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Keratins undergo highly dynamic events in the epithelial cells that 
express them. These dynamic changes have been associated with 
important cell processes. We have studied the possible role of keratin 
phosphorylation·dephosphorylation processes in the control of these 
dynamic events. Drugs that affect the protein phosphorylation metab­
olism (activators or inhibitors of protein kinases or protein phospha­
tases) have been used in two different dynamic experimental systems. 
First, the behaviour of keratins after the formation of cell heterokary­
ons, and second, the assembly of a newly synthesised keratin after 
transfection into the pre-existing keratin cytoskeleton. The main dif­
ference between these two systems stems on the alteration of the 
amount of keratin polypeptides present in the cells, since in hetero­
karyons this amount was unaltered whilst in transfection experiments 
there is an increase due to the presence of the transfected protein. We 
observed in both systems that the inhibition of protein kinases led to a 
delayed dynamic behaviour of the keratin polypeptides. On the con­
trary, the inhibition of protein phosphatases by okadaic acid or the 
activation of protein kinases by phorbol esters promoted a substantial 
increase in the kinetics of these processes. Biochemical studies demon­
strate that this behavioural changes can be correlated with changes in 
the phosphorylation state of the keratin polypeptides. As a whole, 
present results indicate that the highly dynamic properties of the kera­
tin polypeptides can be modulated by phosphorylation. 

1) Dr. Jesus M. Paramio, Cell and Molecular Biology Program, 
ClEM AT (IMA), Av. Complutense 22, E-28040 Madrid/Spain, e-mail: 
chus@ciemat.es, Fax: ++913466393. 

Introduction 

Eukaryotic cells contain three separate cytoskeletal systems: 
microtubules, microfilaments and intermediate filaments (IF). 
In epithelial cells the IF cytoskeletal network is composed by 
heteropolymers of the type I and type II IF proteins, acidic 
and neutral basic keratins (for recent reviews see [4, 11, 18,41, 
45]). These proteins form a dense network that radiates from 
the nuclear surface to the cell surface where they interact with 
desmosomes [20]. The heteropolymeric nature of keratin IF, 
containing equimolar amounts of type I and type II polypep­
tides, reflects the requirement of heterodimers in assembly 
[12,33]. Moreover, the expression of the different members of 
the type I and type II keratins appears to be tissue- and 
differentiation-specific, in such a way that any epithelial cell 
can be characterised by the specific combination of keratins 
which it expresses [35, 46]. However, in vitro reconstitution 
experiments revealed that any equimolar combination of 
type I and type II polypeptides lead to the formation of IF 
[22]. 

Due to their highly insoluble biochemical behaviour, the IF 
proteins in general, and the keratins in particular, have been 
considered the least dynamic protein constituents of the cell 
cytoskeleton. However, there is a large and a still growing 
body of evidence indicating that these proteins undergo highly 
dynamic interchange processes (for reviews see [20, 42, 44, 
45]). In fact, transfection [2, 3, 26, 39], microinjection [33, 34] 
and heterokaryon formation [38] experiments have suggested 
that these proteins exist as soluble unpolymerized forms in a 
dynamic equilibrium with insoluble, polymerised filamentous 
forms. This soluble pool has been recently characterised [7, 
38]. Moreover, during certain cellular events in vivo, the IF 
cytoskeleton is reorganised. This is particularly evident during 
mitosis affecting the nuclear lamins [40], although similar 
changes have been described in certain cases for cytoplasmic 
IF [15, 30]. Processes of phosphorylation-dephosphorylation 
have been implicated in the assembly-disassembly of these IF 
structures [8-10, 40, 47]. In fact, these processes have been 
suggested to modify the structural properties of some of these 
proteins [14, 27] (for a review see [42]). Moreover, certain iso­
types of protein kinase C appear to be closely associated with 
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and involved in the phosphorylation of the keratins in cultured 
epithelial cells [37], although phosphorylation does not seem 
to play any obvious role in generating the soluble pool of sub­
units in simple epithelial cells [7] . 

In a recent study we have observed that different keratin 
polypeptides displayed a different dynamic behaviour related 
to their relative amounts in the soluble pool [38]. In fact, we 
fused two different types of epithelial cells and studied by 
immunofluorescence how the keratins from the parental cells 
recombine and copolymerise to form the heterokaryon cyto­
skeleton . In this process , the parental cytoskeletons undergo a 
depolymerisation event most apparent in the region adjacent 
to the fusion area. Afterwards the depolymerised subunits 
spread throughout the heterokaryon and copolymerise into 
the hybrid cytoskeleton in a very fast process, occurring in 4 to 
9 hours, but depending on the keratin under study, KS, K8 and 
K18 being faster than K14, which requires 16 to 24 hours. We 
also analysed the involvement of phosphorylation in such dif­
ferential dynamics, and we observed that this process was 
apparently not involved [38]. However, we could not rule out 
the possibility that phosphorylation can indeed play a func­
tional role in keratin dynamics modifying the overall solubility 
of the keratin polypeptides . The studies on the role of protein 
phosphorylation in different biological processes, implicate in 
most cases the inhibition or activation of the cellular systems 
governing these processes. In this regard, a commonly used 
approach is to inhibit different protein kinase or phosphatase 
activities using various drugs (see for instance, [14, 27]). In 
this work, we have studied the possible role of phosphoryla­
tion and dephosphorylation on the dynamics of keratin poly­
peptides using a similar approach by analysing the changes, 
due to alterations in protein kinases and phosphatase activi­
ties , in two previously studied different dynamic situations: a) 
reorganisation and copolymerization events occurring after 
heterokaryon formation [38], and b) the assembly of a newly 
synthesised keratin in the pre-existing keratin cytoskeleton 
after transfection [39]. The main difference between these two 
experimental approaches consists in the fact that the first rep­
resents the study of reorganisation of keratins without alter­
ation of the total amount present in the cells, whilst the second 
represents a forced disruption of the pre-existing equilibrium 
between the soluble and insoluble forms due to the synthesis 
of the transfected keratin. In both systems our results demon­
strate that the phosphorylation-dephosphorylation events play 
a crucial role on the dynamic behaviour of the keratin poly­
peptides in the cells. 

Materials and methods 

Chemicals 
To inhibit protein kinases staurosporine (Sigma, St. Louis, MO/USA) 
and 6-dimethylaminopurine (6-DMAP; Sigma) were used and added 
to the cultures in a final concentration of 0.1 11M and 1 mM respec­
tively. Okadaic Acid (Boehringer Mannheim, Mannheim , Germany) 
was used at 111M, and phorbol-12-myristate-13 acetate (TPA) (Sigma) 
was used at 10 nM. Calf intestine alkaline phosphatase was obtained 
from Boehringer Mannheim, and was used following the manufac­
turer's recommendations. 

Cell culture and fusion 
PtK2 and BMGE+ H cells were cultured as described [39] . 
BMGE+HxPtK2 cell hybrids were generated by polyethyleneglycol 
1500 (Boehringer Mannheim , Mannheim, Germany) treatment as pre-

viously described [38]. During the fusion experiments 50 11M cyclohex­
imide (Boehringer Mannheim, Mannheim, Germany) was used to 
inhibit protein synthesis. 

Transfection 
pCMVklO and the transfection procedures have been described else­
where [39]. The expression of the transfected keratin in synthesis and 
chase experiments was essentially as described previously for immuno­
fluorescence analysis [39] . Immunoprecipitation analysis of phosphor­
ylated forms of acidic keratins were performed essentially as described 
[7] using AEI monoclonal antibody (ICN, Costa Mesa, CAIUSA) 
after labelling the cells for 1 hour with 500 I1Ci/ml of inorganic [32p] 
(Amersham, Roosendaal , The Netherlands) in phosphate-deficient 
medium (Sigma, St. Louis , Mo/USA). 

Immunofluorescence 
Cells grown on glass coverslips were fixed and processed for immuno­
fluorescence staining as described [39 , 38]. Primary antibodies were 
against K5 (1: 500 dilution of a r abbit antiserum kindly provided by Dr. 
D . Roop, Baylor College, Houston, T/USA) and undiluted superna­
tant from LE61 hybridoma reacting with K18 (kindly provided by Dr. 
E . B. Lane, CRC Labs, Univ. Dundee , Dundee, UK). K8.60 (Sigma) 
diluted to 1 :40 was used to detect transfected KlO. TROMA 1 (1 : 10 
dilution) was used to stain the endogenous PtK2 keratin cytoskeleton . 
Fluorochrome-conjugated secondary antibodies were purchased from 
Jackson Immunoresearch (West Grove, PAIUSA) and used as 
described elsewhere [38, 39] . The results were obtained by counting at 
least three independent experiments scoring at least 100 transfected 
cells or heterokaryons on each, and were represented as mean ± SD. 

In vitro phosphorylation 
Cells were cultured in the presence or absence of the different inhibi­
tors for 16 h. At this time, cells were washed , and phosphate-deficient 
medium with or without inhibitors and supplemented with 500 I1Ci of 
[32p]04Na2 (lOmCi/ml; Amersham, Roosendaal, The Netherlands) 
was added. Cells were incubated under these conditions for one hour. 
Afterwards, cells were exhaustively washed, and cytoskeletal fractions 
were obtained as described [1] . Analysis of the cytoskeletal fractions 
was performed using polyacrylamide gel electrophoresis in the pres­
ence of SDS or using 2-D gel electrophoresis (NEpHGE+SDS PAGE) 
as described by [1). Immunoprecipitation was performed as described 
(7] using either rabbit anti-K5 antiserum or AEI monoclonal antibody. 
To detect transfected KlO a 1 : 10000 dilution of the KS.60 monoclonal 
antibody was used in Western blots as described [39]. To analyse the 
half-life of keratin polypeptides in the cytoskeletal fraction of 
BMGE+ H cells, a pulse-chase experiment was performed. Briefly, 
cells were cultured in Met-deficient DMEM medium supplemented 
with hormones (see above), 20 % dialysed FCS and l00,...Ci/ml of 
pSS)Met for 1 h. Afterwards cells were washed with PBS, and non­
radioactive medium was added . Cells were cultured under this condi­
tions for different times. Afterwards, keratin-enriched cytoskeletal 
fractions were obtained and analysed in 9 % SDS-PAGE according to 
the method of [1], flu orography of the obtained gels was performed 
using En3Hance (DuPont, NEN, Boston, MA/USA). 

Results 
The possible involvement of phosphorylation-dephos­
phorylation events in the dynamic behaviour of keratin poly­
peptides has been studied. To this end, drugs that inhibit or 
increase the rate of protein phosphorylation in cultured cells 
were used in two different experimental approaches . On the 
one hand an approach similar to the nearly steady state equi­
librium using cell heterokaryons [38], and, on the oth'er hand, 
one related to the dynamic incorporation of a newly synthe­
sised keratin into the pre-existing keratin cytoskeleton upon 
transfection [2,3,39]. 
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Keratin polypeptides undergo a high 
phosphorylation turnover 
Due to the highly dynamic exchange processes that keratin 
polypeptides exhibit in living cells, the possible association of 
phosphorylation and dephosphorylation with these events 
implies that these polypeptides must undergo a high phos­
phorylation turnover. This possibility has been explored by 
pulse-chase experiments using BMGE+H cells. Cells were 
cultured for one hour in the presence of 32p and afterwards the 
radioactive medium was discarded and replaced by non­
radioactive medium. Under these conditions, cells were cul­
tured for different periods after which cytoskeletal fractions 
were obtained and analysed by SDS-PAGE, and the gels were 
autoradiographed. Fig. 1a represents Coomassie staining of 
the gels and Fig. 1a' the corresponding autoradiographs. As 
can be observed, immediately after labelling (t = 0 on Fig. 1a 
and a/) the amount of 32p incorporated into the keratin frac­
tion is high, however it decreases very rapidly during the chase 
period thus demonstrating that keratin phosphorylation 
undergoes a very high turnover. On the other hand, both K5 
and K14 shared similar turnover, and only minor differences 
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Fig. 1. Keratins undergo a high phosphate turnover as demonstrated 
by pulse-chase experiments. BMGE+H cells were labelled with 32p for 
1 h , at this time the cells were washed and incubated with non­
radioactive medium for different periods (0, 2, and 4 h). Cytoskeletal 
preparations were obtained and analysed by SDS-PAGE and Coomas­
sie staining (a) and autoradiography (a'). Note that without major 
alterations in the amount of keratin at each time point, there is a very 
rapid decrease in the 32p content. b) Labelling with [35S]Met demon­
strates a very low turnover of keratin polypeptides. c) Corresponding 
densitograms for 32p (closed symbols) and 35S (open symbols) content 
of keratin KS (circles) and K14 (squares) . 
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can be observed in the initial amount of 32p incorporated in 
these polypeptides, K14 being slightly less phosphorylated 
than K5. To exclude the possibility that the observed turnover 
of phosphorylation was due to the turnover of keratin poly­
peptides, a similar experiment was performed by labelling the 
cells with [35S]Met instead of 32p' The corresponding fluoro­
graphs are shown in Fig. lb. In this case the turnover of kera­
tin polypeptides appeared to be very slow. To compare the 
turnover of the keratin polypeptides and their phosphoryla­
tion, densitometric analysis was performed. This analysis 
clearly confirms the differences between these two turnover 
processes as shown in Fig. 1c. 

Keratin dynamics in heterokaryons is aRected 
by phosphorylation 
We have recently reported the dynamic behaviour of keratins 
in cell heterokaryons [38]. To study the effects of protein phos­
phorylation in the dynamics of keratins the same experimental 
approach was used. Fusion experiments between BMGE+ H 
and PtK2 cells were performed, but the reorganisation process 
was followed in the presence or absence of different chemi­
cals. In this regard , we used 6DMAP and staurosporine as 
protein kinase inhibitors, okadaic acid as a protein phospha­
tase inhibitor, and TPA as an activator of protein kinase C. We 
followed the fate of K5 and K18 by double immunofluores­
cence using monospecific antibodies. Some examples of the 
results are shown in Fig. 2 and summarised in Fig. 3. As can be 
seen in control experiments in the absence of chemical treat­
ment, the separate cytoskeletons of unfused parental cells 
(Fig.2a) rapidly recombine in the fusion region (Fig. 2b). 2 h 
after the fusion, the parental nuclei are re-localised in the cen­
tral region of the heterokaryon and there is only partial reor­
ganisation of the two parental keratins in the heterokaryon 
cytoplasm (Fig. 2c). The process is, in most of the cases, fin­
ished after 6 h post fusion (Fig. 2d), being characterised by the 
complete reorganisation of the parental keratins in a hybrid 
cytoskeleton in which the parental polypeptides are colocal­
ised in the same filaments. The presence of drugs causing the 
increase in protein phosphorylation, either by activating pro­
tein kinase C (Fig.2e) or inhibiting protein phosphatases 
(Fig.2g), increases the kinetics of such processes and only 
after 2 h post fusion there are a high number of heterokaryons 
showing the complete reorganisation of the keratin polypep­
tides . On the contrary, the inhibition of protein kinases , either 
by staurosporine (Fig.2f) or 6DMAP (Fig. 2h), results in a 
considerable delay in the process of keratin reorganisation . In 
fact, after 6 h post fusion most of the heterokaryons displayed 
a partial re-distribution and a minor co-localisation of the 
parental keratins, in a pattern very similar to that displayed in 
control experiments after only 2 h post fusion (Fig. 2c). These 
effects are clearly shown by the quantitative analysis of the 
percentage of heterokaryons with a complete reorganisation 
of keratin K5 in the hybrid cytoskeleton at different times 
after fusion (Fig. 3). With respect to the architectural organisa­
tion of the keratin IF, cells treated with TPA (Fig. 2e) or with 
okadaic acid (Fig. 2g) displayed a somehow architecturally 
altered keratin cytoskeleton , characterised by short and 
twisted filaments and small keratin clumps, that formed a ker­
atin network clearly different from that observed in untreated 
cells (Fig.2d). This indicates that, besides increasing the 
dynamic reorganisation of keratins, these drugs provoked 
deep alterations in the overall architectural distribution of the 
keratin filaments in the cells. 
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Fig. 2. Examples of keratin dynamics in PtK2IBMGE+ H cell het­
erokaryons. At different times after fusion cells were stained with 
LE61 against keratin K18 (FITC labelling) and K5 using a rabbit poly­
clonal antiserum (Texas Red labelling). Note in unfused control cul­
tures the two separate cytoskeletons ( a) that 30 min after fusion begin 
to merge at the fusion area (b). After 2 h (c) the spreading and co­
localisation (denoted by yellow staining) of the two parental keratins is 
limited to certain areas of the heterokaryon. The process is complete 

after 6h (d). The presence ofTPA (e) or okadaic acid (g) during the 
fusion accelerates this process and complete reorganisation of hybrid 
cytoskeleton is observed at 2 h post fusion. The inhibition of protein 
kinases either by staurosporine (f) or 6DMAP (g) treatment delayed 
the process, and the reorganisation observed after 6 h post fusion is 
similar to that displayed in control untreated cells after 2 h post fusion. 
Bars = lO!!m. 
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Fig. 3. Summary of keratin K5 dynamics in cell heterokaryons. At 2 
or 6 hours after the fusion of BMGE+ Hand PtK2 cells the distribu­
tion of K5 and K18 was followed by immunofluorescence in the 
absence (control) or presence of different drugs as in Fig. 2. The num­
ber of cell hybrids in which K5 showed a complete spreading and co­
localisation with K18 (see Fig. 2d , e or g) was determined for each time 
point. Results are the mean ± S.D. obtained from three to five inde­
pendent experiments scoring at least 200 fusions for each experiment 
at each time. 

Different drugs affect keratin phosphorylation 
The altered dynamic behaviour of the keratins observed after 
the in vitro treatment with the different drugs could be attrib­
uted to the alteration of essential mechanisms in the cells (an 
indirect effect) and/or to alterations of the keratin phosphory­
lation state (a direct effect) . To confirm that the treatments 
directly altered keratin phosphorylation, we studied this in 
BMGE+H cells after incubation with the above mentioned 
different drugs. As expected, in untreated control cells there is 
a considerable incorporation of 32p (Fig. 4a, a ' ), however, the 
treatment with TPA (Fig. 4b, b ' ) and okadaic acid (Fig. 4c, c') 
promoted an increase in the incorporation of 32p into keratins. 
On the contrary, treatment of the cells with protein kinase 
inhibitors staurosporine (Fig . 4d, d') and 6-DMAP 
(Fig. 4e, e') decreased the keratin phosphorylation. These 
results demonstrate that the changes in the dynamic behaviour 
observed can be correlated to changes in keratin phosphoryla­
tion , although the alteration of other cellular mechanisms 
independent of keratin phosphorylation but affecting the 
dynamics of these polypeptides can not be totally excluded . 

Soluble keratins are predominantly 
phosphorylated 
The above results strongly suggest that the increase in phos­
phorylation increases the dynamic behaviour of the keratin 
polypeptides. We have previously demonstrated that 
enhanced dynamics corresponded to the amount of keratin 
polypeptides in the soluble pool [38]. In this regard we have 
also shown that the different dynamics displayed by K5 and 
K14 in this system is not attributed to different phosphoryla­
tion of these two polypeptides [38]. However, we did not rule 
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Fig. 4. The different drug treatments modify keratin phosphoryla­
tion . BMGE+H cells were labelled for 30 min with 32p in the absence 
(a, a') or presence of TPA (b, b'), okadaic acid (c, c'), staurosporine 
(d, d') , or 6DMAP (e, e ') . Cytoskeletal extracts were obtained and 
processed by 2D gel electrophoresis (NEpHGE+SDS-PAGE) . The 
corresponding gels were stained with Coomassie (a~) and autoradio­
graphed (a'~'). Note the increase in phosphate content in samples 
after TPA or okadaic acid treatment and the decrease in those treated 
with staurosporine or 6DMAP. The corresponding position for each 
keratin is denoted by arrowheads in (a, a') . P represents in (a~) the 
phosphoglycerate kinase added to the extracts as a marker. Arrows in 
(a'~') represent the presence of heterocomplexes which are not dis­
rupted by electrophoresis in the first dimension (NEpHGE). 

out the possibility that phosphorylation can increase or 
decrease the soluble amount for a certain keratin . To this, we 
have analysed the relative phosphorylation of K5 in the solu­
ble and insoluble fractions. BMGE+H cells were cultured for 
1 h in the presence of 32p and the soluble and insoluble frac­
tions were obtained after Triton X-tOO and low salt extraction, 
and keratin K5 was immunoprecipitated using a rabbit antise­
rum against this polypeptide and analysed by SDS-PAGE and 
autoradiography. In advance the amount of K5 in these two 
fractions was analysed by Western blotting using the same 
antiserum, and was normalised in order to obtain similar 
amounts of the same polypeptide in the two fractions 
(Fig. 5a, b). This corresponded to approximately 50 times 
more K5 in the insoluble polymerised fraction (not shown) . 
Afterwards, the same fractions were immunoprecipitated with 
the anti K5 antiserum and the 32p content in this polypeptide 
was analysed. The results obtained (Fig.5b') demonstrate a 
higher phosphate content in the soluble (Fig. 5b', lane sol) 
than in the insoluble (Fig. 5b', lane fil) pool of keratin K5 . 
Since the immunoprecipitation procedure removes the vast 
majority of keratin K5 present in the soluble fraction (Fig. 5a, 
lane dep), and the treatment with alkaline phosphatase does 
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Fig. 5. Phosphorylated keratins are mostly present in the soluble 
pool. Soluble and insoluble pools from BMGE+H cells were analysed 
by Western blot or after 32P-labelling by immunoprecipitation using a 
polyclonal antibody against KS. a) Western blot of soluble fraction 
(lane sol), soluble fraction after immunoprecipitation of KS (lane dep) 
or filamentous fraction (lane fil) indicating that similar amounts of KS 
were loaded in each lane and that immunoprecipitation removes the 
vast majority of soluble KS. b) Western blot of similar amounts of KS 
from insoluble (lane fil), soluble (lane sol) or soluble fraction after 
phosphatase treatment (lane sol+CIP) demonstrates that the antibody 
reacts equally with phosphorylated and non-phosphorylated KS, b') 
Similar experiments to those in (b) were performed, but instead of 
Western analysis, 32P-labelling and immunoprecipitation was per­
formed, The precipitates were analysed by SDS-PAGE and autoradi­
ography. Note the low 32p label associated with the insoluble pool (lane 
fi/) compared to the soluble pool (lane sol). c and c') Similar experi­
ments to those shown in b, b' but instead of using anti-KS antibody, 
RCK107 antibody against K14 was used in Western analysis (c). Immu­
noprecipitation of 32P-labelled soluble (lane sol) or filamentous (lane 
fi/) fractions of BMGE+H cells are shown in (c') indicating that K14 in 
the soluble fraction is also preferentially phosphorylated. 

not alter the ability of the antiserum to react with K5 (indicat­
ing that the antibody does not preferentially recognise the 
phosphorylated forms of this polypeptide Fig. 5b and b' , lanes 
sol+CIP), these results clearly indicate that the soluble form 
of K5, which is the main form implicated in the dynamic 
exchange [38], is preferentially phosphorylated compared to 
K5 in its polymeric filamentous form. 

K5 and K14 displayed a very different dynamics with respect 
to their abilities to redistribute and rebuild the heterokaryon 
cytoskeleton [38], K14 being delayed with respect to K5. 
Therefore, a similar approach was used to determine the levels 
of K14 phosphorylation in the soluble and insoluble fractions. 
From equivalent amounts of this protein in the soluble and fil­
amentous fractions (Fig.5c) the analysis of 32p content by 
immunoprecipitation (Fig. 5c') again demonstrates the prefer­
ential phosphorylation of the soluble forms of K14. These 
results reinforce the above mentioned data suggesting that the 
soluble keratins display increased phosphorylation with 
respect to the polypeptides in the filamentous polymerised 
form. On the other hand, given the different dynamics dis­
played by K5 and K14 in cell heterokaryons [38], these results 
indicate that keratin phosphorylation does not seem to be the 
main mechanism responsible for such differential dynamics, in 
agreement with our previous observations [38]. 

Keratin Kl0 incorporation into PtK2 
cytoskeleton is aHeded by diHerent drugs 
The preceding results indicate that the reorganisation of the 
keratin cytoskeleton is affected by phosphorylation, probably 
by increasing exchange of subunits between the soluble and 
filamentous forms of keratins. The existence of similar pro­
cesses during the integration of a newly synthesised keratin 

' UI. 

into the pre-existing cytoskeleton was studied after transfec­
tion experiments. To this, the process of integration of keratin 
KID after transfection into PtK2 simple epithelial cells was 
selected [39]. Early after transfection, KlO forms clumps and 
aggregates (Fig.6a) that caused the endogenous keratin 
(Fig.6a'), tubulin and actin cytoskeletons to collapse (not 
shown, see also [39]). From these structures, KlO appeared to 
integrate into a filamentous keratin network (Fig. 6c, c') 
through the formation of an intermediate phenotype charac­
terised by the simultaneous presence of clumps and filaments 
in the cells (Fig. 6b, b'). By means of pulse-chase experiments 
(synthesis of the transfected keratin was allowed for 12 h, and 
afterwards protein synthesis was inhibited) in which the rela­
tive abundance of these three phenotypes was studied, we pre­
viously demonstrated that this process of integration is medi­
ated by dynamic interchange events [39]. 

The effect of protein phosphorylation in the process of KlO 
integration was studied by adding the above mentioned drugs 
to the transfected cells. Some of the results are shown in Fig. 7 
and summarised in Fig. 8. We found that in cells treated with 
drugs leading to a decrease in the protein phosphorylation, 
KlO mostly appeared as aggregates (Fig. 7a, band 8) which 
caused the endogenous keratin cytoskeleton to collapse 
(Fig. 7a' , b') indicating a delayed integration process. On the 
contrary, those agents promoting an increase in the protein 
phosphorylation accelerated the integration of newly synthe­
sised KlO into the pre-existing keratin cytoskeleton of the 
transfected cells, since the vast majority of the transfected 
cells treated with TPA or okadaic acid exhibited KlO inte­
grated into filaments (Fig. 7c, c' , d, d') in a higher proportion 
than transfected cells in the absence of chemical treatments 
(Fig. 8). 

Keratin Kl0 is phosphorylated during its 
integration into the endogenous filamentous 
network 
The above described results suggest that the increase in phos­
phorylation wi11lead to an accelerated integration of KlO into 
the endogenous filaments. To analyse this possibility, the 
changes in KlO phosphorylation during its integration into the 
endogenous keratin cytoskeleton were studied. 

Western blot analysis of the expression of KlO at different 
times after transfection (pulse-chase experiments in the 
absence of protein synthesis [39]) revealed that, as the time 
increases, KlO is resolved into two discernible bands (arrow­
heads in Fig.9a), suggestive of a posttranslational modifica­
tion of KlO. Interestingly, the presence of the upper band 
coincides with the kinetic evolution from clumps to filaments 
observed in the integration of KlO after transfection (Fig. 9b; 
see also [39]). To test whether this modification corresponded 
to changes in phosphorylation, immunoprecipitation experi­
ments with mAb AEI were performed using cell extracts from 
KlO-transfected PtK2 cells under synthesis (pulse) and chase 
conditions, after 1 hour of labelling with 32p' The results 
obtained (Fig.9c) demonstrate that concomitantly with the 
integration of KlO into the endogenous keratin cytoskeleton 
of PtK2 cells there is an increase in the phosphorylation state 
of KlO, thus confirming the role of this modification in the 
integration processes. Interestingly, the band corresponding to 
endogenous type I keratin (probably K19) also showed an 
increase in phosphorylation. 
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Fig. 6. Examples of the different phenotypes generated upon trans­
fection of KIO into simple epithelial PtK2 cells. Early after transfec­
tion , most of the transfected cells displayed KlD as aggregates (a) that 
caused the endogenous cytoskeletons to collapse (a'). At later stages 
these aggregates evolve to an intermediate phenotype characterised by 
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the presence of small aggregates and filaments of the transfected KIO 
(b) and the endogenous keratins (b') . The final stage is the complete 
integration of KIO (c) into the endogenous cytoskeleton (c'). Double 
immunofluorescences using KS.60 (a-il) against KlO and Troma 1 
against KS (a'-iI') were performed as described [39]. Bars = 10 11m. 
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Fig. 8. Effect of different drugs on the assembly of transfected kera­
tin KlO into the endogenous keratin cytoskeleton in PtK2 cells. At 48 
hours after transfection the percentage of transfected cells showing 
KlO as perinuclear non-filamentous aggregates was determined. Note 
that the treatments causing the inhibition of protein phosphorylation 
almost inhibited the integration of transfected KlO, while those 
increasing the phosphate content accelerated the process. Values are 
derived from three independent experiments scoring at least 100 trans­
fected cell for each time point and represent mean ± S.D. 

Discussion 

Our aim was to study the possible role of phosphorylation on 
the dynamics of the keratin polypeptides . We found that the 
activation or inhibition of cellular mechanisms responsible for 
protein phosphorylation led to alterations in the dynamic 
behaviour of keratin polypeptides, studied either in cell het­
erokaryons or after transfection. 

Although keratins are considered to be relatively inert cyto­
skeletal elements due to their biochemical properties , differ­
ent experimental approaches have demonstrated their 
dynamic nature. Moreover, the involvement of keratin muta­
tions in the aetiology of different skin blistering diseases (see 
for reviews [10,16,17,29,31,45]) has raised interest in know­
ing the molecular mechanism responsible for the assembly and 
dynamics of the keratins. In many cases, dynamic processes of 
IF polypeptides have been shown to be associated with phos­
phorylation/dephosphorylation events (see for reviews [42, 
45]). Taking into account the highly dynamic nature and the 
slow turnover of these polypeptides in living cells, this associa­
tion implies that keratin polypeptides must suffer a high phos­
phorylation turnover. In fact , this high turnover has been 
reported for vimentin, a type III IF protein [14], and a high 
phosphorylation rate occurs in mouse keratinocytes upon 
treatment with okadaic acid [27]. Pulse-chase experiments 
presented here (Fig. la, a', c) clearly demonstrated that in 

.... Fig. 7. Examples of double immunofluorescences using K8.60 (a-d) 
against KlO and Troma 1 against K8 (a'-d') after transfection of KlO 
into PtK2 cells in the presence of staurosporine (a, a') , 6DMAP 
(b,b') , TPA (c,e') or okadaic acid (d,d'). Bars = lOflm. 
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Fig. 9. Keratin KlO is phosphorylated concomitantly with its integra­
tion into the endogenous keratin cytoskeleton after transfection of 
PtK2 cells. Transfection and synthesis and chase experiments were per­
formed as described [39]. a) Total protein extracts after transfection 
experiments at different times after protein synthesis blockage were 
analysed by Western blotting using K8 .60 antibody along with protein 
extracts from human epidermis (lane h.e) and non-transfected PtK2 
cells (lane n.t.). Note the presence of two discernible bands for KI0 
(denoted by arrowheads) at later times after protein synthesis block­
age. These time points correspond to the widespread integration of 
KlO into the endogenous keratin cytoskeleton as shown in b) . In paral­
lel experiments, cultures were labelled for 1 h with 32p, and total 
extracts were immunoprecipitated using mAb AEI which in PtK2 cells 
also reacts with the endogenous K19 (see [39]). Precipitates corre­
sponding to the different time points of protein synthesis blockage 
were analysed by SDS-PAGE and autoradiography (c) . Note the 
increase in 32p content in KlO when this protein is integrated into 
endogenous filaments at 9 h. 

untreated cultured cells the keratins undergo a very high phos­
phorylation turnover, which is in contrast to the turnover of 
the keratin polypeptides themselves (Fig. lb, c) which 
appeared to be very slow. Similar slow polypeptide turnover 
has been described for rat liver keratins [13] and for vimentin 
[32] . 

Among the possible factors which can influence the soluble 
pool of IF proteins , phosphorylation appears to be an attrac­
tive regulator. In vitro phosphorylation of filamentous vimen­
tin [8 , 9, 24], rat liver keratins 8 and 18 [48], desmin [23], and 
neurofilaments [21] caused the disassembly of the filaments. 
On the other hand , the analysis of the phosphorylation state 
of the soluble fractions of vimentin [6 , 25, 28, 43], keratins [7, 
19] or neurofilaments [5, 36] suggested that phosphorylations 
are not involved in the generation of such soluble pools. Our 
previous results using cell heterokaryons suggested that the 
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dynamic nature of the keratins is related to the existence of 
such soluble pools [38]. The results presented here, using the 
same system of heterokaryon formation, demonstrate that the 
treatment with TPA or okadaic acid led to an increased 
dynamic behaviour (Fig. 2 and 3). We also demonstrated that 
these changes are associated with increased keratin phosphor­
ylation (Fig. 4) and that phosphorylation affects preferentially 
the soluble form of the keratins (Fig. 5). A similar increase in 
the solubility of phosphorylated keratins has been described 
for mouse keratinocytes treated with okadaic acid [27]. On the 
other hand, the analysis of phosphorylation using G2/M­
arrested cells in which there is an increased solubility of kera­
tins showed no differences in the phosphorylation level 
between soluble and insoluble proteins [7]. Taking into 
account the high turnover of phosphorylation, the differences 
observed between the results presented here and those of Dr. 
Omary's group [7] could probably be attributed to the period 
of labelling. However, using relatively short labelling periods 
we have also observed an increase in phosphorylation of the 
polymerised keratins as a consequence of the okadaic acid and 
TPA treatment (Fig. 4), suggesting that the treatment of the 
cells also induced the phosphorylation of the filamentous 
forms of keratins. Another explanation for such apparent dif­
ferences may be changes in the phosphorylation sites and/or 
the stoichiometry of phosphorylation. Alternatively, this 
increase in phosphorylation of the polymerised keratin frac­
tion could be due to the integration of the previously phos­
phorylated soluble subunits. In this regard, we also observed 
an increase in phosphorylation during the integration of a 
newly synthesised keratin into the pre-existing filament scaf­
fold (Fig. 9). In fact, this process is favoured by TPA or 
okadaic acid treatments upon transfection (Fig. 8), the trans­
fected keratin KlO being phosphorylated during the process of 
incorporation (Fig. 9). These data reinforce the possibility that 
phosphorylation of soluble subunits increases interchange 
with filamentous polymerised keratins. 

Collectively, the results presented here demonstrate that the 
dynamics of keratins in cells is highly dependent on processes 
of protein phosphorylation which affect keratin polypeptides, 
and suggest that the phosphorylation of soluble subunits 
favours their interchange with those in the filamentous poly­
merised state. 
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