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Multiple Copies of Phosphorylated Filaggrin in Epidermal Profilaggrin 
Demonstrated by Analysis of Tryptic Peptidest 
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ABSTRACT: The precursor of mouse (c57/B16) epidermal filaggrin (profilaggrin) is a very large (ca. 500000 
daltons), highly phosphorylated protein containing multiple copies of filaggrin (26 000 daltons). The conversion 
of profilaggrin to filaggrin late in epidermal cell differentiation involves dephosphorylation and proteolysis 
to yield the unphosphorylated filaggrin, which polymerizes with keratin filaments into macrofibrils. In order 
to gain insight into the nature of these processes, we compared tryptic digests of profilaggrin with those 
of filaggrin by reverse-phase liquid chromatography. Approximately 80% of the profilaggrin mass consists 
of multiple copies of filaggrin. Twenty peptides purified in good yield from both profilaggrin and filaggrin 
accounted for most of the filaggrin sequence. A detailed analysis of the yield of several peptides provided 
an estimate of the size and frequency of the repeat unit within profilaggrin. These data indicate that the 
repeating substructure of profilaggrin contains about 265 amino acids and that about 50 residues are removed 
per filaggrin domain as the precursor is processed to filaggrin. Assuming a molecular weight of 500 000 
(as estimated from sodium dodecyl sulfate-polyacrylamide gel electrophoresis), this indicates there are 16 
repeats. Analysis of phosphopeptides isolated from profilaggrin showed that 66% of the phosphate was located 
on peptides that are unphosphorylated in filaggrin. Analysis of peptide recoveries confirmed the repeat 
size and showed that every copy of filaggrin was phosphorylated in profilaggrin. 

E p i d e r m i s  is a stratified tissue with dividing basal cells that 
differentiate sequentially into nucleated spinous and granular 
cells and finally into the anucleate cells of the stratum corneum 
[cf. review by Odland (1983)l. This keratinization process 
involves reorganization of the keratin filaments of the cells. 
A cationic histidine-rich protein called filaggrin (also called 
HRP or stratum corneum basic protein, SCBP) has been 
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B.A.D., GM15731 to K.A.W., and DE07063 to K.A.R. 
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isolated from rat (Dale, 1977), mouse (Steinert et al., 1981), 
and human (Lynley & Dale, 1983) stratum corneum and 
appears to interact with keratin filaments at the time of ter- 
minal differentiation (cornification) to aid in the alignment 
of the keratin filaments in the cornified cells (Dale et al., 1978). 
Filaggrin aggregates keratin filaments in vitro, forming ma- 
crofibrils with a morphology similar to that seen in the stratum 
corneum (Dale et al., 1978) and a stoichiometry of two fi- 
laggrin molecules for each three keratin molecules (Steinert 
et al., 1981). 

In neonatal mouse, filaggrin has a molecular weight of 
25 840 (Steinert et al., 1981) and arises in vivo from a much 
larger (ca. 500 000 daltons), highly phosphorylated precursor 
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(profilaggrin) located in insoluble deposits called keratohyaline 
granules in the granular cells (Ball et al., 1978; Scott et al., 
1981; Ramsden et al., 1983; Lonsdale-Eccles et al., 1983). 
Phosphorylation occurs on serines (Lonsdane-Eccles et al., 
1982), possibly as a result of the action of casein kinase TI 
(Mamrack et al., 1984). Posttranslational processing of 
neonatal mouse profilaggrin involves dephosphorylation and 
proteolysis via nonphosphorylated intermediates that appear 
to contain two and three domains of filaggrin (Resing et al., 
1984). The results of limited proteolysis suggested there are 
many domains of filaggrin in profilaggrin from C57/b16 mice 
(Lonsdale-Eccles et al., 1984). In vitro translation experiments 
indicated that profilaggrin is large enough to contain at least 
10 domains of filaggrin (Meek et al., 1983). To test this 
multidomain hypothesis of profilaggrin structure and to obtain 
more information about the phosphorylation sites, the tryptic 
peptides of filaggrin and profilaggrin were examined. 

MATERIALS AND METHODS 
Purijication of Pilaggrin and Its Precursors. Epidermis was 

obtained by a modification of a method of Mufson et al. 
(1977). Newborn C57/b16 mice (0-2 days) were killed by 
cervical dislocation, heated in a microwave oven 20 s, and 
frozen in powdered dry ice. After the mice were thawed, the 
epidermis could be peeled from the entire animal with no 
release of blood. The skins were kept on ice until they were 
homogenized in ice-cold 1.2 M NaSCN, 10 mM ethylene- 
diaminetetraacetic acid (EDTA),' 3 mM o-phenanthroline, 
and 50 mM Hepes, pH 6.8, to which 0.1 mg of crystalline 
phenylmethanesulfonyl fluoride was added for each IO mL of 
buffer. Insoluble material was removed by centrifugation, and 
the filaggrin-related proteins were precipitated by dilution with 
10 volumes of ice-cold H20 (Resing et al., 1984). The pellet 
was redissolved in 50% formic, diluted to lo%, and insoluble 
material removed by centrifugation at 12000g for 15 min at 
15 "C. The pellet was reextracted in the same manner, and 
the extracts were lyophilized. After being redissolved in 10% 
formic acid, insoluble material was removed by centrifugation 
for 20 min in an Eppendorf tabletop centrifuge. The super- 
natant was fractionated on a Bio-Gel P-300 column (Bio-Rad, 
121 cm X 1.5 cm) in 10% formic acid, pH 2 (NaOH), at 1.5-2 
mL/h at room temperature. Fractions were analyzed on 
SDS-PAGE by the method of Laemmli (1 970) by lyophilizing 
20 NL, adding 50 pL of Laemmli's sample buffer made with 
Tris base, and adjusting the pH with Tris base if necessary. 
The profilaggrin was further purified by freezing the pooled 
P-300 fractions and lyophilizing for 1 h to reduce the formate 
concentration. This precipitated most of the profilaggrin, 
which was recovered by centrifugation at 12000g for 15 min 
at 0 OC. If the volume was reduced more than 3076, distilled 
H 2 0  was added before centrifugation to bring the volume to 
70% of that before lyophilization. 

In some cases additional purification was done by ion ex- 
change on an SP-Sephadex column or by HPLC on an SP- 
TSK (Waters) column. Pooled fractions were dialyzed against 
50 mM sodium formate, pH 5, applied to the column equil- 
ibrated in the same buffer and eluted by analyzing gradients 
made up to 1 M NaCl and 50 mM sodium formate, pH 5. 
Fractions were analyzed by SDS-PAGE and pooled fractions 

' Abbreviations: SDS-PAGE, sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis; TFA, trifluoroacetic acid; HPLC, high-pressure liquid 
chromatography; CM, carboxymethyl; DEAE, diethylaminoethyl; EDT- 
A, ethylenediaminetetraacetic acid; Hepes, N-(2-hydroxyethyl)-N'-2- 
piperazineethanesulfonic acid; Tris, tris(hydroxymethy1)aminomethane; 
kDa, kilodalton. 
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FIGURE 1 : Flow diagram of purification protocol for profilaggrin and 
filaggrin peptides of Tables I, 11, and IV. Tryptic digests and 
chromatographic details are described under Materials and Methods. 

dialyzed against 10% formic and lyophilized. 
Radiolabeled proteins were made by injecting 50 pCi of 

sodium [32P]phosphate or 15 pCi of [3H]arginine (42 Ci/mol) 
intradermally into the back of newborn mice. Mice were 
returned to their mothers for either 8 (32P) or 16 (3H) h, and 
the protein was purified as above. 

Peptide Mapping and Purification. Precipitated precursor 
or lyophilized filaggrin was digested with trypsin (1 mg of 
trypsin/50 mg of substrate in 100 mM Tris, pH 8, at 38 OC 
for 3 h. This peptide mixture was fractionated either by 
reverse-phase chromatography or ion exchange followed by 
reverse phase (Figure 1). For the reverse-phase system, the 
mixture was acidified by adding phosphoric acid to pH 2.5 
and separated by HPLC on a Synchropak RP-P (Synchrom) 
column equilibrated in 1% TFA. Gradients were made into 
acetonitrile containing 0.08% TFA, with a flow rate of 2 
mL/min. The effluent was monitored at 206 nm, and fractions 
were collected by hand. 32P-Labeled samples were monitored 
by Cherenkov counting (without adding scintillant). Some 
fractions were lyophilized and dissolved in 0.1% TFA for 
rechromatography on an Ultrasphere column (Beckman) with 
a similar gradient and flow rate of 1.5 mL/min. 

For ion-exchange chromatography of [3H]arginine-labeled 
peptides, digests were first diluted with 5 volumes of water 
and adjusted to pH 5 with phosphoric acid. Ion-exchange 
HPLC used two columns (CM-TSK and DEAE-TSK, 
Toya-Soda) arranged in series, equilibrated in 20 nM sodium 
phosphate, pH 6, and eluted by applying a gradient up to 1 
M NaCl and 30 nM sodium phosphate, pH 6. The initial 
fractionation by ion exchange was followed by reverse-phase 
chromatography of pooled fractions on a Synchropak RP-P 
column followed by an Ultrasphere column as necessary. By 
use of reverse-phase chromatography solvents which were 
volatile (Mahoney & Hermodson et al., 1980), the peptides 
were simultaneously desalted. To resolve phosphopeptides by 
ion-exchange chromatography, the peptide digest was diluted 
with 5 volumes of water, adjusted to pH 6 with HC1, loaded 
onto DEAE-TSK equilibrated in 10 mM sodium acetate, pH 
6, and eluted by applying a gradient up to 0.6 M sodium 
phosphate and 10 mM sodium acetate, pH 6, at a flow rate 
of 1 mL/min. The fractions were then adjusted to pH 2.5 with 
1 M phosphoric acid and further purified on a Synchropak 
RP-P column as above. 

Characterization of Peptides and Proteins. Samples for 
amino acid analyses were subjected to hydrolysis for 18 h at 
1 10 O C in 6 M HC1 to which norleucine had been added as 
an internal standard. Hydrolyzates were then separated on 
a Dionex D-550 analyzer. Sequence analysis followed the 
automated procedure of Brauer et al. (1975) on a Beckman 
890 C sequencer, or the manual method of Tarr (1982). In 
some cases peptides were subdigested with Staphylococcus 
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F20  aureus V8 protease (1 pg/nmol of peptide) in 50 mM po- 
tassium phosphate at 35 OC for 12 h and separated on an 
ODs- 120T column (Toya-soda), which is an end-capped 
column similar to the Ultrasphere column. 

RESULTS 
Purification of Proteins. The thiocyanate extraction pro- 

cedure described under Materials and Methods simplifies the 
purification of filagrin-related proteins, because the keratins 
are not extracted (Resing et al., 1984). In the subsequent step, 
all of the filaggrin-related proteins precipitate upon dilution 
into water, thus concentrating and partially purifying them. 
Subsequent extraction into 10% formic acid leaves behind 
contaminating nucleic acids. Apparently these contributed 
to the earlier precipitation, because pure filaggrin is soluble 
in dilute buffer. 

The various filaggrin precursors and filaggrin were then 
resolved by gel filtration on a column of Bio-Gel P-300, as 
previously (Resing et al., 1984). Pooled fractions containing 
profilaggrin were frozen, briefly lyophilized to remove excess 
formic acid, and thawed on ice. The precipitate that formed 
was judged to be pure profilaggrin on the basis that further 
chromatography on DEAE-Sepharose did not change the 
composition. Filaggrin-containing fractions were chromato- 
graphed on SP-Sephadex or by HPLC on SP-TSK. Filaggrin 
was then dialyzed against 10% formic and lyophilized. Epi- 
dermis from 20 animals yielded 610 pg of filaggrin and 370 
pg of profilaggrin. 

Peptide Mapping and Purification Using HPLC. Three 
protocols for purifying peptides were used in this study (Figure 
1). Initially, tryptic digests of each protein were separately 
fractionated on Synchropak RP-P (Figure 2). Qualitative 
comparison of these peptide profiles indicates that these pro- 
teins have extensive similarities, especially in the peaks eluting 
in the first 20 min, despite the large difference in molecular 
weight of filaggrin and profilaggrin. This suggested that a 
structural analysis of profilaggrin would be much less difficult 
than originally anticipated for a protein of ca. 500000 daltons. 
In addition the HPLC maps showed the tryptic digest of 
profilaggrin could be readily resolved into less than 20 major 
peaks as expected if profilaggrin has a repeating substructure. 
A more detailed analysis was then performed to test whether 
the postulated multiple domains of profilaggrin each give rise 
to identical filaggrin molecules. In theory, nonidentity would 
become apparent in low yields and heterogeneity among the 
tryptic peptides of filaggrin, and in low molar yields of tryptic 
peptides from the large precursor. 

It is useful to consider the profilaggrin digest as four groups 
of peptides, as indicated by letters A-D in Figure 2 (panel 11). 
Rechromatography of Synchropak fractions on Ultrasphere 
columns (not shown) and amino acid analysis of the separated 
products demonstrated that most of the peptides of groups 
A-C were identical in both filaggrin and profilaggrin. The 
amino acid ratios of most of the peptides had approached 
integral values, and the peptides appeared to be pure. Identity 
of several of these peptides was confirmed by sequence analysis 
(Figure 3). The smaller peptides of groups A and B (peptides 
F1-F16 in filaggrin) were recovered in high yields, suggesting 
that each peptide occurs once in each copy of filaggrin. In 
contrast, with the exception of the large peak (labeled F17 or 
P17) at  17 min, peptides from group C were generally re- 
covered in low yield from both proteins and appear to represent 
heterogeneous regions. Group D includes several tyrosine- 
containing peptides unique to profilaggrin; however, the ap- 
parent differences among them are mostly due to variable 
phosphorylation, as will be discussed later. 
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FIGURE 2: Chromatography of tryptic peptides from filaggrin (panel 
I) and profilaggrin ( anel 11) on a Synchropak RP-P column. Panel 

Cherenkov radiation). The flow rate was 2 mL/min with a gradient 
from 0.1% TFA in H,O into 0.08% TFA in acetonitrile. Filaggrin 
peptides referred to in the [3H]arginine and 32P preparations are 
identified by the prefix F. Analogous peptides in profilaggrin have 
the prefix P. Phosphorylated peptides are identified by an  asterisk. 
Zones A-D in panel I1 refer to groups of peptides discussed under 
Results. The 17 pools in panel I were the source of the peptides in 
Table I. 

Of the peptides recovered from both filaggrin and profi- 
laggrin 20 were recovered from filaggrin in yields of 45% or 
greater (Table I). They accounted for approximately 184 of 
the 219 residues calculated from the molecular weight and 
composition and for 23 of the 24-25 arginines (calculated from 
the 11.9 mol % arginine in filaggrin). That these peptides 
account for most of the mass of filaggrin could be confirmed 
by comparing the integrated absorbance of peptides with that 
of the total absorbance profile. Since the absorbance at 206 
nm reflects primarily the peptide backbone (filaggrin having 
no phenylalanine, tryptophan, or tyrosine), the area under 
individual peaks on under the total profile should reflect the 
peptide mass. Such an analysis showed that the purified 

111 illustrates the zp P label in the profilaggrin digest (counted by 
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Table I: Tryptic Peptides Recovered from Filaggrin’ 

F1 1 1 .Od 254 
F2 1 0.7 1 .o 8 3  
F3 1 1.7 1 .o 68 
F4 1 1.9 1 .o 1 . 1  64 
F5 1 2.3 1 . 1  79 
F6 2 0.9 1.9 1 . 1  65 
F7 2 0.9 1 . 1  0.9 1 .o 58 
F8 3 0.9 3.0 1 .o 2.0 0.9 0.9 50 
F9 3 0.9 1.9 2.0 1 .o 1 .o 63 
F10 4 1 .o 0.9 2.2 76 
F11 4 0.9 1.7 1.2 1 . 1  0.9 0.9 51 
F12 5 1 .o 1 .o 1.0 1.0 1 .o 0.7 1 .o a4 
F13 5 0.9 3.0 3.1 1.9 1 .o 66 
F14 6 4.0 3 . 1  1 .o 2.0 1 .o 82 
F15 6 0.7 3.2 1.9 1.9 0.9 58 
F16 6 0.9 1.7 1.0 1.0 2.0 1 .o 1 .o 81 
F17 12 0.8 6.8 0.9 1.8 6.2 1 .o 56 
F18 16 1 .o 5.1 4.8 1.9 2.0 3.0 1 .o 1 .o 45 
F19 17 1 .o 5.0 2.0 6.0 6.2 1.0 1.0 1 . 1  52 
F20 17 1.9 4.8 4.8 4.3 3.1 2.0 1 . 1  2.0 1 .o 62 

totale 10 36 36 6 29 19 9 1 1 14 23/ 
exoectedg 14 44 45 7 36 19 9 1 1 18 25 

peptide Synchropak poolb Asx Ser Glx Pro Gly Ala Val Leu Phe His Arg % yield‘ 

~~ ~ 

‘ Major peptides (yields >45%) from filaggrin, isolated by successive chromatography on Synchropak and Ultrasphere columns. Peptides of 
identical compositions were isolated from profilaggrin (some are shown in Table IV) and are identified by the prefix P instead of F. In four cases 
(F11, F16, F18, and F20), phosphopeptides of otherwise identical composition were found in profilaggrin. These were not phosphorylated in filaggrin. 
The mobility and heterogeneity of the phosphorylated forms are given in Table IV. bPooled fraction source in Figure 2 ,  panel I. Peptides were then 
purified by rechromatography on an Ultrasphere or Synchropak column. cPercent recovery from digest of filaggrin, assuming filaggrin M ,  25 840. 
dAssumed to be free arginine. eNearest integer. The sum of all of the residues is 184. fAssuming the 254% yield of F1 indicates three separate 
residues of free arginine. gExpected number of residues, based on the composition of filaggrin and its moleculear weight of 25 840. These figures 
total 219 residues. 

C3H]-arginine l a b e l e d  p e p t i d e s  

F14 G H Q G A H Q E Q G R  

P14 G H Q G A H Q E Q G R  

F19 A G S S S G S G V Q G A S A G G L A A D A S R  

P19 A G S S S G S G V Q G A S A G G L A A D A S R  

Phosphopeptides f rom p r o f i l a g g r i n ,  and t h e i r  f i l a g g r i n  analogues 

F11 V G S S A D R  

P11* V G - S A - - 
P I 1  V G S S A D R  

F16 G Q S P D A S G R  

P16* G Q S P D A S G R 

F18 Q P S P S Q S S D S Q V H S G V Q V E G R  

P l 8 * Q P S P S Q S s d S Q v H S G v Q v e G r  

F2D G V S E S Q A s e d (8,s3,Z2,G2,F,H)(Z,G3.A2’V.H,R) 

P20’ G V S E s s A - - - (B,S31Z2,G2,F,H)(Z,G3,A2’V,H,R) 

FIGURE 3: Sequence analysis of profilaggrin peptides and their filaggrin 
analogues. Peptides isolated from the experiments summarized in 
Tables I or IV were subjected to Edman degradation either in a 
spinning cup or by a manual method as described under Materials 
and Methods. F17 was blocked, although <2% had the amino terminal 
sequence GH; its composition was identical with that of P17, which 
was not blocked and had the partial sequence illustrated. In the case 
of P20* and F20, the sequence was not extended to the carboxyl- 
terminal arginine, but the compositions of the unsequenced region 
and of subpeptides generated with S. aureus V8 protease are shown. 

peptides account for 75% of the peptide mass in the chro- 
matogram, in rough agreement with the estimated recovery 
of 184 of the 219 residues. These calculations imply that the 
major portion of purified filaggrin has been recovered in 
identified peptides and is not heterogeneous. 

These 20 peptides were also found in profilaggrin, but four 
are among phosphopeptides to be discussed later. Only a few 
peptides from profilaggrin could not be identified with a 
corresponding peptide in filaggrin (e.g. those seen at 21, 27, 
and 39 min in Figure 2, panel 11). Thus, there is a pervasive 
similarity of the peptide maps of profilaggrin and filaggrin, 
supporting the multidomain model for profilaggrin. In seeking 
ways to quantitate the similarity, two approaches were used: 
one involved analysis of the recovery of peptides from both 
filaggrin and profilaggrin, and the other involved analysis of 
the distribution of peptides on chromatographic charts by 
weighing excised peak areas. 

Peptide Yields from L3H]Arginine-Labe1ed Proteins. If a 
peptide were present in every copy of filaggrin in a multido- 
main profilaggrin, then an appropriate analysis of yield of that 
peptide from profilaggrin should provide a count of the number 
of moles of that peptide per mole of profilaggrin. This ne- 
cessitates correction of observed yields to absolute contents 
in the enzymatic digest. To accomplish this, peptides from 
a [3H]arginine-labeled preparation were first purified, then 
added to an unlabeled tryptic digest of filaggrin (or profi- 
laggrin), and repurified. The recovery of radioactivity during 
the repurification gave an estimate of the recovery of each such 
peptide during the original purification, so that its original 
peptide yield could be corrected to its content in the original 
digest (Table 11). This method assumes that each peptide 
would be recovered in similar yield from each starting digest 
(whether of filaggrin or profilaggrin), a seemingly safe as- 
sumption since several preparations had almost identical yields. 

For the purpose of this analysis, we chose three of the larger 
peptides, common to filaggrin and profilaggrin, which were 
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Table 11: Calculation of the Size of the Repeating Unit in Profilaggrin 
filaggrin (24.5 nmol) profilaggrin (0.74 nmol)" yield of 

['HI A% nmol total nmol nmol total nmol 
peptide during of peptide of peptide of peptide of peptide 

(Table 1) reourificationb (%) recovered (corrected)' recovered (corrected)c 
F14 
F17 
F19 

45 
54 
60 

10.8 24.0 5.31 11.8 
12.5 23.2 6.09 11.3 
15.0 25.0 7.26 12.1 

filaagrin profilaagrin 
mean corrected yield (nmol) 
nmol of peptide/nmol of protein digested 
total amino acids in starting digest (nmol)d 

24.1 f 0.9 
0.98 

5268 f 263 

11.7 f 0.4 
15.9 

3120 f 110 
nmol of amino acid residu&/nmol of peptide 219 f 13 267 f 10 

"By amino acid analysis, assuming a molecular weight of 500000. bPure 3H peptides from filaggrin were added to an unlabeled digest, and the 
peptide was repurified in order to estimate the recovery during the original purification. 'Yield of peptide after correction for losses determined by 
repurification of the 3H peptide. dFrom amino acid analysis of an aliquot of protein before digestion. 

readily purified and recovered in good yield. The three pep- 
tides chosen (Table 11) contained 11, 16, and 21 amino acids, 
respectively, comprising 22% of the 219 residues in filaggrin. 
The identity of F14-Pl4 and F19-Pl9 was established by 
sequence analysis (Figure 3). The identity of P17 and F17 
were established by composition only, since F17 was found to 
be blocked. During repurification of the [3H]arginine-labeled 
filaggrin peptides (Table II), the yields were in the range 
45-60%. Correction of the original yields from filaggrin in- 
dicates that 23.2-25.0 nmol of peptide was present in a digest 
of 24.5 nmol of filaggrin. This established the validity of the 
methodology, as well as showed that these three peptides were 
in each molecule of filaggrin. 

Calculation of Size of Repeating Unit of Profilaggrin. 
From these data and the total amino acid content of each 
digest, we derived the maximum size of the filaggrin molecule 
and the size of the repeating unit of profilaggrin (Table 11). 
For example, a filaggrin digest containing a total of 5268 f 
263 nmol of amino acids yielded 24.1 nmol (on the average) 
of each peptide. Assuming one copy of that peptide per 
molecule, this gives 219 f 13 residues in filaggrin, in accord 
with the molecular weight of 25 840 and the average residue 
weight of 118. For profilaggrin, the corresponding value of 
the repeat unit is 267 f 10 amino acids, or an estimated 
molecular weight of 3 1 500. The excess of 48 amino acids over 
filaggrin presumably represents an interdomain region that 
is lost during conversion of each profilaggrin repreat unit to 
filaggrin. 

Determination of the number of repeat units in profilaggrin 
requires the molecular weight of the precursor, a parameter 
that presents special problems with such a large protein. Our 
current estimate of the profilaggrin mass is 500 000 daltons, 
based on comparing the mobility of profilaggrin on SDS- 
PAGE with that of a dimer of von Willebrand factor, which 
is estimated to have a monomer molecular mass of at least 
240000 daltons (Legaz et al., 1975). Using 500000 as the 
molecular weight of profilaggrin and dividing by the estimated 
size of the repeat unit of 267 amino acids (31 500 daltons), 
we calculate that there are 15.9 f 0.4 repeating units in 
profilaggrin. 

Evaluation of Filaggrin Content of Profilaggrin by Gra- 
vimetric Analysis of Peak Areas. Each peptide map was 
analyzed for the recovery and distribution of peptide mass on 
the chromatogram (Table 111). As noted earlier, the ab- 
sorbance at  206 nm is primarily proportional to the number 
of peptide bonds; thus, the distribution of peptide mass in the 
column profile should be in proportion to the area under the 
profile. The areas were estimated by cutting them out of the 
chart paper and weighing them. Since profilaggrin must 

Table 111: Estimation of the Fraction of Profilaggrin That 
Corresponds to Filaggrin" 

integrated A206b 
total normalized relative 

chromatogram peak 19 mass, total/ mass,' total/ 
(ng) (ng) peak 19 (ng) peak 19 (%) 

profilaggrin 258.7 12.7 20.04 ( 100) 
filaggrin 208.6 12.7 16.43 82 

"The total mass of profilaggrin, filaggrin, or peptide 19 (P19 or 
F19) is recorded as the weight of the area under the absorbance profile 
(206 nm) of the chromatograms. bChromatograms from Figure 2 were 
cut out and weighed as a measure of area. Error in cutting out a 
chromatogram was f 5% on three repeated trials of copies of the same 
profile. 'Taking profilaggrin as 100%. 

contain all of the amino acids in filaggrin, simply weighing 
the total profile of each protein digest and normalizing to the 
measured amount of a peptide present in both should give the 
ratio of total mass per mole of that peptide in each profile. 
This ratio permits calculation of the fraction of the profilaggrin 
mass comprising filaggrin domains. 

The results of such an analysis are shown in Table 111. 
These data suggest that the filaggrin domains account for 82% 
of the profilaggrin mass. This method assumes similar re- 
coveries of the various peptides, an assumption that should not 
involve much error since the total recovery of AZo6 units from 
the Synchropak column is 88% of that applied. The results 
of this analysis are identical with those derived by quantitative 
reisolation of 3H peptides (Table II), where 219/267 of the 
profilaggrin mass (82%) was calculated to be filaggrin. 

Characterization of the Phosphopeptides. Examination of 
the phosphate distribution in the tryptic map of profilaggrin 
in Figure 2 (panel 111) suggested that the phosphopeptides 
would be heterogeneous. In order to characterize these pep- 
tides, they were first purified by taking advantage of the 32P 
label. Initial attempts using reverse-phase chromatography 
(Figure 2) yielded only three peptides, P11*, P16*, and P32* 
(at 7, 9.5, and 20 min, respectively), which were judged to be 
pure by amino acid analysis (Table IV) and by peak symmetry. 
The broad cluster of radiolabeled phosphopeptides eluting 
between 24 and 32 min in Figure 2 (group D) was not resolved 
by this method. Furthermore, lyophilization of these pooled 
fractions led to aggregation and nonideal behavior on re- 
verse-phase columns. Better results were obtained by initial 
fractionation of the digest on a DEAE-TSK column (Figure 
4) followed by rechromatography of the pooled fractions on 
a Synchropak column to simultaneously desalt and purify the 
peptides (Table IV). 

About 40% of the peptide mass (estimated by AZo6) bound 
to the DEAE column. Of 44 530 cpm loaded, 32 820 cpm 
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The heterogeneity of the phosphopeptides on ion-exchange 
chromatography is in large part related to differences in their 
extent of phosphorylation. In Table IV the specific activities 
were normalized to 120 cpm (the approximate value for 
phosphorylation at a single site). The results suggest that some 
peptides contain a single phosphate, whereas others have two, 
three, or four. However, this does not explain all of the 
heterogeneity, since some peptides with the same composition 
and the same phosphate content show different elution be- 
havior (e.g., peptides P20a*, P20b*, and P20c*). These 
differences may represent charge variations due to different 
glutamic/glutamine contents. Alternatively the pEcs of the 
side chains of the peptide may depend upon which serine 
residue is phosphorylated. 

Quantification of Phosphopeptide Recoveries. The absolute 
content of phosphopeptides was determined from the observed 
yields as previously described (Table 11) for the non- 
phosphorylated peptides. But in this case peptides of identical 
composition were considered as a group (Table IV). As before, 
recoveries of 48-67% were determined by addition of a pure 
radiolabeled peptide to an unlabeled peptide digest and re- 
purification of the labeled peptide. In these calculations, it 
was assumed that the average of the percent yield during 
repurification of several of the peptides was representative of 
the yield for all members of that peptide family. In Table IV 
these data are used to calculate the number of molar equiv- 
alents of peptide present in the profilaggrin digest. Peptide 
P19 (equivalent to F19 in Table 11) was used as an internal 
standard to determine that the profilaggrin digest contained 
60.9 nmol of filaggrin domains. As this digest began with 
15 844 nmol of amino acids, the size of the repeat unit of 
profilaggrin could be calculated as before to be 260 amino 
acids. 

Each phosphopeptide or phosphopeptide group was re- 
covered in amounts comparable to that of P19, suggesting that 
there is one copy of each per profilaggrin repeating unit. P16* 
was recovered at 90% yield of that expected, possibly due to 
the presence of a small degree of microheterogeneity or of an 
unrecovered nonphosphorylated form. The sum of the yields 
of the peptides in the P20* group is very close to that expected 
if only one occurs in each domain. Peptides vary primarily 
in degree of phosphorylation and may also vary in amide 
content. If the tyrosine-containing peptides are also considered 
as a group, their recovery is 59 nmol out of 60.9, again im- 
plying that one such peptide is present in each profilaggrin 
repeat unit. Although the various P18* phosphopeptides were 
found with an aggregate yield only 60% of that of P19, another 
40% was recovered as nonphosphorylated P18 from the 
breakthrough fractions of the DEAE chromatography. The 
presence of both phosphorylated and nonphosphorylated forms 
of the same peptide (PI1 and P11*) was also detected in 
Synchropak pool 4 (Figure 2) upon rechromatography on an 
Ultrasphere column (data not shown). 

If the corrected recovery of P19 represents the maximum 
number of nanomoles of repeated units, then the recovery of 
singly phosphorylated P16* indicates that at least 90% of this 
locus is phosphorylated in the whole profilaggrin molecule. 
Similar calculations for the P20 group indicate that at  least 
one phosphate is present in 91% of the loci. This suggests that 
the various filaggrin domains are all phosphorylated to some 
extent, rather than that all the phosphate is in a few copies 
of filaggrin. 

Using these data, we can calculate the average extent of 
phosphorylation of the profilaggrin repeat unit. For example, 
the P18* group of peptides has 25.4 mol of phosphate dis- 

6,000 . 

E 

TIME (mid 
FIGURE 4: Chromatography of profilaggrin tryptic phosphopeptides 
on DEAE-TSK as described under Materials and Methods. The flow 
rate was 1 mL/min, and the gradient was 10 mM NaCl/min. Peptide 
numbers above the peaks indicate the pooled fractions from which 
that peptide was finally purified by rechromatography on a Synchropak 
column (Table IV). The flow-through fractions (not shown), con- 
taining P25* and P19, were collected during 10 min of loading and 
washing. P11* was not recovered. 

(75%) were recovered after both steps of the purification. Of 
this, 26 525 cpm were found among the purified peptides listed 
in Table IV, thus accounting for 61% of the radiolabel after 
the two-step purification scheme. This percent recovery was 
sufficient to suggest that we had isolated most of the phos- 
phopeptides, although minor components could have been 
missed. Indeed this purification scheme did not yield P11* 
at  all. (It was obtained, with 6% of the total counts, in the 
reverse-phase experiments illustrated in Figure 2.) 

Even though profilaggrin has 100-200 phosphates/mol 
(Lonsdale-Eccles et al., 1982; Scott & Harding, 1981), the 
peptides isolated by these procedures were readily divided into 
only six groups on the basis of similar, and in many cases 
identical, amino acid compositions (Table IV). For example, 
in the group that includes P18a*-P18f*, six phosphopeptides 
with different mobilities on DEAE had very similar compo- 
sitions, except for a Glu/His replacement in P18c* and some 
variations in serine and glycine. Similarly, seven peptides fit 
the P20* group. Several peptides or groups of peptides had 
compositions identical with peptides F11, F16, F18, and F20, 
previously isolated from filaggrin and characterized. The 
identity of these filaggrin peptides with their profilaggrin- 
phosphorylated counterparts was confirmed by either partial 
or complete sequence analysis (Figure 3). The precursor form 
of filaggrin peptide F11 was recovered in both phosphorylated 
and nonphosphorylated forms (P1 1 and Pll*).  P20* and F20 
showed the same amino acid terminal sequence, but sequence 
data could not be clearly interpreted past residue 5 .  

Another group of phosphopeptides from profilaggrin was 
characterized by their high content of glutamic/glutamine and 
histidine and by their content of virtually all of the tyrosine 
in profilaggrin. In marked contrast, no tyrosine-containing 
peptides were detected in a comparable digest of filaggrin (by 
monitoring at 277 nm its elution from a Synchropak column). 
These results imply that the tyrosine-containing peptides are 
in regions of profilaggrin that lie between the filaggrin do- 
mains. 
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repeating unit. Second, the various profilaggrin repeating units 
appear to be phosphorylated to different extents, but with at 
least one phosphate present in each domain. Third, phosphate 
is located on the filaggrin portion of the repeating unit as well 
as on interdomain, tyrosine-containing peptides excised during 
the transformation to filaggrin. 

Two different methods provided estimates of the fraction 
of profilaggrin that comprises copies of filaggrin. An isotope 
recovery technique and an integration and normalization 
technique each gave values of 82%. We have determined that 
the size of the repeating unit in profilaggrin is about 267 amino 
acid residues and that of filaggrin is 2 19 residues. Previously 
we have reported that about 25% of the histidine is removed 
during in vivo processing (Resing et al., 1984). Similarly, 
Steinert et al. (1984) report that 20% of the histidine incor- 
porated into profilaggrin in cultured cells is lost during pro- 
cessing to filaggrin. Since the mole percents of histidine in 
profilaggrin and filaggrin are nearly identical, these mea- 
surements are in accord with our present estimate that about 
20% of the mass is removed. 

The mature protein filaggrin shows little evidence of mi- 
croheterogeneity, indicating that the various domains of pro- 
filaggrin are nearly identical with one another. This is con- 
firmed by sequence analysis for nearly one-third of its length. 
However, it should be noted that one or two different copies 
out of 16 might have been overlooked. Some heterogeneity 
is indicated by the low yields of certain filaggrin-derived 
peptides (perhaps 25% of the peptides) and of the phospho- 
peptides derived from profilaggrin. Harding & Scott (1983) 
have demonstrated heterogeneity of charge in filaggrins using 
nonequilibrium isoelectric focusing. Some of this micro- 
heterogeneity may be attributed to variations in Glu/Gln and 
Asp/Asn as seem to occur in the phosphopeptides analyzed 
here. 

The major difference between the peptide maps of filaggrin 
and profilaggrin is accounted for in profilaggrin peptides Pl8*, 
P20* and the tyrosine-containing peptides. From filaggrin we 
isolated only nonphosphorylated peptides F18 and F20. There 
were no filaggrin peptides corresponding to the tyrosine-con- 
taining peptides, and these must represent segments removed 
during the proteolytic excision of interdomain regions. 

We can now suggest a more detailed model of the structure 
of profilaggrin (Figure 5). In C57/b16 neonatal mice, pro- 
filaggrin appears to be a 500-kDa protein, with 16 filaggrin 
domains and about 20% interdomain material (-50 amino 
acids) which is lost during processing. If the tyrosine-con- 
taining peptides are representative of the interdomain regions, 
they are more heterogeneous than the filaggrin domains 
themselves (Table IV). We are now accumulating evidence 
of sequence heterogeneity among these peptides (K. A. Resing, 
unpublished observations). The estimate of 50 amino acids 
represents an average value for the interdomain regions, but 
we have little evidence of any variation in length. Limited 
proteolysis on SDS-PAGE does suggest that the repeat units 
are similar in size (Lonsdale-Eccles et al., 1984). Since fi- 
laggrin itself is blocked (Lonsdale-Eccles et al., 1982), and 
so is its tryptic peptide F17, one can suggest that this peptide 
represents the amino terminus of filaggrin that has become 
blocked in vivo and is perhaps the last processing step in the 
conversion of profilaggrin to filaggrin. The equivalent peptide 
(P17) was generated in unblocked form by tryptic digestion 
of profilaggrin, in accord with this hypothesis. 

The unusually large number of repeating units in profi- 
laggrin has few precedents in nature. Precursors of enke- 
phalins, yeast mating factor, epidermal growth factor, and 

tributed among 30.2 mol of peptide, or approximately 0.8 
phosphate per peptide, but varying from zero to four phos- 
phates per peptide. The P20* group has 94 mol of phos- 
phate/36.1 mol of peptide or an average of 2.6 phosphates per 
peptide. By this measure, P16* has 1 phosphate and P11* 
has 0.5 phosphate per filaggrin domain. Together the various 
forms of P11, P16, P18, and P20 contribute an average of 
about five phosphates per filaggrin domain. 

Two other sites of phosphorylation (P25* and the P30*- 
P39* group) appear to be in interdomain regions, because they 
have no counterpart in filaggrin. Thus, each repeat unit of 
profilaggrin has an average of seven phosphates per domain. 
Multiplying these values by 16 domains gives 112 as the ap- 
proximate number of phosphates on each profilaggrin mole- 
cule. However, these calculations should not be taken to mean 
that there are only 1 12 possible loci of phosphorylation on a 
single profilaggrin molecule. The profilaggrin population may 
well be heterogeneous in its phosphate content, and our method 
of preparation may be selecting for (or generating) a hetero- 
geneous population of molecules. The isolation depends in part 
on solubility properties and appears to be biased against both 
the most highly phosphorylated forms (wiich do not extract 
as well into 10% formic acid) and the less phosphorylated 
forms (which do not precipitate well upon removal of formic 
acid after P-300 chromatography). It is not yet clear if the 
heterogeneity is in part generated during homogenization by 
the action of contaminating phosphatases. In the preparation 
described, no phosphatase inhibitors were added. Work is 
currently under way to purify and characterize profilaggrin 
isolated in the presence of phosphatase inhibitors. 

DISCUSSION 
Prior indications of a multidomain character for profilaggrin 

posed two problems, one theoretical and one experimental. In 
theory, it seemed unlikely that the 500-kDa profilaggrin could 
be converted to the 26-kDa filaggrin without either discarding 
large segments of precursor or generating a heterogeneous 
product from multiple internal domains in the precursor. The 
extensive similarity of the peptide maps of filaggrin and 
profilaggrin was, by itself, an argument for a multidomain 
structure of profilaggrin. However, a rigorous test of the 
multidomain model required either evaluation of heterogeneity 
in filaggrin or determination of the complete sequence of the 
precursor, both impractical in view of the postulated large 
number of slightly varying filaggrin sequences and of the large 
size of profilaggrin. Instead, we chose to examine the partial 
structure of profilaggrin and to determine the absolute yield 
of a group of highly conserved tryptic peptides. In this way, 
we established that there are 16 copies of seven different 
filaggrin-derived peptides within 500 kDa of the precursor. 
Thus, if the 500-kDa estimate is correct, there must be 16 
domains of virtually identical copies of filaggrin encoded within 
the profilaggrin sequence. 

Previous peptide maps using the Cleveland technique on 
SDS-PAGE (LonsdaleEccles et al., 1981) or a Dionex amino 
acid analyzer (Bernstein et al., 1980) lacked the resolution of 
the reverse-phase system used here but clearly pointed to a 
multidomain structure. We have confirmed that peptides 
appearing to be identical by chromatographic behavior have 
the same amino acid compositions and, in several cases, the 
same sequences. The multidomain structure was confirmed 
by isolation of three peptides from the filaggrin domain at a 
yield that was 16 times the number of moles of profilaggrin. 
Analysis of phosphopeptides added to this picture of profi- 
laggrin in three ways. First, each phosphopeptide (or group 
of related phosphopeptides) was found once per profilaggrin 
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peptide isolations. We owe a special debt to Santosh Kumar 
for her advice and support. 
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FIGURE 5: Schematic diagram of the structure of profilaggrin. The 
filaggrin domains (represented by circles) are connected by interdomain 
regions straight lines) 50 amino acids long. Phosphates are indicated 
by asterisks with an average of five phosphates per domain and a 
random distribution among the domains. In the process of cornifi- 
cation, profilaggrin is dephosphorylated, and filaggrin is released via 
at least two distinct proteolysis steps (Resing et al., 1984). 

ubiquitin undergo similar proteolytic processing of identical, 
or nearly identical, segments from a much larger precursor 
(Comb et al., 1982; Kurjan & Kerskiowitz, 1982; Ullrich et 
al., 1983; Dworkin-Rastl et al., 1984), but in no case has there 
been reported such a long repeated domain. Although pro- 
filaggrin probably originated by tandem gene duplication, the 
high degree of similarity maintained among the copies suggests 
that gene conversion may be involved in maintaining that 
similarity (Klein & Petes, 1981). 

By expanding our knowledge of the structure of profilaggrin, 
we are now able to direct our efforts toward characterization 
of the posttranslational steps involved in the generation of 
filaggrin. For example, it has been suggested that the kinase 
involved in phosphorylation of profilaggrin may be similar in 
specificity to casein kinase 11. All of the phosphopeptides 
sequenced have an acidic residue located in the proper position 
to satisfy the specificity requirements of casein kinase I1 (Pinna 
et al., 1979). Mamrack et al. (1984) have reported phos- 
phorylation of filaggrin in vitro by epidermal casein kinase 11. 
Our tryptic peptides P18* and P20* have multiple phospho- 
rylation sites, another characteristic of casein kinase I1 sub- 
strates (Mercier, 1981). Finally it can be surmised that the 
phosphorylation of profilaggrin would induce major changes 
in the nature of its filaggrin domains by adding -7- charges 
at pH 7. These phosphoryl groups may protect profilaggrin 
from premature proteolysis to filaggrin. Lonsdale-Eccles et 
al. (1982) showed that a 52-kDa, phosphorylated fragment 
of rat profilaggrin (which is now thought to contain one do- 
main of filaggrin and an interdomain region) did not interact 
with keratins to form macrofibrils, in contrast to mature, 
nonphosphorylated filaggrin. During epidermal differentiation, 
dephosphorylation of profilaggrin appears to precede the 
generation of nonphosphorylated two (or three) domain in- 
termediates and filaggrin (Resing et al., 1984). The inter- 
mediates are capable of interacting with keratins (Harding 
& Scott, 1983), suggesting that dephosphorylation of profi- 
laggrin may be the controlling first step in the generation of 
filaggrin and the formation of keratin macrofibrils during 
differentiation. 
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