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Severai Families of Deiminated Proteins Derived
Filaggrin and  Keratins in Guinea Pig Skin
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Oepartment of  Ceii Chemistry] folqxo Metropolltan Institute of Gerontologx

                  itabashi-ku, fokyo 173, Japan

ABSTRACT-Structurai proteins in the mammalian  epidermis  contain  citrulline residues  generated by
enzymatic  deimination of arginine  residues. We  analyzed  deiminated proteins solubi)ized from sequentially
stripped  Iayers of guinea pig epidermis.  Deiminated proteins were  ]ocalized in the granuiar and  comified

iayers. Tho$e in the inner layer enriched  with  granular cells were  resolved  into numerous  components  by
two-dimensional gel electrophoresis.  An  arc-shaped  high-molecular-weight smear  and  two series of charged

isomers among  them  coincicted with filaggrin immunoreactMty, Several groups of filaggrin-negative spots

appeared  to be generated by further deimination and  proteolysis of  these filaggrins. Deiminated protein
spots  co-migrating  with  type [[ and  type 1 keratins were  also  detected. Deiminated filaggrins and  their further

processed  derivatives disappeared in the outer  layer, while  dejminated keratins persisted. These data
suggested  that filaggrin as well as  profilaggrin were  deiminated during the posttrans]ational proce$sing in

guinea pig skin, and  that some  keratins were  deiminated preferentially during the cornification  of epidermis.

Possibie biological significance  of  proteln deimination in guinea pig skin was  discussed in comparison  with

our recent  finciing on  deiminated proteins in rat skin.

INTRODUCTION

   The process of normal  epidermal  dMerentiation is
characterized  by a series  of morphologic and biochemlcal
changes  as keratinocytes progress from the germinative basal
layer through the spinous  and  granular Iayers to the outer
cornified layer, Aggregation of keratin filaments mediated  by

filaggrin is one  of  the key events  underlying  the process (Lynley
and  Daie, 1983; Manabe et aL, l991; Steinert et al., 1981).
Filaggrin is generated from its high-moiecular-weight precursor

{profilaggrin), which  does  not  aggregate  keratin filaments

{Haydock and  Dale, 1986; Meek  etaL,  1983: Rothnagel et aL,

1987; Scott and  Harding,  1981)  and  is deposited in
keratohyalin granules in highly phosphorylated  forms

<Lonsdale-Eccles etai.,  1980, 1982; Reslng etal., 1985; Scott
and  Harding, 1981), Profllaggrin ls dephosphorylated during

processing to filaggrln (Lonsdale-Eccles et  aL,  1982; Resing

et aL, 1984, 1985; Scott and  Harciing, 1981), and  filaggrin is

further degraded in the cornified layer to amino  acids, which

are thought to be important for retaining  moisture  in the

cornlfied cells (Scott et aL, 1982; Scott and  Harding, 1986},

Therefore, both pho$phorylationldephosphorylation and

proteolys[s are  involved ln the functional role  of  filaggrin. A
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re]atively unexplored  posttranslational modiflcation,  which

filaggrin seems  to be subjected  to, is "deimination]'.

 Deimination
is catalyzed  by "peptidylarginine

 deiminases <EC 3,5.3.1 5)"
wh]ch  deiminate arginine  residues  generating citrulline
residues  (Fujisaki and  Sugawara, 1981; Kubilus et aL, 1980;
Rogers et aL,1977;  Rothnagel and  Rogers, 1984; Terakawa

et  aL,  1991 ; Watanabe  et  aL,  1 988). Harding and  Scott (1 983)
suggested  that the deimination of arginine residues  of filaggrin
modulates  its interaction with  keratins and  facilitates its
breakdown  to amino  acids, However, information concerning

biological significance  of protein deimination is limited, partly
because  sensitlve  enough  methods  to detect deiminated

proteins specifically were  not  available.

   We  recently showed  that not only filaggrin but also keratins
were  deiminated in rat skin {Senshu et aL,  1995), These

deiminated proteins were  detected specifical[y by means  of

chemically  modifying  citrulline residues  then probing them with

a  monospecific  antibody  (Senshu et al,, 1992). We  also

showed  that deiminated proteins were  localized ln the granular
and  cornified  layers, and  suggested  a possible role forprotein
deimination during the terminal stage  of  epidermal

differentiation (Senshu et aL, 1995), However, in rat skin, not

only  the number  of arginine  residues  modified  in a  given
filaggrin molecule  but also  the amount  ot deiminated fiiaggrin
ln the total filaggrin pools appeared  to be  too small  to argue

for the functional signlficance  of filaggrin deimination. We

therefore  extended  ourstudies  using  guinea pig skin, in which
multiple  charged  isomers of filaggrin were  detected as
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presumptive products of  deimination (Scott, 1 986; Harding and

Scott, 1983>. We  found numbers  of spots  of deiminated

components  at various  stages  of proteolytic processing of

profilaggrin in the granular layer, that dLsappeared in the
cornified Iayer. We  aiso found the preferentia) deimination of

some  keratins that persisted in the cornified layer,

by a  Macintosh computer  using  a  chi]led charge-coupled  device
camera  and  d[splayed on a video  screen  at a suitable  intensjty. The
immunobiot  was  post-stained with  Amido  Biack 1OB  to correiate  the
chemiluminescence  spots  with  stains  in the total protein profile. Visible

images were  recorded  by a  Macintosh computer  using  a  high

performance  charge-coupled  device camera.  Hard copies  were

obtained  using  a  video  printer,

MATERIALS  AND  METHODS

Anima/s and  tissue samptes

   Five-week-oldtemalealbinoguineapigs(HartIeystrain)weighing
300-350g  were  obtained  from Japan SLC  Co. Ltd. (Shizuoka, Japan).
AIIoperationswereperformedunderpentobarbitaianesthesiaorafter
decapitation under  the anesthesia,  Back  skin  was  clipped  and

depilated using  depilatery cream  (Epilat; Kanebo, Japan). Epidermal
layers were  stripped  using  cyanoacrylate  glue. The glue was  spread

as  a  thin tHm  over  a  delineated  area,  and  then removed  with  the

attached  celL  layers, This operation  was  repeated  three times,
Histological examination  showed  relative  enrichment  of the upper

cornified  ce[ls in the first layer, that of the lower cornified  cells  in the
second  layer, and  that of the granu[ar cell$ in the third [ayer.

Extractionofproteins

   The stripped layers were  minced  in 9.5 M urea  (Ultra Pure, ICN
Biochemicals, lnc., Ohio), 2%  Nonidet P-40, 2%  Ampholjnes (pH 3,5-
1O, Pharmacla LKB), and  5%  2-mercaptoethanol, and  insoluble
materjals  were  removed  by brief centrifugai  filtration through a  200-

mesh  nylon screen. Protein concentrations  in the extracts were
estimated  acco  rding to Lowry et aL  (1 951) after  precipitation with  20%
trichloroacetic acjd, Bovine serum  albumin  was  used  as  the standard.

SDS-Fl4GEandimmunobtotting

   The extract$  were  resolved  by sodium  dodecyl sulfate-

polyacryeamjdegelelectrophoresis(SDS-PAGE)ortwo-dimensional
gei eiectrophoresis  using  a  nonequliibr[um  pH gradient gel
eiectrophoresis(pH3.5-10)intheiirstdimensionasdescribed(Senshu

et aL, 1995), Samples iQr SDS-PAGE were  diluted at least 5-told to
reduce  the cencentration  of Nonidet P-40. They were  not heated to
avoid  artificiai  carbamylation  of  proteins. Resolved  proteins were

Western  bletted to a  BA-S  85 membrane  {S &  S, Dasse], Germany),
Total prote]ns were  visualized  by staining with Amido Black 1OB, The
blot for detecting deiminated proteins was  pretreated with  oyalbumin

andparaformaldehydetoimprovetheretentionofdeiminatedtilaggrins

on tne membrane  (Senshu et  al,, 1995), CitruHjne residues  on  the

bFot were  modified  by an  overn[ght  incubation at 37CC in O.Ol25%
FeCl3, 2,3 M H2S04, ri .5 M H3P04, O.25% djacetyl monoxime,  O,125%
antipyrine,  and  O,25 M acetic  acid  (modFfication medium},  and  the

resu[ting  blot was  incubated with  anti-moditied  citrulline lgG (O,125
,uglml) (Senshu et  at., 1992,  1995}. The  specificity of the

immunochemica[detectionwasconfirmedbyprobingequivalentblots
incubated in modification  medium  free of diacetyl monoxime,

antipyrine,  and  acetic  acid,  Filaggrin was  immunoblotted using  a

polyclonal antibody  puriiied from an anti-rat filaggrin serum  (Sen$hu
et  aL,  1995) by adsorptFon to rat filaggrin on  the Western bLot folIewed
by eiution  with  3 M sociium thiocyanate, et was  used  at an  lgG

concentration  of 13 nglm1  estimated  by dot immunoassay  using  normal

rabbit  lgG as  the reterence.  Keratins were  detected using a mixture

of the monoclonal  antibodies  AEI  and  AE3  (provided by Dr, T,-T.

Sun, New  York University School of Medicine) at 500- and  1OOO-foid
dilutions, respectjvely. The  biots were  incubated  with  apprepriate

peroxidase-labeledsecondlgGs(Bio-Rad,usedat5000-folddilution),
and  the bound  second  antibodies  were  detected by the enhanced
lumjnol reaction  using  Renajssance (Dupont NEN). Tine intensity of

the chem]Iuminescence  s[gnal  was  increased by adding  O,Ol5%

hydrogen peroxide io the reagent  cockiail.  The data were  recorded

lmmunohistochemistry

   Tissues were  f[xed in a Bouin Hollande Sublimate solution,  then

cryosections  were  prepared and  mounted  as described (Asaga and

Senshu, 1993; Senshu et  al., 1 995), Sections for staining  deim]nated

protein$ were  post-tixed as  described to ensure  tight adherence  to

the slides (Asaga and  Senshu,  f993). Endogenous peroxidases were
inactivated by an  incubation in 1%  hydrogen peroxide in methanol  for
15 min. Sections were  then incubated wjth  O,25% trypsin (GIBCOf
BRL) for 15 min,  followed by moditication  medium  at 370C  for 3 hr

(Asaga and Senshu, 1993; Senshu et al., 1995). Control sectjons
were  incubated in medium  free of diacetyl monoxime,  antipyrine,  and

acetic  acid.  The resulting  sections  were  incubated with  anti-modified

citrul1ine IgG (O.125 pglml), Sections torfilaggrin immunostaining were

incubated with  the affinity purified antibody  to rat filaggrin (13 ngtme).
Bound antibodies  were  stained by means  of a VECTASTAIN  ABC
EIite kit (Vector Laboratories}, uslng  3,3:-diamjnobenzidine as the
chromogenic  substrate,  Sta[ned sections  were  counterstained  with

hematoxylin.

RESULTS

Detection of  deirninatedproteins in stmpped  epidermal  Iayers

   We  first compared  SDS-PAGE  profiles of proteins
extracted  from the upper  three layers of stripped  epidermis.

Three major  bands  (1 95, 61, and  56 kDa) were  detected in
the total protein profile (Fig, 1a). These  bands  were  detected

with  the mixture  of monocional  antibodies  AEI  and  AE3                                               '

although  the 61-kDa band was  under-represented  probably
due to its lower affinity to the monoclonal  antibodies  (Fig, 1 b).
Two  mlnor  bands  (66 and  46  kDa) were  detectable jn the total

protein profiles of the inner two layers, The former but not the
latter was  detected with  the  monoclonal  antjbody  mixture.

Immunoblotting for filaggrin gave only  a  weak  1 95-kDa  band

in the first layer {Fig. 1c), The band intensity increased in the
inner layers along  with a leading smear.  These slgnal$

probably represented  profUaggrin and  its high-molecular-

weight  processing intermediates, Two  additional bands  co-

migrating  with  the 66- and  46-kDa  bands found in the total

protein profile were  detected in the  second  layer, and  thelr

signal intensity increased further in the third layer, Detection

of deiminated proteins on  equivalent  blots showed  feur major
bands (206, 165, 61,and  56 kDa) in the first layer {Fig.1d).
The  signal intensity of the two smaller  band$, which  co-

migrated  with  those detected by the AEIIAE3  mixture,

decreased in the inner layers, whereas  two additional  bands

(66 and  46 kDa) co-migrating  with  those detected by anti-
filaggrin became detectable. in addition, broad bands (about
34, 30, and  23 kDa) were  discernible above  the background

smear,  The signal intensity of the 46-, 34-, 30-, and  23-kDa

bands appeared  to be stronger  in the second  layer than in the
third layer, while  that of the 66-kDa band  remained  about  equai.

This and  the  rejative  abundance  ot 66- and  46-kDa  filaggrins
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F[g. 1. SDS-PAGE  profi[e$ of various  epidermal  proteins, Samples

   were  resoived  by SDS-PAGE  and  Western blotted onto

   nitrocelFu[ose  membranes  to stain total protein$ with  Amido  BIack

   10B  (a), as  well  as  to detect keratins <b), iiiaggrin (c), and

   deiminated proteins (d) as  described in the text. Lanes 1-3, tirst,

   second, and  third layers strjpped  from  the epidermis,  respectively.

   The amount  applied  was  5 yg. The gei was  calibrated  with  the

   Molecular Weight Markers 
"DA[ICH1"

 1I {Daiichi Pure Chemicals

   Co., Ltd., Tokyo, Japan).

in these layers suggested  that these filaggrins in the second

layer were  dejminated at jarger numbers  of arginine residues

than those in the third layer.

ldentitication of deiminated proteins on  two-dimensional blots

   Theaboveone-dimensionalanalysesallowedquantitative

comparison  of the band intensity between  different samples.

We  next  performed two-dimensional Western blotting of the

first and  the third iayerfractions to identify deiminated proteins.
Keratins, filaggrin, and  deiminated proteins were  detected on
equivalent  blots and  results  then correiated  with the stained

total protein profiles. It should  be  rnentioned  that each

immunoblot was  displayed at an  appropriate  intensity to show

its protein composition,  This does not  necessarily  mean  that

the data are  suitabie  for quantitative comparison  between
different samples,  The  first layer showed  two diffuse major

spots  of deiminated proteins (Fig, 2d). Overlapplng spots  were

visible  in the total protein (Fig, 2a), The  less anodic  $pots  co-

migrated  with a diffuse type 1l keratin spot  corresponding  to

the 61-kDa band in the one-dimensional  analysis  (Fig, 2b).

The other  spot  co-migrated  with  a  56-kDa type 1 keratin spot.
These  keratins are  probably the products of various

posttranslational modifications  as  measured  from the rather

diffuse appearance  of the spots.  A few curved  smears  of

deiminated protein$ were  found as  mlnor  signals  near  the
upper  anodic  corner,  Similar signals  were  detected in Infant

rat skin (Senshu et ai,, 1995), which  were  thought to be derived
from trichohyalin (Rogers et al., 1977). These  delminated

proteins did not  coincide  with  weak  signais detected by anti-

filaggrin (Fig, 2c), A  streak  in the upper  anodic  region  was

detected by either anti-filaggrin or anti-keratins. It probably
representedhigh-molecular-weightaggregatescontainjngboth

filaggrln and  keratins,

   The total protein profile of the third Iayer showed  an  arc-

shaped  smear  in the upper  cathodic  region, multipie spots  of

keratins in the neutral  to acidic  region,  and  two series  of

charged  isomers (at about  66 and  46  kDa) scattered  in the

cathodic  region  (Fig. 2e). The  mobility  of these charged

isomers in the second  dlmension appeared  to decrease slowly

with the decreasing first dimensional mobility. An  additional

series of charged  isomers <about 34 kDa) was  also  discernibie

in the neutral reglon. Immunoblotting for filaggrin showed  a

major  signal  co-migrating  with  the arc-shapect  smear

representinghigh-molecular-weightprocessingintermediates,

and  minor  signals  co-migrating  with basic components  of the

66- and  46-kDa  charged  isomers (Fig. 2g). Detection of

deiminated protein$ on  equivalent  blots visualized  a prominent
signa[ co-migratlng  with the arc-shaped  smear.  This suggests
deiminationofhigh-molecular-welghtprocessingintermediates
of profilaggrin (Fig. 2h>. Two  series of charged  isemers (66
and  44 kDa) co-migrating  with those in the tota[ protein profile
were  also  detected, The arrays  of these charged  isomers
extended  turther towards the neutrai  region  than those

detected with  anti-filaggrin, suggesting  that less basic
components  were  deiminated at larger numbers  of arginine

residues,  ln addition, weak  signals  of 34-kDa  charged  isomers

were  detected in the neutral region. Series of smaller  charged

isomers could  be detected when  the data were  displayed at

increased sensitivity. These isomers appeared  to be vertically
or  near  ve  rtically iinked with  traijing smears,  glving the overall

impression of a flowing stream.  This )ayer aiso  contalned  a

series  of intense signais  that co-migrated  wjth  a  series  of  61-

kDa  type 11 keratlns and  minor  signals migratlng  in the 56-kDa

type l keratin region  (Fig, 2f). These spots  of deiminated

proteins accounted  for all the bands found in the one-
dimensional analysis. It should be noted  that only limited

numbers  of keratin spots  were  deiminated.

immunolocaiizationofdeiminatedproteins

   Figure 3 shows  micrographs  of immunohistochemically
stained  sections  in comparlson  with  that stained  with

hematoxylin and  eosin  (Fig. 3a). Filaggrin immunoreactMty

was  localized in the granular and  lower cornified layers (Fig.
3b), Deiminated proteins were  localized in the whole  cornified

Iayer as  well  as  ln the granular Iayer (Fig. 3c), Control sections

incubated in modification  medium  without  diacetyl monoxlme,

antipyrine, and  acetic acid were  not stained  (Fig, 3d).

DISCUSSION

   Filaggrin is the product of  the dephosphorylation and

proteolytlc processing of the precursor profllaggrin (Haydock
and  Dale, 1986; Lonsdale-Eccles et  aL,  1980, i982; Meek  et

al., 1983; Resing et aL, t984, 1985; Rothnagel et al., 1987;

Scott and  Harding, 1981). Filaggrin can  be separated  by two-
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Fig. 2. Cbaracterizatior, of the deiminated  proteins by two-dimens[onal  gel electrophoresis,  Sampies were  resolved  by nonequilibrium  pH
   gradient gel eiectrophore$is  and  SDS-PAGE  in the first and  second  dimensions, respectively.  Totai proteins (a, e), kerat]ns (b, f), filaggrin (c,
   g>, and  deiminated proteins (d, h) were  visualized  as  described. Panels a-d, proteins extracted  from the first layer; Panels e-h, proteins
   extracted  trom tbe third [ayer. The amount  loaded was  about  30 pg, Acidic type 1 and  neutral-basic  type 11 keratins were  dlstinguished by

   separately  probing equivalent  b[oTs vvith AE1  and  AE3.  Reterence  point$ are  shown  by numbered  arrowheads.
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Fig, 3, Micrographs ot stained  skin  sections,  Cryosections were

   processed as  described in the text. (a) Stained with  hematoxy]in

   and  eosin;  <b) anti-filaggrin;  {c) post-tixeci, incubated in the

   modificationmedium,andstainedwithanti-modifiedcitrull[nelgG;

   (d)treatedsimjlarlytobexceptthatdiacety1monoxime,antipyrlne,
   and  acetic  acid  were  omitted  from  the modification  medium,  (O)
   Stratum corneum;  (G) stratumgranulosum;  (S) stratum  spinosum.

   Dashed line, epidermal-dermal  lunction. Bar, 50 ,um,

dimensional gel eiectrophoresis  into families differing in

molecular  weight  andfor  charge,  depending  on  the specles

(Harding and  Scott, 1983>. Guinea pig fiiaggrin has been
shown  to be highly complex,  including high-moiecuiar-weight
variants  (200 kDa  or above)  (Harding and  Scott, 1983; Scott,
1986), We  used  an affinity purMed polyclonal antibody  to rat

filaggrinforlmmunoblotting,Thetwo-dimensionalImmunob)ot

repo  rteci here resembled  those of guinea pig filaggrin reported

by other  investigators (Harding and  Scott, 1983; Scott, 1986),
[n addition, the antibody  specifically stained the lower cornitied
and  granular layers, These  results indicated the acceptable

cross-reactivity  and  specificity of our antibody  for probing
guinea pig filaggrin.

   Harding and  Scott (1983) sugge$ted  the deimination of

guinea pig filaggrin based on  amino  acid analy$is  and  on  the

detection of [3Hicitruiline ln filaggrin derived from guinea pig
skin pre-labeled with  [3H]arginine. They  further proposed that
deimination progressively Iowers the affinity of tllaggrin for

keratins based on  their observatlon  that les$ baslc variants  of

filaggrins interacted poorly with keratins in vitro, However,
direct identitication of  deiminated filaggrins on  the two-

dimensional map  was  not conducted  by these authors.  Here
we  used  a  highly sensitive  and  specific  method  forthe detection

of deiminated proteins on  the two-dimensional Western blot,

and  detected several families of deiminated filaggrins at various

stages  of processing, ranging  from the arc-shaped  smear  in
the high-molecular-weight region to multiple charged  isomers

in the low-molecular-weight region, Furthermore, it should  be
noted  that the preseRt method  enabled  us  to detect multiply

moditied  or extensively  processed components  that were  not

detectabie with  anti-filaggrin, The enrichment  of deiminated
filaggrins in the second  layer and  thelr almost  complete

deprivation in the first layer probably reflected  increased

deimination of filaggrins in the lower cornjfied layer foilowed
by their degradation in the upper  cornified iayer, Thi$ is in

accord  with  the proposal  of  Harding  and  Scott (1983)
suggestlng  that the deimination of filaggrin faciMates its
breakdown to amino  acids, However, the biological significance

of  filaggrin deimination or even  filaggrin itself in guinea pig
skin  is stBl unclear.  We  do  not  know  whlch  are  functional

filaggrin units to aggregate  keratins among  various  filaggrin-

positjve components  detected on  the Western blots. The  66-
kDa  component  may  be  regarded  to be functional from its
relative  abundance,  However, if $o, why  was  the high-
molecuiar-weight  smear  already  deimlnated? lf they were

deiminated  prior to binding to keratins, dld it reflect the
regulated  production of non-deiminated,  functional filaggr[n

and  deiminated, non-tunctional  filaggrin? Furthermore, it is

puzzling that deimination of filaggrin appeared  to occur  at only

few arginine  residues  in a minor  fraction of the total filaggrin
in rat  skin (Senshu et aL,  1995}. Nevertheless, filaggrin was

thought to be efficient[y degraded as measured  from its
deprivatlon in the upper  cornified  iayer. These  data suggest

that deimination of fiiaggrln may  not be an  ob]igatory  step  tor
its breakdown in rat skin. In addition, deimination of high-

molecular-weight  processing intermediates were  not  detected

NII-Electronic  



The Zoological Society of Japan

NII-Electronic Library Service

TheZoologicalSociety  of  Japan

678 S. Kan, H. Asaga and  T, Senshu

in rat skin. Therefore, the biological significance  of filaggrin

deimination might  differ between  different specie$.

   It is well-known  that a basic type 11 keratin K5 and  its
acidic type I keratin partner Kl4 are  expressed  in the basal

layer of epiderm  is forming fine cytoskeletal networks  (Steinert
and  Freedberg, 1991>. Another basic type 11 keratin Kl and  its
acidic  type l keratin partner KIO are  expressed  in the
suprabasal  cell$ and  incorporated into the  pre-existing

networks  of K5  and  Kl4  (Steinert and  Freedberg, 1991), The
resulting  keratin networks  are converted  to a densely packed
filamentousstructuremediatedbyfijaggrinduringthetransition
of the granular cells to the cornified  cells  (Lynley and  Dale,

1 983; Manabe  etat.,  1 991 ; Steinert et al., 1981), The  presence
ot deiminated keratins and  filaggrins in these upper  epidermal

layers is consistent  with  our  proposal that the protein
delmination was  playing a  possible role during the terminal

stages  of epiderrnal  differentiation (Senshu et aL, 1995), lt
should  be noted  that only  a few of keratin spots  were

deiminated, as  has been ob$erved  in rat skin.  This suggests

a  preferentjal action  of peptidylarginine deiminases towards
the$e keratins, The major  deiminated products are type 11
keratins, The deimination of specific arginine residues of such

keratins might  play a role in modulating  interactions with their

direct partners, other  keratins in the cytoskeletal  network,  or

keratin-asssociated protein filaggrin, Detaiied identification of

deiminated keratins was  not  attempted  because  antibodies

specific  enough  to identify guinea  pig keratins were  not

available. We  are in the process of identifying the deiminated
residues  in defined keratins.
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