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Summary

The stratum corneum basic protein and histidine-rich protein IT were each
isolated from newborn rat epidermis and compared by biochemical and immu-
nologic methods. The proteins were indistinguishable by immunodiffusion
using antiserum elicited to either protein. The migration of the proteins on
SDS-polyacrylamide gel electrophoresis was identical giving a molecular weight
of 49 000. These proteins, which have similar but unusual amino acid composi-
tions, give very similar tryptic peptide maps. Both proteins aggregate with kera-
tin filaments to form macrofibrils. These results suggest that histidine-rich pro-
tein II and stratum corneum basic protein are the same protein. We suggest that
this protein be called histidine-rich basic protein.

Introduction

Histidine-rich proteins have been isolated from the epidermis by several labora-
tory groups [1—4] and are considered to be specific differentiated products of
the epidermis [5]. One of them has been suggested to function as the interfila-
mentous matrix material [6]. Two of them, the stratum corneum basic protein
[3] and histidine-rich protein II [5], were extracted from the stratum corneum
of the newborn rat. In this report the characteristics of these two proteins are
compared to see whether they may be the same protein.

The search for a histidine-rich protein in the epidermis began after auto-
radiographic studies showed that histidine was one of several amino acids
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rapidly and preferentially incorporated into the granular layer and only later
into the corified layer of epidermis [ 7—9]. Morphologically, the granular layer
is distinguished by its characteristic keratohyalin granules, which disappear
when its cells are converted to those of the stratum corneum.

The first histidine-rich protein was isolated from newborn rat skin by
Hoober and Bernstein [1] and was shown to be derived from the upper layers
of epidermis [10]. Histidine-rich proteins have been readily extracted by 1 M
potassium phosphate from bovine and rat epidermis [11—13} and by various
other techniques from mouse, rat, and human epidermis [2,4,14,15}. The asso-
ciation between histidine-rich proteins and keratohyalin granules has been
shown by their coincident appearance during development [16,17], by anti-
body localization [2,18,19], and by preferential extraction techniques [12,20].

A protein which is similar in its amino acid composition to the histidine-rich
proteins previously studied was isolated from the rat stratum corneum [3].
This protein, called stratum corneum basic protein because of its source and its
cationic nature, has an apparent molecular weight of 49 000 by sodium dode-
cyl sulfate (SDS) polyacrylamide gel electrophoresis. A similar protein, called
histidine-rich protein II, which has a molecular weight of approx. 60 000 by
gel filtration, was isolated from rat stratum corneum by Ball, Walker, and
Bernstein [5]. Histidine-rich protein II and stratum corneum basic protein were
both shown by radiolabeling experiments to be derived from a precursor pro-
tein present in the living cell layers of the epidermis [5,21]. In each case, the
precursor had a higher molecular weight than did the product, although the
precursors isolated in the two studies differed substantially in size. Stratum
corneum basic protein and its precursor are immunologically related [22]. The
precursor has been obtained by techniques known to extract the contents of
keratohyalin granules [21]. Murozuka et al. [19] confirmed that the histidine-
rich proteins from the living cell layers and the stratum corneum are immuno-
logically related.

Thus, the source, the amino acid compositions, and the apparent derivation
of histidine-rich protein II and stratum corneum basic protein from precursors
suggest that the two proteins are similar. However, their reported molecular
weights differ. The biochemical, immunologic, and functional properties of
these two proteins are compared in parallel here, in order to see whether they
are the same cellular product.

Methods

Isolation of proteins. The procedure used for isolating histidine-rich pro-
tein II from the stratum corneum was essentially that of Bernstein and co-work-
ers (cf. Ref. 5). Epidermis was scraped to remove nonkeratized cells as previ-
ously described. Gel filtration was carried out on a column of Sepharose 4B
rather than Sepharose 6B. The resulting material was further purified by prepa-
rative SDS-polyacrylamide gel electrophoresis [23]. The major protein band
(M, 50 000), located by staining of a small longitudinal slice of the gel with
Coomassie blue, was cut out and extracted with 0.1% SDS, 0.01 M sodium
phosphate, pH 7.5, and then dialyzed extensively against 0.01 M NH,OH and
lyophilized.



100

Stratum corneum basic protein was purified by ion-exchange and gel filtra-
tion chromatography as previously described [3], with modifications to avoid
the use of urea [24]. Briefly, newborn rat epidermis was extracted with 9%
formic acid. This material was lyophilized, treated with cyanogen bromide in
70% formic acid, then diluted and applied to a Sephacryl S200 column. Stra-
tum corneum basic protein was eluted in the first large peak which was lyophi-
lized and then was further purified on DE-52 cellulose and CM-52 cellulose as
previously described, except that the buffers contained no urea. A final gel fil-
tration step on Sephacryl S300 yielded a preparation that contained mainly the
M, 49 000 stratum corneum basic protein.

Antiserum preparation. Purified stratum corneum basic protein in phosphate-
buffered saline (4—10 mg/ml) was mixed with an equal volume of complete
Freund’s adjuvant and 0.1 ml was injected into the foot pads of New Zealand
white rabbits. Animals received booster injections of 0.1 mg in incomplete
Freund’s adjuvant at 2-week intervals for 8 weeks and occasionally for up to
6 months. Antiserum was collected at 2-week intervals, starting at week 5 after
primary inoculation.

Antiserum to histidine-rich protein II was prepared in New Zealand white
rabbits by intradermal injection of 300 ug of the purified protein dissolved in
0.5 ml of 0.05 M sodium phosphate, pH 7.5, mixed with an equal volume of
complete Freund’s adjuvant. Antiserum was obtained after six injections over
the course of 2 months.

Double immunodiffusion. Ouchterlony plates contained 1% agarose, 0.1%
SDS, 0.5% Triton X-100, 0.9% NaCl and 0.05% sodium azide [25]. The histi-
dine-rich protein Il-antiserum was concentrated 3-fold to intensify the precipi-
tin bands. The plates were allowed to develop for 2 days at room temperature
and then washed extensively in 0.14 M NaCl, 0.5% Triton X-100, 0.01 M
sodium phosphate, pH 7.5, stained with amido black, and destained in 10%
acetic acid.

SDS extraction and assay. The SDS concentration in protein samples was
measured by the method of Waite and Wang [26]. Twice recrystallized SDS
was used as a standard. The range of the assay was approx. 2—50 nmol SDS.

SDS was extracted by ion-pair formation [27]. Lyophilized protein samples
(approx. 0.5 mg each) were extracted with a mixture of cold acetone/triethyl-
amine/acetic acid/water (85:5:5:2, by vol.) in 1 ml total volume. After the
sample had stood in ice for 4 h, the protein precipitate was removed by cen-
trifugation and reextracted. After 15 min in ice, the samples were again cen-
trifuged and the protein was redissolved in 5 mM Tris-HCI (pH 7.6) to approx.
1 mg/ml, then dialyzed overnight against the same buffer in the cold. To test
the effects of the extraction method on the protein, stratum corneum basic
protein was used as a control. 1 mg samples were incubated with and without
1.5% SDS for 5 min at 100°C in 8 M urea, then dialyzed overnight against dis-
tilled water with several changes. Small samples were removed and the remain-
ing material was lyophilized for SDS extraction. Samples were assayed for SDS,
for protein and for fiber formation before and after SDS extraction.

Protein concentration was measured by the method of Lowry et al. [28],
using bovine serum albumin as a standard.

Peptide analysis. Residual SDS was removed from histidine-rich protein II by
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ion-pair extraction [27]. Tryptic digestion [5] of the histidine-rich protein II
and stratum corneum basic protein was separately carried out by incubation of
200 ug of each protein in 0.4 ml of 0.2 M ammonium bicarbonate with 2 ug of
diphenylcarbamyl chloride-treated trypsin (Sigma Chemical Company) at 37°C.
After 6 h, half the solution was removed, added to 50 ul of glacial acetic acid,
and frozen. The remaining solution was incubated for another 6 h after addi-
tion of 1 ug of trypsin and the reaction was terminated by addition of 50 ul of
glacial acetic acid. The 6-h and 12-h samples were lyophilized and subjected to
one-dimensional peptide mapping on a Dionex amino acid and peptide analyzer
with detection of the fluorescent products of reaction with o-phthalaldehyde
[29,30].

Aggregation with keratin filaments. Keratin filaments were prepared by dial-
ysis from 8 M urea extracts of newborn rat epidermis [6,31]. Any precipitated
material was removed by centrifugation at 10 000 X g and then the filaments
were collected by centrifugation at 105 000 X g for 90 min. These were redis-
solved in 8 M urea, 0.1 M 2-mercaptoethanol, 0.1 M Tris-HCI (pH 7.6) and
reformed by dialysis against 5 mM Tris (pH 7.5) with 10 mM 2-mercaptoetha-
nol. Reformed filaments were used in all the experiments described here.

Samples (5 ul) of keratin filaments in suspension (approx. 1 mg/ml) were
dispensed on glass cover slips. Samples of test proteins (5 ul) at varying concen-
trations were added. Fiber formation was observed with slide lighting against a
dark background and by dark-field microscopy. Optimal protein concentrations
are 0.5—1.5 mg/ml filament protein and 0.3-—1.0 mg/ml stratum corneum basic
protein or histidine-rich protein II.

For observation of macrofibrils by electron microscopy, the mixtures of ker-
atin filaments and stratum corneum basic protein or histidine-rich protein II
were prepared in test tubes, diluted to 0.1 mg/ml filament protein, placed
dropwise on grids, and negatively stained as described previously [6].

Results

Polyacrylamide gel electrophoresis

Stratum corneum basic protein and histidine-rich protein II had identical
electrophoretic mobility on SDS-polyacrylamide gels. Only one band was pres-
ent. Mixtures of the proteins showed no separation. A molecular weight of
49 000 was estimated from a standard curve using bovine serum albumin
(68 000), pyruvate kinase (57 000), ovalbumin (43 000) and cytochrome ¢
(12 500) on 7.5% and 10% polyacrylamide gels. The two proteins also had
identical electrophoretic mobility on polyacrylamide gels in 4 M urea at pH 4.5
[32].

Immunodiffusion

Stratum corneum basic protein and histidine-rich protein II were compared
by Ouchterlony double immunodiffusion using antiserum to each of these two
proteins. When these two antigens were placed in adjacent wells a confluent
precipitin line formed (Fig. 1). This reaction of identity was also seen with his-
tidine-rich protein I, the precursor of histidine-rich protein II [5]. There was
evidence of an additional precipitin line for stratum corneum basic protein



102

Fig. 1: Double immunodiffusion plate showing the reaction between rabbit antiserum prepared against
stratum corneum basic protein (A) and histidine-rich protein II (B) and the antigens stratum corneum
basic protein (0.25 mg/ml, well 1), histidine-rich protein II (0.2 mg/mli, well 2), histidine-rich protein I
(0.2 mg/ml, well 3; 1 mg/ml, well 4), a urea extract of newborn rat epidermis (well 5), and the solution in
which the antigens were dissolved (0.1% SDS, 0.01 M sodium phosphate, pH 7.5, well 6).

Fig. 2. Double immunodiffusion plate showing the reactions between rabbit antisera prepared against
stratum corneum basic protein (well 2) and against histidine-rich protein II (well 4) and the antigens stra-
tum corneum basic protein (0.1 mg/ml], well 1) and histidine-rich protein II (0.1 mg/ml, well 3).

(Fig. 1, well 1), for histidine-rich protein II (well 2) and the urea extract
(well 5) using either antiserum, and for histidine-rich protein I (well 3) using
the antiserum against stratum corneum basic protein. To check the possibility
that the two antisera were directed against different but shared components of
the preparations of stratum corneum basic protein and histidine-rich protein II,
these antisera were put into adjacent wells of an immunodiffusion plate
(Fig. 2). There was no evidence of spur formation or cross-over of the precipi-
tin lines, indicating that the antisera react with the same protein.

Peptide mapping

Stratum corneum basic protein and histidine-rich protein II were each
digested with trypsin and the resulting peptides were separated by ion-exchange
chromatography. The elution patterns of samples digested with trypsin for 12 h
are shown in Fig. 3. Samples digested for 6 h gave essentially the same results.
In duplicate analyses of the same sample, the elution times of some of the pep-
tides varied by as much as two minutes. Despite this variability, the peaks can
be identified from their shape and relationship to other peaks. The profiles of
peptides from stratum corneum basic protein and histidine-rich protein II were
similar, except for the presence of peaks a and j from histidine-rich protein II.
However, peak a was not found in all histidine-rich protein II peptide samples,
and peak j was seen in some of the stratum corneum basic protein peptide sam-
ples. Although there were differences in relative peak heights for the stratum
corneum basic protein and histidine-rich protein II peptides, the similarity
in the elution profiles suggests that stratum corneum basic protein and histi-
dine-rich protein I1 are similar in structure.

Keratin filament aggregation
Stratum corneum basic protein aggregates with keratin filaments to form
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Fig. 3. Elution patterns from ion-exchange chromatography of tryptic peptides of stratum corneum basic
protein (A) and histidine-rich protein II (B).

visible fibers. These fibers can be seen by eye and by dark-field microscopy
(Fig. 4a). When histidine-rich protein II was tested in place of stratum corneum
basic protein at equivalent protein concentration, no fiber formation occurred.
Since the purification of histidine-rich protein II included a preparative SDS gel
electrophoresis step, SDS could be bound to the protein and interfere with its
ability to aggregate with keratin filaments. Therefore, SDS was assayed colori-
metrically in histidine-rich protein II and stratum corneum basic protein (pre-
viously dialyzed against 5 mM Tris-HCIl, pH 7.6) at several protein concentra-
tions [26]. Stratum corneum basic protein had the same absorbance as did
buffer alone. Histidine-rich protein II contained 0.27 mg SDS/mg protein.

SDS was extracted from histidine-rich protein II by ion-pair method [27].
Stratum corneum basic protein was used as a control to test for any effects of

Fig. 4. Association of stratum corneum basic protein and histidine-rich protein II with keratin filaments.
A. Dark field microscopy of a fiber (also visible by eye) formed by filaments and stratum corneum basic
protein (X 70). B. Macrofibril of filaments and histidine-rich protein 1I (X 47 500). C. Macrofibril of fila-
ments and stratum corneum basic protein (X 47 500). Bar, 0.5 um.
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TABLE I
EFFECT OF SDS EXTRACTION ON SDS CONCENTRATION AND FIBER FORMATION

SDS was extracted by the ion-pair method [27}. The SDS concentration was measured colorimetrically
[261], protein concentration was measured by the method of Lowry et al. [28]. Fiber formation with ker-
atin filaments was assessed microscopically in 5 mM Tris-HC], pH 7.6.

Sample Treatment Before extraction After extraction

SDS- Fiber SDS Fiber
(mg/mg protein) formation (mg/mg protein) formation

Histidine-rich

protein II None 0.27 — 0.02 ++
Stratum corneum
basic protein None V] ++ 0 ++
Stratum corneum 5 min, 100°C, + 8 M
basic protein urea, dialyzed vs,
) H, O, lyophilized 0 ++ 0 ++

Stratum cormneum 5 min, 100°C, + 1.5%
basic protein SDS and 8 M urea,
dialyzed vs. H, 0,
lyophilized 4.32 -— 0.01 ++

the extraction procedure on the function of the protein. A summary of the
results is shown in Table I. The extraction method reduced the SDS concentra-
tion to 0.02 mg/mg protein or less. This was greater than a 10-fold reduction of
SDS in histidine-rich protein II and approx. 500-fold reduction of SDS in the
samples of stratum corneum basic protein heated with SDS. After SDS extrac-
tion, all protein samples gave a clear positive test for fiber formation with ker-
atin filaments at the light microscopic and visible level.

At the electron microscopic level, however, macrofibrils were seen even in
mixtures of keratin filaments and histidine-rich protein II prior to SDS extrac-
tion (Pig. 4b). These macrofibrils were similar to those formed with stratum
corneum basic protein (Fig. 4c) but formed in lower yields at equivalent pro-
tein concentrations. The macrofibrils had an average diameter of approx. 50 nm
but ranged from 35 to 150 nm in diameter under the conditions used here.

Discussion

In this report we have compared stratum corneum basic protein and histi-
dine-rich protein II and have shown them to have the same molecular weight
by SDS gel analysis, to be immunologically indistinguishable and functionally
similar. Although the two proteins appear to be pure by SDS-polyacrylamide
gel electrophoresis, two bands were seen by Ouchterlony double diffusion. This
may have been due to the presence of a second protein, not separated by SDS-
polyacrylamide gel electrophoresis, shared by both stratum corneum basic pro-
tein and histidine-rich protein II. Another explanation is that both of these
proteins, which are extremely sensitive to proteolysis, are partially degraded by
proteases in the immune sera. Any resulting lower molecular weight peptides
could diffuse differently and cause the formation of a second immunoprecipi-
tin band.
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The two proteins are effective in aggregating keratin filaments to form mac-
rofibrils visible at the electron microscopic level. At optimal protein concen-
trations macrofibrils form larger thread-like fibers which are visible by eye.
However, in the case of histidine-rich protein II, it was first necessary to
remove residual SDS in order to achieve visible fibers. The inhibition of visible
fiber formation by SDS was confirmed by treating stratum corneum basic pro-
tein with SDS. When the SDS-treated stratum corneum basic protein was added
to keratin filaments, no fibers were formed. However, subsequent removal of
the SDS regenerated the fiber-forming potential of the stratum corneum basic
protein. Incubation at 100°C or extraction of stratum corneum basic protein
with acetone also had no irreversible effect on fiber formation.

Additional evidence of the similarity between stratum corneum basic protein
and histidine-rich protein II is apparent from their amino acid compositions.
Both proteins have an unusually low content of nonpolar amino acids and an
unusually high content of glutamic acid, glycine, serine, arginine and histidine
[1,3,5]. Arginine contents of 13.1% for stratum corneum basic protein and
13.9% for histidine-rich protein II were reported; the histidine contents were
7.9% and 7.3%, respectively. No methionine, cysteine, or phenylalanine was
detected in either protein. The quantitative differences found in the tryptic
peptide maps of stratum corneum basic protein and histidine-rich protein Il
may be due to the presence of minor contaminants, rather than differences in
primary structure,

Both stratum corneum basic protein and histidine-rich protein IT have been
isolated from newborn rat epidermis and previous results have suggested that
both were found in highest concentration in the stratum corneum. Furthermore,
the proteins are both derived from precursor proteins found in the keratohyalin
granules of the less differentiated granular cell layer [5,12,21,22]. These pre-
cursors, however, do not appear to be identical, since the molecular weight of
the stratum corneum basic protein-precursor is 53 000, while that of histidine-
rich protein I is so large that it only just enters a 7.5% SDS-polyacrylamide gel
[5]. The predisposition of stratum corneum basic protein-precursor to polym-
erize [22,23] may be related. The nature of this polymerization is as yet
unknown, as the yield of polymeric stratum corneum basic protein-precursor
is variable and in vitro depolymerization has not yet been accomplished. A par-
tial characterization of the stratum corneum basic protein-precursor has shown
that it is a phosphoprotein in which serine residues are phosphorylated [33].
Covalent phosphate has also been found in an acidic acid peptide of histidine-
rich protein I (Vadlamudi, B., unpublished results). The stratum corneum basic
protein-precursor and histidine-rich protein I may be different forms of the
same protein. Unlike their respective precursors, neither stratum corneum basic
protein nor histidine-rich protein II contains phosphate.

Thus, the available evidence suggests that stratum corneum basic protein and
histidine-rich protein II are derived from a phosphorylated precursor protein
localized in keratohyalin granules and are identical. As a result of this work we
suggest that both stratum corneum basic protein and histidine-rich protein I be
called histidine-rich basic protein.
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