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32.1 Introduction 

The epidermis and its appendages, inc1uding hair, wool, nail, horn, hoof and 
porcupine quill represent the major protective covering of vertebrate organisms. 
To fulfull this function, these tissues inc1ude many different types ofbiochemical 
adaptations in their biological designs. Yet their predominant features are bun
dIes of 8-nm keratin filaments. The longitudinal network formed by filaments 
is probably more responsible for their strength and special characteristics than 
are any other of cytoplasmic components. Despite the diverse morphologies, 
it is now c1ear that the keratin filaments are comprised of subunits that constitute 
a family of related proteins known as (X-keratins. In epidermal cells, these pro
teins, henceforth named cytoskeletal keratins, assemble into 8-nm filaments and 
form a seemingly irregular interwoven mesh throughout the cytoplasm. In epi
dermal appendages such as hair and wool, these proteins, henceforth named 
microfibrillar keratins, form very orderly arrays of microfibrils embedded in 
an amorphous matrix. The proteins that constitute the matrix in epidermal 
appendages are often called keratins; however, since these "matrix keratins" 
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are different from the microfibrillar oe-keratins both in terms of their sizes 
(6-20 K vs. 40~70 K for oe-keratins) and their primary and secondary structures, 
we shall not consider them here. In this chapter, we shall review recent studies 
on the structural characteristics of the keratin subunits that constitute the back
bone of the 8-nm filaments, and the changes in the spectrum of these subunits 
during terminal differentiation and embryonic development of the epidermis. 

32.2 Sequence and Structural Relationship 
of (X-Keratin Filament Subunits 

32.2.1 Classification of Keratins into Two Distinct Groups 
and Their Evolutionary Conservation 

In the past 15 years, the most extensively characterized keratins have been the 
microfibrillar keratins of sheep wool and the epidermal keratins of human, 
rodent and cow. The studies on the keratins of these diverse sources have indi
cated that, unlike the two other types of cytoskeletal proteins, actin and tubulin, 
the keratins vary widely in their size (Mr = 40~ 70 K). Nonetheless, they display 
similarities in their structure as evidenced by analysis of amino acid composi
tions, one-dimensional peptide mapping, and immunological cross-reactivity 
(Jones 1975,1976; Steinert and Idler 1975; Fuchs and Green 1978; Dale et a1. 
1976; Weber et a1. 1980; Bowden and Cunliffe 1981). Partial amino acid se
quence data on wool microfibrillar keratins indicated that despite certain com
mon properties among all keratins, at least two of the keratins share only 
a low «30%) homology with each other (Crewther et a1. 1978, 1980a, 1980b; 
Gough et a1. 1978). Subsequently, as mRNAs coding for the epidermal keratins 
were isolated and cIoned as cDNAs (Fuchs et a1. 1981; Roop et a1. 1983), it 
was discovered that, in fact, most if not all of the five to seven human epidermal 
cytoske1etal keratins could be subdivided into two distinct groups of sequences 
according to the ability of their corresponding mRNAs to cross-hybridize with 
one another (Fuchs et a1. 1981; Kim et a1. 1983, 1984). Upon the discovery 
that the two respective wool keratins share striking sequence similarities with 
the two classes of human epidermal keratin sequences, the terminology used 
for the two types of microfibrillar keratin fragments was adopted for cytoskeletal 
keratins (Hanukoglu and Fuchs 1983). Hence, these two groups of keratin se
quences have been classified as type I and type 11 keratins. 

The type I and type 11 keratins are present in all vertebrate species and 
each type is encoded by a small multigene family. The number of genes coding 
for each type of keratin varies between two and ten across species. F or example, 
in humans there appear to be about ten genes for the type land ten genes 
for the type 11 keratins, whereas for the primitive vertebrate hagfish, there ap
pear to be only one or two genes for each type (Fuchs et a1. 1981; Fuchs 
and Marchuk 1983). As judged by DNA-DNA hybridizations, DNA sequences 
that are highly homologous to cloned human epidermal type I and type II kera
tin cDNAs are present in all vertebrates (Fuchs et a1. 1981; Fuchs and Marchuk 
1983). 
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Fig. 1. Type I (left) and type II (right) keratins are present in the epidermis of all vertebrates. 
Antibodies were raised against electrophoretically purified M, 50 K (type I) and M, 56 K 
(type ll) human keratins. These anti sera were used in immunoblot analysis to detect the pres
ence ofimmunoreactive forms ofboth classes ofkeratins in other vertebrate epidermal keratino
cytes. (Left) lmmunoblot with anti-type I keratin antisera. (Right) Immunoblot with anti
type II keratin antisera. Tracks with different sampies of vertebrate keratins: 1 whole human 
epidermis; 2 cultured human epidermal cells; 3 rat; 4 mouse; 5 hairless mutant mouse; 6 rabbit; 
7 bovine snout; 8 chicken; 9 turtle ; 10 frog; 11 catfish fin. (M, s are shown x 10- 3). (Fuchs 
and Marchuk 1983) 

The universal presence of type I and type 11 epidermal keratins in all verte
brate skins has been confirmed by their ability to cross-react with antibodies 
specific for human epidermal type I and type 11 keratins (Fig. 1). In a duplicate 
immunoblot analysis with the two respective antikeratin antisera, it was found 
that every vertebrate epidermis expressed at least one member of each of the 
two types ofkeratins (Fuchs and Marchuk 1983). All vertebrate keratins showed 
crossreactivity with one or the other of these two antisera. However, in the 
absence of detailed sequence information on multiple keratins from divese 
sources, the possibility cannot yet be excluded that there might be additional 
sequence classes representing minor forms of keratins. 

32.2.2 Sequences and Characteristics of Keratin Subunits 

At present, the sequences of two wool microfibrillar keratins, two human epider
mal cytoskeletal keratins and one mouse epidermal cytoskeletal keratin are 
known (Fig. 2) (Crewther et al. 1978, 1980a, 1980b; Gough et al. 1978; Dowling 
et al. 1983; Hanukoglu and Fuchs 1982, 1983; Steinert et al. 1983). A compari
son of these sequences coupled with the data obtained from biochemical experi
ments using cloned keratin cDNAs and antibodies specific to each type of 
keratin have provided valuable information on the structural features of the 
two types of keratin subunits. The following major similarities and differences 
have been observed among the type I and type 11 keratins: 
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(1) The M r ranges of the keratins in the two classes are largely non-overlap
ping. The type I keratins are generally small (M r 40-55 K), whereas the type 11 
keratins are larger (M r 56-70 K). The mouse type I keratin (M r 59 K) shown 
in Fig. 2 appears to be an exception among the vertebrate type I keratins because 
ofits rather large size (see Fuchs et al. 1981; Fuchs and Marchuk 1983). 

(2) The type I keratins gene rally show isoelectric points that are more acidic 
than those of type II keratins (Pi 4.5-5.5 vs. 6.5-7.5) (for a review see Moll 
et al. 1982a). This observation remains unexplained, since the sequence and 
amino acid composition differences between these two types of keratins do 
not readily explain this isoelectric point difference (Table 1). 

(3) The central approximately 300 residue long portion of all keratin se
quences can be aligned for optimal homology without any or only a few (1-3) 
gaps (Fig. 2). When a comparison was made between any type I and type II 
keratin, it was found that they share only a low ( < 30%) sequence homology 
in this central region, even within the same species (Fig. 3A). However, within 
a particular type of keratin, both epidermal cytoskeletal and wool microfibrillar 
keratins share a relatively high homology (> 60%) in this central region, even 
across species (Fig. 3 B). 

(4) Even though there is only a low degree of homology between the two 
types of keratin sequences, the secondary structures of the central regions of 
all keratins seem to be remarkably conserved. The secondary structure predic
tion analyses indicate that within this central region, there are four richly a
helical domains. These are marked by bars over the sequences in Figs. 2 and 
3. For the three unmarked regions demarcating the a-helical domains, ß-turns 
are predicted with a high degree of probability in all sequences. The first two 
of these ß-turn regions contain proline(s) in some, but not all sequences. 

(5) Despite evolutionary divergence of sequence, the amino acid composi
tions of the total central region, as weIl as those of individual helical domains 
of both types of keratin, have remained highly similar. Some degree of conserva
tion appears to arise from the constraints placed on maintaining a-helicity in 
this region. For example, 25-30% of the residues in this domain are Glu and 
Leu, both of which favour a-helical structures (Tables 1, 2). Superimposed on 
these structural constraints are additional conservations, which most likely re
fleet sequences that are essential for the assembly of the filament. 

(6) The four helical domains (marked as I, 11, III, and IV in Figs. 2 and 
3 and Table 2) are predicted to be nearly constant in size in all keratins and 
they are approximately 30-40, 100, 35--40, and 100 residues long respectively. 

Although amino acid sequence homology is higher within all predicted heli
cal domains than it is in the non-helical regions, it is especially prominent 
in domain III and in the 3' end of domain IV. 

(7) Within the helical domains, charged and hydrophobie residues are con
served more frequentIy and many substitutions for these residues represent con
servative replacements, e.g. Asp( - ) for Glu( - ), or Arg( + ) for Lys( + ). 

(8) The size differences among keratins in general, and between type land 
type II keratins in particular, seem to arise from differences in the non-helical 
amino and carboxy terminal portions of the proteins rather than in the structur
ally conserved central a-helical region (Figs. 2 and 3). These terminal regions 



W
T

-I
 

A
m

in
o 

te
rm

in
u

s 
SF

N
FC

L
PN

L
SF

R
SS

C
SS

R
PC

V
PS

SC
C

G
T

T
L

PG
A

C
N

IP
A

N
V

G
SC

N
W

R
C

E
G

SF
D

G
N

 
M

T
-I

 
SV

L
Y

C
SS

SK
Q

FS
SS

R
SG

G
G

G
G

G
G

SV
R

V
SS

T
R

G
SL

G
G

G
L

SS
G

G
FS

G
G

SF
SR

G
SS

G
G

G
C

FG
G

SS
G

G
Y

G
G

FG
G

G
G

SF
G

G
G

Y
G

G
SS

FG
G

G
Y

 
87

 
8

8
 

G
G

SS
FG

G
G

Y
G

G
SS

FG
G

G
SF

G
G

G
SF

G
G

G
SF

G
G

G
G

C
G

G
G

FG
G

G
G

FG
G

D
G

G
G

LL
SG

N
 

H
T

-I
 

.•
. 

G
LG

G
G

Y
G

G
G

FS
SS

SS
SF

G
SG

FG
G

G
Y

G
G

G
LG

TG
LG

G
G

FG
G

G
FA

G
G

D
G

LL
V

G
S 

H
T

-I
I:

 
W

T
-I

I:
 

H
e1

ic
a

1
 

d
om

ai
n

 I
 

W
T

-I
 

5
5

 
E

K
E

T
M

Q
FL

N
D

R
L

A
SY

L
E

K
V

R
Q

L
E

R
E

N
A

E
L

E
SR

IL
E

R
SQ

Q
Q

E
PL

V
C

PN
 

M
T

-I
 

14
2 

G
R

V
TM

R
N

LN
D

R
LA

SY
M

D
K

V
R

A
LE

ES
N

Y
EL

EG
K

IK
EV

V
R

EA
R

Q
LK

PR
EP

R
D

 
H

T
-I

 
52

 
EK

V
TM

Q
N

LN
D

R
LA

SY
LD

K
V

R
A

LE
EA

N
A

D
LE

V
K

IR
D

W
Y

Q
R

Q
R

PA
EI

K
D

 
H

T
-I

I:
 

.•
..

..
•
.•

•
.•

•
.•

..
..

..
..

..
..

•
..

•
.•

•
•
•
•
..

..
•
..

 Q
N

L 
W

T-
I 
I:

 
•
..

•
..

•
..

•
•
•
•
.•

..
..

•
•
•
..

•
..

.•
..

•
•
•
.•

..
. 

R
Q

C
C

ES
N

L 

W
T

-I
 

M
T

-I
 

H
T

-I
 

H
T

-I
I:

 

10
2 

1
9

2
 

9
9

 
4 

H
e
li

c
a

l 
d

om
ai

n
 

11
 

Y
Q

SY
FR

T
IE

E
L

Q
Q

K
IL

C
A

K
SE

N
SR

L
V

IE
ID

N
A

K
L

A
SD

D
FR

T
K

Y
E

SE
R

SL
R

Q
L

V
E

SD
IN

SL
R

R
IL

D
E

L
T

L
C

K
SN

L
E

A
E

V
E

SL
K

E
E

L
L

C
L

K
Q

N
H

E
E

E
V

N
T

L
R

S 
Y

SK
Y

Y
K

T
IE

C
L

K
G

Q
IL

T
L

T
T

D
N

A
N

V
L

L
Q

ID
N

A
R

L
A

A
D

D
FR

L
K

Y
E

N
E

V
T

L
R

Q
SV

E
A

D
IN

G
L

R
R

V
L

D
E

L
T

L
SQ

SV
L

E
L

Q
IE

SL
N

E
E

L
A

Y
L

K
K

N
L

E
E

E
M

R
D

L
Q

N
 

Y
SP

Y
FK

T
IE

D
L

R
N

K
IL

T
A

T
V

D
N

A
N

V
L

L
Q

ID
N

A
R

L
A

A
D

D
FR

T
K

Y
E

T
E

L
N

L
R

M
SV

E
A

D
IN

G
L

R
R

V
L

D
E

L
T

L
A

R
A

D
L

E
M

Q
IE

SL
K

E
E

L
A

Y
L

K
K

N
H

E
E

E
M

N
A

L
R

G
 

EP
LF

EQ
Y

IN
N

LR
R

Q
LD

SI
V

G
ER

G
R

LD
SE

LR
G

M
Q

D
LV

ED
FK

N
K

Y
ED

EI
N

K
R

TA
A

EN
EF

V
TL

K
K

D
V

D
A

A
Y

M
N

K
V

EL
Q

A
K

A
D

TL
TD

EI
N

FL
R

A
LY

D
A

EL
SQ

M
Q

T 

:r;; 0
0

 

W
T

-I
I:

 
9 

E
PL

FE
G

Y
IE

T
L

R
R

E
A

E
C

V
E

A
D

SG
R

L
SS

E
L

N
H

V
Q

E
V

L
E

G
Y

K
K

K
Y

E
E

E
V

A
L

R
A

T
A

E
N

E
FV

A
L

K
K

D
V

D
C

A
Y

V
R

K
SD

L
E

A
N

V
E

A
L

IQ
E

ID
FL

R
R

L
Y

E
E

E
IR

V
L

Q
A

 
~
 

W
T

-I
 

2
0

3
 

Q
LG

D
R

LN
V

E 
V

O
A

A
PT

V
 

M
T

-I
 

2
9

3
 

V
ST

G
D

V
N

V
E 

M
N

A
A

PG
V

 
H

T
-I

 
2

0
0

 
Q

V
G

G
D

V
N

V
E 

M
D

A
A

PG
V

 
H

T
-I

I:
 

1
0

5
 

H
IS

D
T

SV
V

L
S 

M
D

N
N

RN
L 

W
T

-I
I:

 
1

1
0

 
N

IS
D

T
SV

IV
SK

M
D

N
SR

D
L

 

~
 

c &
 

~
 

~
 = ~ ~ :r: ~ =
 

c "' o ~ c 



W
T

-I
 

2
1

9
 

M
T

-I
 

3
0

9
 

H
T

-I
 

2
1

6
 

H
T

-I
I:

 
1

2
2

 
W

T
-I

I:
 

1
2

8
 

W
T

-I
 

2
7

0
 

M
T

-I
 

3
6

0
 

H
T

-I
 

2
6

7
 

H
T

-I
I:

 
1

7
3

 
W

T
-I

I:
 

1
8

0
 

W
T

-I
 

3
6

7
 

M
T

-I
 

4
5

7
 

5
5

4
 

H
T

-I
 

3
6

4
 

H
T

-I
I:

 
2

7
0

 
W

T
-I

I:
 

H
e1

ic
a

1
 d

o
a

a
in

 1
1

1
 

D
LN

R
V

LN
 

ET
R

A
Q

Y
EA

LV
ET

N
R

R
D

V
EE

W
Y

IR
Q

TE
EL

N
K

Q
V

V
SS

SE
Q

LQ
C

N
Q

E 
D

LT
Q

LL
N

 
N

M
R

N
Q

Y
EQ

LA
EK

N
R

K
D

A
EE

W
FN

Q
K

SK
EL

TT
EI

D
SN

IA
Q

M
SS

H
K

S 
D

L
SR

IL
N

 
EM

R
D

Q
Y

EK
M

A
EK

N
R

K
D

A
EE

W
FF

TK
TE

EL
N

R
fV

A
TN

SE
LV

Q
SG

K
S 

D
L

D
S

II
A

 
EV

K
A

Q
Y

EE
IA

Q
R

SR
A

EA
ES

W
Y

Q
TK

Y
EE

LQ
V

TA
G

R
H

G
D

D
LR

N
TK

Q
 

N
M

D
C

IV
A

E
E

lR
A

Q
Y

D
D

IA
SR

SR
A

E
A

E
SW

Y
R

SK
C

E
E

lK
A

T
V

IR
H

G
E

T
L

R
R

T
K

E
 

H
e1

ic
a

1
 

d
om

ai
n

 
IV

 

E
I I

E
L

R
R

T
V

N
A

L
Q

V
E

L
Q

A
Q

H
N

L
R

D
SL

E
N

T
L

T
E

T
E

A
R

Y
SC

Q
L

N
Q

V
Q

SL
IS

N
V

E
SQ

L
A

E
IR

G
D

L
E

R
Q

N
Q

E
Y

Q
V

L
L

D
V

R
A

R
L

E
C

E
IN

T
Y

R
G

L
L

D
SE

D
C

K
L

 
E

IT
E

L
R

R
T

V
Q

G
L

E
IE

L
Q

SQ
L

A
L

K
Q

SL
E

A
SL

A
E

T
V

E
SL

L
R

Q
L

SQ
IQ

SQ
IS

A
L

E
E

Q
L

Q
Q

lR
A

E
T

E
C

Q
N

A
E

Y
Q

Q
L

L
D

IK
T

R
L

E
N

E
IQ

T
Y

R
SL

L
E

G
E

G
SS

S 
E

IS
E

L
R

R
T

M
Q

N
L

E
IE

L
Q

SQ
L

SM
K

A
SL

E
N

SL
E

E
T

K
G

R
Y

C
M

Q
L

A
Q

IQ
E

M
IG

SV
E

E
Q

L
A

Q
L

R
C

E
M

E
Q

Q
N

Q
E

Y
K

IL
L

D
V

K
T

R
L

E
Q

E
IA

T
Y

R
R

L
L

E
G

E
D

A
H

L
 

EI
A

EI
N

R
M

IQ
R

LR
SE

SD
H

V
K

K
Q

C
A

N
LQ

A
A

IA
D

A
EQ

R
G

EM
A

LK
D

A
K

N
K

LE
G

LE
D

A
LQ

K
A

K
Q

D
LA

R
LL

K
EY

Q
EL

M
N

V
K

LA
LD

V
EI

A
TY

R
K

LL
EG

EE
C

R
L 

E
IN

E
L

N
R

V
IQ

R
R

T
A

E
V

E
 •

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
.•

•
•
•
•
 K

A
K

Q
N

M
A

C
L

L
K

E
Y

Q
E

V
M

N
SK

L
G

L
D

IE
IA

T
Y

R
R

L
L

E
G

E
E

Q
R

L
 

C
a

rb
o

x
y

 t
er

m
in

u
s 

••
• 

A
C

G
K

PL
T

PC
IS

SP
C

A
PA

A
PC

T
T

C
V

V
PS

SC
G

R
R

Y
 

G
G

G
G

G
R

R
G

G
SG

G
G

SY
G

G
SS

G
G

G
SY

G
G

SS
G

G
G

G
SY

G
G

SS
G

G
G

G
SY

G
G

G
SS

G
C

G
G

R
G

G
G

SG
G

G
Y

G
G

G
SS

SG
G

A
G

G
R

G
G

G
SG

G
G

Y
G

G
G

G
SS

G
R

R
G

G
SG

G
F 

5
5

3
 

SG
TS

G
G

G
D

Q
SS

K
G

PR
Y

 
SS

SQ
FS

SG
SQ

SS
R

D
V

T
SS

SR
Q

IR
T

K
V

M
D

V
H

D
G

K
V

V
ST

H
E

Q
V

L
R

T
K

N
 

N
G

E
G

V
G

Q
V

N
IS

V
V

Q
ST

V
SS

G
Y

G
G

A
SG

V
G

SG
L

G
L

G
G

G
SS

Y
SY

G
SG

L
G

V
G

G
G

FS
SS

SG
R

A
IG

G
G

L
SS

V
G

G
G

SS
T

IK
Y

T
T

T
SS

SS
R

K
SY

K
H

 
CQ

G
V

 •
• 

Fi
g.

 2
. 

T
he

 a
m

in
o 

ac
id

 s
eq

ue
nc

es
 o

f 
ty

pe
 I

 a
nd

 t
yp

e 
II

 c
yt

os
ke

le
ta

l 
an

d 
m

ic
ro

fi
br

il
la

r 
ke

ra
ti

ns
 a

n
d

 t
he

 c
om

m
on

 l
oc

at
io

n 
o

f 
th

ei
r 

pr
ed

ic
te

d 
he

li
ca

l 
do

m
ai

ns
. 

T
he

 s
eq

ue
nc

es
 a

re
 f

ro
m

 t
he

 f
ol

lo
w

in
g 

so
ur

ee
s:

 
(1

) 
W

T
-I

 t
yp

e 
I 

m
ic

ro
fi

br
il

la
r 

ke
ra

ti
n 

fr
om

 s
he

ep
 w

oo
l 

(C
re

w
th

er
 e

t 
al

. 
19

78
, 

19
80

b;
 

G
ou

gh
 e

t 
al

. 
19

78
; 

D
ow

li
ng

 e
t 

al
. 

19
83

);
 (

2)
 M

T
-I

 t
yp

e 
I 

cy
to

sk
el

et
al

 k
er

at
in

 f
ro

m
 m

ou
se

 e
pi

de
rm

is
 (

M
r
=

5
9

 K
) 

(S
te

in
er

t 
et

 a
l. 

19
83

);
 (

3)
 H

T
-I

 
ty

pe
 I

 c
yt

os
ke

le
ta

l 
ke

ra
ti

n 
fr

om
 h

um
an

 e
pi

de
rm

al
 c

el
ls

 (
M

r
=

5
0

 K
) 

(H
an

uk
og

lu
 a

nd
 F

uc
hs

 1
98

2)
; 

(4
) 

H
T

-I
l 

ty
pe

 I
I 

cy
to

sk
el

et
al

 k
er

at
in

 f
ro

m
 h

u
m

an
 

ep
id

er
m

al
 c

el
ls

 (
M

r 
= 

56
 K

) 
(H

an
uk

og
lu

 a
nd

 F
uc

hs
 1

98
3)

; 
(5

) 
W

T
-I

l 
ty

pe
 I

I 
m

ic
ro

fi
br

il
la

r 
ke

ra
ti

n 
fr

om
 s

he
ep

 w
oo

l 
(G

ou
gh

 e
t 

al
. 

19
78

; 
D

ow
li

ng
 

et
 a

l. 
19

83
).

 D
ot

s 
in

di
ca

te
 m

is
si

ng
 s

eq
ue

nc
e 

in
fo

rm
at

io
n.

 I
n 

ca
se

s 
w

he
re

 t
he

 s
eq

ue
nc

e 
o

f 
th

e 
am

in
o 

te
rm

in
us

 i
s 

no
t 

kn
ow

n,
 t

he
 n

um
be

ri
ng

 o
n 

th
e 

te
ft 

si
de

 o
f 

th
e 

se
qu

en
ce

s 
st

ar
ts

 w
it

h 
th

e 
fi

rs
t 

kn
ow

n 
am

in
o 

te
rm

in
al

 r
es

id
ue

 o
f 

th
e 

lo
ng

es
t 

se
gm

en
t.

 W
it

h 
th

e 
ex

ce
pt

io
n 

o
f 

W
T

-I
I,

 t
he

 s
eq

ue
nc

es
 

ex
te

nd
 

to
 t

he
 l

as
t 

ca
rb

ox
y 

te
rm

in
al

 r
es

id
ue

 o
f 

th
e 

re
sp

ec
ti

ve
 p

ro
te

in
. 

T
he

 g
ap

s 
in

 
th

e 
se

qu
en

ce
s 

in
di

ca
te

 g
ap

s 
in

tr
od

uc
ed

 i
n 

or
de

r 
(0

 
al

ig
n 

th
e 

se
qu

en
ce

s 
fo

r 
op

ti
m

al
 h

om
ol

og
y.

 T
he

 p
os

it
io

n 
of

 t
he

 h
el

ic
al

 d
om

ai
ns

 i
s 

ba
se

d 
on

 c
om

pu
te

ri
ze

d 
se

co
nd

ar
y 

st
ru

ct
ur

e 
pr

ed
ic

ti
on

 a
na

ly
se

s 
us

in
g 

th
e 

C
ho

u 
an

d 
F

as
m

an
 (

19
78

, 
19

79
) 

an
d 

G
ar

ni
er

, 
O

sg
ut

ho
rp

e 
an

d 
R

ob
so

n 
(1

97
8)

 m
et

ho
ds

 a
s 

pr
ev

io
us

ly
 d

es
cr

ib
ed

 (
H

an
uk

og
lu

 a
nd

 F
uc

hs
 1

98
2,

 1
98

3)
 

tr
i 

'0
 5:
 

(J
) S e:..

 
~
 ;;-::
 

(J
) ..., ~
 

5·
 

en
 

~
 

..., '" ("
) 2' ..., e:..

 9. <:
 ~
 

en
 

~
.
 

§ P
-

O
 

::r
 

~
 

::
l 

0<
> 

(J
) 

en
 o '" .., 5·
 

0<
> ::l
 

en
 ~ 9. :;:
 § g. ö·
 

::
l 

0'
>

 
.j

::
. 

\0
 



Ala 
Arg( +) 
Asn 
Asp( -) 
Cys 
Gin 
Glu( -) 
Gly 
His 
He 
Leu 
Lys( +) 
Met 
Phe 
Pro 
Ser 
Thr 
Trp 
Tyr 
Val 
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Table 1. The amino acid compositions of the different structural domains of epidermal (cytoske-
letal) and wool (microfibrillar) keratins 

Amino terminus Central region Carboxy terminus 

WT-I MT-I HT-I 1 WT-I MT-I HT-I HT-II 1 WT-II 1 WT-I 1 MT-I HT-I HT-II 

3.7 0.0 2.0 4.8 6.3 8.0 10.0 8.4 12.1 0.9 0.0 2.3 
5.6 2.8 0.0 9.0 7.0 7.7 7.1 9.7 6.1 6.2 8.7 2.3 

11.1 0.7 0.0 7.1 6.7 6.1 5.9 4.6 0.0 0.0 2.2 2.3 
1.9 0.7 2.0 4.8 4.8 6.4 8.2 5.1 0.0 0.9 6.5 0.0 

14.8 2.1 0.0 2.6 0.6 0.6 0.7 3.0 18.2 0.9 0.0 0.0 
0.0 0.7 0.0 8.7 8.6 6.4 7.1 3.8 0.0 0.9 8.7 2.3 
1.9 0.0 0.0 15.4 13.3 14.1 11.9 16.5 0.0 0.0 2.2 1.1 
9.3 49.6 52.9 1.0 2.9 2.9 3.0 2.5 6.1 58.4 4.3 29.5 
0.0 0.0 0.0 0.6 0.3 0.6 1.1 0.8 0.0 0.0 4.3 1.1 
1.9 0.0 0.0 4.2 4.8 4.5 4.8 6.3 3.0 0.0 2.2 3.4 
5.6 3.5 9.8 14.7 14.6 12.8 12.3 9.7 3.0 0.0 2.2 4.5 
0.0 0.7 0.0 3.5 5.4 6.1 7.4 5.9 3.0 0.9 6.5 3.4 
0.0 0.0 0.0 0.3 1.9 3.8 2.6 1.7 0.0 0.0 2.2 0.0 
7.4 9.9 9.8 1.0 0.6 1.3 1.5 1.3 0.0 0.9 2.2 1.1 
9.3 0.0 0.0 1.0 1.0 1.0 0.4 0.4 18.2 0.9 0.0 0.0 

18.5 22.7 15.7 7.4 7.6 4.5 4.1 5.9 12.1 22.1 26.1 26.1 
3.7 0.7 2.0 4.5 5.4 4.5 3.7 3.4 9.1 0.9 8.7 5.7 
1.9 0.0 0.0 0.3 0.3 0.6 0.4 0.4 0.0 0.0 0.0 0.0 
0.0 3.5 3.9 2.9 3.2 3.2 3.3 3.8 3.0 6.2 0.0 5.7 
3.7 2.1 2.0 6.4 4.8 4.8 4.5 6.8 6.1 0.0 13.0 9.1 

The values are presented as percentages and are based on the sequences shown in Fig. 1. 
The "Central region" represents the segment extending from the first amino acid of Helical 
Region I to the last amino acid of Helical Region IV 

1 The composition is based on incomplete sequence for this region 

Fig.3. Matrix plot of homology between A a human 50 K type I (HT-I) and a 56 K type 11 [> 
epidermal cytoskeletal keratin (HT-II); and B the human type I (HT-I) and a wool microfibrillar 
type I keratin (WT-I). Numbers on the axes correspond to the residue numbers ofthe respective 
sequences in Fig. 2. The positions of the four predicted helical domains are similarly shown 
to correspond with Fig. 2 and are marked by bars (I-IV) along the residue axes. Note that 
the sequence of the amino terminal end and the first predicted helical region (l) of HT-II 
are not yet known, although its structure is expected to be similar to that of HT-I (Hanukoglu 
and Fuchs 1983). The matrix plot analysis was carried out by a modified version of Pustell 
and Kafatos (1982) program. The parameters used in the analysis: Range=20, Distance weight 
factor=l, Compression factor=4, Cutoff point=35%. Thus, the position of each number 
on the plots indicates that within a 20 residue long segment to the right of the marked position, 
at least 35% ofthe residues are identical in both sequences. The numbers indicate the percentile 
range of identical residues in the 20 residue stretch, 3 = 35-39%,4=40-49%, ... 9 =90-100%. 
Note that the regions of greatest homology in both A and B fall within the 4 helical domains. 
In addition, the carboxy termini (residues 280-325) of the human type I and type 11 epidermal 
keratins show high homology, both being rich in glycine and serine residues. 
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Table 2. The amino acid compositions of the helical domains in Type I and Type Il mouse 
and human epidermal keratins 

MT-I HT-I HT-Il 

11 III IV " III IV II III IV 

Ala 5.9 5.9 5.1 6.2 11.8 9.9 5.1 5.2 7.9 15.4 13.4 
Arg( +) 11.8 5.9 5.1 6.2 8.8 7.9 10.3 7.2 6.9 5.1 7.2 
Asn 8.8 7.9 12.8 2.1 8.8 7.9 7.7 3.1 6.9 0.0 4.1 
Asp( -) 5.9 6.9 5.1 1.0 8.8 7.9 7.7 2.1 9.9 5.1 6.2 
Cys 0.0 1.0 0.0 1.0 0.0 0.0 0.0 2.1 0.0 0.0 2.1 
Gin 0.0 5.9 10.3 15.5 2.9 2.0 2.6 12.4 5.9 10.3 7.2 
Glu(- ) 11.8 11.9 15.4 16.5 11.8 11.9 20.5 17.5 11.9 17.9 13.4 
Gly 5.9 2.0 0.0 3.1 0.0 2.0 0.0 3.1 3.0 0.0 3.1 
His 0.0 0.0 0.0 0.0 0.0 1.0 0.0 1.0 0.0 0.0 1.0 
Ile 2.9 5.0 2.6 7.2 2.9 5.0 2.6 6.2 4.0 7.7 5.2 
Leu 11.8 18.8 12.8 17.5 14.7 15.8 7.7 15.5 11.9 5.1 15.5 
Lys( +) 8.8 5.9 10.3 2.1 8.8 5.9 10.3 4.1 6.9 5.1 10.3 
Met 5.9 1.0 2.6 0.0 2.9 3.0 5.1 5.2 3.0 0.0 3.1 
Phe 0.0 1.0 2.6 0.0 0.0 2.0 5.1 0.0 4.0 0.0 0.0 
Pro 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 1.0 0.0 0.0 
Ser 5.9 5.0 2.6 11.3 2.9 3.0 2.6 6.2 3.0 7.7 2.1 
Thr 2.9 5.9 7.7 6.2 2.9 5.9 5.1 4.1 5.0 5.1 1.0 
Trp 0.0 0.0 2.6 0.0 0.0 0.0 2.6 0.0 0.0 2.6 0.0 
Tyr 5.9 5.0 2.6 2.1 2.9 4.0 2.6 3.1 4.0 7.7 2.1 
Val 5.9 5.0 0.0 2.1 8.8 4.0 2.6 2.1 5.0 5.1 3.1 

The values are presented as percentages and are based on the sequences shown in Fig. 1 

show a high degree of heterogeneity not only in their size, but also in amino 
acid composition and sequence, especially between cytoskeletal and microfibril
lar keratins (Table 1). The carboxy termini of both types of epidermal keratins 
show some sequence homology and both are rich in glycine and serine residues 
(Fig. 3). However, the precise sequences within this region vary considerably 
and moreover, the carboxy terminus of the type 11 keratin is substantially larger 
than its type I counterpart. 

32.2.3 A Comparison of the Cytoskeletal and Microfibrillar Type I 
and Type 11 Keratins 

Many of the general characteristics noted in the previous section apply to both 
cytoskeletal and microfibrillar type I and type II keratins. However, the keratins 
that make up the microfibrils in such epidermal structures as hair, horn, and 
porcupine quill form highly ordered bundles of filaments, whereas in contrast, 
the epidermal keratins form comparatively loosely packed cytoskeletal bundles 
(for review see Fraser et al. 1972). Coupled with these obvious differences in 
gross morphologies, the ultrastructural differences suggest that the keratins that 
form microfibrils in epidermal appendages may differ from the keratins that 
form the cytoskeletal architecture in the epidermal cells. Indeed, the sequences 
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of human epidermal keratins and sheep wool keratins have revealed clear differ
ences that may in large part account for tissue-specific variations in the proper
ties of 8 nm keratin filaments. 

The most obvious differences between cytoskeletal and microfibrillar kera
tins are localized at the amino and carboxy termini of these pro teins (Fig. 3 B). 
In these regions, both wool type I and type 11 keratins are rich in cysteine 
and proline (Table 1; Crewther et al. 1980a, 1980b; Dowling et al. 1983). In 
contrast, the termini of both human and mouse epidermal cytoskeletal keratins 
contain no or very few cysteines or prolines, but instead are rich in glycine 
and include a tandemly repeating pattern of three or four glycines frequently 
separated by clusters of serines (Fig. 2). While the central regions of both micro
fibrillar and cytoskeletal keratins of the same type are highly homologous, the 
only apparent sequence similarity at the amino and carboxy termini of these 
pro teins is a relatively high ratio of serines in these segments (Fig. 3 Band 
Table 1). 

At present, the physical shape assumed by these terminal regions is unknown, 
but it is likely that future structural information will disclose novel and distinct 
features at the ends of these proteins. The richness of cysteines in the terminal 
regions of the microfibrillar keratins suggests that these residues are involved 
in S-S covalent bond formation between individual keratins. This aspect probab
ly contributes greatly to the special characteristics and strength of the resulting 
keratin filaments. 

32.2.4 Structural Significance of the Two Types of Keratins 

Keratin filaments both in microfibrils and in cytoskeletal bundles are composed 
of protofibrils wherein each protofibril represents a polymer of polypeptide 
chains. At present, the number of keratin polypeptides that form the coiled-coil 
structure of a protofibril and the number of protofibrils that make up a filament 
have not been determined with certainty. It is also not known precisely how 
the individual polypeptide subunits interact to form the protofibril ofthe keratin 
filament. However, as has been first observed in wool microfibrillar keratins 
and later confirmed for other cytoskeletal keratin sequences, the helical domains 
of these pro teins contain periodicities in the positioning of hydrophobie and 
charged residues (Fraser et al. 1976; Parry et al. 1977; Crewther et al. 1978; 
Elleman et al. 1978; Gough et al. 1978; McLachlan 1978; Hanukoglu and Fuchs 
1982, 1983; Steinert et al. 1983; Dowling et al. 1983). I t is thus currently thought 
that these residues define orderly surfaces alongside the helical domains wherein 
hydrophobie or complementary charge interactions between keratin polypep
tides provide the driving force for their assembly into coiled-coil filaments. 

Unlike actin filaments or microtubules, in vitro assembly of keratin filaments 
from purified pro tein subunits can be achieved with minimal requirements by 
a combination of purified subunits. Keratin filaments can be denatured in vitro 
with the aid of 8 M urea and a reducing agent. Upon subsequent rem oval 
of the denaturing agents, the filaments can spontaneously renature and reassem
ble into filaments in the absence of any auxiliary pro teins or factors (Steinert 
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et al. 1976, 1979; Matoltsy et al. 1981). However, it is well documented that 
filament assembly cannot proceed unless at least two different keratin subunits 
are present (Lee and Baden 1976; Steinert et al. 1976; Milstone 1981). 

Since the type I and type 11 keratins are coordinate1y expressed at all stages 
of differentiation and development, and since these sequences are coordinate1y 
conserved throughout evolution, it seems likely that these two types of subunits 
form the backbone of the protofibril of the 8 nm filament and that a member 
of each type may be required for filament assembly (Fuchs and Marchuk 1983; 
Kim et al. 1983). This concept has been supported by recent studies investigating 
the dissociation and subsequent renaturation ofkeratin filaments under different 
conditions of stringency (Franke et al. 1983). These studies showed that different 
keratin subunits interact with one another with varying strengths of association, 
and therefore, when present as a mixture, the subunits tend to segregate in 
pairs as the conditions for filament assembly are gradually lowered in stringency. 
In general, at least one member ofthe relatively small and acidic keratins (type I) 
was associated with at least one representative of the dass of basic and large 
keratins (type 11) and judged by the isoe1ectric focusing points of the resulting 
intermediate keratin subunit complexes. 

Although these experiments argue strongly in favor of the pairing of type I 
and type 11 keratins within the cytoplasm of the epidermal cell, they do not 
necessarily indicate that the keratin filaments formed in vivo within a single 
cell are different in their subunit composition. It may be that in cells where 
more than one type I and type 11 keratin subunits are expressed, all subunits 
interact to form heteropolymeric 8 nm filaments. As monoc1onal antibodies 
specific for each of the keratin subunits become available, this issue should 
be resolved unequivocally. 

32.3 Changes in Keratin Subunits During Terminal Differentiation 

Several laboratories have reported differences in size between the keratins of 
str. corneum and those of the living layers of the epidermis (Dale and Stern 
1975; Dale et al. 1976; Baden and Lee 1978; Skerrow and Hunter 1978; Fuchs 
and Green 1980; Skerrow and Skerrow 1983). Moreover, it has been demon
strated that epidermal cells cultured under conditions that favour growth rather 
than differentiation produce a pattern of keratins distinct from that of the 
str. corneum (Sun and Green 1978). To examine the changes in the pattern 
of keratins during terminal differentiation, human skin was sectioned into 15 Jlm 
layers parallel to the surface of the skin and the keratin pro teins were extracted 
from each layer (Fuchs and Green 1980). The keratins were resolved by SDS 
polyacrylamide gel electrophoresis and visualized by staining with Coomassie 
BIue (Fig. 4). Since the degree of differentiation attained by a cell can be approxi
mated by its relative migration towards the skin surface, the pattern of keratins 
produced by a cell at each stage of differentiation can be obtained from sequen
tial skin sections. In sections of pure dermis (track 1), a very weak band at 
57 K was the only insoluble pro tein observed in the molecular weight range 
of the keratins. This pro tein is probably vimentin, an intermediate filament 
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Fig. 4. Changes in the keratin subunits at different stages of terminal differentiation in human 
epidermis. A 3 mm square of human plantar skin was sliced into 15 ~m sections parallel 
to the epidermal surface. The keratins were extracted from each section and resolved electro
phoretically. The numbers across the bottom of the gel denote consecutive sections beginning 
with the dermis and proceeding outward. Some sections were omitted, because they did not 
reveal significant changes. Tracks 1- 7 were dermal, tracks 8- 16 were basal and spinous layers, 
tracks 17-19 were granular layers and tracks 20-30 were str. corneum. To see more c1early 
the replacement of the 56 K and 58 K keratins by 55 K and 56.5 K keratins, tracks 9, 10, 
17 and 20 are magnified in the inset. (Fuchs and Green 1980) 

pro tein characteristic of fibroblasts (for review, see Lazarides 1982). The profiles 
in tracks 8 and 9 probably represent a mixture of keratins from basal cells 
and spinous cells. Since the dermal- epidermal junction is undulating, the basal 
epidermal layer was always contaminated to a degree with dermal fibroblasts 
on one side and cells from the spinous layer on the other. The keratins character
istic of rapidly growing cultured epidermal cells (46, 50, 56, and 58 K) were 
the most prominent bands in these sections, and probably represent the true 
basal keratins. Two of these keratins (46 and 50 K) belong to the type I keratin 
dass and two (56 and 58 K) are type 11 keratins. The 67 K pro tein was most 
abundant in sections 14-16 and is most likely a type 11 spinous layer keratin 
(Kim et al. 1984). This keratin is not synthesized by the cultured keratinocytes 
and does not appear to be made in the basal epidermal cells. Other lines of 
evidence, induding recent immunofluorescent studies using an antibody pre
pared against the 67 K keratin, have confirmed that the 67 K pro tein is exdusive 
to the suprabasal cells (Viac et al. 1980; Schlegel et al. 1980; Bowden and Cun-
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liffe 1981; Woodcock-Mitchell et al. 1982; Warhol et al. 1983; Skerrow and 
Skerrow 1983). 

Other changes in the pattern of keratins were also noted. Of particular 
interest is a keratin of 56.5 K that is synthesized in the spinous layers. This 
keratin is translated from a newly synthesized mRNA (Fuchs and Green 1980) 
and it also shows crossreactivity with antiserum prepared against the type I 
(50 K) keratin (Fig. 1). Thus, newly synthesized mRNAs encoding unusually 
large keratins of both the type land the type 11 class seem to be produced 
in the differentiating cell. 

The 63 K keratins, which are found only in palmar and plantar epidermis 
(Fuchs and Green 1980), also appeared to be synthesized in the spinous layers, 
but continued to accumulate in the granular and str. corneum layers. These 
keratins have not yet been classified according to type. A keratin of 65 K also 
appeared in the str. corneum, but it is presumably a breakdown product of 
the 67 K keratin. 

It is interesting that the size of newly synthesized keratins of both types 
is increased during the course of terminal differentiation. Since the differentia
tion-specific changes involve both types of keratin, they may not disrupt the 
balance of the ratio of type I: type 11 keratins, and hence are unlikely to influ
ence filament assembly per se. N onethe1ess, the increase in the size of the two 
types of keratins may affect the properties and morphology of the keratin fila
ment network inside the differentiating cell. 

32.4 Changes in the Keratin Subunits During Embryonie Development of Skin 

The epidermis of a 10-week human foetus consists of two layers: a basallayer 
and an upper periderm layer. By the 13th week of gestation, the first hair 
germ cells appear, and the epidermis consists of three layers. At the 20-40th 
weeks of development, additional layers are formed and hair follicles can be 
readily identified. Thereafter, the thickness of the epidermis increases somewhat 
and the str. corneum becomes more pronounced, and the differences between 
adult and foetal epidermis are less easily distinguished. 

During the course of foetal development, the pattern of keratins produced 
by epidermal cells undergoes changes (Fig. 5). This was first demonstrated for 
lower mammalian species (Dale et al. 1976; Banks-Schlegel 1982) and later in
vestigated in more detail far humans (Moll et al. 1982 b; Holbrook et al. 1984). 
The only keratin which is present in all human embryonic stages is the 58 K 
keratin (Fig. 5, upper left; see also Moll et al. 1982b). In rabbit embryonic 
development, this keratin is not produced until day 18 of gestation when the 
epidermis becomes stratified (Banks-Schlegel 1982). On the basis of both this 
finding and also of the confined existence of the 58 K keratin in adult stratified 
squamous epithelia, it has been suggested that the 58 K keratin may be a marker 
for stratified squamous epithelia (Nelson and Sun 1982). Its presence in non
stratified human embryonic epidermis may indicate that the "destiny" of the 
developing epidermis to stratification is determined earlier in human than it 
is in lower mammalian species. 
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Fig. 5. Changes in the keratin subunits at different stages of development in human foetal 
epidermis. Epidermal proteins were separated by electrophoresis in SOS polyacrylamide gra
dient gels (7.5-15%). The gel stained with Coomassie blue is shown at the upper leli. Proteins 
from duplicate gels were electrophoretically transferred to nitrocellulose and were subsequently 
identified by immunoblot analysis using AE1, AE2, and AE3 monoclonal antibodies to keratins 
(Woodcock-Mitchell et al. 1982). Lanes 1-8 foetal sampies of estimated gestational age (EGA) 
8, 9.5, 11, 12, 14, 16, 20, and 24 weeks, respectively; lane 9 newborn foreskin epidermis; 
lane 10 adult limb epidermis. The band at 43 K in the Coomassie-stained gel is probably 
actin. (Courtesy of Beverly Dale) 

As judged by immunoblot analysis, the earliest keratins synthesized in foetal 
development are the 40 and 52 K keratins (Fig. 5, upper and lower right). These 
keratins begin to disappear by the 13th week of embryonie development (lane 5) 
and are virtually absent in normal adult epidermis (lane 10). It is interesting 
that these keratins are prominent in various " simple" adult epithelia (Franke 
et al. 1981 a; Moll et al. 1982 a; Tseng et al. 1982; Wu et al. 1982) and also 
in keratins of several squamous cell carcinoma lines of the epidermis and oral 
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epithelia (Wu and Rheinwald 1981). Perhaps even more remarkable is the fact 
that the synthesis of 40 and 52 K keratins can be reinduced in normal adult 
epidermal cells when cultured in vitro in the presence of tenfold higher than 
physiological concentrations of vitamin A (Fuchs and Green 1981). This obser
vation leads to the attractive possibility that vitamin A may play an important 
role in regulating foetal development. 

In contrast to the behavior of the "foetal" keratins, the 67 K keratin charac
teristic of terminally differentiating epidermis begins to appear at the 12th week 
and becomes a prominent component of adult epidermis (Fig.5, lower left). 
Surprisingly, the first appearance of the 67 K keratin is confined to the interme
diate layer of the embryonic epidermis, whereas all of the suprabasal layers 
of the adult epidermis contain the 67 K keratin or a slightly processed version 
of it (Moll et al. 1982b). For the most part, however, the temporal expression 
of the large keratins during development as weIl as differentiation confirms 
that these proteins are intimately related to the commitment of an epidermal 
cell to undergo terminal differentiation and str. corneum formation. 

32.5 Regulation of Differential Keratin Gene Expression 

How do the changes in keratin pattern that occur early during the course of 
terminal differentiation and embryonic development of the epidermal cell arise? 
Most studies indicate that the early changes in terminal differentiation involve 
alterations in the synthesis of the mRNAs for these pro teins rather than major 
differences in posttranslational modifications of a single polypeptide chain 
(Fuchs and Green 1979, 1980; Schweizer and Goerttler 1980; Bladon et al. 
1982; Roop et al. 1983). Thus, as the epidermal cell ceases to divide and under
goes a commitment to terminal differentiation, it still maintains its capacity 
to alter the transcriptional expression of its genes. Messenger RNA synthesis 
continues in the absence of DNA synthesis. The major change in keratin mRNA 
synthesis that occurs as the cell begins to differentiate is a switch to the synthesis 
of the mRNAs encoding the 67 K (type 11) and 56.5 K (type I) keratins. 

Once a cell passes through the spinous layer of the epidermis and enters 
the stratum granulosum, its biosynthetic activity ceases and hydrolytic processes 
become extremely active (Lavker and Matoltsy 1970). Thus, it is not surprising 
that the later appearance of the 65 and 55 K keratins of the str. corneum do 
not seem to arise from the translation of newly synthesized mRNAs, but rather 
from a post-translational processing mechanism (Fuchs and Green 1980; Bladon 
et al. 1982). Since as judged by one-dimensional peptide mapping, the 65 K 
keratin is similar to the 67 K keratin and the 55 K keratin is similar to the 
56-58 K keratins, it is likely that limited proteolytic reduction in the size of 
the keratins takes place at this time (Fuchs and Green 1980). 

Although the changes in the expression ofkeratin mRNAs during embryonic 
development has not yet been investigated, it is predicted that the observed 
changes in keratin patterns also reflect the appearance of new keratin mRNAs 
at different developmental stages. In studies involving cultured epidermal cells 
and cells from a squamous cell carcinoma of the tongue, mRNAs have now 
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been identified for most if not all of the keratins that are also made during 
human embryonic development (Fuchs and Green 1979, 1980; Kim et al. 1983). 

Once the mRNAs are produced they are translated shortly thereafter (Kreis 
et al. 1983; Kim et al. 1984). Since the cytoplasm of the cell is an ideal environ
ment for the spontaneous assembly of the keratin filament, it has been assumed 
that once the subunits are made, the filaments will be assembled. To investigate 
whether there are any translational controls of this process, mRNAs enriched 
for the bovine epidermal keratins have been microinjected into an epithelial 
cell that expresses a different complement of keratin mRNAs (Fig. 6, Franke 
et al. 1984). The endogenous 'keratins were sufficiently different from those en
coded by the microinjected mRNAs for the two sets of keratins to be easily 
distinguished by two different antikeratin antisera. Double immunolabelling 
demonstrated clearly that the bovine epidermal keratin mRNAs are not only 
translated in cells that are already producing other keratin mRNAs, but in 
addition, the newly synthesized foreign polypeptides are incorporated into the 
preexisting network of epithelial keratin filaments (compare frame a, foreign 
keratin filaments with frame b, endogenous keratin filaments). Thus, the rate
limiting step in the synthesis of keratin polypeptides seems to be the appearance 
of keratin mRNA in the cytoplasm. Whether there is an intracellular feedback 
mechanism controlling the level of keratin polypeptide synthesis has not yet 
been thoroughly investigated. 

The ability of foreign keratins to be incorporated into the preexisting fila
mentous network suggests that all the keratin polypeptides expressed within 
a single cell may be assembled into a single type of 8 nm filament comprised 
of a heterogeneous mixture of subunits. If indeed these results apply to the 
assembly of 8 nm filaments in vivo, then it is likely that the crucial step in 
changing the properties of the resulting keratin filaments resides in temporal 
changes in the expression ofkeratin mRNAs during different stages of differenti
ation and development. 

To determine whether there may be any auxiliary proteins or factors that 
are necessary for filament assembly, mRNAs enriched for the bovine epidermal 
keratins were microinjected into a nonepithelial cell that does not produce any 
keratin filaments of its own (Fig. 7). In recipient cells, keratin mRNAs were 
translated in vivo and the resulting keratin subunits were subsequently assem
bled into 8 nm filaments. Double immunolabelling (not shown here) demon
strated clearly that the newly assembled keratin did not codistribute with micro
filaments, microtubules, or the closely related vimentin intermediate filaments. 

Whether keratin mRNAs can be trans la ted and filaments can be assembled 
in the absence of any essential epithelial cell-specific components cannot be 
resolved with certainty, because the injected mRNAs were not pure keratin 
mRNAs. However, even when total poly (A) + RNA was injected into the 
foreign cell, the keratin filament network seemed very different from that visual
ized in epithelial cells. This was most likely due to the lack of desmosomes 
in the injected cell, which therefore did not permit the threading of the keratin 
filaments through these structures. Additional epithelial-specific filament-inter
acting proteins or factors may have also been absent in the nonepithelial cells. 
Although such components have not yet been identified, they may be important 
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Fig. 6. Double immunofluorescence microscopy showing A a kangaroo rat kidney epithelial 
cell (PtK 2 ) microinjected with bovine epidermal keratin mRNA and stained with antibodies 
specific for epidermal keratins, and B the same cells stained with antibodies specific for the 
endogenous kidneytype keratins. Cells were stained 3 h after microinjection ofmRNAs. Specific 
antibody binding was visualized using goat anti-rabbit IgG serum coupled to FITC(A) or 
rhodamine(B). Antibodies specific for either epidermal keratins (A) or endogenous kidney-type 
keratins (B) have been described (Kreis et al. 1983; Franke et al. 1984). Note that in A, only 
the injected cell contains keratins that are immunoreactive with the antiserum against epidermal 
keratins. (Courtesy of Werner W. Franke) 
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Fig. 7. Keratin filament assembly in a calf lens cell microinjected with bovine epidermal keratin 
mRNA. Cells were fixed at 16 h after microinjection . Keratins synthesized in vivo from the 
injected RNAs were visualized by indirect immunofluorescence microscopy using an antibody 
specific for epidermal keratins. Note that keratin filament assembly occurs de novo only in 
the injected cell, and that the pattern of filaments within the cell seems scattered, presumably 
due to the absence of desmosomes and desmosomal-filament interactions in the foreign cells. 
x 820. Courtesy of Werner W. Franke) 

nonetheless in fonning the proper cytoskeletal keratin filament architecture. 
Whatever the essential components, they did not seem to be produced by transla
tion ofmicroinjected poly (A) + epidermal RNAs. In the future, as these experi
ments and others are refined, identification and purification of proteins that 
interact with and influence the keratin filament network will undoubtedly be
come an important focal point for research. 

32.6 The Role of Extracellular Factors in Regulating Terminal Differentiation 
and Keratin Gene Expression 

The processes oftenninal differentiation and development in epidermis are com
plex and seem to be controlled by a number of different factors. One of the 
major influential regulators is the fat-soluble isoprenoid, vitamin A. The vitamin 
has an antikeratinizing effect on epithelial differentiation such that when the 
level of the vitamin is reduced, the histological features characteristic of epider
mal terminal differentiation become prominent (Fell and Mellanby 1953; Wol
bach et al. 1954). Many aspects of epidermal behavior are also known to be 
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influenced by interaction with the dermis (V an Scott and Reinertson 1961; 
Sengel 1964; Billingham and Silvers 1968). Still other factors, including cAMP 
effectors (Green 1978), steroid hormones (Rheinwald and Green 1975) and epi
dermal growth factor (Rheinwald and Green 1977) have profound effects on 
the growth, if not also the differentiation, of the epidermal keratinocytes. 

It has been shown that most of the effects of environmental factors on 
terminal differentiation can be studied using human epidermal cells cultured 
in vitro. These include stratification (Fusenig et al. 1981; Rheinwald and Green 
1975; Hawley-Nelson 1980; Fuchs and Green 1981), mesenchymal-epidermal 
interactions (Rheinwald and Green 1975) and vitamin A (Fuchs and Green 
1981). Mouse epidermal cells have also been cultured in vitro under conditions 
such that many of the differentiative functions of the cells are retained (Fusenig 
et al. 1975; Steinert and Yuspa 1978; Hennings et al. 1980, 1981). These cultures 
provide a very important experimental model to begin to investigate the bio
chemical mechanisms of regulation underlying the morphological alterations 
that take place during the course of terminal differentiation and embryonic 
development. 

In light ofthe many changes in keratin patterns that occur during differentia
tion and development, it is not surprising that extracellular factors influence 
the expression of keratin genes. It has now been demonstrated that vitamin A 
in particular affects differentially the levels of certain keratin mRNAs (Fuchs 
and Green 1981; Kim et al. 1984). However, the exact nature ofthe roles played 
by these extracellular factors in regulating the expression of the keratin genes 
must await an investigation of the structure of the keratin genes and their 
chromosomal organization. Further sequencing will also be necessary to begin 
to elucidate the functional significance of the differential expression of these 
genes. Nonetheless, it is clear that many of the mysteries of the most variable 
cytoskeletal component in higher eukaryotic organisms have begun to unravel. 
The field of keratin filaments appears to be at the threshold of understanding 
the biochemical complexities and regulation of a family of distinct, but related 
proteins that can all assemble into filaments with similar structures but with 
quite different properties. 
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