. Two-dimensional electrophoresis of phosphoproteins in OA-treated cells. Cells were treated as described in 
Figure 1 but the cells were lysed in lysis buffer [O’Farrell, 19751 and the cell lysates were resolved by 2-D PAGE. The 
IF proteins were identified. Vm, authentic vimentin; VDP, degradation products of vimentin; CK8, cytokeratin 8;  
CKI 8 ,  cytokeratin 18. 

detectable in A431 cells (Table I). Other IF 
proteins, such as desmin, glial fibrillary acidic 
protein, and neurofilament proteins were not 
detected in these cells. However, a significant 
amount of cytokeratins (CK8 and CK18) were 
observed in HeLa and A431 cells but not in 9L 
and KD cells. Therefore, the cell lines could be 
roughly divided as vimentin-rich, i.e., 9L and 
KD cells, vimentin-poor, i.e., HeLa cells, and 
vimentin-absent, i.e., A431 cells. A431 cells, 
which are of epithelial origin, contained only 
cytokeratin IFs. Also note that HeLa cells con- 

tained both vimentin and cytokeratins, an obser- 
vation consistent with that as reported by Franke 
et al. [1979a,bl. 

Since OA was identified as potent protein 
phosphatase inhibitor [Bialojan and Takai, 
19881, is has been widely used as a tool to study 
a variety of cellular processes regulated by pro- 
tein phosphorylation-dephosphorylation [Sassa 
et al., 1989; Goris et al., 1989; Picard et al., 
1989; Haystead et al., 1989; Cohen et al., 1990; 
Yamashita et al., 1990; Yatsunami et al., 1991; 
Lee et al., 1992; Hou et al., 19931. The above 
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Table 11. Effect of Okadaic Acid on the 
Phosphorylation Levels of Phosphoproteins in 

9L, KD, HeLa, and A431 Cells* 

Phospho- 9L KD HeLa A431 
proteins 

1 Nc 
2 Nc 
3 ND 
4 Nc 
5 Nc 
6 Nc 
7 ND 
8 Nc 
9 ND 
10 ND 
11 ND 
12 Nc 
13 + 
14 Nc 
15 Nc 
16 ND 
17 (Vm) +++ 
18 (CK8) ND 
19 Nc 
20  (CK18) ND 
21 + 
22 + 
23 Nc 
24  ND 
25 ND 
26 Nc 
27 Nc 
28 Nc 
29 + 
30 + 
31 Nc 
32 Nc 
33 ND 
34 Nc 
35 ND 
36 ND 
37 Nc 
38 + 
39 Nc 
40 Nc 
41 Nc 
42 Nc 
43 Nc 
44 + 

Nc 
Nc 
Nc 
Nc 
Nc 
ND 
ND 
ND 
Nc 
ND 
Nc 
ND 

ND 
Nc 
ND 

ND 
+++ 
++ 
++ 
ND 
Nc 
ND 
ND 
ND 
Nc 
ND 
ND 
ND 
ND 

+++ 
++ 
+++ 
++ 
ND 

ND 

Nc 

Nc 
Nc 
Nc 
Nc 

Nc 
Nc 
Nc 
Nc 

ND 
Nc 
Nc 
Nc 

Nc 
+++ 

+++ 
+ 
+ 

+++ 
++ 
+ 
Nc 

Nc 
Nc 

Nc 

+ 

+ 
+++ 
+ 
Nc 
+ 
+ 
++ 
+++ 
+++ 
ND 

Nc 
Nc 
Nc 
Nc 
Nc 
Nc 

+ 

Nc 
Nc 
Nc 
Nc 
Nc 
Nc 
Nc 
Nc 
Nc 
Nc 
ND 
Nc 

Nc 
Nc 

ND 

Nc 

ND 

++ 

+ 
+ 
cft 

+ 
+ 

ND 

Nc 
Nc 
Nc 
Nc 
Nc 
Nc 
Nc 

+ 

+ 
++ 
+++ 
Nc 
Nc 
Nc 

Nc 
Nc 
Nc 
Nc 
Nc 

*Cells were prelabeled with [32Plorthophosphate for 1 h and 
treated with 600 nM OA for an additional h in the presence 
of the isotope. Cells were then lysed and the lysates were 
resolved by SDS-PAGE. Autoradiograms as shown in Figure 
1 were quantified by scanning densitometry. The changes in 
band intensity were matched against their respective con- 
trols in the untreated cells and scored: ND, not detected; 
NC, not changed; -, greater than 50% decrease in protein 
phosphorylation; +, less than 2-fold increase; + +, 2-5-fold 
increase; + + +, > 5-fold increase in protein phosphoryla- 
tion. 

cells were metabolically labeled with [32P]ortho- 
phosphate and then treated with 600 nM OA for 
1 h. The cells were then lysed and the intracellu- 
lar proteins were resolved by SDS-PAGE. Phos- 
phoproteins were visualized by autoradiogra- 
phy. Figxre 1 shows that the levels of protein 
phosphorylation were augmented in all treated 
cells. However, the increase in phosphorylation 
level appears to be cell and protein specific, 
dephosphorylation on limited species of protein 
was also observed. In 9L, KD, and HeLa cells, 
vimentin was hyperphosphorylated (Fig. 1). Two- 
dimensional PAGE indicated that the PIS of the 
authentic vimentin (Vm) and its degradation 
products (VDPs) were affected, due to  increased 
levels of phosphorylation (Fig. 2A-D). Similar 
effect was observed for cytokeratins (CK8 and 
CK18) in HeLa and A431 cells. In addition, a 
series of isoforms of CKs were generated in 
these two cell lines (Fig. 2E-HI. 

Autoradiographs as shown in Figure 1 were 
quantitated by scanning densitometry and the 
data were summarized in Table 11. In 9L and KD 
cells, which contain high level of vimentin, the 
patterns of phosphoproteins were little changed 
after OA treatment except vimentin, which be- 
came hyperphosphorylated (Fig. 1, lanes 1-4; 
Table 11). In contrast, in HeLa and A431 cells, 
which contain a low level or are devoid of vimen- 
tin, the patterns of non-vimentin phosphopro- 
teins (i.e., phosphosproteins except vimentin) 
were significantly affected. Both CK8 and CK18 
in these cells were hyperphosphorylated. In ad- 
dition, the phosphorylation levels of a number of 
phosphoproteins in these two cells were also 
significantly augmented (Fig. 1, lanes 5-8; Ta- 
ble 11). The quantitative data on the changes of 
phosphorylation levels of vimentin and nonvi- 
mentin proteins in these four cell lines were 
presented in Table 111. The data indicated that 
in vimentin containing cells, i.e., 9L, KD, and 
HeLa cells, the phosphorylation level of this 
protein increased at  least 10-fold after treat- 
ment with OA. Furthermore, in OA treated cells, 
the increase in phosphorylation level of nonvi- 
mentin proteins increased as the vimentin con- 
tents decreased. Regression analysis demon- 
strated that the increase in phosphorylation level 
of nonvimentin phosphoproteins was inversely 
correlated to the vimentin contents in these 
cells (Fig. 3 ) .  
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Table 111. Phosphorylation Levels of Vimentin and Nonvimentin Phosphoproteins Affected by 
Okadaic Acid in 9L, KD, HeLa, and A431 Cells* 

Total Nonvimentin Relative increased 
phosphorylat ion 

Cell of nonvimentin 
lines - OA + OA - OA + OA - OA +OA phosphoproteins. '2 

phosphoproteins Vimentin phosphoproteins 

9L 25,493 32,569 163 3,886 25,330 27,683 47.4 
KD 8,039 13,923 238 2,743 7,801 11,180 57.4 

A43 1 35,367 43,762 0 0 35,367 43,762 100.0 
HeLa 32,470 48,226 174 1,965 32,296 46,301 88.7 

*Cells were prelabeled with ["2P10rthophosphate for 1 h and treated with 600 nM OA for an  additional h in the presence I if tliz 
isotope. Cells were then lysed and the lysates were resolved by SDS-PAGE. Autoradiograms as shown in Figure 1 were2 
quantified by scanning densitometry and band intensities in total pixels were scored. The summation of band intensities of d l  
identifiable bands in each lane is defined as "total" and the "nonvimentin phosphoprotein" is calculated from the difference 
between total and vimentin phosphorylation levels. Relative increase phosphorylation of nonvimentin phosphoprotcin is 
expressed as a percentage of the increase in phosphorylation level in nonvimentin phosphoproteins relative to the increjtse I I 

phosphorylation level in total phosphoproteins. 

100 

80 

60 

40 

20 

0 

I . ,  

r2 =-0.985 

9L 

.1 
0 5 0  1 0 0  1 5 0  2 0 0  

a Vimentin Content nglcell vol. ( P I )  

Fig. 3. Correlation of the relative increased phosphorylation of 
the  non-virnentin proteins to the vimentin contents in 9L, KD, 
HeLa, and A431 cells. Linear regression analysis was performed 
on the relative increased phosphorylation of the non-vimentin 
proteins (Table 111,  last column) and vimentin contents in 9L, 
KD, HeLa, and A431 cells (Table I). 

DISCUSSION 

Phosphorylation-dephosphorylation of pro- 
teins is one of the major regulatory processes in 
eucaryotic cells. In a signal transducing path- 
way, the activation of protein kinases by intracel- 
lular second messengers such as CAMP, cGMP, 
Ca2+, and diacylglycerol is the critical event in 
producing physiological response. On the other 
hand, protein phosphatases are involved in the 
reverse processes [Cohen, 1989, 19921. It is now 
well established that both phosphorylation and 
dephosphorylation are dynamic processes by 
which the target proteins are flickered onloff by 
cycling between its phosphorylated and dephos- 

phorylated forms [see Brautigan et al., 1989; 
Cohen, 19921. In a resting cell, target proteins 
are cycled between their phosphorylated and 
dephosphorylated forms at a certain rate and 
the process must be maintained in delicate equi - 
librium. Severe upset of this equilibrium rnwt 
be avoided and multiple cellular mechanisms 
must be in place to compensate for imbalances 
between activities of kinases and phosphatases 
should this happen. 

We have demonstrated that vimentin is pref- 
erentially phosphorylated in OA-treated cells 
containing high levels of vimentin. In contrast, 
in cells containing low level or devoid of vimen- 
tin, other IF proteins becomes the primary tar- 
get for phosphorylation under OA treatment. 
Vimentin is a substrate for cdc2-related protein 
kinase [Chou et al., 1989, 1990, 19911, CAME'- 
dependent protein kinase [Ando et al., 1989: 
Lamb et al., 19891, diacylglycerol regulated pro- 
tein kinase [Huang et al., 1988; Ando et al.. 
19891, cGMP-dependent protein kinase [Wyatt, 
et al., 19911, as well as Ca2+-calmodulin-depen- 
dent protein kinase I1 [Ando et al., 19911. All 
together, a total of more than 15 serine residues 
are identified as potential phosphorylation sites 
on this protein [Ando et al., 1989,1991; Chou et 
al., 1989, 1990, 19911. However, under normal 
conditions, only a small portion of vimentin is 
phosphorylated despite the presence of many 
potential phosphoryation sites [Cabral and Got- 
tesman, 1979; Nelson and Traub, 1983; Lee et 
al., 19921. Our results showing rapid increases 
in vimentin phosphorylation in vimentin con- 
taining cells in the presence of OA indicate that 
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the low level of vimentin phosphorylation in the 
untreated cells is a consequence of high protein 
phosphatase activity, rather than low kinase 
activity. Combined with the observation that 
rapid dephosphorylation occurs upon the re- 
moval of the inhibitor [Lee et al., 19921, a high 
turnover rate of phosphate on vimentin might 
be postulated. It has been suggested that this 
high turnover rate may be related to the regula- 
tion of IF assembly state and that protein phos- 
phatase activity is required for cytoskeletal integ- 
rity in vivo [Eriksson et al., 19921. 

Taken together, because of its reactivity to 
multiple protein kinases, multiple phosphoryla- 
tion sites, and the virtually reversibility of the 
process, vimentin [and perhaps other IF compo- 
nents] is a perfect candidate to  act as a phos- 
phate sink during a disturbance of protein phos- 
phorylation-dephosphorylation balance in cells. 

ACKN OWL E DCM E NTS 

This work was supported by ROC National 
Science Council Grants NSC82-0211-B-007-004 
and NSC83-0211-B-007-004. The authors thank 
Professor P.C. Huang and Mr. Ken Mueller for 
their valuable discussions and critical review of 
this manuscript. 

REFERENCES 

Ando S, Tanabe K, Gonda Y, Sato C, Inagaki M (1989): 
Biochemistry 28:2974-2979. 

Ando S, Tokui T, Yamauchi T, Sugiura H, Tanabe K, In- 
agaki M (1991): Biochem Biophys Res Commun 175:955- 
962. 

Bialojan C, Takai A (1988): Biochem J 256:283-290. 
Bloemendal H, Pieper FR (1989): Biochim Biophys Acta 

Brautigan DL, Fernandez A, Lamb NJC (1989): Adv Protein 

Cabral F, Gottesman MM (1979): J Biol Chem 254:6203- 

Celis JE, Larsen PM, Fey SJ, Celis A (1983): J Cell Biol 

Chou YH, Bischoff JR, Beach D, Goldman RD: Cell 62:1063- 

Chou YH, Ngai KL, Goldman RD (1991): J Biol Chem 

Chou YH, Rosevear E, Goldman RD (1989): Proc Natl Acad 

Coca-Prados M (1985): J Biol Chem 260:10332-10338. 
Cohen P (1989): Annu Rev Biochem 58:453-508. 
Cohen P (1992): Trends Biochem Sci 17:408-413. 
Cohen P, Holmes CFB, Tsukitani Y (1990): Trends Biochem 

Sci 15:98-101. 
Eriksson JE,  Brautigan DL, Vallee R, Olmsted J, Fujiki H, 

Goldman RD (1992): Proc Natl Acad Sci USA 89:11093- 
11097. 

1007~245-253. 

Phosphatases 5:547-566. 

6206. 

97: 1429-1434. 

1071. 

266:7325-7328. 

Sci USA 86:1885-1889. 

Franke WW, Grund C, Kuhn C, Lehto VP, Virtanen I 
(1984): Exp Cell Res 154567-580. 

Franke WW, Schmid E, Weber K, Osborn M (1979a): Exp 
Cell Res 118:95-109. 

Franke WW, Schmid E, Winter S, Osborn M, Weber K 
(1979b): Exp Cell Res 123:25-46. 

Geiger B (1987): Nature 329:392-393. 
Geisler N, Hatzfeld M, Weber K (1989): Eur J Biochem 

Georgatos SD, Blobel G (1987): J Cell Biol105:105-115. 
Goldman RD, Goldman AE, Green KJ, Jones JCR, Jones 

SM, Yang H Y  (1986): J Cell Sci Suppl5:69-97. 
Goldman RD, Goldman A, Green K, Jones J ,  Lieska N, Yang 

HY (1985): Ann NYAcad Sci 455:l-17. 
Goldman RD, Steinert PM (1990): “Cellular and Molecular 

Biology of Intermediate Filaments.” New York: Plenum 
Press. 

Goris J ,  Hermann J ,  Hendrix P, Ozon R, Merlevede W 
(1989): FEBS Lett 24591-94. 

Haystead TAJ, Sim ATR, Carling D, Honnor RC, Tsukitani 
Y, Cohen P, Hardie DG (1989): Nature 337:78-81. 

Hou MC, Shen CH, Lee WC, Lai YK (1993): J Cell Biochem 
51:91-101. 

Huang CK, Devanne JF,  Kennedy SP (1988): Biochem Bio- 
phys Res Commun 150:1006-1011. 

Inagaki M, Nishi Y, Nishizawa K, Matsuyama M, Sat0 C 
(1987): Nature 328:649-652. 

Issinger OG, Martin T, Richter WW, Olson M, Fujiki H 
(1988): EMBO J 7:1621-1626. 

Klymkowsky MW, Bachant JB, Doming0 A (1989): Cell 
Motil Cytoskeleton 14:309-331. 

Laemmli UK (1970): Nature 227:680-685. 
Lamb NJC, Fernandez A, Feramisco JR, Welch WJ (1989): J 

Lee WC, Lin KY, Chen CM, Chen ZT, Liu HJ, Lai YK (1991): 

Lee WC, Yu JS, Yang SD, Lai YK (1992): J Cell Biochem 

Lendhal U, Zimmerman LB, McKay RDG (1990): Cell 60: 

Moll R, Franke WW, Schiller DL, Geiger B, Krepler R 

Nelson WJ, Traub P (1983): Mol Cell Biol3:1146-1156. 
O’Connor CM, Gard DL, Lazarides E (1981): Cell 23:135- 

O’Farrell PH (1975): J Biol Chem 250:4007-4021. 
Picard A, Capony J P ,  Brautigan DL, Doree M (1989): J Cell 

Biol 109:3347-3354. 
Sassa T, Richter WW, Uda N, Suganuma M, Suguri H, 

Yoshizawa S, HirotaM, Fujiki H (1989): Biochem Biophys 
Res Commun 159:939-944. 

Schliwa M (1986): “The Cytoskeleton: An Introductory 
Survey.” New York: Springer-Verlag. 

Skalli 0, Goldman RD (1991): Cell Motil Cytoskeleton 19:67- 
79. 

Spruill WA, Steiner AL, Tres LL, Kierszenbaum AL (1983): 
Proc Natl Acad Sci USA 80:993-997. 

Steinert PM, Roop DR (1988): Annu Rev Biochem 57:593- 
625. 

Suganuma M, Suttajit M, Suguri H, Ojika M, Yamada K ,  
Fujiki H (1989): FEBS Lett 250:615-618. 

Tachibana K, Scheuer PJ,  Tsukitani Y, Kikuchi H, van 
Engen D, Clardy J ,  Gopichand Y, Schmitz FJ (1981): J Am 
Chem SOC 103:2469-2471. 

183:441-447. 

Cell Biol 108:2409-2422. 

J Cell Physiol 149:66-76. 

49:378-393. 

585-595. 

(1982): Cell 31:ll-24. 

143. 



168 Lai et al. 

Thomas GP, Welch WJ, Mathews MB, Feramisco JR  (1982): 

Traub P (1985): “Intermediate Filaments.” Berlin: Springer- 

Tsuda T, Griendling KK, Alexander RW (1988): J Biol Chem 

Weizsaecker M, Deen DF, Rosenblum ML, Hoshino T, Gutin 

Welch WJ, Feramisco JR, Blose SH (1985): Ann NY Acad Sci 

Welch WJ, Suhan J P  (1985): J Cell Biol 101:1198-1211. 

Cold Spring Harb Symp Quant Biol46:985-996. 

Verlag. 

263: 19758-19763. 

PH, Barker M (1981): J Neurol224:183-192. 

455:57-67. 

Wyatt A, Lincoln TM, Pryzwansky KB (1991): J Biol Chem 

Yamashita K, Yasuda H, Pines J, Yasumoto K, Nishitani H ,  
Ohtsubo M, Hunter T, Sugimura T, Nishimoto T (19901: 

Yang HY, Lieska N, Goldman RD: In Goldman RD, Steinert 
PM (eds) (1990): “Cellular and Molecular Biology of Inter- 
mediate Filaments.” New York: Plenum Press, pp 371-391. 

Yatsunami J, Fujih H, Suganuma M, Yoshizawa S, Eriks- 
son JE ,  Olson MOJ, Goldman RD (1991): Biochem Bio- 
phys Res Commun 177:1165-1170. 

266:21274-21280. 

EMBO J 9:4331-4338. 




