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SUMMARY: The polypeptides of bovine epidermal a-keratin, which comprise 
the subunits of the keratin filaments in situ, reassemble into filaments 
spontaneously in vitro in dilute salt solution and in the absence of -- 
dissociating reagents and additional cofactors. The polypeptide 
composition of these filaments, and their structure, based on electron 
microscopy and X-ray diffraction, are the same as the in situ keratin -- 
filaments. 

The major differentiation product of mammalian epidermis is an 

a-fibrous protein (a-keratin) which appears intracellularly in the form of 

tonofilaments (keratin filaments) (1). This component ultimately forms the 

bulk of the outer, dead layer of the epidermis, the stratum corneum. When 

seen in thin section in an electron microscope, the keratin filaments are 

70-80 a in diameter but of indeterminate length since they are not well- 

aligned in the plane of the section (2,3). The upper limit of their length 

may be the size of the cell (lo-30 urn). Treatment of either the living 

epidermal cells or the stratum corneum with an 8 M urea buffer at neutral 

or alkaline pH dissociates the keratin filaments, releasing their 

constituent polypeptide chain subunits (4,5). These polypeptides can 

assemble in vitro into filamentous particles (5). In this report, we -- 

extend this finding to show that the chemistry and structure of the 

filaments is the ssme as the in situ keratin filaments. -- 

EXPERIMENTAL 

Tissue containing the living cells of bovine epidermis from the 
posterior region of the hoof was extracted in a buffer of 8 M urea, 0.05 M 
Tris-HCl (pH 9.0) and 0.025 M 2-mercaptoethanol (25 ml/g wet wt.) for 3 hr 

at 37’. The solution was centrifuged at 30,000 x g for 30 min to remove 

cellular debris and then at 250,000 x g for 2 hr to remove smaller particles. 
Filaments were formed from the a-keratin polypeptides in this solution. 
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For electron microscopy, filaments were negatively-stained with 0.7 q 

uranyl acetate on holey grids and examined in a Siemens 14 microscope. 
Polvacrylemide gels (0 ? T, 3 

(SDS) were-used (6). 
% C) with 0.1 ? sodium doaecyl sulfate 

Samples were equilibrated in the cathode buffer 
containing SDS by dialysis fcr 18 hr, heated at 95' for 2 min to effect 
complete binding of SDS (6), electrophoresed for 3 hr at 2 mA/gel and stained 
with Fast Green. 

For X-ray dlffraction, p ellets of filaments were drawn onto a cross- 
wire support and allowed to dry at 5O . into a fiber 20-30 urn in dismeter. The 
fiber was exposed to CU-K, radiation for 48 hr. For calibration purposes, 
the same fiber was dusted with NaCl crystals and re-exposed. 

HESCZTS AND DISCUSSION 

Filsments were produced in vitro by dialysis of urea extracts against -- 

a dilute salt solution (I < 0.010 mol/l) such as 5 m?l Tris-HCI at pH 8.0. At 

an ionic strength above 0.01 mol/l, the POlypeptideS precipitated from 

solution and filaments did not form. The filaments (Figure 1) are of uniform 

diameter of TO-80 2 but their length was dependent on the presence of a 

reducing agent (2-mercaptoethanol) in the dialysis buffer. In its absence 

(Figure la), the filaments were 0.2-1.0 urn in length, but in the presence of 

3.025 M 2-mercaptoethanol, the filaments were much longer (Figure lb). 

Measurement of numerous particles in adjacent overlapping photographs 

indicated an average 2 s.d. length of 15.7 k 3.5 urn. Short filaments in 

suspension that had been formed in the absence of 2-mercaptoethanol could be 

converted within 1 hr to very long filaments by addition to the solution of 

0.1 M 2-mercaptoethanol (final concentration). The dimensions of the 

filaments assembled in vitro appear to be within the range of the keratin -- 

filaments seen in situ. -- However, attainment in vitro of the in situ lengths -- -- 

appears to be dependent on maintainence of the thiol groups on the 

polypeptides in the fully-reduced form. A previous report (5) showed that 

the thiol groups of the polypeptides become oxidized to disulfide bonds 

in vitro and it seems reasonable to postulate that random formation of -- 

disulfide bonds inhibits filament assembly. This is consistent with the 

in situ situation; the keratin filaments are initially deposited and are -- 

maintained in their thiol forms for some time before finally becoming 

oxidized to disulfide bonds during terminal stages of differentiation. 

222 



401.70, No. 1,1976 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Figure 1. Electron microscopy of assembled filaments. A solution 
of polypeptides was diluted to about 2 m&ml with the urea buffer 
and dialzed against 1000 vol. of 5 m!J Tris-HCl (pH 8.0) in the 
absence a and presence b of 0.0?5 Y! T-mercaptoethanol for 24 hr at 
23’. Samples of the sokions which by this time contained the 
filaments were examined after negative staining. Calibration bar 
is 0.5 urn. 

When filaments in salt solution with or without ?-mercaptoethanol 

were sedimented from suspension by ultracentrifugation at 250,000 x g for 

1 hr, more than 90 % of the total protein in solution was pelleted. This 

yield of polypeptides in filaments was independent of the polypeptidr 

concentration between 0.1-10.0 mg/ml and of the temperature between 1-37O. 
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Above 10 mg/ml, the filaments formed a translucent gel which was difficult 

to pellet. However, when the dialysis buffer contained 8 M urea, 6 M 

guanidine hydrochloride or 0.1 % SDS, less than 1 % of the total protein in 

solution could be pelleted. Furthermore, addition of any of these reagents 

to suspensions of preformed filaments resulted in the rapid dissociation of 

the filaments within 1 hr, as no material could then be pelleted. Therefore, 

it is apparent that the assembly and structure of the filaments are mediated 

by secondary (non-covalent) bonds since the reagents classically interfere 

with such types of interactions. 

Filaments that had been pelleted by ultracentrifugation could also be 

readily dissociated (depolymerized) by the urea buffer, and on dialysis of 

the urea solution into 5 mM Tris-HCl (pH 8.0), filaments were reformed 

(repolymerized) that appeared the same in the electron microscope. This 

cyclic process of polypeptide polymerization, depolymerization, and then 

repolymerization could be carried out several times on the same sample of 

polypeptides. 

On polyacrylsmide gels with SDS, the a-keratin polypeptides extracted 

from the epidermis separate as six bands which have molecular weights within 

the range of 47-58,000 (5,6). The assembled filaments also contained all six 

of the bands of polypeptides, and moreover, the relative amounts of each band 

were the same (Figure 2). These band patterns were unchanged after several 

cycles of depolymerization and repolymerization (Figure 2). Thus the 

assembled filaments have the ssme polypeptide composition as the in situ -- 

keratin filaments. X-ray diffraction analysis of the assembled filaments 

(Figure 3) demonstrates an equitorial reflection at 9.8 8 and a sharp 

meridional reflection at 5.15 8. This pattern is attributed to reflections 

from a coiled-coil arrangement of two or three a-helices and is considered 

characterisitic of epidermal a-keratin (7-9). 

In additional experiments, l-2 mM MgC12, l-2 mJl CaC12, 1 M sucrose, 

lo-40 % glycerol, 0.1-1.0 mM colchicine, 0.1-1.0 mM ATP or GTP were added 
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Figure 2. SDS polyacrylemide gels of assembled filaments. a cc-Keratin 
polypeptides extracted from the epidermis. b Polypeptides of assembled 
filaments. Filaments prepared as in Figure lb were pelleted (250,000 
x g, 1 hr) and dissolved (depolymerized) in the urea buffer. 
c Polypeptides of repolymerized filaments. As in b but the solution 
of depolymerized filaments in urea was centrifuged T250,OOO x g, 2 hr) 
and the supernatant still containing more than 98 % of the total 
protein was dialyzed as in Figure lb. The repolymerized filaments 
which formed were pelleted (25O,OOO x g, 1 hr) and depolymerized in urea 
again. & Polypeptides of filaments repolymerized a second time. As in 
2 except that this process was repeated another time. 

Figure 3. X-ray diffraction of assembled filaments. The fiber used to 
obtain this pattern was made from filaments that had been assembled as 
in Figure lb. 

to either the dialysis buffer or to suspensions of preformed filaments. None 

of these reagents was required for Pilament assembly, or modified the 

structure of preformed filaments, using as criteria, length, width and yields 
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of polypeptides in filaments. In contrast, some of these reagents are 

either required for the in vitro assembly of or modify the structure of -- 

microtubules (10,ll) or neurofilaments (12). This distinguishes the 

epidermal filaments from these types of filamentous particles. 

The evidence favors the view that the filaments assembled in vitro A- 

are the same as the in situ keratin filaments. -- One other report has 

described the assembly of epidermal proteins into filaments (13) but few 

experimental details were provided. Other workers have also alluded to 

this phenomenon (14-16). The present study constitutes the first detailed 

report of the self-assembly of epidermal u-keratin into filaments in vitro. -- 

As the individual polypeptide subunits of epidermal a-keratin have now been 

separated (61, this self-assembly process will provide a useful method for 

analyzing the ultrastructure of the epidermal keratin filament. 
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