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Summary. Evolutionary trees were derived from 
the keratin protein sequences using the Phylogeny 
Analysis Using Parsimony (PAUP) set of programs. 
Three major unexpected conclusions were derived 
from the analysis: The smallest keratin protein sub- 
unit, K#19 (Moll et al. 1982), is not the most prim- 
itive one, but has evolved to fulfill a highly spe- 
cialized function,  presumably to redress the 
unbalanced synthesis of keratin subunits. Second, 
the ancestors of keratins expressed in the early em- 
bryonic stages, K#8 and K#18,  were the first to di- 
verge from the ancestors of  all the other keratins. 
The branches leading to these two keratins are rel- 
atively short, indicating a comparatively strong se- 
lection against changes in the sequences of these two 
proteins. Third, the two keratin families show ex- 
traordinary parallelism in their patterns ofgene du- 
plications. In both families the genes expressed in 
embryos diverged first, later bursts of gene dupli- 
cations created the subfamilies expressed in various 
differentiated cells, and relatively recent gene du- 
plications gave rise to the hair keratin genes and 
separated the basal cell-specific keratin from those 
expressed under hyperproliferative conditions. The 
parallelism of gene duplications in the two keratin 
gene families implies a mechanism in which dupli- 
cations in one family influence duplication events 
in the other family. 
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Introduction 

The proteins of each of the three filamentous net- 
works of  the eukaryotic cytoplasmic cytoskeleton 
are encoded by gene families. There are six ex- 
pressed mammalian actin genes (Vandekerckhove 
and Weber 1979) and five known expressed tubulin 
genes (Cleveland and Sullivan 1985). The third cy- 
toskeletal component, the intermediate filaments, 
constitutes the most diverse and, in this respect, the 
most interesting family of eukaryotic cytoskeletal 
proteins. Within the intermediate filament proteins 
several families have been recognized by immu- 
nologic and nucleic acid hybridization techniques 
(for recent reviews see Steinert and Parry 1985; Traub 
1985; Geisler and Weber 1986). The nonepithelial 
intermediate filament proteins constitute a separate 
family (Weber and Geisler 1985), whereas the ker- 
atins belong to two families, acidic or type I and 
basic or type II (Crewther et al. 1978). About 25 
different keratin proteins have been described so far 
in mammals, each with specific regulation of  expres- 
sion during development and differentiation (Moll 
et al. 1982; Cooper and Sun 1986). 

All intermediate filament proteins have three do- 
mains: a central alpha-helical rod domain of con- 
stant size that derives from a common ancestor in 
all intermediate filament proteins, and two end-do- 
mains of variable structure (Steinert and Parry 1985). 
The variable domains have independent evolution- 
ary histories (Klinge et al. 1987). Specific for basic 
keratins are two homologous globular subdomains, 
H1 and H2, bracketing the rod domain. A schematic 
diagram of  this structure is shown in Fig. 1. 

The cell and molecular biology of intermediate 
filament proteins has recently become the focus of  
a considerable amount of  research (Hanukoglu and 
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Fig. 1. Structure of intermediate filament 
proteins. All intermediate filament proteins 
have a central alpha-helical rod domain de- 
rived from a common ancestor. Alpha-heli- 
cal subdomains IA, 1B, 2A, and 2B are sep- 
arated by nonhelical linker subdomains L1, 
LI2, and L2. The variable end domains dif- 
fer in size, composition, and organization of 
subdomains. The globular H1 and H2 sub- 
domains, for instance, are characteristic of 
basic keratins, but not present in acidic ker- 
atins and nonepithelial intermediate fila- 
ments. 

Fuchs 1982; Quax-Jeuken et al. 1983; Steinert et al. 
1983; Lewis et al. 1984; Quax et al. 1985). However, 
the evolutionary events that generated this diverse 
gene family have not been explored systematically. 
Although subfamilies have been proposed among 
the acidic keratins, this proposal was based on or- 
thologous relationships among four sequences and 
not on systematic comparisons of many keratin se- 
quences (Jorcano et al. 1984b). The incremental 
model of keratin evolution, in which small keratins 
are ancestral to larger ones, which in turn gave rise 
to the largest ones (Sun et al. 1984), cannot be rec- 
onciled with the data presented in this manuscript. 

Distance matrices have been used extensively to 
develop evolutionary trees of organisms (Fitch and 
Margoliash 1967) and intermediate filament se- 
quences have also been compared using this method 
(Fraser et al. 1985; Hanukoglu and Fuchs 1986; 
Lewis and Cowan 1986). However, when sequence 
data are available, use of distance matrices that re- 
duce the wealth of  sequence comparison informa- 
tion into a single numerical value is inferior to the 
use of new computer programs capable of  deriving 
evolutionary trees directly from sequence data (Fink 
1986). The Phylogeny Analysis Using Parsimony 
(PAUP) set of programs (Swofford 1985) seems best 
suited for the analysis of  keratin sequences (Fink 
1986) and I have used it to derive evolutionary trees 
of  keratin protein sequences. This analysis has dem- 
onstrated extraordinary parallelism of gene dupli- 
cations in the alpha-helical regions of the two ker- 
atin gene families. 

whereas the sequences of the amino-terminal regions are not 
available for many of the reported proteins. 

To format the sequences for analysis by the PAUP set of 
programs (Swofford 1985), a "desktop utilities" editor from 
"Homebase" or "Sidekick" was used so that flies containing 
sequences of different families or subfamilies and different do- 
mains or subdomains could be constructed easily and conve- 
niently. Sequences could be added to or removed from existing 
files as well. When only partial sequences are available, these are 
included only in analyses of the appropriate subdomains. The 
very similar termini of the central domains were used to align 
all the sequences. Gaps were introduced where necessary to keep 
the sequences aligned. These gaps occurred only in the linker 
subdomains. 

The appropriately formatted files containing aligned inter- 
mediate filament protein sequences were first converted into nu- 
merical files using the "REDUCSEQ" program. The "noninfor- 
mative" amino acid positions are defined as those in which all 
sequences are identical except one, and the mutations can be 
assigned to that one terminal branch of the evolutionary tree 
without affecting the branching order. Although their inclusion 
increases the computation time, these amino acid positions were 
included because they indicate the relative lengths of  the terminal 
branches. 

The PAUP program was always run using the "MULPARS" 
option, which ensures that the shortest tree is found. The "MUL- 
PARS" feature develops an initial tree from the sequences and 
then starts exchanging branches of this tree, "swapping," until 
all possible trees have been tested and the shortest tree is found. 
When several trees of identical length were found, they were 
integrated into consensus trees using the "CONTREE" program. 
This usually occurs when several branches separated from the 
common ancestor within a very short time interval so that the 
relative branching order cannot be inferred with confidence. 

Wherever appropriate, the roots of the evolutionary trees of 
basic keratins were designated using acidic keratin sequences as 
an outgroup and vice versa, In the cases of the H2 subdomain 
sequences, the midpoint between the first two branchings was 
designated as the root. 

Sources  and M e t h o d s  

The sequences used in this study come from published sources 
and from unpublished work of my laboratory and several others. 
The sequences were entered into an IBM PC XT computer using 
DNA sequence analysis programs from International Bioteeh- 
nologies Inc. (Pustel and Kafatos 1984). Table 1 contains a list 
of all the proteins analyzed as well as the source of the sequences 
and indicates the subdomains available for analysis. In the prep- 
aration of complementary DNA (eDNA) libraries, the sequences 
corresponding to the 3' ends are overrepresented. Consequently, 
all reported sequences contain carboxy-proximal segments, 

Results  

Evolutionary Tree of Acidic Keratins 

The earliest gene duplication in the acidic keratin 
gene family was the segregation of  the 45-kd protein 
ancestor gene from the ancestor of the rest of the 
acidic keratin genes (Fig. 2). No further gene dupli- 
cations occurred in the 45-kd keratin branch. 

At a significantly later date several subfamilies 



Table 1. Keratin protein sequences compiled in the data bank 
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MoU 
Num- Organ- Molecular num- 
ber ism weight ~ ber b Expressed in Subdomains ~ Reference 

Acidic keratins 

1 Bovine 
2 Murine 

3 Mufine 
4 Bovine 
5 Human 
6 Human 

54 kd 10-11 Stratum corneum 
59 kd 10 Stratum corneum 

47 kd 13 Esophagus 
50 kd 14 Epidermis 
50 kd 14 Basal cells 
Pseudo-50 kd "14"  Not expressed 

7 Murine 52 kd 15 
8 Murine 52 kd' 15 (?) 

9 Murine 50 kd 16 
10 Human 46 kd 17 
11 Human 45 kd 18 

12 Murine 45 kd 18 
13 Bovine 40 kd 19 
14 Ovine "8C2" 

15 Ovine "8C 1" 

16 Anuran 47 kd 
17 Anuran "8 I "  
18 Anuran "81B" 

Basic keratins 

1 Bovine 67 kd 1 
2 Human 67 kd 1 
3 Murine 67 kd 1 
4 Bovine 65 kd 3 
5 Human 65 kd 3 
6 Murine 57 kd 4 
7 Bovine 60 kd 5 
8 Murine 60 kd 5 
9 Bovine 59 kd 6 

10 Human 56 kd 6 
11 Human 56 kd' 6' 
12 Human 55 kd 7 
13 Bovine 52 kd 8 
14 Ovine "3"  

15 Ovine "7"  

16 Ovine "CHC6" 
17 Anuran 56 kd 
18 Anuran "76"  

19 Anuran 64 kd 
20 Anuran 64 kd' 

n 

1A, 1B, L12, 2B, V2 
1A, 1B, L12, 2B, V2 

1B, L12, 2B, V2 
V2 
IA, 1B, L12, 2B, V2 
1A, IB, LI2, 2B, V2 

Basal cells IA, 1B, L12, 2B, V2 
Supabasal nonepi- V2 

dermal cells 
Hyperproliferation 2B, V2 
Simple epithelia IA, 1B, LI2, 2B, V2 
Trophoblasts LI 2, 2B, V2 

Trophoblasts 1A, 1B, LI2, 2B, V2 
Cultured cells 1A, tB, L12, 2B, V2 
Wool/hair  IA, IB, LI2, 2B, V2 

Wool/hair  1A, 1B, L12, 2B, V2 

Tadpole IA, 1B, L12, 2B, V2 
Tadpole IA, 1B, L12, 2B, V2 
Tadpole 1A, 1B, L12, 2B, V2 

Stratum corneum H2, V2 
Stratum corneum 1A, 1B, L12, 2B, H2, V2 
Stratum corneum 1A, IB, LI2,  2B, H2, V2 
Cornea H2, V2 
Cornea 1A, IB, L12, 2B, H2, V2 
Esophagus 1A, 1B, L12, 2B, H2, V2 
Basal cells H2, V2 
Basal cells 1A, 1B, LI2, 2B, H2, V2 
Hyperproliferation 2B, H2, V2 
Hyperproliferation 1B, L12, 2B, H2, V2 
Hyperproliferation 1A, IB, L12, 2B, H2, V2 
Mesothelium 1A, 1B, L12, 2B, H2, V2 
Trophoblasts 1A, IB, L12, 2B, H2, V2 
Wool/hair  2B, H2, V2 

Wool/hair 2B, H2, V2 

Wool/hair  1B 
Oocytes 1A, IB, L12, 2B, H2, V2 
Tadpole 1A, 1B, L12, 2B, H2, V2 

Adult skin IB, L12, 2B, H2, V2 
Adult skin IB, L12, 2B, H2, V2 

Rieger et al. (1985) 
Steinert et al. (1983), Krieg et 

al. (1985) 
Knapp et al. (1986) 
Jorcano et al. (1984b) 
Marchuk et al. (1984, 1985) 
Savtchenko et al. (in prepara- 

tion) 
Knapp et al. (1987) 
Knapp et al. (1987) 

Knapp et al. (1987) 
RayChaudhury et al. (1986) 
Leube et al. (1986), Oshima et 

al. (1986), Romano et al. 
(1986) 

Singer et al. (1986) 
Bader et al. (1986) 
K. Ward (personal communica- 

tion) 
K. Ward (personal communica- 

tion), Dowling et al. (1986) 
Winkles et al. (1985) 
Jonas et al. (1985) 
Miyatani et al. (1986) 

Jorcano et al. (1984a) 
Johnson et al. (1985) 
Steinert et al. (1985) 
Jorcano et al. (1984a) 
Klinge et al. (1987) 
Knapp et al. (1986) 
Jorcano et al. (1984a) 
Steinert et al. (1984) 
Jorcano et al. (1984a) 
Hanukoglu and Fuchs (1983) 
Tyner et al. (1985) 
Glass et al. (1985) 
Magin et al. (1986) 
K. Ward (personal communica- 

tion) 
K. Ward (personal communica- 

tion) 
Crewther et al. (1978) 
Franz and Franke (1986) 
T. Sargent (personal communi-  

cation) 
Hoffmann et al. (1985) 
Hoffmann et al. (1985) 

a Apparent molecular weight in SDS polyacrylamide gels 
b For catalog numbers see Moll et al. (1982) 
c For the designation of  subdomains see Steinert and Parry (1985). The amino terminal domains have not been analyzed. Acidic 

keratins do not have H2 globular domains. In individual proteins only those subdomains for which the entire subdomain sequence 

is known have been analyzed 
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Fig, 2. Evolu t ionary  tree o f  2B 
s u b d o m a i n s  o f  acidic kerafins.  
The  tree was rooted us ing basic 
kerat ins  as an  outgroup.  Bovine  
54-kd and  mur ine  59-kd kerat ins  
are orthologs,  as are the  two 45- 
kd proteins.  
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Fig. 3. Evolutionary tree of 
2B subdomains of basic kera- 
tins. The tree was rooted using 
acidic keratins as an outgroup. 
The 67-kd, 65-kd, and 57-kd 
keratins branched virtually si- 
multaneously from their com- 
mon ancestor. 

diverged within the alternative branch. Each keratin 
expressed in a different differentiation pathway rep- 
resents a separate evolut ionary subfamily, e.g., the 
hair/wool-specific keratins, or the murine  59-kd and 
bovine 54-kd keratins found in the suprabasal layers 
o f  skin. Kerat ins not  associated with a particular 
differentiation pathway, but  expressed in the basal 
layers o f  skin and other  stratified epithelia, and ker- 
atins expressed under  hyperproliferat ive condit ions 
(i.e., human  50-kd and 46-kd keratins) represent 
another  subfamily. 

The divergence o f  mammals  created identifiable 
orthologous sets o f  keratin genes (e.g., the murine  
59-kd/bovine 54-kd pair). This  occurrence was fol- 
lowed by at least one addit ional  gene duplicat ion 
event, the branching o f  the human  50-kd gene from 
a sequence we have designated the human  50-kd 
pseudogene. This  last gene duplicat ion occurred rel- 
atively recently, approximately  20 million years 
(Myr) ago (Savtchenko et al., in preparation).  

Evolutionary Trees of Basic Keratins 

The branch that contains the mammal i an  52-kd and 
55-kd keratins expressed in embryonic  tissue and 
in mesothelial  cells (Glass et al. 1985; Magin et al. 
1986) also contains the two basic anuran keratins 
expressed in oocytes and in the tadpole (Franz and 
Franke 1986; T. Sargent, personal communicat ion) .  

The genes coding for the two 64-kd keratins ex- 
pressed in adult  frog epidermis are very  similar to 
each other  (Fig. 3). These two keratins accumulated 
a large number  o f  differences f rom their  m am m al i an  
counterparts  in the 2B subdomains  (Fig. 1), al though 
in the remaining parts of  the molecules they are 
associated with the differentiation-associated branch 
(e.g., in Fig. 4). 

The  dispersal o f  the differentiation-specific basic 
keratins, as was the case in the acidic keratins, oc- 
curred within a relatively short evolut ionary period. 
This dispersal created the branches o f  kerafins ex- 
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Fig. 4. Evolutionary tree of H2 subdo- 
mains of basic keratins. The tree was root- 
ed halfway between the skin and hair kera- 
tin sequences. It illustrates the close 
relationships of  orthologous keratin pairs. 

pressed in hair, skin, cornea, esophagus, and other 
stratified, nonkeratinizing epithelia and the branch 
that later diverged again to give rise to the keratins 
expressed in the basal layer and under normal and 
hyperproliferative conditions. The branch leading 
to hair keratins has recently also undergone another 
burst of gene duplications to create the set of  hair- 
specific basic keratin genes (Fig. 4). 

The central alpha-helical domains of  basic ker- 
atins derive from the common ancestor of  all in- 
termediate filaments, including acidic keratins. The 
variable end domains, on the other hand, are char- 
acteristic of  individual proteins and they are ex- 
pected to have different evolutionary histories. The 
nonhelical subdomains H2 (see Fig. l) are unique 
to basic keratins and, at least in part, are responsible 
for the consistent size difference between the acidic 
and the basic keratins (Sun et al. 1984). The H2 
subdomains may have a family-specific function. 
Therefore, I developed an evolutionary tree using 
only the H2 subdomain sequences (Fig. 4). For sev- 
eral basic keratins only carboxy-terminal sequences 
are available and these have been included in the 
analysis. Because of the larger number of  sequences 
available, the tree in Fig. 4 is particularly illustrative 
of the close relationship among the orthologous hu- 
man, bovine, and murine keratins. 

There are several interesting differences in the 
topologies of the trees derived from the sequences 
of  the 2B subdomains and the H2 subdomains: the 
adult frog keratins, which diverged extensively in 
the 2B subdomains, do not appear to be very distant 
from other basic keratins in their H2 subdomains. 
The embryonic, K#8 keratin, on the other hand, has 
diverged more extensively in its H2 subdomain. 

A common feature of  the trees presented in Figs. 
3 and 4 is that each differentiation-specific keratin 
is on a separate branch except for the very closely 

related wool/hair subfamily and the subfamily of  
keratins expressed in the basal layer and under hy- 
perproliferative conditions. 

Discussion 

Orthologous Relationships among Keratins 

By definition, two genes (or proteins) are ortholo- 
gous if they diverged at the same time that the species 
harboring them diverged. Patterns of  expression and 
particularly the sequences of  the 3' untranslated seg- 
ments (Yaffe et al. 1985) can be used as indicators 
of  orthologous relationships among keratins, as evi- 
denced by the human and bovine 65-kd keratins 
(Fig. 4) or the acidic murine 59- and bovine 54-kd 
pair (Fig. 2). 

The relationships among the three 67-kd keratins 
from different species are puzzling. Although the 
orthologous relationship between the human and 
the murine species is beyond doubt, the bovine 67- 
kd keratin does not appear to be very closely related 
to the other two (Figs. 3 and 4). I f  the sequencing 
artifacts are excluded, three possibilities are sug- 
gested. First, the bovine 67-kd keratinization-spe- 
cific protein may have diverged extensively during 
evolution. This possibility is supported by the fact 
that the human and murine 67-kd keratins also di- 
verged extensively judging from the lengths of  their 
branches (Fig. 3). Second, it may be that there are 
several genes in the bovine genome (and possibly 
human and murine genomes as well) coding for a 
set of basic keratin proteins of 67 kd. This possibility 
is supported by the precedents of two human 56-kd 
keratin genes (Hanukoglu and Fuchs 1983; Tyner et 
al. 1985) and the two very similar anuran keratins 
designated "81" and "88." The third possibility is 
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Fig. 5. Schemat ic  representa-  
t ion o f  parallel gene duplica-  
t ions in the  acidic and  basic 
kerat in families.  Branches  are 
not  drawn to scale. The  acidic 
cornea-specific kerat in se- 
quence  is not  available.  The  
40-kd acidic kerat in specifically 
evolved to counterac t  over-  
product ion  o f  any  one o f  the  
basic kerat ins.  

that the bovine 67-kd keratin is a bovine snout- 
specific keratin not found in the skin and therefore 
not orthologous to the human and the murine 67- 
kd proteins, a possibility supported by the biochem- 
ical analysis of  those tissues (Cooper and Sun 1986). 

Gene duplications are very common and have 
occurred throughout the evolution of  keratin genes. 
The paralogous sheep wool keratins are very similar 
to each other, which implies a recent divergence of  
their genes. Alternatively, the two genes have been 
kept uniform by gene conversion. From analysis of  
nonhelical keratin domains, it is already concluded 
that gene conversion mechanisms play a significant 
role in keratin evolution (Klinge et al. 1987). 

Some gene duplications have occurred after species 
divergence. For instance, the two acidic murine 52- 
kd keratin genes (Knapp et al. 1987) appear to be 
orthologous to the human 50-kd keratin gene, which 
underwent a gene duplication event about 20 Myr 
ago (Savtchenko et al., in preparation). Since mice 
and men diverged about 80 Myr ago (Goodman 
1981), either the genes duplicated independently in 
both the human and in the murine line, or, if the 
gene duplication occurred before the divergence of  
mammalian species, the human and the murine gene 
pairs evolved homogeneously by mutual gene con- 
versions. I favor the first hypothesis, independent 
gene duplications, because one of  the two human 
genes is a nonfunctional sequence, a pseudogene, 
and it is difficult to envision a process of  natural 
selection that keeps a functional gene and a pseu- 
dogene homogeneous. 

Evolution of Keratin Genes 

The 45-kd keratin has a very special place in the 
family of  acidic keratins that may explain its par- 
ticular evolution. It was the first to diverge in the 
acidic keratin family (Fig. 2) and this protein, des- 

ignated "endo B" in mouse, is the first keratin to 
appear during development. It is detectable in the 
4- and 8-cell embryo (Oshima 1982), while all other 
keratins appear much later (Dale et al. 1985). 

The branch containing the 45-kd keratins is sig- 
nificantly shorter than the other branches. This 
means that the 45-kd keratin remains similar to 
what its ancestor was at the time ofgene duplication 
and that fewer mutations have been tolerated in this 
branch than in the other branches (Fig. 2). 

The basic 52-kd keratin is most commonly found 
coexpressed with the acidic 40-kd and the 45-kd 
keratins. In data presented here, it is found on the 
same branch with the 55-kd protein, which is also 
generally found in mesothelial cells (Moll et al. 1982). 
The same branch contains the two anuran basic ker- 
atins expressed in oocytes and the tadpole, and the 
keratins expressed in adult frog skin are on a dif- 
ferent branch (Figs. 3 and 4). Thus, the embryonic 
keratins are on a separate branch in the basic keratin 
family as well as in the acidic family. 

It is perhaps more surprising that the evolution 
of  the 40-kd keratin (Bader et al. 1986) does not 
stand out among the acidic keratins. This protein is 
expressed in very few tissues of  the adult, but it is 
present in the fetal periderm (Dale et al. 1985), often 
in epithelial tumors and in epithelial cells in culture 
(Moll et al. 1982; Cooper and Sun 1986). It has been 
regarded as a marker of  "dedifferentiation'" of  epi- 
thelial cells and it was proposed to be the most 
primitive keratin (Bader et al. 1986). 

I would like to offer an alternative explanation: 
the 40-kd keratin has evolved to perform a highly 
specialized function. Temporary, unbalanced over- 
production of basic keratin has been reported in 
cultured corneal cells and in stratifying epidermis 
(Schermer et al. 1986). In at least one case (Schermer 
et al. 1986), this imbalance is concomitant with 
expression of the 40-kd gene. Recent experiments 
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suggest that  artificial induct ion o f  a basic keratin 
protein can turn on expression o f  an acidic keratin 
protein (Giudice and Fuchs 1987). When  this con- 
trol mechanism becomes disturbed, which results 
in unbalanced overproduct ion  o f  (any!) basic ker- 
atin, the 40-kd acidic keratin may  be synthesized to 
redress the imbalance. 

This conclusion is supported by the fact that  the 
40-kd protein has a very short amino- terminal  do- 
main  and does not  have a carboxy-terminal  domain.  
The tissue-specific function o f  keratins resides, at 
least in part, in the variable terminal domains.  For  
instance, stratum corneum keratins have long hy- 
drophobic  glycine-rich stretches and hair keratins 
have cystine-rich regions capable o f  forming disul- 
fide cross-links. Thus, the 40-kd keratin could as- 
semble into intermediate filaments by pairing with 
any one o f  the basic keratins (Hatzfield and Franke 
1985) without  contributing a potentially harmful  
variable domain.  Moreover ,  the 40-kd keratin is the 
only one that does not  have, and according to this 
hypothesis does not  need, a coordinately expressed 
keratin protein from the other family. I f  this hy- 
pothesis is correct, the synthesis o f  the 40-kd keratin 
in t ransformed epithelial cell lines is not  surprising. 

Concerted Gene Duplications in the Acidic 
and Basic Keratin Gene Families 

The embryonic  keratins were the first to diverge in 
both families, as discussed above. In the nonem-  
bryonic branches o f  both the acidic and the basic 
families, hair, epidermis, and esophageal keratins 
each are associated with a separate evolut ionary 
branch. The most  recent gene duplications in both 
families are those that created the two subfamilies 
o f  hair keratins and the two subfamilies consisting 
o f  keratins that are expressed in basal cells and 
under hyperproliferative conditions. This parallel- 
ism of  gene duplications is schematically repre- 
sented in Fig. 5. 

Because keratin intermediate filaments are obli- 
gate heteropolymers,  consisting o f  at least one m e m -  
ber from each of  the two families, it can be expected 
that members  o f  the two families influence each 
others evolution. Coevolut ion o f  acidic and basic 
keratins is evident in the variable terminal domains  
ofglycine-r ich keratins and we have proposed gene 
convers ion between acidic keratin genes and the ba- 
sic keratin genes as one o f  the possible mechanisms 
for this coevolut ion (Klinge et al. 1987). But con- 
version cannot  explain concerted gene duplications 
in two families. Concerted gene duplications are 
known in several mult isubunit  protein systems, e.g., 
silk moth  chorion genes (Burke and Eickbush 1986) 
and mouse  urinary proteins (Ghazal et al. 1985), 
systems with the two components  extremely tightly 

linked in the genome. The duplicat ion events si- 
multaneously amplify the genes o f  both  compo-  
nents. Although some keratin genes appear  linked, 
they are not linked in acidic-basic keratin gene pairs 
(Blumenberg and Savtchenko 1986; Powell et al. 
1986; RayChaudhury  et al. 1986) and therefore the 
same mechanism does not  apply to keratin genes. 
The concerted duplicat ion o f  acidic and basic ker- 
atin genes must  proceed via a different, as yet un- 
known, mechanism.  
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