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ABSTRACT Phosphorylation by protein kinases has been
established as a key factor in the regulation of cytoskeletal
structure. However, little is known about the role of protein
phosphatases in cytoskeletal regulation. To assess the possible
functions of protein phosphatases in this respect, we studied the
effects of the phosphatase inhibitors calyculin A, okadaic acid,
and dinophysistoxin 1 (35-methylokadaic acid) on BHK-21
fibroblasts. Within minutes of incubation with these inhibitors,
changes are seen in the structural organization of intermediate
filaments, followed by a loss of microtubules, as assayed by
immunofluorescence. These changes in cytoskeletal structure
are accompanied by a rapid and selective increase in vimentin
phosphorylation on interphase-specific sites, and they are fully
reversible after removal of calyculin A. The results indicate
that there is a rapid phosphate turnover on cytoskeletal inter-
mediate filaments and further suggest that protein phos-
phatases are essential for the maintenance and structural
integrity of two major cytoskeletal components.

Phosphorylation is involved in the regulation of all major
cytoskeletal components. It has been shown that phosphor-
ylation is a principal factor in the regulation of intermediate
filament (IF) polymerization, subcellular organization, and
dynamics (1, 2). IF proteins are substrates for several differ-
ent kinases, including p34<9<2 kinase (1, 2). In the latter case,
hyperphosphorylation of vimentin-containing IF is directly
correlated with their disassembly into protofilamentous
structures (3-5). It has also been suggested that microtubules
(MTs) and MT-associated proteins (MAPs) are affected by
phosphorylation (6-9). Furthermore, actomyosin complexes
are also regulated by phosphorylation of either actin-
associated proteins, such as caldesmon (10), or the heavy and
light chains of myosin (11). Studies on the regulation of
cytoskeletal structure and function by phosphorylation have
thus far focused on the roles of different kinases. In contrast,
little attention has been given to the role of protein phos-
phatases, although there are some studies indicating that they
may be important in the regulation of the actomyosin system
(12-14). In this study we attempted to describe the role of
protein phosphatases in the regulation of IFs and MTs in
BHK-21 cells. To this end, we have employed the phospha-
tase inhibitors okadaic acid (OA), dinophysistoxin 1 (35-
methylokadaic acid; DT), and calyculin A (cl-A). These three
substances are potent and specific inhibitors of the type 1
(PP1) and type 2A (PP2A) serine/threonine phosphatases
(15). However, although cl-A, DT, and OA inhibit PP2A with
similar potency, cl-A is 50- to 100-fold more effective as a PP1
inhibitor (15).
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MATERIALS AND METHODS

Cell Culture and Immunofluorescence. BHK-21 cells,
grown on 22-mm? glass overslips as described (16), were
processed for double-label indirect immunofluorescence as
described (16, 17). The rabbit polyclonal vimentin (17) and
mouse monoclonal g-tubulin (N-357, Amersham) antibodies
were visualized by the secondary antibodies fluorescein-
conjugated goat anti-rabbit IgG and rhodamine-conjugated
goat anti-mouse IgG (Kirkegaard and Perry Laboratories,
Gaithersburg, MD), respectively. Staining of filamentous
actin with rhodamine-phalloidin (Molecular Probes) was car-
ried out as described (18).

Identification of Phosphoproteins. Phosphoproteins were
studied either by immunoprecipitation or by identification of
32p.]Jabeled protein bands on Western blots. Subconfluent cell
cultures were preincubated for 1.5-12 h at 37°C in culture
medium containing [32P]orthophosphate (150 uCi/ml; 1 Ci =
37 GBq), before phosphatase inhibitors were added. The
length of preincubation did not affect the results. After incu-
bation, cells were washed with phosphate-buffered saline and
lysed in 0.4% SDS/20 mM Tris-HCI, pH 7.2/5 mM EGTA/S
mM EDTA/10 mM sodium pyrophosphate, and the lysates
were heated at 100°C for 10 min (5). The phosphatase inhib-
itors cl-A, OA, and DT were isolated as described (19),
without any traces of halichondrin in the inhibitor preparations
(H.F., unpublished observations). Immunoprecipitation of
vimentin (17), the IF-associated protein IFAP-300K (16),
MAP-4 (20), and tubulin (21) was carried out as described (4,
5), using polyclonal rabbit antibodies and protein A-Sepharose
(Sigma). Immunoprecipitation of MAP-1A (22) and MAP-1B
(23) was carried out by using mouse monoclonal antibodies
and anti-mouse IgG antibodies conjugated to agarose beads
(Sigma) as described (23). The 32P-labeled immunoprecipitated
proteins were then separated on SDS/7.5% polyacrylamide
gels (SDS/PAGE; ref. 24). Gels were dried and autoradio-
graphed at —70°C using Kodak X-Omat AR film. 32P labeling
was determined from scans of the autoradiographs by using an
LKB UltroScan densitometer (Pharmacia) or the Fujix BAS
2000 bioimaging analyzer (Fuji).

In vivo 3P labeling of myosin heavy and light chains was
measured from autoradiographs of Western blots of whole cell
lysates. These proteins were detected with a polyclonal anti-
body against myosin heavy chain (21) and a mouse monoclonal
antibody against myosin light chain (M4401, Sigma).

Two-Dimensional 32P-Labeled Peptide Mapping. Cells were
preincubated for 3 h with [32PJorthophosphate (300 «Ci/ml)
in phosphate-free DMEM supplemented with 10% (vol/vol)
calf serum (3), before addition of cl-A. To minimize labeling

Abbreviations: cl-A, calyculin A; OA, okadaic acid; DT, dinophy-
sistoxin 1; IF, intermediate filament; MT, microtubule; MAP, MT-
associated protein; PP1 and PP2A, protein phosphatase types 1 and
2A, respectively; AU, absorbance unit(s).
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Fic. 1. Effects of phosphatase inhibitors on IFs and MTs in BHK-21 cells as determined by immunofluorescence. Photomicrographs show
cells processed for double-label indirect immunofluorescence with a rabbit polyclonal antibody directed against vimentin and a mouse
monoclonal antibody directed against B-tubulin. IF patterns are shown in A, C, E, F, I, and K. MT patterns are shown in B, D, G, H, J, and
L. (A and B) Controls showing the normal distribution of IFs and MTs. The overall patterns of organization of these two cytoskeletal elements
are similar due to the parallel arrangement of IFs and MTs in BHK-21 cells (21). (C and D) Typical cell 15-20 min after the addition of 20 nM
cl-A. The overall vimentin pattern appears to be disrupted and diffuse and the tubulin antibody reveals only a few obvious MTs against a high
background of diffuse fluorescence. (D Inset) Cell treated with 20 nM cl-A for 15 min, followed by fixation and staining with rhodamine-
phalloidin. The actin-containing stress fibers revealed by this procedure appear normal. (E-J) Intermediate stages of IF and MT breakdown.
(E) Confocal microscopic view of the peripheral region in a cell showing the details of a normal IF pattern. (F) Similar region in a cl-A-treated
cell (20 nM, 5 min) viewed by confocal microscopy, revealing a much less filamentous more diffuse staining pattern, indicating that a significant
change in IF structure has taken place. (G) Higher magnification view of a typical MT pattern in the peripheral region of an untreated cell. (H)
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of p34cd<2 phosphorylation sites (3), rounded-up mitotic cells
were mechanically shaken off and discarded prior to cell
lysis. For peptide mapping of the mitotic phosphorylation
sites, cells were 32P-labeled for 3 h in the presence of
nocodazole (0.4 ug/ml; refs. 3 and 5). Cells arrested in
mitosis were then mechanically shaken off, washed, and
finally lysed in 0.4% SDS. Immunoprecipitation, tryptic
digestion of vimentin, and two-dimensional thin-layer chro-
matography were performed as described (3-5).

RESULTS AND DISCUSSION

When BHK-21 cells were incubated with nanomolar to
micromolar doses of cl-A, DT, or OA, normal IF structure
was rapidly lost followed by a loss of MTs, as determined by
indirect immunofluorescence (Fig. 1). A clear difference in
the effective doses of cl-A, DT, and OA became apparent
within 20 min of incubation. cl-A induced marked alterations
in the cytoskeletal networks starting at a dose range of 10-20
nM, whereas 0.5-1 uM DT and 1-1.5 uM OA had to be used
to induce similar effects. The hundredfold difference in
inhibitor sensitivity is consistent with inhibition of PP1 being
necessary to produce the effects.

Because cl-A was effective at much lower doses, it was
used to examine the morphological effects in greater detail.
Within 3-6 min, after the addition of 20 nM cl-A to intact
cells, the vimentin IF networks appeared disrupted (Fig. 1).
This was even more obvious after 9-10 min when an exten-
sive loss of filamentous structures and the appearance of
large areas of diffuse fluorescence was seen. At this same
concentration, MT networks appeared normal for up to §
min. However, by 9-10 min after cl-A addition, a noticeable
reduction in the number of MT was observed in a large
proportion of the cells, and at 15-20 min the bulk of the cells
displayed only a small remaining proportion of MT. The
decrease in the number of MTs was accompanied by a
corresponding increase in diffuse fluorescence, indicating
disassembly of MT networks. Furthermore, the MTs remain-
ing after 15-20 min had a curly or kinky appearance that
resembled the stable population of MTs (25). Although IFs
and MTs were disorganized after 10-15 min in the presence
of cl-A, cell shape was not obviously affected and the overall
distribution and structure of actin-rich stress fibers (micro-
filament bundles) appeared normal, as determined by staining
with rhodamine-labeled phalloidin (Fig. 1). After 20-30 min
in the presence of 20 nM cl-A, an increasing number of the
cells showed a more rounded morphology but still remained
attached to the support. When cells rounded up, the organi-
zation of the stress fibers was altered (results not shown).

If these effects on IFs and MTs involve protein phosphor-
ylation, they should be reversible. The normal morphological
features of IF and MT networks were restored by allowing
cells that had been treated for 20 min with 10-20 nM cl-A to
recover for 2-6 h (10 nM, 2-4 h; 20 nM, 4-6 h) in normal
medium (Fig. 1). This recovery demonstrates the continued
viability of the cells and the reversibility of the cytoskeletal
disruption induced by cl-A. The effects of OA and DT, at the
relatively high doses required to mimic those of cl-A, were
not reversible.

In accordance with previous studies on phosphatase inhib-
itors (see e.g., refs. 13-15, 26, and 27), cells incubated in the
presence of cl-A, DT, or OA showed an overall increase in
protein phosphorylation (Fig. 2). However, at low doses (20
nM) and short exposure times (5-20 min), when the effects on
IFs and MTs were evident, only a few proteins showed
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FiGc. 2. Effects of cl-A on vimentin phosphorylation. Autoradio-
graphs of 32P-labeled proteins from whole cell lysates, separated by
SDS/PAGE on a7.5% gel. Lanes: A, control cells; B, cells incubated
for 20 min in the presence of 20 nM cl-A; C, 50 nM cl-A. Immuno-
precipitated vimentin was from the following cells. Lanes: D, control
cells; E and F, cl-A-treated cells (20 and 50 nM, respectively, for 20
min). The positions of vimentin (V), myosin heavy chain (MH),
MAP-4, IFAP-300 (IFAP), MAP-1A, and MAP-1B, respectively, are
indicated. Of these proteins, at 10-20 nM cl-A, vimentin is the only
protein to show a measurable increase in its phosphorylation state.
The high molecular mass band in the autoradiograph on lane F is a
small fraction of vimentin not fully dissociated from the antibody.

increased phosphorylation. The identity of the proteins that
could be involved in the changes seen in IFs and MTs was
further investigated. After 5-20 min of exposure to 10-20 nM
cl-A, vimentin was the first protein showing measurable
increases in 32P labeling (Figs. 2 and 3). This was confirmed by
immunoprecipitation (Fig. 2) and densitometric scans of au-
toradiographs of the immunoprecipitated vimentin (control,
0.11 AU; cl-A, 1.20 AU; cl-A/control, 10.9). The increases in
vimentin phosphorylation corresponded well with the ob-
served effects on IF network structure (Fig. 3). Immunopre-
cipitation of tubulin, MAP-1A, MAP-1B, and MAP-4 (MAPs
known to be present in BHK-21 cells) revealed no changes in
the 32P labeling of these proteins after treatment with 20 nM
cl-A for 20 min (control, 0.10, 0.07, 0.06, and 0.08 AU; cl-A,
0.09, 0.06, 0.06, and 0.09 AU; ci-A/control, 0.90, 0.86, 1.00,
and 1.13, respectively). Likewise, inmunoprecipitation of the
IF crossbridging phosphoprotein IFAP-300K showed that the
32P labeling of this protein remained unchanged (control, 0.21
AU; cl-A, 0.23 AU; cl-A/control, 1.10). Myosin heavy and
light chains, shown to have increased phosphorylation levels
in cl-A-treated 3T3 fibroblasts (14), were not affected under
the conditions employed in the present study (control, 0.21 and
0.29 AU;cl-A, 0.22 and 0.32 AU; cl-A/control, 1.05 and 1.10,
respectively). The discrepancy between these results and
those of others is probably related to higher cl-A concentra-
tions (10 times) and longer incubation times in the previous
study (14).

There were obvious differences among the dose-response
curves of cl-A, OA, and DT with respect to 32P labeling of
vimentin (Fig. 3). This corresponded to the observed differ-
ences in their effects on IF and MT networks. ECsg values for
increased 32P labeling of vimentin were as follows: cl-A, 27
nM; DT, 1100 nM; and OA, 1900 nM. The slight difference
between the potencies of OA and DT is consistent with

Details of the MT pattern in a peripheral region of a cell after 10 min in 20 nM cl-A. At this stage there is a marked overall reduction in the MTs
before the entire normal MT pattern is disrupted. Many of the MTs remaining appear to be kinked or curly. (/ and J) Cells incubated 5 min in
the presence of 20 nM cl-A. The vimentin staining is more diffuse and MTs appear normal, indicating that the IF networks are affected before
the MTs. (K and L) Cells treated for 20 min with 20 nM cl-A, followed by washing and incubation in cl-A-free medium for 4 h. Both the IF and
MT patterns appear normal. [Bars: D, 5 um (applies for A-D); E, 1 um (applies for E and F); G, 4 um (applies for G and H).]
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F1G. 3. Dose-response curves of cl-A (@), DT (m), and OA (a) as
measured by increases in vimentin 32P labeling in BHK-21 cells.
32p-labeled whole cell extracts were separated by SDS/PAGE on
7.5% gels and the relative increases in 32P labeling (control = 1) were
determined as absorbance units (AU) from densitometric scans of
vimentin bands on autoradiographs or by g-scanner measurements of
the radioactivity in vimentin bands on the dried gels. Similar results
were obtained by both methods. The differences among the potencies
of cl-A vs. DT or OA suggest that PP1 rather than PP2A is involved
in the observed effects. Notice that some of the data points are
overlapping and may thus appear to be missing. (Inset) Time-course
increase of the 32P labeling of vimentin (@) from cells incubated in the
presence of 20 nM cl-A (measurements were carried out as described
above). The increases in 32P labeling were correlated with the
alterations in the morphology of IFs and MTs. The percentage of
cells displaying IF (0) and MT (a) morphologies corresponding to
those shown in Fig. 1 C, D, H, and I were counted as altered.
Numbers indicate the mean * range of values. These observations
were carried out independently by three persons in the laboratory,
with similar results.

previous observations on the relative inhibitory activities of
these compounds against PP1 and PP2A (19, 27).

Although cl-A is a highly specific phosphatase inhibitor that
does not act directly upon any of the kinases examined to date
(15), it could have indirect effects. For example, it has been
suggested that OA, when the conditions are favorable, as in G,
(28) and S (29) phases, can induce activation of p34<d<2 kinase.
However, in the present study, the enhanced phosphorylation
of vimentin in response to cl-A occurred at sites in the protein
that were normally phosphorylated in interphase cells. This
was demonstrated by two-dimensional phosphopeptide map-
ping of vimentin immunoprecipitated from control cells, cl-A-
treated cells, and mitotic cells (Fig. 4). The results showed that
the vimentin phosphopeptide maps from both control cells and
cl-A-treated cells had virtually identical patterns (i.e., the
same number of phosphopeptides at the same relative posi-
tions). A quantification of the 32P labeling, however, revealed
that vimentin peptide maps from cl-A-treated cells showed a
marked fold increase of 32P labeling of two sites, peptides b and
c(22 = 6and 45 + 15, respectively; mean * range; N = 3), and
overall increases at all sites (<10-fold) except one (peptide a;
Fig. 4). The same sites showed increased 32P labeling in
vimentin from cl-A-treated cell cultures synchronized in G;
phase (J.E.E. and R.D.G., unpublished resuits). In compari-
son, mitotic vimentin peptide maps revealed that none of these
sites corresponded to the mitotic phosphorylation sites spe-
cific for p34°d<2 kinase (peptide a) and vimentin kinase I
(peptides i and j; refs. 3-5). Since mitotic vimentin kinase sites
did not show any increases in 3P labeling upon cl-A treatment,
cl-A evidently does not induce vimentin kinase activities other
than those already active in interphase cells. The interphase
sites (peptides b and c) displaying the most obvious increases
in 32P labeling could be preferential vimentin dephosphoryla-
tion sites for serine/threonine protein phosphatases.

Proc. Natl. Acad. Sci. USA 89 (1992)
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FiG. 4. Tryptic [32P)phosphopeptide maps of vimentin immuno-
precipitated from BHK-21 fibroblasts demonstrate that inhibition of
protein phosphatases with cl-A does not activate kinases other than
those already active in interphase cells. The phosphopeptide maps
derived from vimentin of control cells (4) and cl-A-treated cells (B)
show identical patterns [i.e., the same number of peptides at the same
relative positions, although some of the phosphopeptides show
markedly increased labeling (see below)]. The identical patterns in
both preparations suggest that only interphase kinases are active in
both preparations. In contrast, the peptide map of vimentin derived
from cells blocked in mitosis by nocodazole treatment is completely
different (C). This map shows the characteristic phosphorylation
sites of the mitotic kinases p34°dc2 (peptide a; see refs. 3 and 4 for
further details) and vimentin kinase I (peptides i and j, respectively,
see refs. 3 and 5 for further details). Measurements of the 32P labeling
on the maps, as determined with a 8-scanner, revealed that there are
no significant relative increases on the mitotic sites (peptides a, i, and
j) in vimentin peptide maps from cl-A-treated interphase cells. In
contrast, all of the phosphopeptides, except peptide a, seen in the
map obtained from control cells showed overall increases in the 32P
labeling (see text for details). Combinations of the different samples
were electrophoresed to confirm the identity of individual peptides
(results not shown). Peptides that were not detectable on the
autoradiographs of the respective maps have not been lettered.
Directions of electrophoresis (+ and —) and ascending chromatog-
raphy (arrow) are indicated.

Both of the predominant protein phosphatases in animal
cells, PP1 and PP2A, are inhibited by approximately the same
nanomolar concentrations of cl-A (15, 27). On the other hand,
OA discriminates between the two phosphatases, inhibiting
PP2A at 50- to 100-fold lower concentrations than those
effective for PP1. Our results, showing that 50- to 100-fold
higher concentrations of DT and OA are required to produce
effects similar to those of cl-A on IF and MT organization and
vimentin phosphorylation, are consistent with an inhibition
of PP1 being necessary to produce the effects. Evidence in
support of a role for PP1 in the regulation of IF organization
and vimentin phosphorylation has also been derived from the
microinjection of purified PP1 into fibroblasts, resulting in
both the stabilization of IFs during heat shock and the
induction of lower levels of 32P labeling of vimentin (30).

The results of this study have led us to conclude that protein
phosphatase activity is involved in the maintenance of the
structural integrity of cytoskeletal IF networks. This conclu-
sion is based on the very rapid increase of vimentin phosphor-
ylation and the corresponding alterations in IF structure seen
by immunofluorescence that accompany the treatment of
BHK-21 cells with the phosphatase inhibitor cl-A. In further
support of these observations, it has been shown that in-
creased phosphorylation of IF proteins in vitro and in vivo
leads to their disassembly (2). The rapid structural alterations
in IF networks induced by cl-A treatment seem to be followed
by MT disruption at slightly later times. Several studies have
shown that IFs and MTs are closely associated with each other
both spatially and presumably functionally, by largely un-
known mechanisms (21, 31, 32). Our results indicate an initial
disruption of vimentin IF networks with subsequent effects on
MT networks. This observation further emphasizes the close
association between these two cytoskeletal systems. Although
it is apparent that the cl-A-induced increase in vimentin
phosphorylation affects IF structure, it is still unclear how this
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relates to the observed effects on MT organization and struc-
ture. Since there are not obvious alterations in the phosphor-
ylation states of either tubulin or MAPs, it seems unlikely that
there is a direct effect of phosphatase inhibition on any of the
major MT structural proteins or MAPs. However, it is plau-
sible that there could be phosphorylation-dependent effects on
some unidentified minor MT-severing protein, as suggested
(9). Furthermore, our results are consistent with observations
indicating that OA can interfere with MT dynamics (33). Thus
these data suggest that protein phosphatases, especially of
PP1-type, are of critical importance in maintaining the normal
interphase structure of two major cytoskeletal systems in
mammalian cells. Previous studies have indicated that protein
phosphatases are important in regulating other cytoskeletal
proteins, such as the actomyosin complex (12-14). However,
in the present study, during the time course when the cl-A-
induced effects on IFs and MTs occurred, both morphology
and phosphorylation of the actomyosin system remained un-
changed. This may indicate that this latter system is affected
at another level of overall protein phosphorylation in cells.
Vimentin shows a low degree of phosphorylation in inter-
phase cells despite the presence of many potential phosphor-
ylation sites (4). Our results showing rapid increases in vi-
mentin phosphorylation in cells treated with cl-A indicate that
this is probably a consequence of a high protein phosphatase
activity, rather than low constitutive activities of kinases
acting on vimentin. In addition, this observation points to a
high turnover rate of phosphate on vimentin. The purpose of
this high turnover rate may be related to the regulation of IF
assembly states in vivo. For example, the finding that the
soluble or unpolymerized pool of vimentin subunits in inter-
phase cells is small (1, 2) may be due to protein phosphatase
activity maintaining low levels of phosphorylated vimentin.
This would favor the polymerized form of vimentin during
interphase. In contrast, vimentin has been shown to disas-
semble upon elevated phosphorylation in some type of cells in
mitosis (3, 5). Therefore, the high constitutive vimentin phos-
phatase activity, inferred from our studies, may be involved in
maintaining IFs in the assembled form in interphase cells.
When the kinase-phosphatase equilibrium is altered, as in
mitosis, the consequent elevation of vimentin phosphorylation
would favor disassembly (3, 5). In further support of this, there
is evidence for a cell-cycle-dependent cytoskeletal transloca-
tion of PP1 (34) that may allow phosphorylation of selected
cellular components, such as nuclear lamins (35) and vimentin
(3-5) by p34<92 during mitosis. The two preferential dephos-
phorylation sites in normal interphase cells, as indicated by the
peptide maps, may be especially important in the regulation of
vimentin dynamics. Regulation of the phosphorylation states
of vimentin and perhaps keratin may also underlie the mech-
anisms involved in the exchange between IF protein subunits
and polymers recently elucidated by studies employing mi-
croinjection and fluorescence recovery after photobleaching
(36, 37). It is noteworthy that the reversible effects of cl-A on
IF structure should make it useful for in vivo studies on the role
of phosphorylation in IF assembly and function. Overall, the
data available support the intriguing idea that an orchestrated
activation and deactivation of protein phosphatases and ki-
nases, such as PP1 and p34<4<2, could account for the dynamic
properties of IFs seen during different phases of the cell cycle.
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