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Abstract

Oxidation of methionine residues by reactive oxygen (ROS) in protein structures leads to the formation of methionine sulfoxide which
can consequently lead to a plethora of impaired functionality. The generation of methionine sulfoxide yields ultimately a diastereomeric
mixture of the S and R sulfoxides. So far two distinct enzyme families have been identified. MSRA reduces methionine S-sulfoxide, while
MSRB reduces the R-diastereomer. It has been shown that these enzymes are involved in regulation of protein function and in elimina-
tion of ROS via reversible methionine formation besides protein repair. Importantly, both enzymes require coupling to the NADPH/
thioredoxin reductase/thioredoxin electron donor system. In this report, we show for the first time the expression and function of both
sulfoxide reductases together with thioredoxin reductase in the cytosol as well as in the nucleus of epidermal melanocytes which are espe-
cially sensitive to ROS. Since this cell resides in the basal layer of the epidermis and its numbers and functions are reduced upon ageing
and for instance also in depigmentation processes, we believe that this discovery adds an intricate repair mechanism to melanocyte
homeostasis and survival.
� 2006 Elsevier Inc. All rights reserved.
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The human skin with its outer layer constantly combats
as a first line of defence against oxidative stress due to
exogenous and endogenous generation of reactive oxygen
species (ROS) from oxygen produced as superoxide anion,
hydrogen peroxide, hydroxyl radicals and singlet oxygen,
peroxynitrite anion, nitric oxide as well as organic perox-
ides and hydroperoxides by physical, chemical, and biolog-
ical reactions. Proteins, membrane lipids, carbohydrates,
and nucleic acids are all subject to cellular damage [1,2].
In this context, it has been shown that several amino acids
such as histidine, proline, arginine, cysteine, methionine
and tryptophan are especially susceptible to hydroxyl rad-
icals which are produced from hydrogen peroxide via the
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Haber–Weiss as well as the Fenton reaction, yielding oxi-
dation of those residues and consequently fragmentation
of the protein structure, cross-linking, and proteolytic
digestion [2]. ROS are a major source for nuclear and mito-
chondrial DNA strand breaks/damage. Moreover, ROS
have been implied in mutagenesis and carcinogenesis as
well as in ageing [3].

However, it is also important to notice that oxidative
stress only occurs if the rate of ROS production exceeds
its removal. Consequently there is a need for powerful
defence mechanisms to keep the redox status and cellular
homeostasis under fine control. Defence strategies include
enzymes such as the superoxide dismutases, catalase, gluta-
thione reductase/glutathione glutathione peroxidases,
thioredoxin/thioredoxin reductase, and the thioredoxin
peroxidases. Moreover, small molecules such as thiols,
vitamins C and E, the amino acids methionine and
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tryptophan, 6 and 7 tetrahydrobiopterin and lipoic acid as
well as the metalloid selenium play an important role [4].
Besides the absorbing effects of skin pigment, the biopoly-
mer melanin functions as a significant radical trap. In this
context, it is well recognised that a correlation between skin
colour and individual free radical defence exists because
darker skin photo types (Fitzpatrick classification) express
significantly more effective trapping mechanisms [4,5].

It has been shown that hydrogen peroxide (H2O2) can
oxidise the sulfur containing methionine and cysteine resi-
dues in protein sequences leading to disruption of protein
and peptide structures and in turn to dysfunction [6].
Examples for deactivation of enzymes due to structural
alteration of their active sites include amongst others cata-
lase, dihydropteridine reductase, and acetylcholinesterase
[7–10]. Within the protein structure, methionine and cys-
teine are the most sensitive residues for oxidation by
H2O2 and this chemical oxidation yields roughly equal con-
centrations of the two diastereomers (R) and (S) of methi-
onine sulfoxide and the formation of intra- and
intercellular disulphide bridges.

MSRA specifically reduces methionine sulfoxide (S),
whereas MSRB reduces methionine sulfoxide (R) [11,12].
Recently MRSB proteins were identified in various organ-
isms including mammals [13–15] and to date three MSRB
proteins were found and designated. MSRB1 is a seleno-
cysteine (Sec)-containing enzyme and is designated as SelR.
It has been found in mammals in the cytosol as well as in
the nucleus [16,17]. Because of the presence of Sec in its
active site, it exhibits the highest enzyme activity amongst
all of its isoenzymes [11]. MSRB2 is designated as CBS-1
because cys is present in place of Sec and it resides in mito-
chondria. It also has only been described in mammals [13].
Two splice variants have been discovered in MSRB3
(MSRB3A and B3B) [11]. All MSRB isoenzymes are
zinc-containing proteins [11].

The recent discovery of epidermal methionine-S-sulfox-
ide reductase A (MSRA) and methionine-R-sulfoxide B
(MSRB) added a major repair mechanism for methionine
sulfoxide reduction to the pool of defence mechanisms
against ROS induced damage in human skin [18,19].

Interestingly, both sulfoxide reductases utilise the same
NADPH driven thioredoxin reductase/thioredoxin path-
way as electron donor [1].

Since epidermal melanocytes express only low catalase
levels [20] which would imply a special sensitivity to
H2O2 generation and accumulation, we here asked the
question whether these cells possess the thioredoxin reduc-
tase/thioredoxin/methionine-S–R sulfoxide reductases cas-
cade as repair mechanisms for methionine sulfoxide
formation.

In this report, we present evidence that human epider-
mal melanocytes do indeed transcribe and translate both
methionine sulfoxide reductases as well as thioredoxin
reductase in their cytosol and in the nucleus. Moreover,
we present MSR enzyme activities in cytosolic as well as
in nuclear extracts of these cells. In conclusion epidermal
melanocytes have the capacity to protect their methionine
proteins against ROS induced stress.
Materials and methods

Cell cultures. In order to establish human epidermal melanocyte cell
cultures full thickness skin received as surgical waste from routine cos-
metic face-lifts and breast reduction was utilised. Briefly, after removal of
fat, the skin was washed in a solution containing 5% penicillin/strepto-
mycin (P/S) and 5% fungisone followed by dispase treatment (Roche
Applied Science, Roche Diagnostics Corporation, Indianapolis, USA) for
12 h at 4 �C. The epidermis was peeled off and placed into sterile phos-
phate buffered saline (PBS) and then trypsinised (1· trypsin/EDTA (TE),
Sigma) for 10 min at 37 �C. The cell suspension was centrifuged at 1000g
and re-suspended in MCDB154 medium (Cascade Biologics, Mansfield,
Nottinghamshire, UK) containing 1% P/S and 0.03 M calcium and finally
seeded into T225 flasks (Scientific Laboratory Supplies, Nottingham, UK).

In order to establish pure melanocyte cultures from mixed cell popu-
lation, cells were grown to 70–80% confluence, followed by sequential
trypsination and finally seeded in MCBD154 medium containing mela-
nocyte supplements (Cascade Biolobics, Mansfield, Nottinghamshire,
UK). For immunofluorescence studies, melanocytes were seeded into
chamber slides (Nalge Nunc International, Naperville, Illinois) and cul-
tured for 48 h, followed by removal of the medium and a three times wash
in sterile PBS, pH 7.4. Finally cells were fixed in ice cold methanol for
5 min prior to the staining procedure. For the experiments reported herein
we established three primary melanocyte cultures from three different
donors.

Preparation of cytosolic and nuclear extract from melanocyte cell cul-

tures. Cytosolic and nuclear extracts were prepared from primary mela-
nocyte cell culture (passage 3) using a nuclear extraction kit (Active Motif,
Rixensart, Belgium) following the manufacture’s instructions. Briefly,
medium was aspirated from the flasks and washed with ice cold PBS
containing phosphatase inhibitors. Cells were gently detached and cen-
trifuged at 1000g for 5 min. The cell pellet was resuspended in hypotonic
buffer and incubated for 15 min on ice, followed by thorough mixing and
finally centrifuged at 1400g for 30 s. The supernatant contained the
cytosolic cell extract. The protein content was determined at the OD280 nm

using the method of Kalb and Bernlohr [21].
From the pellet the nuclear extract was obtained following the man-

ufacturer’s instructions. The purity of the nuclear extract was tested by
utilising the method of Howell et al. [22]. The protein content was
determined as described above.

Human skin biopsies. After signed consent, full thickness skin 3 mm
punch biopsies were taken under local anaesthesia from the inner proximal
arm from healthy human volunteers (n = 3; skin phototype III, Fitzpa-
trick classification) [5] followed by embedding in optimal cutting tem-
perature compound (OCT) (Sakura, RA Lamb, Eastbourne, UK) and cut
in 4–5 lm sections using a Leica CM1800 or Leica CM3050 S cryostat.
Sections were placed onto poly-L-lysine coated slides and stored at �80 �C
until further use.

This study was approved by the local Ethics Committees and was in
agreement with the principles of the Helsinki declaration.

In situ double immunofluorescence studies. Frozen slides were air dried
for 60 min at room temperature (RT), fixed in ice cold methanol for 6 min,
and blocked in 10% normal donkey serum (NDS, Jackson Immuno
Research Laboratories, Cambridgeshire, UK) for 90 min at RT followed
by a 5-min wash in PBS. To demonstrate the presence of MSRB protein
expression we used a monoclonal mouse anti-human antibody (Autogen
Bioclear UK, Calne, Wiltshire, UK) diluted 1:50 in 1% NDS and incu-
bated overnight at 4 �C. In order to detect MSRA protein we utilised a
polyclonal rabbit anti-human antibody (Autogen Bioclear UK, Calne,
UK) diluted 1:50 in 1% NDS and incubated for 3 h at RT. For detection
of thioredoxin reductase on human epidermal melanocytes and kerati-
nocytes a rabbit anti-human thioredoxin reductase antibody (Upstate,
Dundee, UK) at the dilution 1:20 and incubation overnight at 4 �C was
utilised. In addition we used for the detection of melanocytes either the
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melanocyte specific mouse anti-gp100 protein antibody (NKI beteb,
Monosan Antibodies, Buckinghamshire, UK) in a dilution 1:20 and
incubation overnight at 4 �C or a polyclonal goat anti-tyrosinase antibody
(Santa Cruz Biotechnology, Inc. Santa Cruz, CA) in a dilution of 1:20 and
incubation overnight at 4 �C. Briefly, sections were blocked for 60 min
with 10% normal donkey serum (NDS) in phosphate buffered saline (PBS,
pH 7.4). Subsequently, specimens were incubated with the above primary
antibodies. The slides were washed in PBS 4· for 5 min. Sections were air
dried followed by incubation at RT for 1hr with a fluorescent secondary
antibody (Jackson Immuno Research Laboratories, Cambridgeshire, UK)
in a dilution of 1:100 fluorescein isothiocyanate conjugated donkey anti-
rabbit (FITC) for MSRB and NKI beteb. Tetramethyl rhodamine iso-
thiocyanate conjugated donkey anti-mouse (TRITC) was utilised for
detection of MSRA, thioredoxin reductase, and tyrosinase. After incu-
bation with the secondary antibody slides were three times washed in PBS.
Finally the slides were dried and mounted in Vectashield Mounting
Medium containing 4,6-diamino-2-phenylindole (DAPI) (Vector Labora-
tories, CA, USA) and viewed under a Leica DMIRB/E fluorescence
microscope (Wetzlar, Germany). Images were captured using a colour
video camera coupled to a computer using Image Grabber PCI graphics
program (Optivision, Osset, West Yorkshire, UK). In addition, some
pictures were captured using a Nikon Eclipse 80i microscope with a
DS-U101 Nikon camera coupled to a Nikon ACT-2U capture program
(Nikon, Europe).

Paint Shop Pro� 7 was utilised to merge the two different fluoro-
chromes in order to follow possible co-localisation.

In vitro immunofluorescence labelling of melanocytes. In order to detect
immunoreactivity in melanocytes we used the same procedure as described
above but melanocytes were incubated overnight at 4 �C using a dilution
1:500 of both methionine reductase antibodies. Thioredoxin reductase was
used in the dilution 1:20 and cells were incubated overnight at 4 �C. The
expression of MSRA and thioredoxin reductase was visualised after
incubation with TRITC labelled secondary antibody, while MSRB was
labelled with FITC labelled antibody using the same conditions as
described above.

RNA isolation and reverse transcription polymerase chain reaction (RT

PCR). Total RNA was isolated from primary melanoctye cell culture
(passage one). Cells were harvested with trypsin and pelleted by centri-
fugation at 100g for 5 min. The total RNA was isolated using the Qiagen
RNeasy Mini Kit (Qiagen Ltd., Crawley, West Sussex, UK) following the
manufacture’s instruction. The yield of isolated RNA was determined by
measuring the at OD260 nm. An aliquot of 1 lg total RNA was incubated
at 70 �C for 10 min. For reverse transcription of total RNA the Promega
Reverse Transcription System (Promega, Southampton, UK) was utilised.
The primers for all enzymes were designed based on the published primer
sequences by Marchetti et al. [15]. The primers for thioredoxin reductase
were based on the Gene Accession No. G29720. All primers are listed in
Table 1.

The basic reaction mixture contained 10· PCR buffer (Life Technol-
ogies, Paisley, UK) 1·, dNTP (Promega, Southampton, UK) 0.2 mM,
melanocyte cDNA 2 ll, Taq Polymerase (Promega, Southampton, UK)
0.05 U/ll and nuclease free water (Promega, Southampton, UK) in a final
volume of 50 ll. The specific conditions were for
Table 1
PCR-Primers for MSRA, MSRB1, MSRB2, MSRB3, and thioredoxin reduct

PCR primer Primer sequence

MsrA forward 50-AGTACCTGAGCAAGAACCCCA-3
MsrA reverse 50-TCACTCAGACCCCAGAAGACA-3
MsrB1 forward 50-GACGTTACACCCTCACCTT-30

MsrB1 reverse 50-AGCTACTTCCGCACAGATT-30

MsrB2 forward 50-CAAGGAAGCAGGAATGTATCA-3
MsrB2 reverse 50-ATGGTCAGTGTTTCCTTGGTTT-3
MsrB3 forward 50-CCGGGTCGTGTAGGGATAAA-3 0

MsrB3 reverse 50-TGAGCACCACACTGAGAGCA-30

TR forward 50-ACATGGAAGAACATGGCA-30

TR reverse 50-CTCCTCAGAAAGGCCACAAG-30
MSRA: MgCl2 (Life Technologies, Paisley, UK) 0.5 mM, PCR condi-
tions were 5 min at 95 �C, 1 min at 95 �C, 1 min at 54.8 �C, 30 s at
72 �C for 35 cycles, and10 min at 72 �C, 4 �C.
MSRB1: MgCl2 of 1 mM, PCR conditions were 5 min at 95 �C, 1 min
at 95 �C, 1 min at 49.5 �C, 30 s at 72 �C for 35 cycles, and 10 min at
72 �C, 4 �C.
MsrB2: MgCl2 1.5 mM, PCR conditions were 5 min at 95 �C, 1 min at
95 �C, 1 min at 51.9 �C, 30 s 72 �C for 35 cycles, and 10 min at 72 �C,
4 �C.
MsrB3: MgCl2 1.5 mM, PCR conditions were 5 min at 95 �C, 1 min at
95 �C, 1 min at 54.4 �C, 30 s at 72 �C for 35 cycles, and 10 min at
72 �C, 4 �C.
Thioredoxin reductase: MgCl2 of 2 mM, PCR conditions were 5 min at
92 �C, 1 min at 92 �C, 1 min at 60 �C, and 1 min at 72 �C for 35 cycles.

PCR products were analysed in an agarose gel electrophoresis in Tris-
acetate–EDTA (TAE) buffer (0.04 M Tris, 0.001 M EDTA). Fifteen
microlitres sample was mixed in 3 ll of 6· loading dye (Promega,
Southampton, UK) and loaded into a gel. A 100-bp DNA ladder (Pro-
mega, Southampton, UK) served as standard. Addition of ethidium
bromide (Sigma–Aldrich Co., Poole, Dorset UK) to the gel allowed
visualisation of PCR products by UV transillumination.

Western blotting.Cellular cell and nuclear extracts from human primary
melanocyte cell cultures were separated in 10% SDS–PAGE and proteins
transferred to a PVDF membrane (Immobilon�-P Millipore, Bedford,
UK). The membrane was blocked with 0.5% gelatine in TBS-T buffer
(150 mM NaCl, 20 mM Tris, and 0.047% Tween, pH 7.4) and incubated
overnight with anti-humanMSRB or anti-humanMSRAantibody (both at
the dilution 1:2000). For thioredoxin reductase the membrane was blocked
with 5% non-fat dried milk for 2 h at RT and incubated with anti-thiore-
doxin reductase overnight at 4 �C (at the dilution 1.5 lg/ml). The blot was
washed and incubated for 1 h at RT with an anti-rabbit immunoglobulin G
(IgG) peroxidase-conjugated antibody (Fc specific, dilution 1:5000, Cell
SignallingTechnology Inc., Beverley,MA).Visualisation of theMSRbands
was performed using a modified enhanced chemiluminescence (ECL) fixed
on a film sheet (X-OMAT� Kodak, USA).

Determination of MSRA and MSRB enzyme activities in cytosolic and

nuclear extracts from primary epidermal melanocyte cell cultures. In order
to determine enzyme activities, we utilised methyl 3H-labelled S-adeno-
sylmethionine (SAM, 250 lCi, 81 Ci/mmol, Life Sciences Amersham,
Bucks, UK) as starting material. SAM was oxidised for 2 h with a 10-fold
excess of H2O2 and the product formation was subjected to Silica gel thin
layer chromatography (TLC, GF 1000 lM, Merck SG Darmstadt, Ger-
many) using a mixture of isopropanol:formic acid:water as solvent (V/V
20:1:5) at RT. Analysis of 5 ll product yielded four spots after detection
with ninhydrin at 110 �C (Sigma–Aldrich, Poole, Dorset, UK). The Rf

values were for the unreacted SAM (Rf = 0), methionine sulfone
(Rf = 0.31), methionine sulfoxide (Rf = 0.52), and methionine (Rf = 0.77).
Based on these results the formed 3H labelled methionine sulfoxide and
[3H]methionine sulfone were used as substrates for the determination of
methionine sulfoxide reductase activities by measuring the formation of
3H labelled methionine in cytosolic and nuclear extracts from epidermal
melanocytes (protein content 4.0 mg/ml in Tris/HCl buffer, pH 7.5).
ase (TR)

Length (bp) Product size (bp)

0 21 329
0 21

19 328
19

0 21 308
0 22

20 328
20
18 479
20
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The reaction mixture contained 100 ll cell extract (0.4 mg), 10 ll NADPH
(1 mM), 10 ll thioredoxin reductase from Escherichia coli (0.07 U) (Sig-
ma–Aldrich, Poole, Dorset, UK) 50 ll thioredoxin from E. coli (0.35 U)
(Sigma–Aldrich, Poole, Dorset, UK), 10 ll cold methionine sulfoxide
(Sigma–Aldrich, Poole, Dorset, UK) containing either 700 lmoles for
MSRA or 200 lmol for MSRB and 10 ll of 3H labelled methionine
sulfoxide/methionine sulfone in a 5:1 ratio. Reaction rates were measured
after incubation at 10, 20, 30,40, and 60 min in 5 ll of product at each time
point using the above TLC system. Products were detected by ninhydrin/
110 �C development. The corresponding methionine and methionine
sulfoxide spots were scraped and counted in scintillation fluid (Ready Safe,
Sigma Aldrich, Poole, Dorset, UK) in the 3H channel in a Tri Carb 2100
TR Packard scintillation counter.

Calculation of the formed [3H]methionine and the remaining [3H]me-
thionine sulfoxide in lmol was based on cpm/lmol in the reaction mixture
allowing to distinguish between the formed [3H]methionine and the
unreacted [3H]methionine sulfoxide in the examined extracts.

Results

Human epidermal melanocytes express both MSRA and

MSRB and their electron donor thioredoxin reductase
in situ

The expression of MSRA is shown in Fig. 1A, a confirm-
ing the result of Ogawa et al. [18]. The enzyme is expressed
throughout the entire epidermis as well as in the stratum
corneum. In order to detect MSRA in melanocytes in situ
we employed themelanocyte specific gp100 protein to follow
the expression of MSRA in these cells (Fig. 1A, b). The
overlay of both images reveals the presence of this enzyme
in some but not all melanocytes in situ. (Fig. 1A, c). MSRB
is also distributed throughout the epidermis. (Fig. 1B, a) In
order to demonstrate the presence of this enzyme in melano-
cytes, we used a tyrosinase antibody to overcome the host
incompatibility (Fig. 1B, b). The overlay of both protein
immunoreactivities indicates a strong co-localisation of
MSRB and tyrosinase supporting the presence of this
enzyme in melanocytes in situ (Fig. 1B, c). Since thioredoxin
reductase/thioredoxin is the electron donor for both
enzymes, we wanted to show the presence of this enzyme
in these cells. Thioredoxin reductase is also expressed
throughout the epidermis (Fig. 1C, a). Co-localisation with
NKIbeteb shows the presence of the enzyme in melanocytes
(Fig. 1C, b/c). For negative control the antibodies were
omitted (data not shown).

Human melanocytes express both MSRA/MSRB and

thioredoxin reductase under in vitro conditions in the

cytosol and in the nucleus

The expression of both methionine sulfoxide reductases
is demonstrated in Fig. 2a/b. Both enzymes are expressed
in the cytosol with much stronger granular expression in
the nucleus. Co-expression of both proteins is very pro-
nounced in the nucleus (Fig. 2c). Thioredoxin reductase
is expressed in the cytosol and in the nucleus. The expres-
sion is also much more pronounced in the nucleus
(Fig. 2d). To prove specificity of the immunoreactivity
the antibody was omitted(data not shown).
RT-PCR confirms the presence of mRNA for both

reductases, their isoenzymes, and thioredoxin reductase

in melanocytes

The presence of mRNA for MSRA, MSRB1, MSRB2,
and MSRB3 in melanocytes is presented in Fig. 3, lanes
2–5. The presence of thioredoxin reductase is shown in
Fig. 3, lane 6. The size of all products was in agreement
with the expected targets.

Western blot analysis confirms the presence of MSRA,

MSRB, and thioredoxin reductase in the cytosol and in the

nucleus of melanocytes

Western blot analysis of cytosolic and nuclear extract
originating from human primary melanocytes demonstrat-
ed the presence of both MSRA and MSRB as well as thi-
oredoxin reductase in the cytosol and in the nucleus
(Fig. 4). Since the commercially available MSRB antibody
does not distinguish between the isoforms B1, B2, and B3
we cannot prove the presence of any specific MSRB iso-
form by this methodology.

Cytosolic and nuclear extracts from epidermal melanocytes

exhibit methionione sulfoxide reductase enzyme activity

The result of the enzyme assay clearly showed the reduc-
tion of 3H labelled methionine sulfoxide back to 3H
labelled methionine in the cytosol as well as in the nucleus
of epidermal melanocytes. Since the optimal enzyme activ-
ity of MSRA requires 700 lmol–1 mmol of substrate, while
MSRB activities have their optimum at 200 lmol substrate
concentrations and the latter activities are inhibited with
700 lmol substrate, we decided to follow enzyme activities
under these two different substrate conditions [11]. The
result in the presence of 700 lmol substrate yielded indeed
high enzyme activity (Fig. 5A). Moreover, the result
showed that only 50% of the substrate was turned over
after 30 min which would be in agreement with reduction
of only the S-diastereomer. These data suggest the presence
of a functioning MSRA in the cytosol and in the nucleus of
melanocytes (Fig. 5A). In the presence of 200 lmol sub-
strate (the optimum for MSRB) we found significantly
slower enzyme activities in the cytosol (Fig. 5B). Moreover,
the reaction was not complete after 1 hour. In fact only
30% of the substrate was turned over. This result would
favour the presence of active MSRB in the cytosol
(Fig. 5B). Unfortunately at this point we cannot distinguish
between the contributions of the different MSRB isoforms.

Discussion

The epidermis is especially vulnerable to oxidative stress
caused by multiple exogenous stimuli as well as by a pleth-
ora of endogenous metabolic events. Over the past many
mechanisms have been identified in control of keeping
the redox-balance in phase [1,4]. As pointed out by Ogawa



Fig. 1. MSRA, MSRB, and thioredoxin reductase protein are expressed in situ. (A) MSRA: (a) MSRA (TRITC labelling), (b) NKI/beteb (FITC
labelling), (c) overlay of a/b showing the expression of MSRA in melanocytes which is indicated by arrow (scale bar: 100 lm). (B) MSRB: (a) MSRB
expression (FITC-labelling), (b) tyrosinase expression (TRITC-labelling), (c) overlay of a/b proving the presence of MSRB in melanocytes, arrow (scale
bar: 100 lm). (C) Thioredoxin reductase: (a) thioredoxin reductase expression (TRITC-labelling), (b) NKI/beteb expression (FITC-labelling), (c) overlay
of a/b demonstrating presence of thioredoxin reductase in epidermal melanocytes, arrow (scale bar: 100 lm).

Fig. 2. In vitro expression of MSRA, MSRB, and thioredoxin reductase in human epidermal melanocytes. (a) MSRA (TRITC-labelling), (b) MSRB
(FITC-labelling), (c) overlay of a/b. Both MSRA andMSRB are expressed throughout the entire cell with strong staining in the nucleus (scale bar: 10 lm),
(d) thioredoxin reductase is expressed mainly in the nucleus in a granular pattern. Much weaker expression of the enzyme is present in the cytosol
(scale bar: 50 lm).
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Fig. 5. Methionine sulfoxide reductase activities in the cytosol and in the
nucleus of human epidermal melanocytes. (A) Enzyme activities were
measured over time in the presence of 700 lmol 3H labelled L-methionine
sulfoxide by following the formation of 3H labelled methionine in nuclear
($) and cytosolic extracts (j) from 3H labelled L-methionine sulfoxide in
the same extracts (nuclear s/cytosol m) as outlined in methods. The
substrate concentration is optimal for MSRA activity [11]. The conversion
of L-methionine sulfoxide to L-methionine shows for the cytosolic enzyme
50% of stoichiometry (j, m). For nuclear extracts ($, s) the reaction is
slower and is not completed after 60 min. (B) Comparative study of
cytosolic MSR activities in the presence of different substrate concentra-
tions The formation of the product [L-3H]methionine is much slower in the
presence of 200 lmol (m) compared to 700 lmol (j) substrate. Since the
concentration of 200 lmol is the optimum for MSRB activity, this result
indicates MSRB activities in the cytosol [11].

Fig. 3. RT-PCRdemonstratesmRNAexpression ofMSRA,MSRBand its
isoenzymes as well as thioredoxin reductase in human epidermal melano-
cytes. Lane 1, ladder; lane 2,MSRA; lane 3,MSRB1; lane 4,MSRB2; lane 5,
MSRB3; lane 6, thioredoxin reductase, and lane 7, negative control. All
bands are in agreement with the expected size (indicated on each lane).

Fig. 4. Western blot analysis confirms the presence of MSRA, MSRB,
and thioredoxin reductase in melanocytes in the cytosol and in the
nucleus. MSRA was found at the size of 26 kDa in the cytosol and in the
nucleus. MSRB was found at the expected molecular weight of 13 kDa in
the cytosol and in the nucleus. Thioredoxin reductase was present in the
nucleus and in the cytosol and the molecular weight was in agreement with
58 kDa. The protein expression is much weaker in the cytosol compared
to the nuclear extract which is in agreement with the in vitro immuno-
reactivity (Fig. 2D).
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et al. [18] and by earlier work from the same group, skin
ageing is associated with a decreased capacity to neutralise
ROS and repair damaged proteins as well as DNA [6]. In
this context, Shinenaga and colleagues showed already in
1994 that mitochondrial stability decreases with age due
to lipid peroxidation of mitochondrial membranes by
ROS causing the release of cytochrome c from the electron
transport chain providing a signal for caspase-mediated
apoptosis [3]. Very recently, the scenario vis a vis the role
of ROS in the mitochondrion has received a great deal of
attention in the context of ageing in mammals and it has
been shown that overexpression of mitochondrial catalase
prolongs life in mice [23]. Moreover, a lower expression
of MRSA decreased the lifespan by 40% in these animals,
while its overexpression in Drosophila melanogaster leads
to a 70% increase. Importantly, thioredoxin reductase/thi-
oredoxin (TR/T) functions as the electron donor for both
MSRA and MSRB [11,12] and overexpression of this sys-
tem increased the lifespan by 70% in the murine model
[24]. Taking into consideration that the number of epider-
mal melanocytes, which are neural crest derived cells, are
decreasing with age and that their functionality greatly var-
ies from younger skin, we were interested to investigate this
specific cell and its possible methionine sulfoxide repair
capacity in the light of low catalase levels in these cells as
documented earlier [20]. Moreover, since these cells also
have autocrine 6BH4 synthesis/recycling and since it was
shown that dihydropteridine reductase, the last step in
6BH4 recycling is subjected to methionine oxidation in its
sequence by H2O2, it was tempting to investigate whether
these cells have functioning methionine sulfoxide reduc-
tases [9]. A great deal of information on oxidative stress
in the human epidermis has been learned from the depig-
mentation disorder vitiligo because the epidermis of affect-
ed individuals generates continuously H2O2 in the 10�3 M
range by various pathways leading to deactivation of cata-
lase, the enzyme which degrades this ROS to H2O and O2

[25]. Only very recently it was shown that not only the
porphyrin ring of this enzyme is affected by oxidation, it



K.U. Schallreuter et al. / Biochemical and Biophysical Research Communications 342 (2006) 145–152 151
was realised that also oxidation of methionine residues
affects seriously the assembly of the tetramer of this enzyme
[7,8]. Hence, under oxidising conditions and in the absence
of efficient repair mechanisms, melanocytes would be a
good target for oxidative damage. However, in this context
it is fascinating that protein alteration caused by H2O2-
mediated oxidative stress depends on the concentration of
this ROS. At low concentrations it can have a very benefi-
cial effect because it upregulates both enzyme protein
expression and activities (for Review see Schallreuter
2005 [26]). Interestingly, the increased transcription/activi-
ty of MSRA by UVA-light or by H2O2 as reported by
Ogawa et al. [18] mimics the transcriptional activation of
thioredoxin reductase which together with its electron
acceptor thioredoxin provides the electron source for
enzyme activities of both MRSA&B [1]. Whether induc-
tion/activity of MSRB is also stimulated by this ROS or
UV needs to be shown. Clearly to recover oxidised methio-
nines due to the production of both diastereomers (R) and
(S) of methionine sulfoxide by H2O2 needs both enzymes.

Since we have foundMSRB expression and activity in the
cytosol and in the nucleus and taking into consideration that
the presence ofMSRB1 (Sel 1) has been documented in these
compartments, while MSRB2 has been found in the mioc-
hondrion and MSRB3 in the endoplasmic reticulum [11], it
is tempting to speculate that our results showMSRB1 activ-
ities. Further research is needed to clarify the contribution
from the different isoforms especially in the light that we
detected the mRNA for all three isoforms.

In summary, the discovery of the MSR’s in epidermal
melanocytes adds yet another intricate repair mechanism
for survival of these cells. Whether the reductases them-
selves are possibly also targets for oxidative stress needs
to be shown. However, the presence of methionine sulfox-
ide repair in melanocytes may shed some more light on
melanocyte survival, apoptosis, and cell death under multi-
ple physiological and pathological conditions reaching
from aging per se to greying of the hair.

Acknowledgments

This research was kindly supported by Deutsche Vitiligo-
Verein Hamburg, Germany and by Stiefel International.

References

[1] J. Nordberg, E.S. Arner, Reactive oxygen species, antioxidants, and
the mammalian thioredoxin system, Free Radic. Biol. Med. 31 (2001)
1287–1312.

[2] D.B. Marks, A.D. Marks, C.M. Smith, Basic Medical Biochemistry:
A Clinical Approach, Williams & Wilkins, Baltimore, 1996.

[3] M.K. Shigenaga, T.M. Hagen, B.N. Ames, Oxidative damage and
mitochondrial decay in aging, Proc. Natl. Acad. Sci. USA 91 (1994)
10771–10778.

[4] K.U. Schallreuter, J.M. Wood, Thioredoxin reductase—its role in
epidermal redox status, J. Photochem. Photobiol. B 64 (2001) 179–184.

[5] T.B. Fitzpatrick, A.Z. Eisen, K. Wolff, I.M. Freedberg, K.F. Austen,
Photomedicine, in: Dermatology in General Medicine, McGraw-Hill,
New York, 1971, pp. 1692–1695.
[6] J.J. Thiele, S.N. Hsieh, K. Briviba, H. Sies, Protein oxidation in
human stratum corneum: susceptibility of keratins to oxidation
in vitro and presence of a keratin oxidation gradient in vivo, J. Invest.
Dermatol. 113 (1999) 335–339.

[7] V. Maresca, E. Flori, S. Briganti, E. Camera, M. Cario-Andre, A.
Taieb, M. Picardo, UVA-induced modification of catalase charge
properties in the epidermis is correlated with skin phototype, J.
Invest. Dermatol. 126 (2006) 182–190.

[8] J.M. Wood, K. Schallreuter, UVA irradiated pheomelanin alters the
structure of catalase and decreases its activity in human skin, J.
Invest. Dermatol. 126 (2006).

[9] S. Hasse, N.C. Gibbons, H. Rokos, L.K. Marles, K.U. Schallreuter,
Perturbed 6-tetrahydrobiopterin recycling via decreased dihydropter-
idine reductase in vitiligo: more evidence for H2O2 stress, J. Invest.
Dermatol. 122 (2004) 307–313.

[10] K.U. Schallreuter, S.M. Elwary, N.C. Gibbons, H. Rokos, J.M.
Wood, Activation/deactivation of acetylcholinesterase by H2O2: more
evidence for oxidative stress in vitiligo, Biochem. Biophys. Res.
Commun. 315 (2004) 502–508.

[11] H.Y. Kim, V.N. Gladyshev, Methionine sulfoxide reduction in
mammals: characterization of methionine-R-sulfoxide reductases,
Mol. Biol. Cell 15 (2004) 1055–1064.

[12] F. Neiers, A. Kriznik, S. Boschi-Muller, G. Branlant, Evidence for a
new sub-class of methionine sulfoxide reductases B with an alterna-
tive thioredoxin recognition signature, J. Biol. Chem. 279 (2004)
42462–42468.

[13] S. Jung, A. Hansel, H. Kasperczyk, T. Hoshi, S.H. Heinemann,
Activity, tissue distribution and site-directed mutagenesis of a human
peptide methionine sulfoxide reductase of type B: hCBS1, FEBS Lett.
527 (2002) 91–94.

[14] J. Moskovitz, E.R. Stadtman, Selenium-deficient diet enhances
protein oxidation and affects methionine sulfoxide reductase (MsrB)
protein level in certain mouse tissues, Proc. Natl. Acad. Sci. USA 100
(2003) 7486–7490.

[15] M.A. Marchetti, G.O. Pizarro, D. Sagher, C. Deamicis, N. Brot, J.F.
Hejtmancik, H. Weissbach, M. Kantorow, Methionine sulfoxide
reductases B1, B2, and B3 are present in the human lens and confer
oxidative stress resistance to lens cells, Invest. Ophthalmol. Vis. Sci.
46 (2005) 2107–2112.

[16] G.V. Kryukov, V.M. Kryukov, V.N. Gladyshev, New mammalian
selenocysteine-containing proteins identified with an algorithm that
searches for selenocysteine insertion sequence elements, J. Biol.
Chem. 274 (1999) 33888–33897.

[17] G.V. Kryukov, R.A. Kumar, A. Koc, Z. Sun, V.N. Gladyshev,
Selenoprotein R is a zinc-containing stereo-specific methionine
sulfoxide reductase, Proc. Natl. Acad. Sci. USA 99 (2002) 4245–
4250.

[18] S. Ogawa, C.S. Sander, A. Hansel, W. Oehrl, H. Kasperczyk, P.
Elsner, K. Shimizu, S.H. Heinemann, J.J. Thiele, The repair enzyme
peptide methionine-S-sulfoxide reductase is expressed in human
epidermis and upregulated by UVA-radiation, J. Invest. Dermatol.
126 (2006).

[19] K.U. Schallreuter, Functioning methionine sulfoxide reductase A and
B are present in human skin, J. Invest. Dermatol. 126 (2006).

[20] J.J. Yohn, D.A. Norris, D.G. Yrastorza, I.J. Buno, J.A. Leff, S.S.
Hake, J.E. Repine, Disparate antioxidant enzyme activities in
cultured human cutaneous fibroblasts, keratinocytes, and melano-
cytes, J. Invest. Dermatol. 97 (1991) 405–409.

[21] V.F. Kalb Jr., R.W. Bernlohr, A new spectrophotometric assay for
protein in cell extracts, Anal. Biochem. 82 (1977) 362–371.

[22] B.F. Howell, S. McCune, R. Schaffer, Lactate-to-pyruvate or
pyruvate-to-lactate assay for lactate dehydrogenase: a re-examina-
tion, Clin. Chem. 25 (1979) 269–272.

[23] S.E. Schriner, N.J. Linford, G.M. Martin, P. Treuting, C.E. Ogburn,
M. Emond, P.E. Coskun, W. Ladiges, N. Wolf, H. Van Remmen,
D.C. Wallace, P.S. Rabinovitch, Extension of murine life span by
overexpression of catalase targeted to mitochondria, Science 308
(2005) 1909–1911.



152 K.U. Schallreuter et al. / Biochemical and Biophysical Research Communications 342 (2006) 145–152
[24] A. Mitsui, J. Hamuro, H. Nakamura, N. Kondo, Y. Hirabayashi,
S. Ishizaki-Koizumi, T. Hirakawa, T. Inoue, J. Yodoi, Overex-
pression of human thioredoxin in transgenic mice controls
oxidative stress and life span, Antioxid. Redox. Signal. 4 (2002)
693–696.

[25] K.U. Schallreuter, J. Moore, J.M. Wood, W.D. Beazley, D.C. Gaze,
D.J. Tobin, H.S. Marshall, A. Panske, E. Panzig, N.A. Hibberts, In
vivo and in vitro evidence for hydrogen peroxide (H2O2) accumula-
tion in the epidermis of patients with vitiligo and its successful
removal by a UVB-activated pseudocatalase, J. Invest. Dermatol.
Symp. Proc. 4 (1999) 91–96.

[26] K.U. Schallreuter, Vitiligo, in: M. Hertl (Ed.), Autoimmune Diseases
of the Skin. Pathogenesis, Diagnosis, Management, Springer, Wien,
2005, pp. 367–384.


	Functioning methionine sulfoxide reductases A and B are present in human epidermal melanocytes in the cytosol and in the nucleus
	Materials and methods
	Results
	Human epidermal melanocytes express both MSRA and MSRB and their electron donor thioredoxin reductase 	in blank situ
	Human melanocytes express both MSRA/MSRB and thioredoxin reductase under in blank vitro conditions in the 	cytosol and in the nucleus
	RT-PCR confirms the presence of mRNA for both reductases, their isoenzymes, and thioredoxin reductase 	in melanocytes
	Western blot analysis confirms the presence of MSRA, MSRB, and thioredoxin reductase in the cytosol and in the nucleus of melanocytes
	Cytosolic and nuclear extracts from epidermal melanocytes exhibit methionione sulfoxide reductase enzyme activity

	Discussion
	Acknowledgments
	References


