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Terminally differentiated mammalian epidermal cells are
lined with a 15 nm thick layer of proteins cross-linked by
isodipeptide and disulfide bonds, called the cornified cell
envelope (CE). A number of proteins, including involucrin,
loricrin, cystatin A, filaggrin, a cysteine-rich protein (CRP)
and the ‘small proline-rich’ proteins (SPRRs) have been
reported to be components of this complex, but little infor-
mation has been obtained as to their relative abundances
because the acute insolubility of the CEs has precluded
direct methods of analysis. To address this question, we
have determined the amino acid compositions of isolated
CEs, and then modelled them in terms of linear combina-
tions of the candidate proteins. The results show that
stratum corneum CEs have a loricrin content of 65-70%
(w/w) in human, and 80-85% in mouse. In human
epidermal CEs, the secondary contributors are filaggrin
and CRP (each ~10%), with smaller amounts of involucrin,
SPRR and cystatin A (2-5% each) also present. Mouse
epidermal CEs have about the same amount of filaggrin

and somewhat more SPRR, but only trace amounts of the
other proteins. In marked contrast, the major constituents
of the CEs of cultured keratinocytes induced to terminal
differentiation in vitro are cystatin A, involucrin and CRP
(each ~30%). No significant amount of loricrin was
detected except in sloughed mouse cells, which represent a
more advanced state of terminal differentiation than
attached cells. These results demonstrate that the CEs of
cultured cells are quite different from mature CEs from
native epidermis, and further suggest that generation of the
CE in vivo is a multi-stage process in which involucrin,
SPRR, CRP and cystatin A are initially attached to the cell
membrane, and are subsequently overlaid with a heavy
deposition of loricrin together with some filaggrin. Our
data suggest that cultured CEs approximate only the first
stage(s) of this process.
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SUMMARY
INTRODUCTION 

One striking feature of terminal differentiation in mammalian
epidermis is the deposition of a ~15 nm thick, insoluble, layer
of protein on the cells’ inner surface. This structure, termed the
cornified cell envelope (CE), is thought both to serve a barrier
function for the organism, and to help maintain the structural
integrity of the epidermis (Hohl, 1990; Reichert et al., 1993).
Early work established that either harsh chemical reagents
(Crounse, 1966; Matoltsy and Matoltsy, 1966) or denaturants
with reducing agents (Steinert and Idler, 1975; Sun and Green,
1976) are required to solubilize the proteins of stratum
corneum tissue. Following exhaustive extraction with such
solvents cell ‘ghosts’ remain, which retain the shape of the cell.
These ghosts retain some soluble protein unless fragmented by
sonication (Hohl et al., 1991a; Yaffe et al., 1993). Ultrastruc-
turally, the resulting fragments resemble native CEs (Rice and
Green, 1979; Steinert and Idler, 1979; Mehrel et al., 1990):
operationally, we refer to them as isolated CEs. They consti-
tute about 10% of the dry weight of normal human epidermal
stratum corneum (Hohl, 1990). Their insolubility is due to the
presence of Nε-(γ-glutamyl)lysine isodipeptide crosslinks
formed by epidermal transglutaminases (Abernethy et al.,
1977; Rice and Green, 1977), reinforced by inter-molecular
disulfide bonding. Isodipeptide crosslink frequencies range
from an average of one per 100 amino acid residues (bovine;
Steinert and Idler, 1979) to one per 30 residues (human; Hohl
et al., 1991a), sufficient to account for the remarkable insolu-
bility of the CE, which no extraction procedures short of acid
or alkaline hydrolysis are capable of disrupting (Folk, 1983). 

Several proteins have been identified as potentially major
constituents of the CE. Involucrin (~68 kDa; Rice and Green,
1979), cystatin A (14 kDa; Kartasova et al., 1987; Hawley-
Nelson et al., 1988; Takahashi et al., 1992), the bovine protein
previously called keratolinin (Lobitz and Buxman, 1982;
Zettergren et al., 1984) which is the same as cystatin A (K.
Wuepper, personal communication), the small proline-rich
protein (SPRR) family (~14 kDa;  Kartasova and van de Putte,
1988; Hohl and Backendorf, 1992; Gibbs et al., 1993, also
called cornifin - Marvin et al., 1992), CRP (~16 kDa; Tezuka
and Takahashi, 1987), and trichohyalin (248 kDa; Lee et al.,
1993) are initially expressed as soluble proteins, which become
insoluble at later stages of terminal differentiation. All have
been localized by indirect immunofluorescence to the cell
periphery, and can serve as substrates for epidermal transglu-
taminases in vitro. Moreover, a glycine-rich protein called
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loricrin (about 35 kDa, mouse (Mehrel et al., 1990), or 26 kDa,
human (Hohl et al., 1991a)) has been localized to the inner
surface of the CE by indirect immunofluorescence (Mehrel et
al., 1990; Hohl et al., 1991a) as well as by immunoelectron
microscopy (Mehrel et al., 1990; Steven et al., 1990; Yoneda
et al., 1992). Filaggrin, an interstitial protein of the keratin
filament lattice in early stratum corneum cells, which is sub-
sequently degraded to free amino acids (Scott and Harding,
1986), has also been reported to be a significant CE component
(Richards et al., 1988). In addition, several other proteins,
including keratins (Abernathy et al., 1977), have been
proposed as candidates (see Discussion), and it has even been
suggested that the CE becomes a repository for the cytoplas-
mic proteins of moribund keratinocytes (the ‘dustbin’ hypoth-
esis; Michel et al., 1987).

Conditions for induction of terminal differentiation in
cultured epidermal keratinocytes have now been established
(e.g. see Watt, 1989; Yuspa et al., 1989; Hohl et al., 1991b).
The primary indicators of terminal differentiation (Watt, 1984)
are generally taken to be switching from expression of the
keratins K5 and K14, which are typical of basal cell gene
expression, to K1 and K10, and generation of a CE. Induction
of involucrin expression has also been used as a marker for
terminal differentiation (Rice and Green, 1979). However, it
has not been established that the CEs generated in culture fully
emulate native CEs (Hohl et al., 1991b; Reichert et al., 1993):
for instance, in such basic respects as protein composition.

In order to clarify the mechanism of CE formation both in
vivo and in cultured cells, it is essential to obtain quantitative
data on the relative abundances of putative CE proteins. The
cross-linked character of the CE precludes the use of quantita-
tive SDS-PAGE for this purpose. Previously, it has been noted
that the amino acid compositions of isolated stratum corneum
CEs, which are unusually rich in Gly, Ser and Cys, bear a
marked resemblance to that of loricrin (Mehrel et al., 1990),
suggesting that it is a major component, and are quite different
from those of involucrin and trichohyalin (which are unusually
rich in Glu/Gln residues), SPRR, cystatin A or CRP. In this
study, we have performed a more detailed analysis of the
amino acid compositions of isolated CEs from several kinds of
cells. Mathematical optimization techniques have been used to
model these data, using methods similar to those employed by
Kapp et al. (1990a,b) to investigate the stoichiometries of
oligomeric proteins. The CEs were described as linear combi-
nations of the various proteins thought to be present. The mass
fractions that they contribute are estimated by the resulting
coefficients.

MATERIALS AND METHODS

Preparation of CEs
Mature intact CEs were obtained as a residue from newborn or adult
mouse and human foreskin epidermis following exhaustive boiling in
a solution of 2% SDS, 20 mM dithiothreitol, 0.1 M Tris-HCl, pH 8.5,
and 5 mM EDTA. CEs were then purified on Ficoll gradients and
recovered as sonicated fragments, free of soluble keratin/filaggrin
proteins, after pelleting through Ficoll (Mehrel et al., 1990). Human
foreskin epidermal cells (Clonetics Corp., CA) were grown to con-
fluency under standard conditions in low Ca2+ for 3 days and switched
to 0.6 mM Ca2+ for 2 days (Hohl et al., 1991b). Newborn mouse
epidermal cells were grown for 6-24 hours in low Ca2+ and switched
to 1.2 mM Ca2+ for 3 days. The sloughed cells and the remaining
attached cells were harvested separately (Steinert and Yuspa, 1978).
CEs were then recovered and purified from all three populations of
cells as described above.

Amino acid analyses
Samples of 5-50 mg of CEs from two to four different preparations
were hydrolyzed in duplicate or triplicate using standard conditions
and analyzed on either a Beckman 119CL Analyzer equipped with a
fluorescence detection system (on which proline could not be quanti-
tated) or a Beckman System 6300 Analyzer. Cysteine residues were
converted to their S-carboxymethyl derivatives prior to hydrolysis.
Tryptophan was measured following hydrolysis with 4 M methane-
sulfonic acid. In all cases, hydrolyses were controlled and appropriate
corrections were made for hydrolytic losses of acid-labile amino acids.

Mathematical analyses
These were carried out using the MLAB program (Knott, 1979)
running on an IBM PS2/30. The modelled amino acid compositions
were fitted to the experimental data by least squares. For fits in which
the total amount of all components was set to 100%, this constraint
was applied by Lagrangian Undetermined Multipliers (Boas, 1983).

The fits are stabilized by the consideration that the equations are
strongly over-constrained, i.e. in each case we have 18 data points -
the number of amino acids distinguished in the hydrolysate, and
usually 6 or fewer variables. In general, 18 variables are required for
a perfect solution, and somewhat fewer may be expected to provide
a close solution. Thus, when a satisfactory fit is achieved with only
3-6 variables, the result is highly significant, in the sense of support-
ing the hypothesis that proteins in question account for all, or almost
all, of the CEs’ composition.

The goodness-of-fit was assessed in terms of residuals, i.e. the root-
mean-square excursion per amino acid between the calculated and the
experimental amino acid compositions, which is the quantity that the
fit minimizes; and the median absolute value excursion per amino
acid. The latter measure is less dominated by the contribution of a
single outlier. Another important criterion of a good fit is that the coef-
ficients should add up to 100% or thereabouts, and that all coefficients
should be non-negative (Kapp et al., 1990a), at least, to within a few
per cent. A solution with sizable negative components, while mathe-
matically optimal, does not make sense biochemically. The robust-
ness of the solutions was investigated by performing a large number
of control calculations in which certain of these proteins were sys-
tematically omitted, and other components were included.

RESULTS

Amino acid composition data
Table 1 gives the amino acid compositions of the various CE
preparations analyzed. Recently, it has been stressed by Yaffe
et al. (1993) that rigorous procedures are required to dissoci-
ate uncrosslinked proteins from CE preparations. Consistent
with this, our experience has been that flotation on, and sub-
sequent pelleting through, Ficoll gradients, followed by frag-
mentation by sonication (Mehrel et al., 1990) is essential to
ensure complete removal of non-cross-linked proteins. Our
data for CEs derived from cultured human foreskin ker-
atinocytes are in quite good agreement with those of Rice and
Green (1979).

Table 2 summarizes the amino acid compositions of the
proteins used in these calculations. Although murine equiva-
lents of involucrin, SPRR and CRP have not yet been reported,
we have allowed for the possible existence of such proteins by
including the human versions of these proteins in modelling
the mouse CE data.
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Table 1. Amino acid compositions (%) of cornified cell
envelopes

CEs of 
CEs of mouse keratinocytes human keratinocytes

Amino Epidermis Cultured cells Foreskin Cultured
acid Newborn Adult Attached Sloughed epidermis cells

Asx 0.5 0.5 6.4 5.1 1.8 6.2
Thr 1.4 1.6 5.9 5.3 2.2 6.7
Ser 23.4 23.8 7.5 10.1 20.2 7.2
Glx 4.1 4.6 21.4 16.8 9.2 22.3
Pro 3.7 4.2 5.7 5.2 0.0* 5.5
Gly 45.1 43.1 9.0 16.0 35.3 9.1
Ala 0.8 1.0 5.5 5.0 3.6 6.2
Val 3.0 3.1 6.0 5.8 3.8 5.6
Cys 8.1 7.8 1.4 2.8 4.7 1.1
Met 0.3 0.4 1.1 0.8 0.3 1.2
Ile 0.3 0.3 2.3 2.9 2.0 2.8
Leu 0.7 1.0 10.5 8.5 1.6 11.1
Phe 0.2 0.3 2.0 2.1 2.5 1.9
Tyr 4.3 4.0 1.8 1.9 2.3 1.6
Lys 2.5 2.1 6.7 5.9 5.0 6.7
His 0.5 0.7 2.6 2.1 0.7 2.9
Arg 1.1 1.5 2.6 2.1 1.9 2.2
Trp 0.0* 0.0* 0.5 0.0* 0.0* 0.0*

The amino acid compositions were determined in triplicate from 2-4
different batches of CEs.

*Not detected. 
Protein compositions of native epidermal and
cultured CEs
The outcome of our modelling experiments is presented in
Table 3. The results of some control experiments involving
variations in the modelling procedure are given in Table 4. The
calculated amino acid compositions are compared with the
experimental data in Table 5. 
Table 2. Amino acid compositio
Amino Mouse Human Human Human Human Mouse
Acid loricrin loricrin inv’crin SPRR Cyst.A Cyst.A

Asx 0.0 0.3 2.8 0.0 10.3 11.5
Thr 1.5 2.2 1.6 2.4 7.2 8.3
Ser 22.3 22.8 1.6 2.4 2.1 1.0
Glx 3.2 4.4 45.8 28.0 14.4 17.7
Pro 1.7 2.9 5.7 31.2 5.2 5.2
Gly 55.1 46.8 6.7 0.0 8.3 9.4
Ala 0.4 1.0 1.5 0.0 5.2 7.3
Val 1.0 3.5 3.7 9.6 9.3 5.2
Cys 7.1 6.0 0.3 11.2 0.0 0.0
Met 0.0 0.0 0.9 0.0 2.1 1.0
Ile 0.0 1.6 0.4 0.0 4.1 7.3
Leu 0.0 0.0 14.6 1.6 8.3 4.2
Phe 0.0 2.9 0.6 0.0 2.1 5.2
Tyr 5.2 2.5 0.8 0.0 6.2 4.2
Lys 1.9 2.2 7.4 12.8 13.4 8.3
His 0.4 0.3 4.7 0.8 1.0 3.1
Arg 0.0 0.0 0.7 0.0 1.0 1.0
Trp 0.2 0.3 0.0 0.0 0.0 0.0

The amino acid compositions of mouse loricrin (Mehrel et al., 1990), human lori
epidermal SPRR (Marvin et al., 1992), human (Kartasova and van de Putte, 1988) a
et al., 1989) and mouse filaggrin (Rothnagel and Steinert, 1990); and keratins, hum
trichohyalin (Lee et al., 1993), are based on protein sequences deduced from cDNA
from acid hydrolysates. The GenBank average is from Lupas et al. (1991). For the 
filaggrin), the human and mouse versions differ by rather similar margins (2.21-2.6
Native human CEs
Loricrin was found to account for 65-70% of the protein
content of human epidermal CEs. This value proved to be very
stable with respect to variations in the procedure (Table 4).
Conversely, it proved impossible to obtain an even remotely
satisfactory fit when loricrin was omitted (Tables 4c-h, 5). The
secondary contributors are filaggrin and CRP at about 10%,
followed by cystatin A, SPRR and involucrin, all in a range of
2.5-5%. The calculated filaggrin content was, as with loricrin,
a very stable quantity (Table 4a-i), and inclusion of this protein
was essential to obtaining a good fit (cf. Table 4a,b). The indi-
vidual estimates for cystatin A and CRP were less stable than
those for the other three proteins: however, their combined
amount was quite stable, at 15-20% (Table 4a-i). The observed
instability in their individual contributions arises from cystatin
A and CRP having rather similar amino acid compositions
(Table 2), which gives rise to a degeneracy in the fitting
process. 

The fits indicate that small but detectable amounts (a few
per cent) of involucrin and SPRR are also present in native
human CEs. Although the amounts involved are small, these
coefficients were repeatedly obtained as positive, and were
quantitatively stable through many variations in the procedure.
Therefore, these fits support earlier evidence that these proteins
are indeed incorporated into CEs, albeit as minor components.
By the same criteria, we found no evidence for the presence of
trichohyalin in detectable quantities.

Native mouse CEs
In mouse epidermal CEs, both newborn and adult, the only
proteins other than loricrin that were detected in significant
amounts were filaggrin and SPRR. The filaggrin content is
about the same as in native human CEs, and our estimate is
consistent with the one obtained for the filaggrin content of rat
ns (%) of prospective CE components
Human Human Mouse H/M Human GenBank

CRP fil’grin fil’grin keratin tr’hyalin average

8.3 7.2 5.2 8.6 3.3 9.3
5.4 4.4 0.0 3.6 0.7 6.0
9.8 24.8 19.8 13.9 1.4 7.3

12.7 15.1 21.4 12.7 45.7 10.4
0.0 0.6 2.8 0.8 1.4 5.3

18.0 15.1 15.7 23.8 1.5 7.1
5.3 6.6 8.9 3.3 1.5 7.6
5.3 1.3 3.6 3.2 0.8 6.4
4.3 0.0 0.0 1.0 0.3 1.9
0.0 0.0 0.0 1.5 0.1 2.3
3.7 0.6 0.0 3.7 0.4 5.4
6.8 0.6 0.4 6.9 9.9 9.3
2.9 0.6 0.8 3.6 2.0 3.9
0.0 0.6 0.0 4.1 0.9 3.2
9.0 0.0 0.0 4.8 5.5 5.7
2.2 12.0 8.9 0.6 1.2 2.3
6.3 9.8 12.5 4.7 22.4 5.4
0.0 0.6 0.0 0.2 1.0 1.4

crin (Hohl et al., 1991a), human involucrin (Eckert and Green, 1986), human
nd mouse cystatin A (Hawley-Nelson et al., 1988), human (McKinley-Grant

an K1 (Zhou et al., 1988) and mouse K10 (Steinert et al., 1983); and human
 sequences. That of the cysteine-rich protein (Tezuka and Takahashi, 1987) is

proteins whose compositions are known in both systems (loricrin, cystatin A,
0) and (1.24-1.92) in terms of the residuals used in Table 3.
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Table 3. Modelled mass fractions (%) of cell envelope proteins
Type of cell envelope Loricrin Involucrin SPRR Cyst.A CRP F’grin Residuals Sum

Man
(a) Foreskin epidermis 66.1 2.4 3.0 4.9 14.2 10.6 0.69/0.53 100.4
(b) Cultured cells * 30.0 2.0 26.9 35.8 * 1.42/1.03 94.7

Mouse
(c) Newborn epidermis 82.1 * 5.6 * * 8.4 1.11/0.70 96.1
(d) Adult epidermis 77.8 * 6.0 * * 12.2 1.27/0.83 96.0
(e) Cultured cells (attached) * 25.7 5.9 21.6 39.7 * 1.36/1.09 92.9
(f) Cultured cells (sloughed) 10.7 14.5 7.5 13.3 47.9 * 1.12/0.96 93.9

The first residual is the root-mean-square discrepancy; the second residual is the median discrepancy (absolute value) in units of %/amino acid residue. 
*Protein deemed not to be present in significant amounts, i.e. less than about 1-2%.

Table 4. Modelled mass fractions (%) of cell envelope proteins - controls
CEs Fit Loric. Invol. SPRR Cyst.A CRP F’grin Keratin GenBank Residuals Sum

Human foreskin (a) 67.1 4.4 x 8.0 9.7 11.1 x x 0.69/0.52 100.4
epidermis (b) 55.8 3.5 x −10.9 51.1 x x x 1.11/0.89 99.5

(c) 69.1 4.3 x 13.9 x 13.2 x x 0.72/0.57 100.5
(d) 65.3 5.1 x x 20.0 8.9 x x 0.72/0.57 99.3
(e) 65.6 x x 11.9 11.7 12.5 x x 0.76/0.58 101.7
(f) x −9.1 x −60.0 162.8 11.7 x x 4.29/3.33 105.4
(g) x −6.5 x −49.3 26.6 −6.9 137.0 x 2.96/2.29 100.8
(h) 68.5 4.4 x 9.3 12.9 11.7 −6.0 x 0.68/0.51 100.7
(i) 66.9 4.2 x 7.9 10.5 10.8 x 0.3 0.69/0.51 100.6

Human cultured (j) x 31.1 x 28.3 34.8 x x x 1.42/1.04 94.3
cells (k) −1.8 30.7 x 26.5 39.0 x x x 1.25/1.00 94.4

(l) 10.0 33.4 x 48.4 x x x x 1.68/1.29 91.8
(m) −8.2 33.5 x x 65.5 x x x 1.64/1.34 90.7
(n) −11.5 x x 47.9 64.8 x x x 2.84/2.06 101.2

Newborn mouse (o) 81.1 x x x x 12.4 x x 1.23/0.92 93.5
epidermis 82.9 x x x x 17.1 x x 1.38/1.05 100.0*

(p) 85.1 x 8.2 x x x x x 1.23/0.76 93.3
(q) 82.2 x 5.6 x x 8.7 −5.1 x 1.11/0.71 91.4
(r) x −32.8 33.3 −95.0 −12.0 x 215.5 x 3.48/2.63 108.9
(s) 85.8 x x x x x x x 1.52/1.07 85.8

100.0 x x x x x x x 2.52/1.24 100.0*

The first residual is the root-mean-square discrepancy; the second residual is the median discrepancy (absolute value) in units of %/amino acid residue. x,
Protein omitted from fit. In (o) and (s), the second fits (*) were constrained to add up to 100%.
epidermal CEs (~10%) by an entirely different approach
(Richards et al., 1988). The amount of SPRR appears to be
somewhat greater than in human CEs. No significant amounts
of involucrin, CRP or cystatin A were detected. On the other
hand, there is a larger amount of loricrin than in native human
CEs, and the fits (Tables 3c,d; 4o-t) consistently indicate that
the proteins under consideration account for 90-95% of the
total composition, implying that the remaining 5-10% is con-
tributed by other, as yet unknown, component(s). This dis-
crepancy may reflect, in part, the use of some human proteins
(involucrin, SPRR and CRP) in modeling the mouse data.

Cultured keratinocyte CEs
Our analyses of three kinds of cultured CEs indicates that their
protein compositions are markedly different from those of
native CEs, as is already suggested by their respective amino
acid compositions (Table 1). The human cultured CEs were
estimated to contain approximately equal amounts (~30%
each) of involucrin, cystatin A and CRP, and essentially no
loricrin. Unconstrained fits initially suggested that there is also
5-15% of filaggrin in these CEs (data not shown): however,
since measurements of the amount of filaggrin mRNA in these
cells indicated levels that are about 100-fold lower than in the
epidermis (Markova et al., 1993), the fits were constrained
accordingly (Table 3). The origins of this apparently exagger-
ated estimate of filaggrin in cultured CEs are discussed further
below.

In estimated protein composition, the cultured mouse ker-
atinocyte (attached) CEs closely resemble the corresponding
human material. This observation implies that there are indeed
mouse CE proteins whose amino acid compositions resemble
those of human involucrin and CRP. These proteins are only
expressed in low amounts in native epidermis, but are major
constituents of cultured CEs. SPRR is detected as a minor but
significant component of all three kinds of cultured cell CEs.
In both human and mouse, it is the only protein that makes up
about the same fraction of the cultured CEs as it does of native
epidermal CEs. 

No detectable content of loricrin was present in attached
mouse cell CEs, but for sloughed cell CEs a substantial
component of loricrin (>10%) was detected. The data also
suggest that CRP expression is enhanced relative to cystatin A
in the attached r sloughed transition, but in view of the
observed instability in their relative amounts (see above), this
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Table 5. Comparison between experimental and calculated amino acid compositions of CEs
Human foreskin Cultured human Newborn mouse Adult mouse Cultured mouse Cultured mouse

epidermis cells epidermis epidermis cells (attached) cells (sloughed)

Residue Exptl Calc. (K) Exptl Calc. Exptl Calc. (K) Exptl Calc. Exptl Calc. Exptl Calc.

AsX 1.8 2.7 8.2 6.2 6.3 0.5 0.4 5.9 0.5 0.6 6.4 6.3 5.1 5.8
Thr 2.2 3.2 2.4 6.7 4.3 1.4 1.4 −0.5 1.4 1.3 5.9 4.4 5.3 4.2
Ser 20.2 19.3 18.8 7.2 4.5 23.4 20.1 28.2 23.8 19.9 7.5 4.6 10.1 7.6
GlX 9.2 9.0 9.6 22.3 22.6 4.1 6.0 3.3 4.1 6.8 21.4 22.2 16.8 17.5
Pro 2.9 3.3 −2.0 5.5 4.3 3.7 3.4 −4.7 3.7 3.5 5.7 4.9 5.2 4.3
Gly 35.3 35.7 32.0 9.1 10.8 45.1 46.6 38.0 45.1 44.8 9.0 11.0 16.0 16.9
Ala 3.6 2.4 2.8 6.2 3.6 0.8 1.1 −0.9 0.8 1.4 5.5 4.0 5.0 3.7
Val 3.8 4.0 0.8 5.6 5.8 3.0 1.7 3.1 3.0 1.8 6.0 4.8 5.8 4.7
Cys 4.7 4.9 2.5 1.1 1.9 8.1 6.5 5.2 8.1 6.2 1.4 2.4 2.8 3.7
Met 0.3 0.1 1.0 1.2 0.9 0.3 0.0 2.3 0.3 0.0 1.1 2.9 0.8 0.3
Ile 2.0 1.9 4.0 2.8 2.5 0.3 0.0 0.5 0.3 0.0 2.3 3.1 2.9 2.8
Leu 1.6 1.9 6.1 11.1 9.2 0.7 0.1 5.5 0.7 0.1 10.5 7.6 8.5 6.1
Phe 2.5 2.5 4.6 1.9 1.7 0.2 0.1 2.4 0.2 0.1 2.0 2.3 2.1 2.1
Tyr 2.3 2.0 2.4 1.5 1.8 4.3 4.3 4.7 4.3 4.0 1.8 1.0 1.9 1.2
Lys 5.0 4.0 1.9 6.7 9.4 2.5 2.3 3.1 2.5 2.2 6.7 8.1 5.9 7.7
His 0.7 2.0 −0.2 2.9 2.6 0.5 1.1 −3.6 0.5 1.4 2.6 0.5 2.1 2.3
Arg 1.9 2.0 6.8 2.2 2.7 1.1 1.1 8.1 1.1 1.5 2.6 2.9 2.1 3.2
Trp 0.0 0.3 0.2 0.0 0.1 0.0 0.2 −0.3 0.0 0.2 0.5 0.1 0.4 0.1

The calculated compositions correspond to the fractions of the various proteins involved, according to Table 3. For both newborn and adult mouse epidermis,
the 3-component fits (loricrin, SPRR, filaggrin) from Table 3 are given. The third column (K) for human and newborn mouse epidermal data correspond to the
fits given in Table 4(g) and (r), and illustrate the inadequacies of the solutions obtained when loricrin is omitted from the analysis, and keratins K1 and K10 are
substituted as the glycine-rich component.
apparent alteration is not necessarily significant. Thus, the dif-
ference between attached and sloughed mouse keratinocytes in
culture correlates with the incorporation of loricrin into their
CEs, together with reduced levels of involucrin and cystatin
A/CRP, as these cells detach and slough into the medium.

Numerical control experiments
The analysis of the human CEs and the newborn mouse
epidermal CEs has been pursued in greater detail (Table 4).
Addressing the possibility that the conspicuously high glycine
contents of the epidermal CEs may be attributed, at least in
part, to keratins K1 and K10, which also have unusually high
glycine contents (Steinert et al., 1983, 1985; Yuspa et al.,
1989), these molecules have been included in the fits (Table
4g,h and q,r). When keratin is substituted for loricrin, striking
examples of misfits are obtained, with unacceptably high
residuals, and unrealistic coefficients (Table 4g,r). The reason
for this is that the glycine content of these keratins, at ~25%,
is much lower than that of the CEs: to generate enough glycine,
the least-squares solution conjures up a keratin content that
exceeds the maximum possible amount, and offsets this
‘overshoot’ with an (equally unphysical) large negative
component of cystatin A. Even so, the resulting solution rep-
resents a poor fit, with prohibitive mismatches in Asx, Pro, Leu
and Arg (Table 5). When keratin is included in addition to
loricrin, the least-squares residual is not significantly improved
(cf. Tables 3a, 4a,h), i.e. no benefit is obtained from the avail-
ability of this additional free parameter. Moreover, the
estimated contents of the other proteins are largely unaffected
by the inclusion of keratin (provided that loricrin is also
included). We conclude that there is no reason to suppose that
keratins K1 and K10 become incorporated into the cross-linked
CE in significant amounts, although they are expressed abun-
dantly in terminally differentiated keratinocytes. 

To address the possibility that many different cytoplasmic
and/or organellar proteins may become attached to the corni-
fying envelope by the transglutaminases (Michel et al., 1987),
the average composition of GenBank proteins (Lupas et al.,
1991) was also included in the fit. However, the residuals and
the estimated amounts of the other proteins were largely unaf-
fected (e.g. Table 4i).

For the mouse epidermal CE data, which are dominated by
their loricrin content, the model was progressively simplified
until it consisted of loricrin alone (Table 4o,s). In fact, the
least-squares residual does not deteriorate much, reflecting the
fact that the amino acid composition of loricrin itself is already
a good first approximation to that of entire CEs, and the
dynamics of the fitting process are dominated by the require-
ment of reducing the glycine content in the fit, from that of
loricrin, closer to that of the CE. However, the sum of the com-
ponents, which should be 100%, drops to 86% on eliminating
all non-loricrin components. Accordingly, the latter fits were
repeated, imposing the constraint that the components should
add up to 100%. These results more clearly document the
reduction in the residual that accompanies inclusion of more
components. Moreover, they corroborate the conclusion that
loricrin accounts for >80% of the mass of native mouse CEs.
On the other hand, the tendency for the unconstrained fit to
yield a solution whose components add up to less than 100%
most likely reflects the presence, in small amounts, of other
yet-to-be-identified protein(s). 

DISCUSSION

The generation of a covalently cross-linked amalgam of
proteins through the action of transglutaminases inside termi-
nally differentiating cells is not restricted to the epidermis, but
is fairly widespread among other terminally differentiating
epithelia, such as the palate, esophagus, etc. It is also observed
in apoptosis or ‘programmed cell death’ of other, non-epithe-
lial, tissues (Folk, 1983; Harsfalvi et al., 1991; Fesus et al.,
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1991; Tarcsa et al., 1992). However, a distinctive feature of its
manifestation in epithelia is the confinement of this complex
to the cells’ inner surface, i.e. formation of a CE. The cova-
lently cross-linked character of the CE, which is the basis of
its physical and chemical resilience, has thwarted previous
attempts to quantitate its protein composition. 

Scope of mathematical modelling of amino acid
composition data 
Provided that certain conditions are met (see below), the
technique of mathematical modelling on the basis of amino
acid composition data provides a powerful analytical tool. The
technique can be used either at the supramolecular level to
probe the subunit composition of oligomeric complexes (Kapp
et al., 1990a,b), or at the submolecular level to locate a peptide
fragment within an intact polypeptide chain (Conway and
Steven, 1991). It can also be used, as here, to analyze insoluble
protein complexes. The conditions necessary for successful
analyses of the latter kind are: (1) the availability of accurate
amino acid composition data; (2) the complex should have rel-
atively few components; (3) preferably, its constituent proteins
should have amino acid compositions that are individually dis-
tinctive. However, the latter requirement is not absolute, and
we note that Kapp et al. (1990b) obtained quite good results in
their analysis of the stoichiometries of several oligomeric
proteins whose subunits have rather uniform amino acid com-
positions. In the present study, we have encountered some
degeneracy between cystatin A and CRP, but not between
involucrin and trichohyalin, although the overall protein com-
positions of the latter two proteins are also rather alike: pre-
sumably the high Arg content of trichohyalin (>22%; Table 2)
is sufficient to resolve this potential degeneracy. It is also
desirable - although not essential - that all major constituents
should be known: the implications of the omission of a signif-
icant component from the fit are discussed further below. All
of the above conditions appear to be met in the present context.

(1) The amino acid compositions of all but one of the
proteins were determined from cDNA sequences, and that of
the sole exception, CRP, from amino acid analyses of the
purified protein. 

(2) When the number of unknowns (the various proteins
involved) is much less than the number of data points (the 18
distinct species of amino acid distinguished in the
hydrolysates), the equations to be solved are heavily over-con-
strained, which exerts a stabilizing effect on the fit, in the
presence of experimental error. In this study, the inclusion of
only six or fewer proteins produced excellent fits, whose
residual error was close to that typical of the reproducibility of
the CE amino acid composition data (on average, ~0.5% per
residue).

(3) When two or more proteins with similar amino acid com-
positions are included in a fit, a certain ambiguity arises as to
their relative amounts, although their combined amount
remains a fairly stable quantity. The severity of such problems
will, in general, depend on how closely the proteins resemble
each other, how many proteins in all are involved, the level of
experimental uncertainties in the data, and on the specimen’s
amino acid composition per se. In our analyses, the only occur-
rence that we encountered of such an ambiguity was between
cystatin A and CRP in native CEs. The cultured cell data, on
the other hand, were able to distinguish relatively stably
between these two proteins, presumably on the basis of the sub-
stantial difference between their respective Gly and Ser
contents (Table 2). With native CEs, the Gly and Ser compo-
nents in the fit were always dominated by the loricrin contri-
bution, whereas in cultured CEs, which are essentially devoid
of loricrin, the respective contributions of cystatin A and CRP
could be distinguished on this basis.

The stability of these fits, and the success of this analytical
approach as applied to the problem at hand, was assisted by
the unusual amino acid compositions of the proteins involved,
which, for the most part, are markedly divergent from the
GenBank average (cf. Table 2).

Have any major CE components been overlooked?
One feature of our fits to the human CE data that inspires con-
fidence is the fact that its coefficients sum up to almost exactly
100% without being specifically constrained to do so. This
suggests that the proteins included account for most, if not all,
of the mass of these CEs. The coefficients of the mouse CE
fits differ somewhat in that they consistently add up to ~95%,
and slightly less, for the cultured CEs (Tables 3, 4). In
principle, this shortfall might arise from differences between
the human proteins used in these fits (involucrin, CRP) and
their supposed mouse counterparts. However, the success of
these human proteins in fitting the cultured mouse keratinocyte
CE data argues against this explanation, and points to the alter-
native that the remainder is contributed by other, as yet uniden-
tified, protein(s).

Our analysis has included all CE candidate proteins for
which amino acid composition data are currently available.
Only a few other proteins have so far been proposed as CE
components: a 195 kDa protein (Simon and Green, 1985; Ma
and Sun, 1986); a group of small, soluble, basic proteins (‘pan-
cornulins’) reported by Baden et al. (1987); and the proteins
mentioned in the review of Reichert et al. (1993). While our
analysis does not exclude the possibility of these or other
proteins also being present in CEs, it does indicate that either:
(i) they are minor components, amounting cumulatively to no
more than a few per cent in man, and about 5% in mouse; or
(ii) they should have amino acid compositions that closely
resemble those of established CE constituents - in which case,
they will share the mass fractions currently assigned to those
proteins. In this context, the pancornulins are thought to
resemble the SPRR proteins (Baden and Kvedar, 1993), and
therefore may contribute part of the CE fractions presently
assigned to SPRR. More generally, we note that CE proteins
tend to have unusual and distinctive amino acid compositions
(Table 2), very much different from the GenBank average. This
property implies that, a priori, the occurrence of other proteins
with the same compositions, other than additional members of
the same family, is relatively unlikely.

It may be that other proteins are associated with the CE in
vivo by disulfide or other non-covalent bonds (Yaffe et al.,
1993), and could thereby contribute to its physical and
chemical properties. However, such proteins would be
extracted by our isolation procedure, and thus would not be
detected in our compositional analysis of the covalently cross-
linked CE.

Our analyses are based on the assumption that CE proteins
are incorporated intact, not as proteolytically degraded
fragments. While we have not been able to justify this assump-
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tion rigorously, the excellent fits obtained with just a few
(intact) proteins suggest that this assumption is largely sound.

The one anomaly is the seemingly excessive amounts of
filaggrin attributed to cultured CEs in both human (10-15%)
and mouse (5-7%) by the compositional analyses. This may
well reflect the relatively enhanced expression of transglutam-
inase 1 in culture (Reichert et al., 1993), so that, although
filaggrin is expressed at lower levels than in the epidermis, a
much larger fraction of it enters the CE. Alternatively, we note
that the fitting procedure assigns these fractions of filaggrin
primarily in order to reduce the Lys content and to increase the
Ser content of the modelled composition, so as to better match
the experimental data (Table 5). (Filaggrin has no Lys, and
25% (man) or 20% (mouse) of Ser.) Thus there may be another,
as yet unidentified, protein that is rich in Ser and poor in Lys,
for which filaggrin is aberrantly substituting. 

The ‘dustbin’ (trash-can) hypothesis
Noting that the disappearance of organelles from the cytoplasm
of epidermal keratinocytes late in the terminal differentiation
pathway correlates approximately with the appearance of a
morphologically defined CE, Michel and coworkers (1987)
have put forward the hypothesis that the proteins of these
organelles become recycled as CE components. Qualitatively,
we do not reject the idea that small amounts of some such
proteins may enter the CE, but quantitatively our analysis
implies that they do not amount to a substantial mass fraction
of the cross-linked CE. The fact that these proteins have to be
disposed of somehow, upon breakdown of the organelles, does
not necessarily mean that they enter the CE. Alternative
possible fates are proteolytic digestion (like the majority of
filaggrin), or that they somehow become incorporated (or
trapped) in the keratin filament-matrix that eventually occupies
the interior of stratum corneum cells. Keratins K1 and K10
provide a case in point. They are expressed in large amounts
in the epidermis, and have a substantial content of lysine (and
thus, are potential substrates for transglutaminase) but, as our
analysis shows, they do not become incorporated into the CE
in significant amounts. Abnormal keratinization in the
epidermis, such as occurs in psoriasis, may represent an
exception (Hanigan and Goldsmith, 1978). 

CE synthesis in vivo and in vitro
Perhaps the most striking result of our analysis is that it shows
the molecular compositions of the CEs of cultured ker-
atinocytes to be very different from those of native CEs. This
observation may not apply to all systems in which terminal
differentiation of keratinocytes is induced in vitro. It does,
however, make the point that generation of a covalently cross-
linked CE does not necessarily mean that the native CE has
been reproduced. To address this question for a given cell
culture system, compositional analysis based on amino acid
content as done in this study affords a simple and sensitive
assay. The same approach may also be useful in investigating
the molecular compositions of the CEs or cross-linked matrices
of other apoptotic cells, where the functions and fates of these
structures may differ from those of the epidermis (e.g. see
Tarcsa et al., 1992).

Our observations imply that the generation of CEs in vivo
is a multi-stage process. Initially, involucrin, cystatin A, CRP,
SPRR and, possibly, other minor components are attached to
the cell envelope, either concurrently or in some unknown
sequence; subsequently, they are overlaid with a heavy depo-
sition of loricrin, together with some filaggrin. The cultured
cells analyzed here appear to emulate only the first stage(s) of
this process. In support of this hypothesis, we note that cystatin
A, CRP and involucrin are expressed in approximately the
same relative amounts, both in culture and in vivo. The
apparent dearth of the murine counterparts of these proteins in
native mouse CEs may indicate that, in mouse, the first phase
is shorter and/or the second, loricrin-dominated, phase is
longer than in human epidermis. The fact that we detect
incipient loricrin incorporation into cultured mouse cell CEs
only for sloughed cells, which represent a more advanced state
of terminal differentiation than attached cells, further supports
this scenario.

This account of CE biosynthesis in native epidermis and in
cultured cells is in general agreement with that of Reichert et
al. (1993), who also drew attention to the difference between
the mechanical properties of fragile and robust CEs (Michel et
al., 1988), which they equated with immature and mature
stages of CE assembly. In this context, it has long been known
that involucrin is expressed quite early in the epidermal
pathway of terminal differentiation (Rice and Green, 1979),
compared with loricrin or filaggrin, which are not detected
prior to the granular layer stage (Mehrel et al., 1990; Steven et
al., 1990). However, to clarify our respective views of the order
of events (see Reichert et al., 1993), our data imply that
cystatin A (keratolinin) and CRP are probably incorporated
together with involucrin early in CE cross-linking (see above),
and certainly earlier than loricrin, whose time-course of incor-
poration appears to be matched only by that of filaggrin. 

We greatly appreciate insightful conversations with Dr Kirk
Wuepper and his clarification of the cystatin A/keratolinin story. We
also thank Drs Benes Trus, James Conway, Joseph Carroll, Stuart
Yuspa, Tonya Kartasova and Nelli Markova, and Mr Mark Vivino,
for valuable input of various kinds.
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