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Alcoholic hepatitis is a disease associated with pro- 
found alterations of the hepatocytic intermediate 
filament cytoskeleton. Similar cytoskeletal alterations 
can be induced in mice with prolonged feeding of the 
fungistatic drug griseofulvin. Murine hepatocytic in- 
termediate filaments are composed of equimolar 
amounts of keratin polypeptides A (type 11) and D (type 
I). Griseofulvin intoxication of mice leads to dimi- 
nution, derangement and even loss of the cytoplasmic 
keratin meshwork and formation of keratin- 
containing cytoplasmic inclusions, termed MUZZOFY 
bodies. To study protein alterations leading to distur- 
bance of keratin filament architecture, soluble keratin 
polypeptides and keratin filaments were purified from 
griseofulvin-damaged and control mouse livers. In 
griseofulvin-damaged livers, more acidic isoforms oc- 
curred in soluble keratin D, whereas the corresponding 
filaments had a polypeptide composition similar to that 
in controls. In uiuo [32P]orthophosphate incorporation 
revealed that the shift of isoelectric forms toward more 
acidic spots was due to hyperphosphorylation of 
keratin D. The nature of the kinase(s) involved has yet 
to be elucidated. In addition, rapid proteolysis only of 
soluble keratin A was detected in U ~ ~ F O ,  and there is 
evidence for increased proteolysis in griseofulvin 
damage in uiuo. The enzyme involved has features of a 
calpain-type protease. Posttranslational modifications 
play a substantial role in the disturbance of keratin 
intermediate filament homeostasis in uiuo. (HEPA- 
TOLOGY 1994;20:731-740.) 

The IF cytoskeleton of hepatocytes is composed of 
equimolar amounts of two keratin polypeptides: K8 

Received December 30, 1993; accepted March 30, 1994. 
This work is dedicated to Professor Gustav Paurngartner, Munich, on the 

occasion of his birthday. 
This work was supported by the Fonds zur Farderung der Wissenschaftlichen 

Forschung (Otto-Loewi-Fellowships K 0019-Med and K 0051-Med to H. 
Salmhofer and grants 7628-Med and 8814-Med to H. Denk and K. Zatloukal) and 
by the Franz-Lanyar-Stiftung (University of Graz). 

Other abbreviations used i n  the text: EDTA, ethylenediaminetetraacetic acid; 
IF, intermediate filament; K-A, keratin polypeptide A; K-D, keratin polypeptide 
D; MB, Mallory body; PBS, phosphate-buffered saline solution; PI, isoelectric 
point; PMSF, phenylrnethylsulfonylfluoride. 

Address reprint requests to: Dr. Helmut Denk, Institute of Pathology, 
Auenbruggerplatz 25, A-8036 Graz. Austria. 

Copyright 0 1994 by the American Association for the Study of Liver 
Diseases. 

0270-9139/94 $3.00 + 0 31/1/57194 

(type 11, neutral-basic PI) and K18 (type I, acidic PI) in 
human liver (11, corresponding to K-A (type 11) and K-D 
(type I) in mouse liver (2). Several diseases are associated 
with disturbances of IF architecture (3). One of the best 
studied examples among these is alcoholic hepatitis in 
human beings. Alcoholic hepatitis is a severe form of 
alcoholic liver disease that links reversible fatty liver 
with irreversible cirrhosis. It characteristically leads to  
profound alterations of the hepatocytic IF cytoskeleton 
(i.e., derangement, diminution and even loss of keratin 
meshwork in hepatocytes) and appearance of keratin- 
containing cytoplasmic inclusions, termed Mallory 
bodies (4, 5) .  Cytoskeletal changes closely resembling 
those associated with alcoholic hepatitis can be induced 
in liver cells of mice by feeding of the antimicrotubular 
fungistatic drug griseofulvin (6, 7). Griseofulvin- 
induced liver damage shows a typical pattern of alter- 
ations: two to four months of griseofulvin feeding causes 
fully developed IF cytoskeleton changes and MB for- 
mation. These changes are reversible; the cells can 
recover from intoxication and reestablish a normal 
keratin meshwork within several months of cessation of 
griseofulvin administration (8). Investigations focused 
on MB have shown that the disturbance of keratin IF 
architecture is not due to simple collapse and aggre- 
gation of preexisting IFs to MB inclusions but represents 
a far more complex alteration. Although disruption of 
keratin IF architecture and formation of MBs occur in a 
coordinated fashion, they are still independent events 
(8). 

In this study, griseofulvin intoxication was used in an 
in uivo model to study the mechanisms involved in 
disturbance of keratin homeostasis resulting in dis- 
ruption and loss of keratin filaments. Therefore bio- 
chemical changes in cells that contained a severely 
reduced keratin IF meshwork (4, 8 )  were analyzed so 
that we might obtain more information about mecha- 
nisms contributing to disturbance of keratin IF. It was 
assumed that alterations causing pathological changes 
of keratin IF in griseofulvin liver damage may not be 
found, or at  least less pronounced, in the residual 
keratin IF polymers, but rather may affect keratin 
polypeptides in a nonfilamentous state (i.e., soluble, 
possibly polymerization-incompetent forms of keratin 
polypeptides). The soluble fraction may contain pre- 
cursors of IF formation, as well as breakdown products. 
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Alterations might include decreased synthesis of pre- 
cursors (due t o  transcriptional or translational 
changes), disturbed IF assembly (due t o  posttransla- 
tional modifications, IF-associated proteins, o r  im- 
balance of type I and type I1 polypeptides) as well as 
accelerated breakdown (due t o  enhanced proteolytic 
degradation). Consequently, these soluble keratin 
polypeptides were purified from the cytosol of normal 
and griseofulvin-damaged livers by immunoaffinity 
chromatography and compared with keratin IF 
polymers isolated from the same tissues. 

The  soluble pool of IF polypeptides has - for technical 
reasons- rarely been analyzed (9-12). Moreover, i t  only 
represents a small fraction of t h e  total  amount  of IF 
polypeptides in  the cells (11). No data exist on soluble 
keratins of mammalian tissues. In uitro studies of 
keratin IF assembly have shown that keratin heterotet- 
ramers  are stable precursors i n  keratin IF assembly 
(13-15) a n d  they are regarded as the major soluble 
precursors of IF in uiuo (9, 11, 12). Although the exact 
mechanisms of IF assembly and  dynamics are so far not 
fully understood (16-201, and the rapid kinetics of 
subunit incorporation into the IF (9, lo), as well as the 
tendency of IF subuni ts  t o  form polymers in uitro (21, 
22), suggests a simple self-assembly mechanism. On the 
other hand, posttranslational mechanisms, especially 
phosphorylation, have been found to be important in the 
regulation of polymerization-depolymerization behavior 
of IF polypeptides in  cells under various conditions in 
uzuo, including mitosis (23-281, and when acting o n  
isolated IF polymers in uitro (29-37). 

We will show that major alterations of soluble keratins 
occur under pathological conditions and that posttrans- 
lational modifications of soluble keratins - namely, 
phosphorylation and proteolytic degradation - play a 
significant role in the disturbance of keratin IF homeo- 
stasis in uiuo. 

MATERIALS AND METHODS 
Animals. Male Swiss albino mice (35 gm body wt; strain 

Him OF1, SPF; Institute of Laboratory Animal Research, 
University of Vienna School of Medicine, Himberg, Austria) 
were kept at room temperature and fed a standard diet 
(Altromin; Marek, Vienna, Austria) and water ad libitum. 
Liver damage was induced by addition of 2.5% wt/wt griseo- 
fulvin (Aldrich Chemie, Steinheim, Germany) to the diet for 
4 mo ( k 2  wk). The animals were kept and handled in 
compliance with the guidelines of the Austrian Ministry of 
Research and Science for the care and use of laboratory 
animals (GZ 682051174-12/90), 

Tissue Preparations. Animals were killed by decapitation; 
livers were immediately removed and snap-frozen in liquid 
nitrogen. Subsequently, livers were crushed to powder, ad- 
justed to 5% (wtivol) in 10 mmol/L Tris-HC1, 140 mmol/L 
NaC1, 1% Triton X-100 (homogenization buffer; 15) con- 
taining protease inhibitors (0.1 mmol/L leupeptin, 0.4 
mmoVL PMSF and 5 mmol/L EDTA) and homogenized in a 
Potter-Elvehjem glass homogenizer with a Teflon pestle. All 
steps of tissue preparation were performed on ice. Homog- 
enates were ultracentrifuged a t  105,000 g for 2 hr at  4" C. 
Supernatants were then subjected to immunoaffinity 
chromatography for purification of soluble keratins. Aliquots 

of the same homogenates were used for keratin IF purifi- 
cation. 

Indirect Immunofluorescence Microscopy. Indirect immu- 
nofluorescence microscopy using the polyclonal guinea pig 
antibody 577 directed to mouse liver keratins was performed 
as described previously (8). 

Purification of Intermediate filaments. Keratin IFs were 
collected as residual pellets after high salt-detergent ex- 
traction of liver homogenates as described previously (38). 
Homogenates were derived from shock-frozen tissues crushed 
to powder or from series of 8-km cryosections. Protease 
activity was inhibited with 0.1 mmol/L leupeptin, 0.4 mmol/L 
PMSF and 5 mmolL EDTA throughout the preparations. All 
purification steps were carried out on ice. 

Gel Electrophoresis. One-dimensional SDS-PAGE with a 
10% resolving gel was carried out under reducing conditions 
(2). Two-dimensional gel electrophoresis was performed as 
described previously (2). Separated proteins were detected by 
means of Coomassie Brilliant Blue staining. 

Elec- 
trotransfer of one- and two-dimensional polyacrylamide gels 
onto nitrocellulose membranes and immunoblotting were 
performed as described by Towbin et al. (39). Nitrocellulose 
membranes were blocked with 3% skim milk in PBS for 8 hr 
before performance of immune reactions. For immuno- 
blotting, the first antibody (mouse monoclonal K-A antibody; 
40) was applied for 2 hr at  room temperature. After washes 
with PBS, the membranes were incubated with a horseradish 
peroxidase-conjugated second antibody (horseradish peroxi- 
dase-conjugated rabbit-antimouse immunoglobulins; Dako- 
patts, Glostrup, Denmark) at  a dilution of 1 : 100 in PBS for 
1 hr. After further washes of membranes in PBS, 0.05% 
4-chloro-l-naphthol as chromogen and 0.03% H,O, in PBS as 
substrate were used for detection of immunoblot reactions. 
Alternatively, enhanced chemoluminescence reaction (Amer- 
sham, Buckinghamshire, UK) was performed for detection of 
low amounts of antigen. 

Separation of Individual Keratin Polypeptides and Recon- 
stitution of Keratin IF. Separation and reconstitution were 
performed by means of ion-exchange chromatography (for 
keratin polypeptide isolation) and dialysis of equimolar 
amounts of K-A and K-D against reassembly buffers (for IF 
reconstitution) as described by Hatzfeld et al. (14). 

Antibody Purification and Coupling to Cyanogen Bromide- 
activated Sepharose. The polyclonal rabbit antibody 02L003 
was produced in our laboratory. It recognized K-A and K-D to 
approximately the same extent and reacted with all conforma- 
tional states of keratins (i.e., monomers, tetramers and 
polymers), as well as cleaved polypeptides derived from K-A 
and K-D after chymotryptic digestion. It showed no cross- 
reactivity with vimentin, epidermal keratins or nuclear lamins 
in immunofluorescence and immunoblotting. First, the IgG 
fraction of the rabbit serum containing polyclonal keratin 
antibody 02L003 was purified on DEAE-Affi-Gel-Blue ac- 
cording to the protocol given by the manufacturer (Bio-Rad 
Laboratories, Richmond, CA). Alternatively, affinity purifi- 
cation with a protein G-Sepharose column (Pharmacia, 
Bromma, Sweden) was performed according to the manufac- 
turer's instructions. The eluted fraction was then dialyzed 
against 0.1 molL NaHCO, (pH 8.8; coupling buffer) and 
concentrated in a Minicon chamber (Amicon, Beverly, MA). 
Preservation of immunoreactivity of IgG after purification was 
checked under indirect immunofluorescence microscopy. The 
purified polyclonal keratin antibody was subsequently immo- 
bilized on cyanogen bromide-activated Sepharose. Coupling 
procedure and washing steps were performed as described by 

Electrotransfer and Zmmunoblotting of Proteins. 
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the manufacturer. A gel volume of 1 ml was transferred into 
a glass Pasteur pipette. The concentration of the coupled 
antibody was at  5 mg IgG/ml gel. 

Purification of Soluble Keratins by Immunoafinity Chro- 
matography. For antigen binding 105,000 g supernatants of 
mouse liver homogenates were applied to the antibody column. 
Flow rates were kept at  7.5 ml/hr. The column was washed 
with 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 150 
mmol/L NaCl and 50 mmol/L Tris-HC1 (pH 7.4) (washing 
buffer), followed by 0.5 mol/L KC1 and 2 m o m  KC1 in washing 
buffer. Purified soluble keratins were recovered by means of 
pulse elution using 4 to 6 moVL urea in 30 mmol/L Tris-HC1 
(pH 8.0), followed by 3 m o m  KSCN in PBS (pH 7.4). Eluted 
keratins were pooled and precipitated according to the 
chloroform-methanol method (41). All steps of affinity chro- 
matography were performed at  4" C. Protease activity was 
inhibited with 0.1 mmol/L leupeptin, 0.4 mmol/L PMSF and 
5 mmol/L EDTA throughout the preparations. 

In Viuo 132Plorthophosphate Incorporation. For determi- 
nation of [32P]orthophosphate incorporation in uiuo, 0.1 mCi 
t32P30rthophosphate (Du Pont-New England Nuclear, Bos- 
ton, MA) per gram body weight was injected intraperitoneally. 
Animals were killed 24 hr later, and the livers were immedi- 
ately removed for further processing on immunoaffinity 
chromatography and for IF isolation. 32P uptake into indi- 
vidual keratin spots was determined autoradiographically on 
x-ray films (see below) or with the storage phosphor technique 
(421, using a Phosphor Imager (Molecular Dynamics; 
Sunnyvale, CA). Long exposure times were necessary because 
of low phosphate incorporation into soluble keratins. In 
addition to carrying out image analysis, we measured pixel 
values and calculated incorporation ratios from them. 

Radioiodination of Proteins. K-A and K-D, isolated by 
means of ion-exchange chromatography, were labeled with lz5I 
by the use of Iodobeads (Pierce Chemical Co., Rockford, IL) as 
an oxidative catalyst and 1 mCi of lz5I Na (Amersham, 
Buckinghamshire, UK) per 300 mg of K-A or K-D. 

In Vitro Protease Activity Assay. Degradation patterns of 
keratin polypeptides and efficiency of protease inhibition were 
tested in an in uitro assay using column-purified, 1251-labeled 
K-A and K-D that were added to 5% homogenates of normal 
and griseofulvin-damaged livers. Aliquots were taken at  
different times after addition (1 min, 5 min, 15 min, 45 min) 
and chloroform-methanol-precipitated (41). Inhibition assays 
containing protease inhibitors (0.1 mmol/L leupeptin, 0.4 
mmol/L PMSF and 5 mmom EDTA) were compared with 
assays in buffers without protease inhibition. Degradation 
patterns of radioiodinated keratins were visualized by autora- 
diography after separation by means of one-dimensional 
SDS-PAGE. For that purpose, polyacrylamide gels were rinsed 
in Enlightning autoradiographic enhancer (Du Pont-New 
England Nuclear) for 20 min. The dried gels were exposed to 
Trimax XD films (Eastman Kodak, Rochester, NY) with an 
intensifying screen. 

lntracelluhr Proteolysis. Proteolysis in intact hepatocytes 
from griseofulvin-damaged and control livers was investigated 
with endogenous soluble keratins and keratin IF as substrates 
of the cytoplasmic enzyme in a kinetic study. Livers were 
removed within 30 sec of decapitation of mice, and aliquots 
were frozen immediately and after 1, 3, 5 and 10 min in liquid 
nitrogen. Frozen tissue specimens were then crushed to 
powder, homogenized and ultracentrifuged as described for 
immunoaffinity chromatography. Aliquots of the supernatants 
were precipitated (41) and analyzed by means of two-dimen- 
sional immunoblottinn. A monoclonal mouse antibody sDecific 

products. The immune reactions were visualized by use of 
enhanced chemoluminescence (Amersham, Buckinghamshire, 
UK). Keratin IFs isolated from the same homogenates were 
analyzed in parallel. 

RESULTS 
Severe Alterations of the Keratin Meshwork Occur on 

Griseofulvin-induced Liver Damage. We tested livers to 
be used for purification of soluble keratins and keratin 
IF on indirect immunofluorescence microscopy to de- 
termine the quality of tissue preservation and the 
morphological changes induced by griseofulvin. In in- 
toxicated livers, severe diminution or even loss of 
keratin filaments in most cells and MB inclusions were 
found (Fig. 1B). Control livers showed a regular keratin 
IF meshwork (Fig. 1A). 

Soluble Keratins Comprise Intact Polypeptides, as 
Well as Breakdown Products. Soluble keratins were 
purified from 105,000 g supernatants of mouse liver 
homogenates by means of immunoaffinity chromatog- 
raphy. In control livers, predominance of intact K-A and 
K-D and a minor amount of proteolytic cleavage 
products (molecular weights of 52 to 40 kDa) were seen 
(Fig. 2A). In griseofulvin-damaged livers, the amount of 
52-kDa degradation products was higher than in control 
livers (Fig. 2C, E). 

When comparing protein yields of purified soluble 
keratins with those of keratin IF, we found soluble 
keratins to be a minor portion of total IF protein in the 
cells. This is consistent with the low solubility of IF 
under physiological buffer conditions (solubility equi- 
librium far at the polymerized state; 11, 22). 

Keratin Intermediate Filaments Are Composed of 
Intact Polypeptides. IF purified as residues after high 
salt-detergent extraction (2) were prepared from 
griseofulvin-intoxicated and control livers. No sig- 
nificant amount of keratin cleavage products could be 
found in IF, indicating that in IF only intact keratin 
polypeptides were present in vivo (Fig. 2B, D, F). On 
two-dimensional gel electrophoresis, IFs of normal and 
griseofulvin-damaged livers showed the typical poly- 
peptide composition (2) with two major isoforms of K-A 
(PI 6.45, major spot; and PI 6.0) and K-D (PI 5.43, major 
spot; and PI 5.38; another minor K-D spot was some- 
times seen at PI 5.27). The more acidic polypeptides were 
phosphorylated, as shown by in uivo 32P incorporation 
(43; also see below). 

Phosphorylation of Class I Keratin Polypeptides May 
Influence Polymerization Competence of Keratins. 
Soluble K-A of normal and griseofulvin-damaged livers 
showed a predominance of basic isoforms, as revealed by 
two-dimensional gel electrophoresis (Fig. 2A, C, E). A 
different situation existed with regard to soluble K-D: In 
control livers, soluble K-D had isoelectric variants 
similar to those of its polymerized counterpart in IF 
(Fig. 2A, B). In griseofulvin-damaged liver, however, a 
major shift toward acidic isoforms could be seen, in 
contrast to the situation in the corresponding IF (Fig. 
2 C-F). Thus it is likely that the more acidic variants of 

for K-A (40) was usedto characterize K-A and its degradation K-D in the soluble pool represent polypeptides incapable 
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FIG. 1. Indirect immunofluorescence microscopy in liver sections using a polyclonal antibody (577; 8) directed against liver keratin. (A) Normal 
mouse liver. A regular cytoplasmic meshwork of keratin filaments is decorated. (B) Liver damaged by griseofulvin intoxication for 4.5 mo. Many 
hepatocytes are enlarged, and their IF cytoskeleton is severely deranged. Diminution and even loss of the immunostained hepatocytic keratin 
network can be seen. In addition. irreeular keratin-containing MBs occur in damaeed cells. (C) Normal mouse liver at the same magnification 
used in (B), showing enlargement of cells on griseofulvin intkcation 

of polymerization in griseofulvin intoxication. This 
suggests that a posttranslational modification, probably 
hyperphosphorylation (leading to PI values of 5.27 and 
5.201, of the class I keratin polypeptide K-D adversely 
affects the filament-forming ability of soluble keratin 
oligomers. 

Class Z and Class ZZ Keratin Polypeptides are Phos- 
phorylated to a Different Degree in Soluble Keratins 
and Keratin Intermediate Filaments. To further assess 
the type of posttranslational modification responsible 
for the shift of isoelectric variants of soluble K-D, we 
performed in uiuo [32P]orthophosphate labeling. The 
value of radiophosphate incorporation into soluble 
keratin was very low. It could only be analyzed with 
a highly sensitive storage phosphor technique (42) 
because no radioactivity could be visualized on x-ray 
films. Phosphate incorporation into soluble K-D was 
particularly low compared with that into soluble K-A, 
resulting in a K-A/K-D incorporation ratio of 9: 1 in 
griseofulvin-intoxicated and in control livers (Fig. 3C, 
F). This might be due to a low phosphate turnover in 
soluble K-D. On the other hand, phosphate incorpo- 
ration into keratin IF was significantly higher and 
could easily be detected on standard x-ray films. In all 
experiments dealing with keratin IFs, K-A showed 
significantly greater 32P incorporation than did K-D, 
yet the difference was not as pronounced as it was in 
the soluble pool (Fig. 3H, K). A ratio of 3:  1 between 
K-A and K-D with respect to phosphate incorporation 

(Original Gagnification: [A] x 1,100; [Bl and [Cl x 705). 
- 

was found in normal and in griseofulvin-damaged 
livers. This is in the range of the i n  uitro data found 
for rat keratin IF (37). 

Proteolytic Degradation Products of Type ZZ Keratin 
are Increased in Griseofulvin Intoxication. In soluble 
keratin of griseofulvin-damaged livers, higher amounts 
of partially degraded polypeptides (molecular weight of 
about 52 kDa) were usually found. Often, the amount of 
52-kDa polypeptides even somewhat exceeded that of the 
full-length polypeptides (Figs. 2C, E, and 3D). On 
two-dimensional gel electrophoresis, a staircase pattern 
of degradation was visible, indicating that basic (espe- 
cially amino-) terminal regions of the polypeptides had 
been removed and the more acidic, rodlike central 
domains prevailed (Figs. 2, 3). Because similar degra- 
dation products were not found in the corresponding 
Keratin IF, soluble keratin seemed to be more suscep- 
tible to proteolytic cleavage. 

Zn Vitro Protease Assay Reveals Rapid Degradation of 
Type ZZ Keratins. For more detailed investigation, we 
tested proteolysis i n  uitro. For that purpose, radioiodi- 
nated K-A or K-D was added as substrates to liver 
homogenates as an enzyme source so that we might 
obtain information about protease activity in normal 
and griseofulvin-damaged livers. Proteolytic activity was 
assessed with buffers of neutral pH without protease 
inhibition. In parallel assays, proteolysis was inhibited 
with protease inhibitors (0.1 mmol/L leupeptin, 0.4 
mmol/L PMSF, 5 mmoUL EDTA). 
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FIG. 2. Two-dimensional gel electrophoresis (isoelectric focusing/IEF] in the first dimension, SDS-PAGE in the second dimension, Coomassie 

blue protein staining) of keratin fractions from normal (A, B) and griseofulvin-damaged livers (C, D: 3.5 mo of intoxication; E, F: 4.5 mo of 
intoxication). Soluble keratins (A, C, E) are compared with Keratins assembled into IF (B, D, F) from the same livers. In the soluble fraction, 
intact polypeptides, as well as degradation products (arrowheads), are present, whereas keratin IFs only contain intact polypeptides. In normal 
liver (A, B) more basic isoforms of keratin predominate in both soluble and filamentous fractions. In griseofulvin intoxication, a pronounced 
shift of K-D isoforms toward more acidic variants (PI at  5.27 and 5.20) characterizes the soluble fraction (C). This is enhanced by longer feeding 
of griseofulvin (E). Note that the corresponding keratin IFs do not show this change (D), although a few of the more acidic isoforms sometimes 
occur (F). Note also that an acidic (PI 6.0) spot of K-A, as seen in IF cytoskeletons, is scarcely found in the soluble fractions, whereas intermediate 
isoforms are present. Bovine serum albumin was added to all samples as a standard protein. Moreover, in (E) and (F) actin was added as standard 
to more clearly demonstrate the PI changes mentioned (arrows). 

With homogenates of normal and griseofulvin- to the a-helical rod domain), whereas K-D was not 
affected (Fig. 4). The assays containing protease in- 
hibitors showed complete absence of proteolysis for at 
least 18 hr (not shown). 

damaged livers, radiolabeled K-A showed a rapid but 
limited proteolytic degradation to a product with mo- 
lecular weight of approximately 40 kDa (corresponding 
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FIG. 3. In uiuo labeling and ["P]orthophosphate incorporation into keratin fractions. Soluble keratin from normal ( A X )  and GF-intoxicated 
(D-F) livers are compared with corresponding keratin IFs (G ,  H: normal liver; I, keratin: 4 mo of GF intoxication): Coomassie Blue-stained 
two-dimensional gels (A, D, G, I), immunoblots using a monoclonal antibody specific to K-A (40) demonstrating the degradation patterns of 
soluble K-A (B, E); phosphor images of soluble (C, F) and filamentous (H, K) keratin fractions. Note the stepwise degradation patterns of K-A; 
these cleavage products do not colocalize with K-D. Cleavage products in normal liver are generally more basic, whereas those in 
griseofulvin-damaged liver follow a more acidic degradation pathway. All keratin spots-except for the most basic one of K-A, 52 kDa K-A 
degradation product and K-D - show phosphate incorporation. Among soluble keratins, K-A reveals ninefold higher 13*P]orthophosphate 
incorporation than K-D tC, F). In keratin IFs, the K-NK-D radiophosphate incorporation ratios are approximately 3 : 1 in control liver and in 
griseofulvin-damaged liver (€1, K). 
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Inhibition of degradation by leupeptin and EDTA, the 1 2 3 4  1 2 3 4  
staircase pattern of keratin degradation to products of 
more acidic PI values and the neutral pH range of 
protease activity indicate that the enzyme responsible is 
a calcium (Ca’ + )-activated neutral thiol protease 
(calpain). Similar enzymes have been purified and found 
to be rather specific for degradation of IF polypeptides 
(44-49). 

Intracellular Proteolysis is Increased in Griseofulvin 
Intoxication. The in uitro assay did not reveal any 
difference in kinetics of keratin degradation in griseo- 
fulvin-damaged and control livers. On the other hand, 
an increase of proteolytic .degradation products was 
found in the soluble pool of griseofulvin-damaged hepa- 
tocytes. Because Ca+ + was needed for proteolytic 
activity and because the in uitro experiments were 
performed in homogenates containing extracellular 
Ca’ + , a putative difference in hepatocytic proteolytic 
activity could have been masked by excess Ca’ + in the 
homogenates after cell disruption. Therefore proteolysis 
had to be investigated intracellularly (i.e., without cell 
disruption) to maintain the conditions of hepatocellular 
cytoplasm in uzuo. Under these conditions, hepatocytic 
soluble keratin, as well as keratin IF, served as 
endogenous substrates of the cytoplasmic enzyme. In 
griseofulvin-damaged livers, soluble K-A was rapidly 
degraded, as revealed by two-dimensional immuno- 
blotting of 105,000 g supernatants (Fig. 5A-D), whereas 
in control livers only minor proteolytic breakdown of 
K-A was observed at the same time intervals (Fig. 5E-H). 
When keratin IFs were studied as substrates of the 
cytoplasmic protease, no degradation could be detected 
under these assay conditions (not shown). These data 
and the in uitro results led us to three conclusions. (a) 
There is a profound difference in the degradation 
behavior of K-A and K-D, with higher susceptibility of 
K-A to degradation; and (b) enhanced degradation of 

under “intracellular” conditions because extracellular 

1 2 3 4  I 2 3 4  

K-A in griseofulvin intoxication can Only be detected FIG. 4. I n  vitro proteolysis assay. Purified, 125I-labeled K-A and K-D, 
respectively, were added to homogenates derived from GF- 

Ca’ + Seems to completely activate the enzyme in 
griseofulvin-treated and control liver homogenates. This 
suggests that the total amount of protease is not 
increased but the enzyme is more activated in 

damaged (C, D) and control livers (A, B). Aliquots were precipitated 
immediately and 5 min, 15 min and 45 min thereafter (lanes 1-41 to 
show protease activities acting on defined exogenous substrates (K-A 
and K-D). K-A is rapidly degraded (A, C), whereas K-D remains fairly 
stable (B, D). No difference exists between griseofulvin-damaged (C, D) 
and control livers (A, B), griseofulvin-damaged hepatocytes, possibly as a re- 

sult of increased intracellular free Ca’ ’ levels. (c) 
Unpolymerized K-A polypeptides are excellent sub- 
strates for proteaseb), whereas the IF polymer repre- 
sents a more stable, “protected” conformation. 

DISCUSSION 
We demonstrate in this study that posttranslational 

modifications significantly influence keratin IF homeo- 
stasis and contribute to IF pathology in griseofulvin- 
induced liver damage. Acidic isoelectric forms of soluble 
K-D occur concomitantly with severe diminution and 
loss of IF cytoskeleton in hepatocytes, as revealed by 
immunohistochemical study. The shift to more acidic 
isoforms is apparently due to hyperphosphorylation. 
This alteration may adversely affect the polymerization 
behavior of keratin; corresponding IFs from the same 

livers do not contain hyperphosphorylated isoforms. 
Site-specific phosphorylation inhibiting IF polymer- 
ization or causing filament depolymerization has already 
been shown for several nonepithelial IF polypeptides 
(25, 29-34,50-53), as well as for nuclear lamins (26-28). 
Increased keratin phosphorylation has been found in 
response to various stimuli, including mitosis (23, 
54-57). Furthermore, recent studies on the phosphory- 
lation of rat liver K in vztro by protein kinases A and C 
and Ca’ + /calmodulin-dependent protein kinase re- 
vealed similar results: Phosphorylation at serine and 
threonine residues by each of the kinases caused 
filament depolymerization, whereas phosphatase treat- 
ment of phosphorylated keratin polypeptides reestab- 
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FIG. 5. Intracellular proteolysis. To determine proteolysis under intracellular, near-physiological conditions, we removed livers within 30 sec 
and froze aliquots in liquid nitrogen immediately and after 1 min (A, E), 3 min (B, F), 5 min (C, G), and 10 min (D, H). Samples were crushed 
to powder, homogenized and ultracentrifuged, and aliquots of supernatants were precipitated for subsequent two-dimensional immunoblotting. 
A monoclonal antibody (specific to K-A; 40) was used to determine the degradation of endogenous soluble K-A. The reaction was visualized by 
means of enhanced chemoluminescence. Note rapid degradation of soluble K-A in GF-damaged liver (A-D). No major degradation occurs in 
control liver (E-H). Arrowheads denote K-A and its 52-kDa proteolytic degradation product. 

lished their competence for polymerization (37). It is 
further interesting to note that in our experiments 
phosphate incorporation into keratin IF was found at a 
much higher level than that of incorporation into soluble 
keratin. This indicates that IF polymers are the pre- 
ferred substrates of the protein kinaseb). The hyper- 
phosphorylation of K-D present in the soluble pool 
might originally have occurred in the filament, leading 
to depolymerization. 

Rapid proteolytic degradation of soluble (i.e., unpo- 
lymerized) K-A apparently prevents accumulation of 
unpolymerized material in griseofulvin-damaged livers. 
On the other hand, keratin IFs are considerably more 
resistant to  proteolytic degradation. Earlier studies had 
shown that the amino terminus of IF polypeptides is 
highly susceptible to  proteolysis (46, 58, 59). The intact 
amino terminus of IF polypeptides plays an important 
role in higher-order filament polymerization (59-66), 
whereas tetramers can form from isolated rod domains 
(67). This may explain why partially degraded K-A 
polypeptides were present in the soluble pool, whereas 
only intact keratins were found in the IF polymers. 

It was previously demonstrated that the nuclear IF 
system of hepatocytes showed a similar alteration in 
griseofulvin-treated animals: The B-type lamins were 
significantly reduced in the nuclear envelope (as dem- 
onstrated on immunofluorescence microscopy and pro- 
tein biochemistry), whereas the A-type lamins remained 
essentially unchanged. An increase of more acidic 
electric isoforms of B-type lamins was also observed (68). 
A common mechanism of pathological regulation may 
therefore be involved in the nuclear and cytoplasmic IF 
systems of griseofulvin-damaged hepatocytes. 

Griseofulvin-induced liver damage is, at least to 
our knowledge, the first drug-induced in viuo model 
of keratin dysregulation. The cytoskeletal alterations 
closely resemble those associated with acquired human 
liver disease (i.e., alcoholic hepatitis). IF rarefication and 
keratin-containing inclusions occur in both instances. 
Our results stress the importance of posttranslational 

events influencing IF homeostasis. Posttranslational 
modifications of cytoskeletal components might be part 
of a pathogenetic principle common to diverse degen- 
erative diseases associated with filamentous inclusion 
bodies (3). Apart from being useful in studying patho- 
physiologic influences on IF homeostasis, the GF model 
might in the future serve as a suitable tool for eluci- 
dation of functions of the IF cytoskeleton in viuo. 
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