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Abstract. We have deleted cDNA sequences encoding 
portions of the amino- and carboxy-terminal end of a 
human type I epidermal keratin K14, and examined 
the molecular consequences of forcing the expression 
of these mutants in simple epithelial and squamous 
cell carcinoma lines. To follow the expression of our 
mutant products in transfected cells, we have tagged 
the 3' end of the K14 coding sequence with a sequence 
encoding an antigenic domain of the neuropeptide sub- 
stance P. Using DNA transfection and immunohisto- 
chemistry (with an antibody against substance P), we 
have defined the limits of K14 sequence necessary to 
incorporate into a keratin filament network in vivo 
without disrupting its architecture. We have also un- 

covered major differences in the behavior of carboxy- 
and amino-terminal c~-helical mutants which do per- 
turb the cytoskeletal network of IFs: whereas carboxy 
terminal mutants give rise to aggregates of keratin in 
the cytoplasm, amino-terminal mutants tend to produce 
aggregates of keratins which seem to localize at the 
nuclear surface. An examination of the phenotypes 
generated by the carboxy and amino-terminal mutants 
and the behavior of ceils at late times after transfec- 
tion suggests a model whereby initiation of filament 
assembly occurs at discrete sites on the nuclear enve- 
lope and filaments grow from the nucleus toward the 
cytoplasm. 

I 
NTERMEDIATE filament (IF) proteins are expressed in 
virtually all mammalian cells. Based on their tissue- 
specific expression, they can be subdivided into five dis- 

tinct groups: vimentin (cells of mesenchymal origin), glial 
fibrillary acidic protein (glial cells), desmin (muscle cells), 
neurofilament proteins (neural cells), and keratins (epithelial 
ceils) (for reviews, see Geisler and Weber, 1982; Steinert et 
al., 1985; Fuchs et al., 1987). The lamins form a sixth class 
of IFs, but unlike the others, they are universally expressed 
(for review, see Franke, 1987). Both .in vivo and in vitro, all 
IF proteins have the capacity to assemble into 8-10-nm fila- 
ments in the apparent absence of any auxiliary proteins or 
factors. Whereas the five classes of tissue-specific IFs form 
extensive fibrous networks in the cytoplasm, the lamins form 
a lattice of filaments on the inner side of the nuclear mem- 
brane. 

The keratins constitute the most complex and diverse 
group of IF proteins. There are >20 keratins (40-70 K) 
which can be subdivided into two distinct groups: type I 
keratins are acidic (pKi = 4.5-5.5) and generally small 
(40.0-56.6 K), whereas type II keratins are basic (pKi = 
5.5-7.5) and larger (53-70 K) (Fuchs et al., 1981; Schiller et 
al., 1982; Kim et al., 1983; Magin et al., 1983; Sun et al., 

1. Abbreviation used in this paper: IF, intermediate filament. 

1984). Type I and type II keratins seem to be expressed as 
specific pairs, and these pairs are differentially expressed in 
different epithelia and at various stages of differentiation and 
development (Moll et al., 1982; Eichner et al., 1984; Sun 
et al., 1984). While a member of each keratin type is essen- 
tial for filament formation, almost any combination of type 
I and type II proteins will lead to filament assembly in vitro 
(Hatzfeld and Franke, 1985; Eichner et al., 1986). More- 
over, when epidermal keratins are expressed transiently in 
simple epithelial cells after gene transfection, they integrate 
into the endogenous filament network (Giudice and Fuchs, 
1987; Albers and Fuchs, 1987). 

Like all IF proteins, type I and type II keratins have a cen- 
tral 310 amino acid residue domain consisting of four seg- 
ments which are predicted to be largely c~-helical (Hanuko- 
glu and Fuchs, 1982, 1983; Crewther et al., 1983; Jorcano 
et al., 1984a,b; Steinert et al., 1983, 1984; Dowling et al., 
1986; Magin et al., 1986). Throughout these sequences is 
found a heptad repeat, where the first and fourth residues of 
every seven are hydrophobic. These repeats are characteris- 
tic of c~-helical proteins which form coiled-coil structures 
(Crick, 1953; McLachlan and Stewart, 1975). The classifi- 
cation of keratins according to type is based on these se- 
quences. Within the type I or type II keratin family, the heli- 
cal regions of different keratins share 50-99% sequence 
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identity; keratins of opposite type share only 25-35% ho- 
mology in these domains. Across type lines, much of the ho- 
mology resides at the carboxy end of the fourth helical seg- 
ment, where a highly conserved sequence T Y R R L L E 
G E is found in nearly all intermediate filament proteins. 
Keratin sequences at the amino end of the first helical seg- 
ment are conserved (T/Q M/I Q/K/R N/T/S L N D/N R/K/Q 
L/F A S Y/F L/I D K V R A/F L/M E E/Q), but since the 
homologies are lower, it has been more difficult to assess the 
importance of these sequences and to assign the amino termi- 
nal boundary of the helical domain. 

The basic subunit structure of all IFs seems to be a coiled- 
coil dimer, with two parallel polypeptide chains in register 
(Woods and Inglis, 1984; Parry et al., 1985; Quinlan et al., 
1986). The chains appear to be stabilized by hydrophobic in- 
teractions, although electrostatic interactions may also play 
a role (Parry et al., 1977; McLachlan and Stewart, 1982). 
In solution, stable tetramers form (Quinlan et al., 1984; 
Soellner et al., 1985). The two dimers in the tetramer seem 
to be arranged in an antiparallel manner, but whether they 
are in register or staggered is still a controversial issue (Parry 
et al., 1985; Geisler et al., 1985). The ratio of type I/type 
II proteins in the tetramer is 1:1 and homodimers have been 
generated in vitro (Quinlan et al., 1986; Hatzfeld et al., 
1987). However, it is still unknown whether keratin fila- 
ments made in vivo are composed of homodimers, heterodi- 
mers or a mixture of the two. For most other IF proteins, 
e.g., vimentin and desmin, this issue is not relevant, since 
filaments can assemble from a single polypeptide (Steinert 
et al., 1981; Geisler et al., 1982, 1985; Kaufmann et al., 
1985). 

Once formed, tetramers assemble into a hierarchy of higher 
ordered structures: an undetermined number of protofila- 
ments (2-3 nm) assemble into protofibrils (4.5 nm) and three 
to four protofibrils intertwine to form the resulting 8-nm fila- 
ments (Aebi et al., 1983; Steven et al., 1983; Ip et al., 1985; 
Eichner et al., 1986). The sequence of events leading to the 
assembly of ,,o5,000-7,500 tetramers into 8-nm filaments 
remains to be elucidated. In addition, while nucleation of 
filament assembly can apparently be by-passed in vitro by 
elevating the concentration of subunits, the process of keratin 
filament formation in vivo seems to be highly accelerated by 
(if not dependent upon) a nucleation step involving the nu- 
clear envelope (Albers and Fuchs, 1987). In vitro studies 
also suggest that an association between the nucleus and IF 
proteins may play a role in IF assembly (Eckert et al., 1982; 
Georgatos and Blobel, 1987a; Georgatos et al., 1987). 

The details of the sequences essential for filament assem- 
bly are largely unknown. Studies by Steinert et al. (1983) 
showed that mild chymotryptic proteolysis of intact mouse 
epidermal keratin filaments resulted in the apparent removal 
of more than half of the nonhelical tails of the keratins, and 
yet did not disrupt the 8-nm structure. However, removal of 
additional nonhelical sequences rendered the subunits in- 
competent for filament assembly. More precise deletion 
analyses using mutagenesis of cloned keratin cDNAs and 
gene transfection indicated that a tagged human type I keratin 
K14 missing the highly conserved L L E G E sequence could 
not integrate properly into an endogenous keratin filament 
network, whereas a similar construct retaining this se- 
quence, but missing nearly the entire nonhelical carboxy tail 
of K14 showed a wild-type phenotype (Albers and Fuchs, 

1987). In another study, Kaufmann et al. (1985) showed that 
proteolytic removal of almost half of the nonhelical carboxy- 
terminal residues of desmin produced a protein that was still 
able to assemble into 10-nm filaments, whereas removal of 
67-amino acid residues at the amino-terminal end inhibited 
assembly of homopolymers, but allowed assembly of hetero- 
polymers between proteolyzed desmin and wild-type des- 
min. More detailed amino terminal analyses have not yet 
been reported for any IF protein. 

Inside each higher eukaryotic cell, a network of IFs seems 
to extend from the nuclear envelope at one end to the plasma 
membrane at the other. Little is known about the nature of 
the interactions of IFs with either the nuclear or the plasma 
membrane. Recent recombination studies using purified vi- 
mentin and isolated nuclear/plasma membranes from eryth- 
rocytes have suggested that the amino terminal tail of vimen- 
tin may associate with ankyrin at the plasma membrane, 
while the carboxy-terminal tail may be involved in interac- 
tions with lamin B at the nuclear envelope (Georgatos and 
Blobel, 1987a,b; Georgatos et al., 1987). However, as yet no 
in vivo studies have been conducted to confirm these reports. 
That some interactions must take place between IFs and 
components of the two membranes seems inevitable. It also 
seems likely that these interactions may differ among cell 
types. This is perhaps best exemplified for stratified squa- 
mous epithelial cells, where keratin filaments seem to inter- 
act with a specialized membrane component, namely the 
desmosome (Drochmans et al., 1978; Denk et al., 1985). 

To define more precisely the limit sequence sufficient for 
normal integration of an IF protein into an existing IF net- 
work, and to examine the roles of nonhelical and helical do- 
mains in IF architecture within a cell, we have pursued our 
deletion analyses which previously focused on the carboxy- 
terminal domain of human keratin K14 (Albers and Fuchs, 
1987). In this report, we describe a series of cDNA deletion 
mutants at the amino-terminal end of K14. Our results reveal 
striking differences in the behavior of amino-terminal vs. 
carboxy-terminal mutations in K14 and provide interesting 
insights into the possible mechanisms of IF assembly in vivo. 

Materials and Methods 

Cell Culture 
PtK2 cells were maintained in a 3:1 mixture of DME and Ham's F12 
medium supplemented with 10% FBS. SCC 13 cells were obtained from 
Dr. James Rheinwald (Dana Farber Cancer Center), and were cultivated as 
described previously (Wu and Rheinwald, 1981). 

Construction of plasmid pJIO4.P and 
Deletion Mutants 
p J K I 4 . P  

The construction of plasmid pJKI4.P has been described previously (Albers 
and Fuchs, 1987). The insert (KI4.P) contains the complete 5' noncoding 
and coding portion of the cDNA encoded by the gene for the human KI4 
(Hanukoglu and Fuchs, 1982; Marchuk et al., 1985), with the exception 
that the sequences encoding the last five carboxy amino acids of the K14 
protein have been replaced by a sequence coding for the last five carboxy- 
terminal residues of the neuropeptide substance P (see Fig. 1). After the 
TGA stop codon is the 3' noncoding sequence of a Drosophila hsp70 gene 
(Munro and Pelham, 1984). The insert was cloned in the 5' to 3' direction 
into the Hind IIFSma I sites of plasmid pJayl (Land et al., 1986). The plas- 
mid pJayl contains the SV-40 enhancer and major early promoter to drive 
the expression of the K14.P cDNA. 
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NH2-TERMINAL DELETION MUTANTS. BAL 31 GENERATED: 

pJK14-P DNA was cleaved at the unique Hind III site located just 3'to the 
SV-40 promoter sequence (H3; see Fig. 1). Bal 31 exonuclease was used to 
generate various length deletions in the eDNA sequence. These fragments 
were treated with mung bean exonuclease to create blunt ended DNA. The 
fragments were then cut at the unique Sac I site in the 3' end of the eDNA 
(see Fig. 1), and the Sac I-blunt ended fragments were gel purified on Sea- 
plaque agarose (FMC Corp., Rockland, ME). The fragments encoding vari- 
ous portions of the amino end of K14 were then ligated into the vector pGem 
5 (Promega Biotec, Madison, WI) at the Nco I/Sac I site, after filling in the 
NCO I site with Klenow fragment. By filling in the Nco I site of pGem 5, 
an ATG was retained which then served as an initiation codon for the K14.P 
inserts. 

Clones containing inserts were sequenced as described below. Clones of 
the proper size and reading frame were then linearized at a unique Eag I 
site just 5' to the Nco I site. The Eag I ends were filled in with Klenow and 
the insert was then excised with Sac I. The Sac I/blunt Eag I inserts were 
then ligated into pJK14.P after the plasmid had been (a) linearized with 
Hind III, (b) treated with Klenow to fill in the Hind III ends, (c) cut with 
Sac I, and (d) gel purified to remove the unwanted 5'portion of the KI4 gene. 

The Bal 31-generated clones will be referred to as NAXpGem 5, where 
X corresponds to the number of amino acid residues missing from the K14.P 
sequence as a consequence of the deletion. 

NH=-TERMINAL DELETIONS. RESTRICTION ENDONUCLEASE 
GENERATED" 

NAIlT. The sequence corresponding to the 5' noncoding portion and the first 
ll7-amino acid residues of K14.P were excised from plasmid pJK14-P by 
cutting at unique sites with the restriction endonueleases Bste II and Hind 
IlI. After filling in the ends with Klenow fragment, the plasmid was resealed 
with T4 DNA ligase. The ATG sequence at residue 117 of the K14 protein 
served as the translation initiation codon for the truncated construct. The 
SV-40 sequences 5' to the Hind III site served as 5' noncoding sequence for 
the corresponding mRNA. 

NA169. The starting plasmid was a Bal 31 deletion mutant, NA89 
pGem5. NA89pGem5 was cut at (a) a unique Dra II site present at the se- 
quence corresponding to amino acid residue 169 of K14 and (b) a unique 
NCO I site present just 3' to the initiation codon site of NA89pGem5. After 
filling in the ends with Klenow fragment, the plasmid (minus the NAB9 to 
NA169 sequences) was purified and ligated using T4 DNA ligase. The NA169 
K14 sequence, which now contained a 5' ATG codon, was then excised by 
(a) linearizing the pGem 5 hybrid with Eag I, (b) filling in with Klenow, 
and (c) cutting with Sac I. This insert was then ligated into pJKI4.P after 
the plasmid had been (a) linearized with Hind Ill, (b) filled in with Klenow, 
and (c) cut with Sac I. 

NA117/CA42 and NA117/CASO. Plasmid NAll7pJK14-P was cut with 
Sac I and Barn HI. The larger vector fragment, missing the carboxy portion 
of the coding region of KI4.P, was gel purified. Sac I/Bam HI inserts of plas- 

pJKI4"P 

oriJ ATG ,J 
PvuTr H3 

mids CA42 pJK14-P and CA50 pJK14.P containing the carboxy portion of 
the coding region of KI4.P (see Albers and Fuchs, 1987) were also gel 
purified. The NAIl7 fragment was then ligated to the two CA42 and CA50 
fragments to produce, respectively, NAllT/CA42 pJKI4-P and NA117/CA50 
pJKI4.P plasmids. 

NAlO7/CA42 and NAIO7/CASO. Plasmid NA107 pJK14.P was cut with 
Sac I and Eco RI and the larger vector fragment, missing the carboxy por- 
tion of the coding region of K14-P, was gel purified. Sac I/Eco RI inserts 
from plasmids CA42pJK14.P and CA50pJK14.P containing the carboxy 
portion of the coding region of KI4.P (see Albers and Fuchs, 1987) were 
also gel purified. The NAI07 fragment was then ligated to the CA42 and 
CA50 fragments to produce, respectively, NA 107/CA42 pJK14. P and NA 117/ 
CA50 pJK14.P. 

All ligated hybrid plasmid DNAs were transformed into the bacterial 
strain DH5-alpha. 

DNA Sequencing 
Plasmid DNAs from each deletion clone in pGem 5 were isolated and se- 
quenced using the double stranded sequencing protocol described in the 
Promega Biotec Sequencing Manual. The commercially available T7 oligo- 
nucleotide primer was used for sequence analysis. 

DNA Transfections 
DNA was transfected into PtK2 and SCC-13 cells using the calcium phos- 
phate precipitation method (Graham and Van der Eb, 1973) followed by a 
15% glycerol shock (Parker and Stark, 1979). Cells were fixed 65 h post- 
transfection unless otherwise indicated in the text. 

lmmunofluorescent Labeling 
For immunohistochemistry, cells were grown on glass chamber slides (Miles 
Scientific Div., Naperville, IL). After transfection, cells were washed with 
PBS, fixed in methanol (-20°C) for 10 rain, and washed in PBS. 

To detect K14-substance P tagged proteins, we used the anti-P rat mono- 
elonal antibody NC1/34 (Cuello et al., 1979). As a necessary prerequisite 
for NC1/34 antibody recognition, protein carboxyl groups were chemically 
converted to amides, as described by Munro and Pelham (1984). 

The mouse monoclonal antibodies LE-41 and LE-61 (Lane, 1982) were 
used to identify the endogenous PtK2 keratin network. Keratin K6 was de- 
tected in cultured SCC-13 cells using a polyclonal rabbit antibody isolated 
in this laboratory (Fuchs and Marchuk, 1983). Desmosomes were examined 
with a mouse monoclonal antibody against desmoplakin I (ICN Biochemi- 
cals Inc., Irvine, CA). Nuclear lamin networks were visualized using a rab- 
bit antiserum against lamins A, B, and C. Nuclear pore structures were 
stained using Ascites fluid containing a mouse IgM that reacts specifically 
with the nuclear pore structure (Snow et al., 1987). Antibodies against both 
nuclear structures were kindly provided by Dr. Larry Gerace (University 
of California at San Diego). 

TGA PA 
~?¢~i':: ::~ : ii~! ' l  I Amp r o r i / /  ' I 

' I A I Pvu I'T 
B~ ~: b soc, sB Rf 

I I 
3 0 0  bp 

Figure 1. Genetic map of plasmid pJKI4-P. The construction of the plasmid pJK14-P was described previously (Albers and Fuchs, 1987). 
The components of the plasmid are represented as follows. The hatched bars represent the SV-40 early promoter (and origin of replication) 
and enhancer sequences that were used to drive the expression of the constructed cDNA. The transcription initiation site is marked by 
the arrow. The 5' untranslated leader sequence of the K14 mRNA is shown in black. Also in this region, upstream from the K14 sequence, 
is the Hind III/Hinc II polylinker portion of plasmid pSP64 (Promega Biotec), which was included as a consequence of subcloning. The 
white box represents the complete human K14 cDNA. This segment is missing the sequence encoding the five carboxy terminal amino 
acid residues and the TGA stop codon. The Sal I-Sfi I fragment of plasmid pAHP.2 (Munro and Pelham, 1984) includes sequences encoding 
the carboxy-terminal domain of neuropeptide substance P (heavily stippled box), followed by a TGA stop codon, and the 3' noncoding 
sequence and polyadenylation signal (PA) of the Drosophila hsp70 gene (lightly stippled box). The origin of replication for plasmid pBR322 
is indicated (on ~) as is the ampicillin resistance gene contained in plasmid pJ1. Important restriction endonuclease sites are marked. H3, 
Hind III; Bs, Bste II; K, Kpn I; D, Dra II; S, Sal I; B, Barn HI; RI, Eco RI. 
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To visualize the primary antibody, we used the following fluorescently 
labeled secondary antibodies: FITC-conjugatext goat anti-rat IgG (Cappel 
Laboratories, Inc., Cochranville, PA; and Tago Inc., Burlingame, CA), 
Texas Red-conjugated goat anti-rabbit IgG (Cappel Laboratories, Inc.), 
Texas Red-conjugal~l goat anti-mouse IgG (Tago Inc.). 

Results 

Construction of  Amino Terminal Deletion Mutants 

In our previous studies, there were two major considerations 
in designing our vector for deletion mutation analyses: (a) 
We wanted to make certain that sequences encoding the anti- 
genic determinant of the protein were not lost during the con- 
struction of deletion mutants, and (b) we wanted to be able 
to use immunofluorescence to follow the expression of our 
mutant K14 constructs even when they were transfected into 
K14-expressing epidermal cells. To accomplish these goals 
we replaced the sequences encoding the last five amino acid 
residues of the human epidermal keratin K14 with a small 

(15-amino acid residue) sequence encoding the carboxy- 
terminal end of the neuropeptide substance P (Albers and 
Fuchs, 1987). In addition, we cloned the hybrid K14-sub- 
stance P sequences into plasmid pJ1 (Land et al., 1986), im- 
mediately 3' to the SV-40 early promoter and enhancer se- 
quence. For our present studies, we have retained the use of 
this hybrid plasmid, referred to as pJK14.P (Fig. 1). 

To construct mutant cDNAs missing varying portions of 
sequence encoding the amino terminal end of K14.P, we used 
a number of recombinant approaches, including Bal 31 exo- 
nuclease-mediated deletions and restriction enzyme-medi- 
ated deletions. In all cases, techniques were employed to en- 
sure retention of a 5' noncoding segment and ATG translation 
initiation start codon (see Materials and Methods). For each 
mutant, the precise point of deletion was determined by se- 
quence analysis. Deletions that retained the appropriate ker- 
atin reading frame were chosen for further study. The con- 
structs selected for our study are shown in stick diagram 
form at the top of Fig. 2, with the exact sequence break- 
points illustrated by arrows in the sequence diagram of the 

Figure 2. Deletion mutants of 
pJKI4.P missing sequences cod- 
ing for the amino-terminal end of 
K14. The overhead stick diagram 
shows the location of the four he- 
lical domains (boxed in gray; IA, 
IB, 2A, and 2B) of KI4.P (sub- 
stance P tag is represented by the 
stippled box). Arrowheads mark 
the sites of the amino deletions 
used in our analyses. Beneath the 
stick diagram is the sequence of 
the amino terminal end of K14.P. 
The first and second or-helical do- 
mains, 1A and 1B, are boxed in 
gray. The exact points of the dele- 
tions are identified by arrows, and 
the names of the deletions are 
written above each arrow. Each 
deletion extends from the first 
amino acid residue to the arrow. 
Construct nomenclature: NAX 
represents an amino terminal de- 
letion; X represents the number 
of amino acid residues which are 
missing from KI4.P as a result of 
the deletion. 
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same figure. In the figure, the gray boxes indicate the a-heli- 
cal domains of the keratin polypeptide. The mutant con- 
structs are referred to as NAX pJK14-P (NAX for short), 
where X represents the number of amino acid residues re- 
moved from the amino terminus of the encoded K14 as a con- 
sequence of the deletion in the eDNA. 

Mutant Keratin Proteins Are Expressed When 
Deletion Constructs of pJKl4. P Are Transfected 
into PtK2 Cells 

The kidney epithelial cell line PtK2, from kangaroo rat, was 
chosen for our transfection studies. These simple epithelial 
cells express the type I keratins K18 and K19 and the type 
II keratins K8 and K7 (Franke et al., 1978; Lane, 1982; 
Glass and Fuchs, 1988). Although KI4 is not coexpressed 
with these keratins in vivo, the type II simple epithelial kera- 
tins can use K14 as a promiscuous partner for filament as- 
sembly in vitro (Hatzfeld and Franke, 1985). In addition, 
PtK2 cells transfected with the human epidermal keratin 
gene K14 can readily incorporate K14 into their endogenous 
keratin filament network (Giudice and Fuchs, 1987; Albers 
and Fuchs, 1987). 

Deletion constructs of pJK14-P ranging from NA50 to 
NA169 were transfected into PtK2 cells, and keratins were 
extracted 65 h posttransfection. When isolated keratins were 
resolved by SDS-PAGE and subjected to silver stain and ira- 

Figure 3. Detection of mutant keratin proteins expressed in trans- 
feeted PtK2 cells. PtK2 cultures were transfected with the various 
mutant cDNAs and at 65 h posttransfection, intermediate filament 
proteins were isolated and resolved by SDS-PAGE. A shows a 
silver-stained gel. B is an immunoblot of an analogous gel. The an- 
tibody against substance P was used to visualize the transfected 
gene products. Keratin extract in lane 1 was from cultured human 
epidermal cells. Other IF extracts are from PtK2 cells transfected 
with: lane 2, no DNA; lane 3, pJK14-P; lane 4, NA50pJK14-P; lane 
5, NA79pJKI4.P; lane 6, NA89pJK14.P; lane 7, NA101pJKI4.P; 
lane 8, NAI07pJK14.P; lane 9, NAIlTpJK14-P; lane 10, NAI31- 
pJKI4-P; lane 11, NAI50pJKI4.P; lane 12, NAI69pJKI4.P. Molec- 
ular mass markers are shown in kilodaltons at left. 

munoblot analyses, a single major discrete protein band was 
detected in each extract from transfected PtK2 cells (Fig. 3). 
For all deletion constructs, the transfected eDNA product ap- 
peared to be stable, and its size was comparable to that 
predicted on the basis of sequence analysis. Since only ,x,5 % 
of the cells generating the extracts in Fig. 3 were transfected, 
the amount of mutant protein relative to wild-type keratins 
was remarkably high (Fig. 3 A). However, it was impossible 
to quantitate the ratio of mutant to endogenous keratin in the 
transfected cells, because the number of plasmid DNAs 
taken up by each transfected cell was variable. 

K14. P Mutants Missing Various Portions of the 
Nonhelical Amino-Terminai Domain Incorporate 
Readily into the Keratin Network of PtK2 Cells 

To determine whether removal of a portion of the nonhelical 
amino-terminal domain of Kl4.P can interfere with its ability 
to integrate into a keratin filament network, we transfected 
PtK2 cells with NH2-terminal deletion constructs of pJK14.P 
ranging from NA50 to NA10T. At 65 h posttransfection, ker- 
atin networks were examined by indirect immunofluores- 
cence. A rat monoclonal antibody (NCI/34) against sub- 
stance P was used to detect the presence of K14.P (Cuello 
et al., 1979), and a mouse monoclonal antibody (LFA1) 
against K8 was used to visualize the endogenous keratin fila- 
ment network (Lane, 1982). These antibodies were specific 
for their target proteins. 

As illustrated in Fig. 4, a and b, the complete K14.P incor- 
porated into the endogenous keratin filament network of the 
PtK2 cell without perturbing it and anti-KS and anti-P 
showed colocalization (see also Albers and Fuchs, 1987). 
Moreover, NH2-terminal mutants of K14.P missing as many 
as 107 residues (NA107 pJK14.P) also incorporated into the 
PtK2 keratin network with no apparent effect upon cytoskele- 
tal morphology (c and d). These results are consistent with 
earlier in vitro studies by Kaufmann et al. (1985), demon- 
strating that a thrombin-generated NH2-terminal deletion of 
desmin lacking 67 residues still coassembled with wild-type 
desmin into normal 10-nm filaments. Our data not only ex- 
tend these studies for a second IF protein class, but they also 
further reduce the limits of NH2-terminal deletions yielding 
wild-type IF networks to a mere eight amino acid residues 
before the apparent start of the first a-helix (see Fig. 2). 

Mutant 104.P Keratins Missing Portions of the First 
a-Helical Domain Disrupt the Keratin Filament 
Network of PtK2 Cells 

In contrast to the behavior of mutants lacking portions of the 
K14 nonhelical amino-terminal domain, mutants missing 
portions of the a-helical segment caused marked disruptions 
in the keratin filament network of the PtK2 cells. This could 
be seen even with a mutant NAll7 pJK14.E missing only the 
first two residues (Val Thr) at the extreme end of the first he- 
lical domain (see Fig. 2 for details of the mutants). While 
'~15% of the NH2-terminal mutants showed a seemingly 
wild-type phenotype, most transfected cells displayed clear 
abnormalities in their keratin filament network. Interest- 
ingly, a wide range of aberrant phenotypes were observed for 
each NH2-terminal mutant examined (Figs. 5 and 6). While 
the percentage of cells showing a particular phenotype varied 
somewhat among NH2-terminal mutants, all mutants from 
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Figure 4. K14.P and amino terminal deletion mutants of K14.P incorporate into the endogenous keratin network of transfected PtK2 cells 
without disrupting it. PtK2 cells were transfected with plasmid pJK14.P and derivatives of pJK14.P containing various length deletions 
of the amino-terminal end. Cells were fixed at 65 h posttransfection, and the fate of the transfected gene product was examined by double- 
label immunofluorescence. To visualize the transfected gene product, cells were stained with a rat monoclonal antibody (NC1/34; referred 
to as anti-P) recognizing the carboxy-terminal sequence of substance P (a and c). Antibody staining was followed by FITC-conjugated 
goat anti-rat IgG. The endogenous simple epithelial keratin network was detected using a mouse monoclonal antibody (LE41) specific 
for keratin K8, followed by Texas red-conjugated goat anti-mouse IgG (b and d). Cells transfected with pJK14.P had a normal keratin 
filament network as illustrated in a and b. Cells transfected with NA50, NA79, NA89, NAI01, and NA107pJK14.P derivatives also showed 
incorporation of the mutants without perturbing the normal filament morphology (c and d; particular example shown is NA107). In all 
cases, colocalization with the endogenous keratin network was observed. Bar, 20 #m. 

NA117 to NA169 generated a similar range of  morphologies.  
The mildest deviation from a wild-type IF  network seemed 
to be a withdrawal of the network from the plasma membrane 
(Fig. 5, a and b). Some cells showed a keratin filament net- 
work that appeared as a collapsed coil of filaments (c and d).  

In these cases, the coil of filaments was usually associated 
with the nuclear membrane, apparently anchored via a dis- 
crete attachment site. In other cases, the collapsed filaments 
appeared as a ring surrounding the nucleus (e and f ) .  Some- 
times, a more severe distortion of  the filaments occurred 

Figure 5. Mutants lacking various portions of the first and second c~-helical domains perturb the PtK2 keratin filament network. PtK2 cells 
were transfected with NA150 pJK14.P (a and b, e and f ) ,  NAII7 pJK14.P (c and d), or NAI69 pJKI4.P (g and h). After transfection, 
cells were fixed and costained with anti-P (a, c, e and g) and anti-K8 (b, d, f, and h) as described in the legend to Fig. 4. Cells were 
examined at 65 h after DNA addition except for NA169 (g and h) which was fixed at 135 h posttransfection. Bar, 20 #m. 
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leaving very thin bundles of jagged fibers (e.g., NAI69; g 
and h). 

The "milder" aberrant keratin filament architectures 
shown in Fig. 5 were very similar to those observed previ- 
ously for some carboxy-terminal K14.P mutants (Albers and 
Fuchs, 1987). This was particularly true for a mutant, CA50 
KI4.P, lacking nine amino acid residues at the end of the 
fourth alpha-helical domain (Albers and Fuchs, 1987). In 
fact, for CA50 K14.P mutants, almost 85 % of the transfected 
cells showed a phenotype with a collapsed coil of filaments 
adjacent to the nucleus (similar to that seen in Fig. 5, c and 
d). In contrast, this morphology as well as other milder per- 
turbations of the keratin filament networks (see example in 
Fig. 5, a and b) were relatively rare for the NAl17-NA169 
mutants. 

While the less severe phenotypes were largely similar for 
both NH2-terminal and COOH-terminal mutants, the most 
aberrant phenotypes displayed by these two classes of mu- 
tants were strikingly different. Hence, for cells expressing 
CA73 K14.P or CA135 K14-P, the keratin network often dis- 
integrated into large cytoplasmic aggregates (Albers and 
Fuchs, 1987). For cells expressing NAll7 K14.P or NA169 
K14.P, however, the most commonly seen severe phenotype 
was one where anti-P staining occurred in the form of nu- 
clear aggregates (Fig. 6). These often first appeared as small 
punctate spots in conjunction with a collapsed nuclear net- 
work of IFs (a). In cases with little evidence of intact keratin 
filaments, aggregates were usually larger and more promi- 
nent (b). In some cases, small filamentous structures pro- 
truded from these aggregates (c). 

The punctate aggregates of keratin often costained with 
both anti-P and anti-K8 antibodies (d and e). However, in 
some cases, antibodies against the endogenous keratin net- 
work did not stain these aggregates ( fand  g), suggesting the 
possibility that the mutants may preferentially associate with 
these nuclear structures. In other cells, very little staining 
was observed with LE-41 or any other antibodies to the en- 
dogenous simple epithelial keratins. Since LE-41 shows pro- 
nounced staining in untransfected cells, it seems that in some 
transfected cells, either extensive masking of antigenic deter- 
minants takes place for simple epithelial keratins but not for 
substance P, or that simple epithelial keratins are preferen- 
tially degraded at a faster rate than the NH2-terminal mu- 
tants of K14.P. 

Occasionally, cells transfected with carboxy-terminal mu- 
tants displayed punctate nuclear staining, and some cells 
transfected with amino-terminal mutants showed punctate 
cytoplasmic staining. However, these cases were relatively 
rare, and the phenotypes were usually less pronounced than 
the corresponding morphologies exhibited by their mutant 
counterparts. Thus, whereas the most common pattern of 

anti-P staining for COOH-terminal mutants appeared to be 
punctate and cytoplasmic, a typical pattern of anti-P staining 
for the NH2-terminal mutants was punctate and nuclear. 

The cytoplasmic aggregates are most likely associated 
with the inner surface of the plasma membrane (Albers and 
Fuchs, 1987). Conversely, the absence of recognizable nu- 
clear targeting signals in the keratin sequences, coupled with 
the cytoplasmic nature of the wild-type keratin network 
makes it most likely that the nuclear aggregates of keratins 
accumulate on the surface rather than inside the nucleus. 
Electron microscopy will be necessary to confirm these as- 
sumptions. 

Unravelling a Possible Temporal Progression o f  
Mutan t  Keratin Phenotypes 

The collection of NH2-terminal mutant phenotypes was ob- 
served whether the K14.P constructs were transfected into 
simple epithelial cells, where the endogenous K14 gene is 
not expressed (Figs. 5 and 6), or epidermal cells, where the 
endogenous K14 gene is expressed (data not shown). How- 
ever, in contrast to simple epithelial cells, epidermal cell 
transfection led to the generation of a higher proportion of 
phenotypes similar to those shown in Fig. 5, with fewer cases 
representing the morphologies seen in Fig. 6. Since keratins 
account for up to 30 % of the total cellular protein in epider- 
mal cells and only 1-2% of the total protein in simple epithe- 
lial cells, it is likely that the proportion of mutant K14.P pro- 
tein relative to wild-type keratin is higher in most transfected 
simple epithelial cells than in transfected epidermal cells. 
Thus for PtK2 cells, the phenotypes seen in Fig. 5 might oc- 
cur more frequently at early times after transfection, when 
the ratio of mutant/wild-type keratin is low, whereas the 
phenotypes seen in Fig. 6 might occur predominantly at later 
times, when this ratio is higher. An examination of PtK2 
cells at t = 24, 48, 65, 92, and 135 h after transfection with 
NAll7 K14.P tended to support this notion. However, cells 
with plasma membrane-retracted IF networks were still seen 
as late as 92 h posttransfection and cells with punctate nu- 
clear aggregates were seen as early as 24 h posttransfection. 
It seems most likely that these exceptions represent trans- 
fected cells harboring foreign K14.P plasmids at unusually 
low or high levels, respectively. Moreover, since the cell cy- 
cle of PtK2 cells went from ~30 h before transfection to 
~48-60  h posttransfection, and since each phenotype could 
be found in isolated transfected cells, the variation in pheno- 
types could not be explained by cell cycle differences in the 
transfected population. This was unlikely in the first place, 
since the keratin filament network in PtK2 cells has been 
shown to remain intact even during mitosis (Franke et al., 
1978; Aubin et al., 1980). 

Figure 6. Amino terminal mutant proteins associate with the nucleus and form punctate aggregates. PtK2 cells were transfected with NAll7 
pJKI4.P and fixed at various times after tmnsfection. Cells were examined using double-indirect immunofluorescence with anti-P (a, b, 
d, and f )  and anti-K8 (e and g). a shows small nuclear aggregates of transfected mutant keratins, generally present at early times (14-65 h) 
posttransfection. At these early times, perinuclear whorls of filaments and small cytoplasmic punctate staining was frequently observed. 
b shows larger nuclear aggregates of mutant keratins often seen at 65-135 h posttransfection. At these late times, only very few cases of 
recognizable filaments or cytoplasmic punctate staining were seen. c shows a 65-h posttransfection example of nuclear aggregates stained 
with anti-P at higher magnification. Arrows denote the presence of short filamentous stubs associated with the aggregates. Nuclear ag- 
gregates usually colocalized with endogenous keratins (d and e) though in some cells, colocalization did not occur (fand g). Bars, 10 #m. 
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Defining the Limit Sequence Necessary for 
Incorporation of a Keratin into a Wild-7)pe Network 

The largest of our NH2-terminal mutants that incorporated 
into the endogenous simple epithelial keratin network with- 
out disrupting it was NA107, while the largest of the COOH- 
terminal mutants showing the same phenotype was CA42 
(Albers and Fuchs, 1987). To determine whether a K14.P 
construct missing sequences coding for 107 NH2-terminal 
residues and 42 COOH-terminal residues was still capable 
of incorporating into the endogenous keratin network with- 
out disrupting it, we prepared the construct NA107/CA42 
and transfected it into PtK2 cells. Fig. 7 a illustrates the con- 
struct. Fig. 8 a shows that this construct is capable of in- 
tegrating into a simple epithelial keratin network with no ap- 
parent effect on the morphology of the transfected cells. 

Combinations of headless and tailless mutants involving 
the removal of even a few amino acid residues from either 
the fourth alpha-helical domain (NA107/CA50; Fig. 7 b), the 
first alpha-helical domain (NAI17/CA42; Fig. 7 c), or both 
(NAll7/CA50; Fig. 7 d) led to abnormal keratin filament 
networks. Providing that only a few residues were removed 
from either end of the helical domain, the differences in 
phenotypes generated by headless and tailless double mu- 
tants were not great. All three of the double mutants de- 
scribed in Fig. 7, b-d, generated phenotypes typical of those 
seen in Fig. 8, b-d. 

In summary, these data indicate that the boundaries of K14 
sequence which are essential for normal incorporation into 
a preexisting simple epithelial keratin network must be with- 
in residues 107 and 117 at the amino-terminal end and 415 
and 423 at the carboxy-terminal end. Moreover, the fact that 
the NA107/CA50 mutant showed a greater percentage of cells 
with punctate nuclear aggregates than the CA50 mutant alone 
suggests that while the nonhelical amino terminal domain 
does not seem to play an essential role in enabling a keratin 
to integrate into an IF network, it may nevertheless influence 
the overall keratin filament network within a cell. 

NH2-Terminal Mutants Do Not Recover, Whereas 
COOH-Terminal Mutants Do 

Previously, we showed that at late times after transfection 
when mutant keratin gene expression appears to wane (Gor- 
man, 1985), cells that had been expressing COOH-terminal 
mutants show a restoration to their wild-type phenotype (AI- 
bers and Fuchs, 1987). In the first stages of the recovery pro- 
cess, a cage of newly synthesized keratin filaments appeared 
around the nucleus, while previously synthesized K14.P mu- 
tants were only found in the cytoplasm, apparently in a form 

a -I ~ I--'--( I'-I l NA107 :CA42  

b ~ t ~ l  1"4 l NA107; C&50 

c ~ ~ P"I l N&,117; CA42 

d ~ P'--I P-I l NA l17 ;  CA50 

Figure 7. Cons t ruc t s  o f  K ] 4 .  P de r i va t i ves  w i t h  a m i n o -  and c a r b o x y -  

terminal deletions. For each construct, white boxes represent the 
a-helical domains of the Ki4.P protein while the black box rep- 
resents the substance P tag. Constructs were prepared as indicated 
in Materials and Methods. 

that was incapable of interfering with assembly at the nu- 
cleus. 

To determine whether cells transfected with NH~-ter- 
minal mutants also showed a recovery phenomenon, we ex- 
amined their behavior at 92 h posttransfection. Surprisingly, 
in contrast to cells transfected with COOH-terminal mutants, 
cells transfected with NH2-terminal mutants showed no evi- 
dence of recovery at these late times. Even after 135 h, most 
cells staining with anti-P still exhibited punctate nuclear 
staining with no indication of de novo synthesis of a wild- 
type keratin IF network. Since a priori, it seems that the ma- 
jor phenotypic difference between NH2-terminal and COOH- 
terminal K14.P-transfected cells is that the NH2-terminal 
mutants localize at the nucleus while COOH-terrninal mu- 
tants aggregate in the cytoplasm, the simplest explanation for 
the failure of NH2-terminal Kl4.P-transfected cells to re- 
generate a keratin filament network is that the nuclear loca- 
tion of the mutant prevents the recovery process. 

Do NAX Mutants Affect Desmosome-lF Interactions? 

In epidermal cells, where keratins are especially abundant, 
8-nm filaments show a strong interaction with the desmo- 
somal plaques at the plasma membrane (Drochmans et al., 
1978; Denk et al., 1985). To determine whether desmo- 
somes might be disrupted in epidermal cells transfected with 
NH: helical mutants, we introduced these constructs into 
SCC-13, a squamous cell carcinoma line of epidermal origin 
(Wu and Rheinwald, 1981). At 65 h posttransfection, cells 
were stained with both anti-P and a mouse monoclonal anti- 
body against human desmosomal protein. Similar to PtK2 
cells, SCC13 cells expressing NH2-helical mutants showed 
a withdrawal of the keratin filament network away from the 
plasma membrane (Fig. 9 a, arrow). Nevertheless, the de- 
gree of antidesmosomal staining of transfected cells was still 
prominent (see corresponding region in b). While at first 
glance the desmosomal plaques in transfected cells often 
seemed to be more diffuse than those of adjacent untrans- 
fected cells, the transfected cells were usually suprabasal, 
and the larger suprabasal cells of the population often 
showed such diffuseness. This was presumably because the 
desmosomal attachments were to cells beneath rather than 
adjacent to the suprabasal cell. These data are consistent 
with previous studies (Kartenbeck et al., 1982; Denk et al., 
1985), and suggest that the organization of desmosomal 
structures may be at least partially independent of their as- 
sociation with keratin filaments. 

Despite the near complete disruption of the keratin fila- 
ment network in some NAX K14.P transfected cells, a few 
associations between keratin and desmosomes remained (c 
and d, arrows). Interestingly, these associations were fre- 
quently in regions where evidence of tight desmosomal 
plaques was lacking (see example in c and d). Even more 
striking was the observation that the keratin networks in 
neighboring untransfected cells sometimes appeared to be 
disordered as a consequence of mutant keratin expression in 
an adjacent cell (f, arrows). This disruption was readily ap- 
parent, since cells within a normal (untransfected) popula- 
tion of keratinocytes typically show networks of 8-nm fila- 
ments which are juxtaposed in a precise mirror image fashion 
to the 8-nm filaments of neighboring keratinocytes. The fact 
that desmosomes and mutant keratins do associate, coupled 
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Figure 8. Transfection of plasmids lacking both amino and carboxy K14-P sequences defines the limit domain necessary for formation 
of normal keratin multimer subunits. (a) Anti-P staining of PtK2 cells transfected with NA107/CA42 pJK14.P. (b-d) A range of representa- 
tive phenotypes observed for PtK2 cells transfected with the headless and tailless u-helical mutants described in Fig. 7 (b-d) and stained 
with anti-P. Specific examples shown are from cells transfected with (b) NA107/CA50 pJK14.P, (c) NAll7/CA50 pJK14.P, and (d) 
NA 117/CA42 pJK14.P. All three phenotypes in b-d were seen irrespective of which of the three c~-helical mutants was used for transfection. 
Bar, 20/zm. 

with the observation that an intermediate filament network 
in an adjacent cell can be altered by disrupting the IF net- 
work in a neighboring cell, mutant keratin is suggestive that 
some intercellular sensing device was triggered upon expres- 
sion. Since the major integrators of keratin networks within 
a sheet of epidermal cells are the desmosomes, it seems in- 
evitable that such a sensory device would involve a compo- 
nent of the desmosome. Hence, while our immunohisto- 
chemical methods did not detect gross alterations in the 
desmosomes as a consequence of mutant keratin expression, 
aggregates of mutant protein retain their association with the 
desmosome and may cause subtle perturbations that are 
transmitted to adjacent cells. Additional investigations will 
be necessary to examine the nature of these changes. 

Do NAl17 Mutants Affect the Nuclear Lamin 
Structure or the Nuclear Pore Networks? 

The formation of keratin aggregates at the nuclear surface of 
NAll7 transfected cells led us to wonder whether their pres- 
ence might perturb other nuclear structures; e.g., the mesh- 
work of lamin filaments at the inner surface of the nucleus, 
or the nuclear pores. To examine these possibilities, we 
transfected PtK2 cells with NAll7 K14.P and then costained 
with anti-P and a general anti-lamin antiserum or a mono- 
clonal antibody to nuclear pore complexes. No changes in 
the pattern of anti-lamin staining or anti-nuclear pore stain- 
ing were observed in cells transfected with NAll7 K14.P. In 
cells where anti-P revealed a nuclear punctate staining for 
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Figure 9. Altered keratin filament networks in squamous cell carcinoma cells transfected with amino-terminal c~-helical mutants of pJK14.E 
SCC-13 cells were transfected with either NAII7/CA42 pJK14.P (a and b), NA150 pJK14.P (c and d), or NAll7/CA50 pJK14.P (e and 
f) .  At 65 h posttransfection, cells were fixed and costained with anti-P (a, c, and e), and either anti-desmosome antibody (b and d) or 
antiserum against epidermal type II keratins (f).  Arrow in a shows depletion of keratin filaments near the cytoplasmic membrane of a 
transfected suprabasal cell, while desmosomal proteins still appear in abundance at the periphery of this cell (b, corresponding arrow). 
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Figure 10. Gross alterations in nuclear structures do not occur as a consequence of forming nuclear aggregates of mutant keratins. (a and 
b) PtK2 ceils were transfected with NA117/CA42 pJK14-E At 135 h posttransfection, cells were fixed and stained with a general anti-lamin 
antibody (a) and anti-P (b). (c and d) PtK2 cells were transfected with NAII7/CA50 pJK14.P. At 65 h posttransfection, cells were fixed 
and stained with anti-P (c) and anti-nuclear pore antibody (d). Bars: (a and b) 15 #m; (c and d) 5/zrn. 

keratins, the anti-lamin staining still appeared diffuse (Fig. 
10, a and b). Similarly, the punctate pattern of keratin aggre- 
gation did not appear to influence the punctate pattern of nu- 
clear pore distribution (Fig. 10, c and d). The failure to see 
unequivocal colocalization of  keratin aggregates with either 
nuclear lamin filaments or pore complexes precluded our 
ability to determine whether these aggregates associate with 
either of the two nuclear structures. However, we can say that 
obliteration of the keratin network and the accumulation of  
nuclear aggregates of  keratin did not interfere in a gross fash- 
ion with the organization of either the lamin meshwork or the 
nuclear pores. 

Discussion 

Helical Sequences Seem to be Sufficient for Multimer 
Subunit Formation 

In this study, we examined contributions that the amino- and 
carboxy-terminal portions of  a keratin sequence make in 
defining the overall keratin filament network within a cell. 
Previously, in an examination of carboxy-terminal mutations, 
we had shown that tagging a K14 cDNA with a small neu- 
ropeptide sequence enabled us to trace the expression of  K14 
and its mutant derivatives both in simple epithelial cells, 
where the gene is not normally expressed, and in epidermal 

Arrows in c and ddepict colocalization with anti-P and anti-desmosomal antibodies, respectively. In this transfected suprabasal cell, regions 
that costained did not show evidence of tight desmosomal junctions. Arrows in f illustrate untransfected cells whose intermediate filament 
networks were altered apparently as a consequence of mutant keratin expression in the adjacent transfected cell. Bar, 20 #m. 
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cells, where the expression of K14 accounts for ~7 % of the 
total protein of the cell (Albers and Fuchs, 1987). Although 
we cannot unequivocally rule out the possibility that the 
replacement of the last five amino acid residues of the K14 
chain with a 15-residue peptide might have caused slight per- 
turbations in the overall keratin filament networks of the 
transfected cells, no difference could be detected by the im- 
munofluorescence techniques that we used. 

The results of our transfection studies with the mutant ker- 
atin NA107 K14.P confirmed and extended earlier findings 
concerning the role of the nonhelical amino-terminal end of 
IF proteins in filament formation. In fact, nearly the entire 
amino-terminal domain could be removed without perturb- 
ing the ability of K14 to incorporate into keratin filaments of 
both simple epithelial and epidermal origin. Moreover, we 
discovered that a mutant K14.P construct, NA107/CA42 
K14.E missing both the amino and the carb,~xy nonhelical 
domains, was still competent to integrate into a keratin fila- 
ment network without any gross perturbation on the network. 

The finding that a headless and tailless type I keratin pro- 
tein can integrate into a preexisting keratin network suggests 
strongly that the structure of the largest multimer subunit 
which typically incorporates as a unit into a growing keratin 
filament must be very nearly wild type even in cells where 
this mutant comprises a part of the multimer unit. With 
regards to the formation of coiled-coil dimers, this result may 
have been expected, since the sequences predicted (by sec- 
ondary structure analyses) to be involved in the coiled-coil 
are not affected in the NA107/CA42 mutant. However, our 
results further predict that the interactions necessary to form 
tetramers and even higher ordered subunits must also have 
occurred normally even though some of the keratin polypep- 
tides in these structures were headless and tailless. Hence 
our findings suggest that the c~-helical domains of IF proteins 
may be largely responsible not only for coiled-coil interac- 
tions, but also for higher ordered subunit interactions within 
the intermediate filament. This notion is consistent with in 
vitro binding studies demonstrating that under conditions 
favoring dimer formation, proteolytically prepared type I he- 
lical segments can interact with-nitrocellulose-immobilized 
type II helical segments to form apparent heterotypic 
tetramers (Hatzfeld et al., 1987). This finding is also reason- 
able considering that the end domains of IF proteins tend to 
be hypervariable in sequence, making it unlikely that they 
play a role in multimeric subunit formation. 

Even though the helical domains of K14.P may be suffi- 
cient for formation of higher ordered subunit structures, our 
results do not necessarily imply that the nonhelical sequences 
are irrelevant in the assembly process. Indeed, it could be 
that the presence of endogenous type I and type II keratins 
during the assembly process obscured a role for the end do- 
mains in, e.g., stabilizing lateral and/or end-to-end interac- 
tions necessary to pack the subunits into an 8-nm filament. 
Indeed, the fact that an NA67 desmin fragment coassembles 
with wild-type desmin in vitro, but does not form IFs on its 
own is suggestive that the nonhelical NH2-terminus may be 
involved in such interactions (Kaufmann et al., 1985). Simi- 
larly, using enzymatic methods, Steinert et al. (1983) have 
observed disassembly of keratin filaments whose subunits 
have lost much of their nonhelical sequences through chymo- 
tryptic digestion. To evaluate more precisely the role of non- 
helical end domains in filament stabilization, it will be nec- 

essary to conduct in vitro filament assembly studies with 
purified mutant and wild-type keratins. 

What Is the Molecular Nature of Associations between 
Keratins and Other Cellular Elements? 

Previous morphological and biochemical studies have sug- 
gested that keratins interact with desmosomal plaques in the 
plasma membranes of keratinocytes (see for example Droch- 
roans et al., 1978). In addition, Kartenbeck et al. (1982) and 
Denk et al. (1985) have demonstrated that the organization 
of desmosomal structures may be independent of their as- 
sociation with keratin filaments. Our studies confirm these 
earlier observations, but in addition suggest that the keratin 
filament networks among cells of an epidermal sheet may be 
interconnected, since mutant keratin-triggered disruption of 
an IF network in one cell can result in altered filament net- 
works within a neighboring cell. Presumably, this linkage is 
an indirect one, and is mediated via the desmosomal plaques. 
While such a connection has always been implied by the ob- 
servation that keratin filaments in one cell seem to line up 
in perfect mirror image arrays to those filaments in an adja- 
cent cell, our experiments provide a direct demonstration of 
this penetration. 

Keratin filaments also interact with the nuclear envelope 
(Eckert et al., 1982; Albers and Fuchs, 1987; Georgatos and 
Blobel, 1987a,b; Georgatos et al., 1987). Recent in vitro 
studies have revealed IF-nuclear associations between type 
III IF proteins (desmin and vimentin) and lamin B (Geor- 
gatos and Blobel, 1987a,b; Georgatos et al., 1987). A priori 
it might seem unlikely that the IF-nuclear associations that 
we have observed with our NH2-terminal mutants are anal- 
ogous to those observed by Georgatos et al. since (a) nuclear 
staining with a general lamin antibody remained diffuse in 
transfected cells displaying anti-P staining nuclear aggre- 
gates, and (b) associations with lamin B and vimentin/des- 
min were via the nonhelical carboxy domain of the IF protein 
(Georgatos and Blobel, 1987a,b; Georgatos et al., 1987), 
whereas our headless and tailless K14.P mutant still showed 
nuclear localization. However, in our transfected PtK2 cells, 
interactions clearly took place between mutant keratins and 
wild-type keratins, and this precludes our ability to deter- 
mine whether the nuclear associations with NH2-terminal 
mutants were direct or indirect in nature. Hence additional 
in vivo studies will be necessary to determine whether lamin 
B-IF interactions are physiologically relevant, and whether 
they include the keratin filament family. 

Initiation of Keratin Filament Assembly May Be 
Blocked by NHz-Terminal Mutant Expression 

While certain questions about filament assembly necessitate 
in vitro studies involving mutant keratin polypeptides, other 
important aspects of filament formation, such as nucleation 
of assembly and intracellular interactions involving keratin 
filaments can only be addressed using a gent transfection ap- 
proach. Indeed, one of our most significant findings was the 
realization that amino- and carboxy-terminal helical mutants 
of K14.P exhibit very different phenotypes when they are ex- 
pressed in either simple or stratified squamous epithelial 
cells: Whereas carboxy terminal mutants missing most of the 
fourth c~-helical domain dissociate the endogenous keratin 
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filament network into cytoplasmic aggregates, amino-ter- 
minal mutants missing portions of the first u-helical domain 
often generate aggregates of keratin that appear to localize 
on the nuclear surface. Moreover, unlike cells transfected 
with carboxy-terminal mutants, which are able to recover 
when mutant keratin synthesis wanes 92-135 h after transfec- 
tion, amino-terminal mutants seem to cause a change in the 
keratin filament network which is irreversible during this 
time frame. We have not determined the basis for the differ- 
ence in cells transfected with COOH- vs. NH2-terminal mu- 
tants. It could be that the two classes of mutants have different 
effects on intracellular associations between IFs and other 
cytoplasmic proteins or organelles. Alternatively, it may be 
that RNA or protein generated by one class of mutant is more 
stable, and that the observed differences are due to variation 
in mutant protein concentration within transfected cells. 

Regardless of the explanation, the correlation between 
cytoplasmic aggregates and IF recovery versus nuclear ag- 
gregates and failure to reinitiate filament formation provides 
considerable insight into the process of in vivo IF assembly. 
Previously, we found that cells whose keratin network has 
been obliterated by COOH-terminal helical mutants regener- 
ate a network of endogenous IFs around the nucleus, suggest- 
ing that the nucleation of IF assembly may occur at the nu- 
clear surface (Albers and Fuchs, 1987). In these studies, 
de novo IF assembly occurred at seemingly discrete nuclear 
sites in cells that still contained cytoplasmic aggregates of 
mutant protein. Hence, the cytoplasmic aggregates must not 
have interfered with the reinitiation process. The fact that we 
did not observe recovery in cells showing nuclear aggregates 
of mutant protein is intriguing: if the localization of the 
NH2-terminal mutants at the nucleus interferes with the ini- 
tiation process, this could explain why cells transfected with 
NH2-terminal mutants do not easily recover. 

Keratin Mutant Phenotypes Suggest a Model for 
In Vivo Filament Assembly 

To conduct a detailed investigation of the kinetics of filament 
assembly, it would be necessary to examine newly synthe- 
sized keratin subunits in a cell line that had been stably trans- 
fected with a mutant driven by an inducible promoter. Thus 
far, our attempts to produce such lines with a hybrid gluco- 
corticoid-inducible promoter- (mouse mammary tumor vi- 
res LTR) keratin mutant gene have been unsuccessful, due 
to constitutive expression of the construct even in the absence 
of glucocorticoids (Giudice, G. J., and E. Fuchs, unpub- 
lished data). However, an examination of our transiently 
transfected cells at early and late times after transfection have 
provided us with some insights as to the possible sequence 
of events that take place after mutant keratin expression. At 
early times after transfection, a number of cells showed a 
keratin filament network which was withdrawn from the cy- 
toplasmic membrane, with no apparent disruption in the fila- 
ments per se. In contrast at late times after transfection, a 
greater percentage of cells showed little or no evidence of a 
discernable keratin filament network, but did show nuclear 
aggregates of keratin. These nuclear aggregates were often 
present in isolated, mononucleate transfected cells, suggest- 
ing that a round of cell division was not essential to generate 
the phenotype. Moreover, at the earliest times that we were 
able to detect mutant keratin protein in a transfected cell, we 

found relatively uniform staining of the keratin filament net- 
work at the level of immunofluorescence light microscopy. 
The simplest interpretation of these data is that the keratin 
filament network is a dynamic one, and that there is a pro- 
gression of events that takes place within a single cell upon 
NH2-terminal mutant keratin expression: a withdrawal of 
the keratin filament network from the cytoplasmic mem- 
brane seems to precede the disappearance of the filament net- 
work and the localization of mutant protein into nuclear ag- 
gregates. 

There are few explanations that can account for the genera- 
tion of a mutant phenotype with a seemingly normal keratin 
filament network withdrawn from the plasma membrane. 
The most likely possibility would seem to be that keratin fila- 
ments elongate from the nuclear membrane towards the 
plasma membrane, and that addition of NH2-terminal mu- 
tants to the ends of growing filaments might block further 
elongation and cause a regression of the filament network to- 
wards the nucleus. Previous in vitro and in vivo studies have 
suggested that initiation of intermediate filament assembly 
occurs at the nuclear envelope (Eckert et al., 1982; Albers 
and Fuchs, 1987; Georgatos and Blobel, 1987a,b; Georgatos 
et al., 1987), and hence by whatever means of subunit addi- 
tion, keratin filaments would be expected to grow in a nu- 
clear to cytoplasmic fashion. COOH-terminal mutants might 
also block elongation, since some of these mutants cause the 
keratin network to collapse in a coil of filaments with no ap- 
parent plasma membrane affiliation (Albers and Fuchs, 
1987). Interestingly, Georgatos et al. (1987) recently demon- 
strated an interaction between vimentin/desmin and ankyrin, 
a cytoskeletal protein at the inner surface of the plasma mem- 
brane. They have proposed that ankyrin might serve a natural 
"capping" function to block IF elongation in erythrocytes and 
to anchor the vimentin filaments at the plasma membrane. 
In our in vivo studies of NH2-mutant transfected epidermal 
cells (see Fig. 9, c and d), the remains of a few keratin fila- 
ments at desmosomal junctions might suggest a similar func- 
tion for desmosomes. Correspondingly, the NH2-terminal 
mutants may have acted as an unnatural capping agent to 
block IF elongation. 

If  the ends of most keratin filaments were anchored (and 
not growing) at the plasma membrane, it then seems difficult 
to visualize how they could be so dramatically affected by the 
mutant keratins. On the contrary, the fact that many keratin 
filaments appear to withdraw from the plasma membrane 
when NH2-terminal mutants are expressed suggests that 
only a few filaments may be tightly anchored, while most 
filaments seem to be in a continual state of growth. Clearly 
if this is the case, then a dynamic equilibrium must exist be- 
tween filament assembly and disassembly. Hence, both the 
mutant keratin phenotypes and the large scale immunofluo- 
rescent labeling of filaments in cells observed at early times 
after transfection are supportive of the notion that the keratin 
filament network is not a static one in cells. 

In summary, our data is consistent with the hypothesis that 
keratin filament assembly is initiated at the nuclear mem- 
brane at a limited number of discrete sites or organizing 
centers. Once initiated, filaments seem to be elongated by a 
dynamic process which proceeds towards the plasma mem- 
brane. While this model clearly needs to be tested in more 
detail by additional in vivo and in vitro studies, it serves as 
a base for further in vivo and in vitro experiments. 

Albers and Fuchs Mutant Keratin Expression in Epithelial Cells 1491 



We thank Dr. Birgitte Lane (Imperial Research Cancer Fund, London) and 
Dr. Larry Gerace (University of California at San Diego) for generously 
providing us with the antibodies to keratin (LE-41 and LE-61) and nuclear 
structures (lamin and nuclear pores), respectively. Finally, a special thank 
you goes to Ms. Grazina Traska for her expert technical assistance in tissue 
culture, and to Mr. Philip Galiga for his artistic assistance in the prepara- 
tion of illustrations. K. Albers is a Research Associate (Assistant Professor) 
funded by the Dermatology Foundation and the Ortho Pharmaceutical Cor- 
poration. E. Fuchs is a Presidential Young Investigator. 

This work was funded by a grant (AR27883) from the National Institutes 
of Health. 

Received for publication 9 November 1988 and in revised form 14 Decem- 
ber 1988. 

References  

Aebi, U., W. E. Fowler, P. Rew, and T.-T. Sun. 1983. The fibrillar substruc- 
ture of keratin filaments unraveled. J. Cell Biol. 97:1131-1143. 

Albers, K., and E. Fuchs. 1987. The expression of mutant epidermal keratin 
cDNAs transfected in simple epithelial and squamous cell carcinoma lines. 
J. Cell Biol. 105:791-806. 

Aubin, J. E., M. Osborn, W. W. Franke, and K. Weber. 1980. Intermediate 
filaments of the vimentin-type and the cytokeratin-type are distributed differ- 
ently during mitosis. Exp. Cell Res. 129:149-165. 

Crewther, W. G., L. M. Dowling, D. A. D. Parry, and P. M. Steinert. 1983. 
The structure of intermediate filaments. Int. J. Biol. Macrornol. 5:267-282. 

Crick, F. H. C. 1953. The packing of alpha-helices: simple coiled-coils. Acta 
Cryst. 6:689-697. 

Cuello, A. C., G. Galfre, and C. Milstein. 1979. Detection of substance P in 
the central nervous system by a monoclonal antibody. Proc. Natl. Acad. Sci. 
USA. 76:3532-3536. 

Denk, H., E. Lackinger, P. Cowin, and W. W. Franke. 1985. Maintenance of 
desmosomes in mouse hepatocytes after drug-induced rearrangement of 
cytokeratin filament material. Demonstration of independence of desmo- 
somes and intermediate-sized filaments. Exp. Cell Res. 161:161-171. 

Dowling, L. M., W. G. Crewther, and A. S. Inglis. 1986. The primary struc- 
ture of component 8C- 1, a subunit protein of intermediate filaments in wool 
keratin. Biochem. J. 236:695-703. 

Drochmans, P., C. Freudenstein, J.-C. Wanson, L. Laurent, T. W. Keenan, 
J. Stadler, R. LeLoup, and W. W. Franke. 1978. Structure and biochemical 
composition of desmosomes and tonofilaments isolated from calf muzzle 
epidermis. J. Cell Biol. 79:427-443. 

Eckert, B. S., R. A. Daley, and L. M. Parysek. 1982. Assembly of keratin onto 
PtK1 cytoskeletons: Evidence for an intermediate filament organizing center. 
J. Cell Biol. 92:575-578. 

Eichner, R., P. Bonitz, and T,-T. Sun. 1984. Classification of epidermal kera- 
tins according to their immunoreactivity, isoelectric point, and mode of ex- 
pression. J. Cell Biol. 98:1388-1396. 

Eichner, R., T.-T. Sun, and U. Aebi. 1986. The role of keratin subfamilies and 
keratin pairs in the formation of human epidermal intermediate filaments. J. 
Cell Biol. 102:1767-1777. 

Franke, W. W. 1987. Nuclear lamins and cytoskeletal intermediate filament 
proteins: a growing multigene family. Cell. 48:3-4. 

Franke, W. W., C. Grund, M. Osborn, and K. Weber. 1978. The intermediate- 
sized filaments in rat kangaroo PtK2 cells. 1. Morphology in situ. Cytobi- 
ologie. 17:365-391. 

Fuchs, E., and D. Marchuk. 1983. Type I and type II keratins have evolved 
from lower eukaryotes to form the epidermal intermediate filaments in mam- 
malian skin. Proc. Natl. Acad. Sci. USA. 80:5857-5861. 

Fuchs, E., S. Coppock, H. Green, and D. Cleveland. 1981. Two distinct classes 
of keratin genes and their evolutionary significance. Cell. 27:75-84. 

Fuchs, E., A. L. Tyner, G. J. Giudice, D. Marchuk, A. RayChaudhury, and 
M. Rosenberg. 1987. The human keratin genes and their differential expres- 
sion. Curr. Top. Dev. Biol. 22:5-34. 

Geisler, N., and K. Weber. 1982. The amino acid sequence of chicken muscle 
desmin provides a common structural model for intermediate filament pro- 
teins. EMBO (Eur. Mol. Biol. Organ.) J. 1:1649-1656. 

Geisler, N., E. Kaufmann, and K. Weber. 1982. Protein chemical characteriza- 
tion of three structurally distinct domains along the protofilament unit of des- 
min 10 nm filaments. Cell. 30:277-286. 

Geisler, N., E. Kaufmann, and K. Weber. 1985. Antiparallel orientation of the 
two double-stranded coiled-coils in the tetrameric protofilament unit of inter- 
mediate filaments. J. Mol. Biol. 182:173-177. 

Georgatos, S. D., and G. Blobel. 1987a. Two distinct attachment sites for 
vimentin along the plasma membrane and the nuclear envelope in avian 
erythrocytes: a basis for a vectorial assembly of intermediate filaments. J. 
Cell Biol. 105:105-115. 

Georgatos, S. D., and G. Blobel. 1987b. Lamin B constitutes an intermediate 
filament attachment site at the nuclear envelope. J. Cell Biol. 105:117-125. 

Georgatos, S. D., K. Weber, N. Geisler, and G. Blobel. 1987. Binding of two 

desmin derivatives to the plasma membrane and the nuclear envelope of 
avian erythrocytes: evidence for a conserved site-specificity in intermediate 
filament-membrane interactions. Proc. Natl. Acad. Sci. USA. 84:6780- 
6784. 

Giudice, G. J., and E. Fuchs. 1987. The transfection of human epidermal kera- 
tin genes into fibroblasts and simple epithelial cells: evidence for inducing 
a type I keratin by a type 1I gene. Cell. 48:453-463. 

Class, C., and E. Fuchs. 1988. Isolation, sequence, and differential expression 
of a human K7 gene in simple epithelial cells. J. CelIBiol. 107:1337-1350. 

Gorman, C. 1985. High efficiency gene transfer into mammalian cells. In DNA 
Cloning: A Practical Approach. Vol. 2. D. M. GIover, editor. IRL Press 
Limited, Oxford. 143-190. 

Graham, F. L., and E. Van der Eb. 1973. A new technique for the assay of 
infectivity of human adenovirus 5 DNA. Virology. 52:456-467. 

Hanukoglu, I., and E. Fuchs. 1982. The cDNA sequence of a human epidermal 
keratin: divergence of sequence but conservation of structure among inter- 
mediate filament proteins. Cell. 31:243-252. 

Hanukoglu, I., and E. Fuchs. 1983. The cDNA sequence of a type II cytoskele- 
tal keratin reveals constant and variable structural domains among keratins. 
Cell. 33:915-924. 

Hatzfeld, M., and W. W. Franke. 1985. Pair formation and promiscuity of 
cytokeratins: formation in vitro of heterotypic complexes and intermediate- 
sized filaments by homologous and beterologous recombinations of purified 
polypeptides. J. Cell Biol. 101:1826-1841. 

Hatzfeld, M., G. Maier, and W. W. Franke. 1987. Cytokeratin domains in- 
volved in heterotypic complex formation determined by in-vitro binding as- 
says. J. Mol. Biol. 197:237-255. 

Ip, W., M. K. Hartzer, Y.-Y. S. Pang, and R. M. Robson. 1985. Assembly 
of vimentin in vitro and its implications concerning the structure of inter- 
mediate filaments. J. Mol. Biol. 183:365-375. 

Jorcano, J. L., J. K. Franz, and W. W. Franke. 1984a. Amino acid sequence 
diversity between bovine epidermal cytokeratin polypeptides of the basic 
(type II) subfamily as determined from cDNA clones. Differentiation. 
28:155-163. 

Jorcano, J. L., M. Rieger, J. K. Franz, D. L. Schiller, R. Moll, and W. W. 
Franke. 1984b. Identification of two types of keratin polypeptides within the 
acidic cytokeratin subfamily I. J. Mol. Biol. 179:257-281. 

Kartenbeck, J., E. Schmid, W. W. Franke, and B. Geiger. 1982. Different 
modes of internalization of proteins associated with adhaerens junctions and 
desmosomes: experimental separation of lateral contact induces endocytosis 
of desmosomal plaque material. EMBO (Eur. Mol. Biol. Organ.) J. 1: 
725-732. 

Kaufmann, E., K. Weber, and N. Geisler. 1985. Intermediate filament forming 
ability of desmin derivatives lacking either the amino-terminal 67 or the 
carboxy-terminal 27 residues. J. Mol. Biol. 185:733-742. 

Kim, K. H., J. Rheinwald, and E. Fuchs. 1983. Tissue specificity of epithelial 
keratins: differential expression of mRNAs from two multigene families. 
Mol. Cell. Biol. 3:495-502. 

Land, H., A. C. Chen, J. P. Morgenstern, L. F. Parada, and R. A. Weinberg. 
1986. Behavior of myc and ras oncogenes in transformation of rat embryo 
fibroblasts. Mol. Cell. Biol. 6:1917-1925. 

Lane, E. B. 1982. Monoclonal antibodies provide specific intramolecular mark- 
ers for the study of epithelial tonofilament organization. J. Cell Biol. 92: 
665-673. 

Magin, T. M., J. L. Jorcano, and W. W. Franke. 1983. Translational products 
of mRNAs coding for non-epidermal cytokeratins. EMBO (Eur. Mol. Biol. 
Organ.) J. 2:1387-1392. 

Magin, T. M., J. L. Jorcano, and W. W. Franke. 1986. Cytokeratin expression 
in simple epithelia. II. cDNA cloning and sequence and characteristics of bo- 
vine cytokeratin A (no. 8). Differentiation. 30:254-264. 

Marchuk, D., S. McCrohon, and E. Fuchs. 1985. Complete sequence of a type 
I human keratin gene: presence of enhancer-like elements in the regulatory 
region of the gene. Proc. Natl. Acad. Sci. USA. 82:1609-1613. 

McLachlan, A. D., and M. Stewart. 1975. Tropomyosin coiled-coil interac- 
tions: evidence for an unstaggererd structure. J. Mol. Biol. 98:293-304. 

McLachlan, A. D., and M. Stewart. 1982. Periodic charge distribution in the 
intermediate filament proteins desmin and vimentin../. MoL Biol. 162: 
693-698. 

Moll, R., W. W. Franke, D. Schiller, B. Geiger, and R. Krepler. 1982. The 
catalog of human cytokeratins: patterns of expression in normal epithelia, 
tumors, and cultured cells. Cell. 31:11-24. 

Munro, S., and H. R. B. Pelham. 1984. Use of peptide tagging to detect proteins 
expressed from cloned genes: deletion mapping functional domains of Dro- 
sophila hsp 70. EMBO (Eur. Mol. Biol. Organ.) J. 3:3087-3093. 

Parker, B. A., and G. R. Stark. 1979. Regulation of simian virus 40 transcrip- 
tion: sensitive analysis of the RNA species present early in infections by virus 
or viral DNA. J. Firol. 31:360-369. 

Parry, D. A. D., W. G. Crewther, R. D. Fraser, and'T. P. MacRae. 1977. 
Structure of a-keratin: structural implications of the amino acid sequence of 
the type I and type II chain segments. J. Mol. Biol. 113:449-454. 

Parry, D. A. D., A. C. Steven, and P. M. Steinert. 1985. The coiled-coil mole- 
cules of intermediate filaments consist of two parallel chains in exact axial 
register. Biochem. Biophys. Res. Commun. 127:1012-1018. 

Quinlan, R. A., J. A. Cohlberg, D. L. Schiller, M. Hatzfeld, and W. W. 
Franke. 1984. Heterotypic tetramer (A~D:) complexes of non-epidermal 

The Journal of Cell Biology, Volume 108, 1989 1492 



keratins isolated from cytoskeletons of rat hepatocytes and hepatoma cells. 
J. Mol. BioL 178:365-388. 

Quinlan, R. A., M. Hatzfeld, W. W. Franke, A. Lustig, T. Schulthess, and 
J. Engel. 1986. Characterization of dimer subunits of intermediate filament 
proteins. J. Mol. Biol. 192:337-349. 

Schiller, D. L., W. W. Franke, and B. Geiger. 1982. A subfamily of relatively 
large and basic cytokeratin polypeptides as defined by peptide mapping is 
represented by one of several polypeptides in epithelial cells. EMBO (Eur. 
Mol. Biol. Organ.)J. 6:761-769. 

Snow, C. M., A. Senior, and L. Gerace. 1987. Monoclonal antibodies identify 
a group of nuclear pore complex glycoproteins. J. Cell Biol. 104:1143- 
1156. 

Soellner, P., R. A. Quinlan, and W. W. Franke. 1985. Identification of a dis- 
tinct soluble subunit of an intermediate filament protein: tetrameric vimentin 
from living cells. Proc. Natl. Acad. Sci. USA. 82:7929-7933. 

Steinert, P. M., W. W. Idler, F. Cabral, M. M. Gottesman, and R. D. Gold- 
man, 1981. In vitro assembly of homopolymer and copolymer filaments from 
intermediate filament subunits of muscle and fibroblastic cells. Proc. Natl. 
Acad. Sci. USA. 78:3692-3696. 

Steinert, P. M., R. H. Rice, D. R. Roop, B. L. Trus, and A. C. Steven. 1983. 
Complete amino acid sequence of a mouse epidermal keratin subunit and im- 
plications for the structure of intermediate filaments. Nature (Lond.). 302: 
794-800. 

Steinert, P. M., D. A. D. Parry, E. Racoosin, W. Idler, A. Steven, B. Trus, 
and D. Roop. 1984. The complete cDNA and deduced amino acid sequence 
of a type II mouse epidermal keratin of 60,000 Da: analysis of sequence 
differences between type I and type II keratins. Proc. Natl. Acad. Sci. USA. 
81:5709-5713. 

Steinert, P. M., A. C. Steven, and D. R. Roop. 1985. The molecular biology 
of intermediate filaments. Cell. 42:411-419. 

Steven, A., J. Hainfeld, B, Trus, J. Wall, and P. Steinert. 1983. Epidermal ker- 
atin filaments assembled in vitro have masses-per-unit length that scale ac- 
cording to average subunit masses: structural basis for homologous packing 
of subunits in intermediate filaments. J. Cell Biol. 97:1939-1944. 

Sun, T.-T,, R. Eichner, A. Schermer, D. Cooper, W. G. Nelson, and R. A. 
Weiss. 1984, Classification, expression, and possible mechanisms of evolu- 
tion of mammalian epithelial keratins: a unifying model. In The Cancer Cell. 
The Transformed Phenotype. Vol. I. A. Levine, W. Topp, G. van de 
Woude, and J. D. Watson, editors. Cold Spring Harbor Laboratory, Cold 
Spring Harbor, NY. 169-176. 

Woods, E. F., and A. S. Inglis. 1984. Organization of the coiled-coils in the 
wool microfibril. Int. J. Biol. Macromol. 6:277-283. 

Wu, Y.-J., and J. G. Rheinwald. 1981. A new small (40kd) keratin filament 
protein made by some cultured human squamous cell carcinomas. Cell, 
25:627-635. 

Albers and Fuchs Mutant Keratin Expression in Epithelial Cells 1493 


