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ABSTRACT The stratum corneum (SC) protein dynamics in the sulfhydryl group regions was studied by electron paramag-
netic resonance (EPR) spectroscopy of a covalently attached maleimide derivative spin label. A two-state model for the
nitroxide described the coexistence of two spectral components in the EPR spectra. The so-called strongly immobilized
component arises from a spin-label fraction with the nitroxide moiety hydrogen-bonded to protein (rigid structure) and the
weakly immobilized component is provided by the spin labels with higher mobility (~10 times greater) exposed to the aqueous
environment. The relative populations between these two states are in thermodynamic equilibrium. The apparent energetic
gain for the nitroxide to form a hydrogen bond with the backbone rather than to be dissolved in the local environment was
~10 kcal/mol in the temperature range of 2-30°C and ~6 kcal/mol in the range of 30-70°C. Urea treatment caused a drastic
increase in the segmental motion of the polypeptide chains that was completely reversible by its removal. Our analyses also
indicated that the urea induced unfolding of the SC proteins opening the thiol group cavities. This work can also be useful
to improve the spectral analysis of site-directed spin-labeling, especially for a more quantitative description of the nitroxide

side chain mobility.

INTRODUCTION

The outermost ~10-um-thick layer of the mammalian skin,
the stratum corneum (SC), plays an important role as a
low-permeability membrane that controls transepidermal
water loss and the permeation of other substances in both
directions across skin. Essential for terrestrial life, the SC
consists of an array of 10-20 layers of flat, polygonal cells,
the keratin-filled corneocytes, embedded in a matrix of
lamellar lipids (Breathnach et al., 1973; Swartzendruber et
al., 1989; Wertz et al., 1989) that consist essentially of
ceramides, cholesterol, and saturated fatty acids (Gray et al.,
1982). Corneocytes are terminally differentiated keratino-
cytes containing a cornified cell envelope on the cytoplas-
mic face of the plasma membrane. The cell envelope is a
10—20-nm-thick protein assembly, highly insoluble due to
extensive cross-linking of intermolecular disulfide bonds
(Matoltsy and Matoltsy, 1970) and N°-(y-glutamyl)lysine
isopeptide bonds, which is formed by the action of trans-
glutaminase present in the keratinocyte membrane (Aber-
nethy et al., 1977; Rice and Green, 1977; Goldsmith et al.,
1974).

The high insolubility of the cornified cell envelope has
precluded the use of direct methods to examine its proteins
(Steven and Steinert, 1994). Nevertheless, mathematical
modeling comparing the amino acid compositions of puri-
fied cell envelope and those from precursor proteins to the
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cell envelope had indicated a loricrin content of 65-70% in
human and 80-85% in mouse, with smaller amounts of
filagrin, cysteine-rich protein, involucrin, small proline-rich
proteins and cistatin « (Steven and Steinert, 1994; Steinert
and Marekov, 1995), among other cell junctional proteins
(Steinert and Marekov, 1999). On the outer surface of the
cell envelope there is a monolayer of w-hydroxyceramides,
covalently linked by an ester bond, forming the corneocyte
lipid envelope (Wertz and Downing, 1987; Swartzendruber
et al., 1989; Wertz et al., 1989; Behne et al., 2000). Recent
data have suggested that transglutaminase 1 can also cata-
lyze the esterification of these ceramides and that they are
bound most abundantly to involucrin (Nemes et al., 1999)
which, being located next to the plasma membrane, is one of
the first proteins to initiate the cell envelope assembly
(Steinert and Marekov, 1999). One interesting idea about
the lipid-protein interactions in SC is that the protein-
bonded ceramides interdigitate with intercellular lipids,
forming a scaffold for the organization and stability of the
intercellular lamellae (Hohl, 1990; Downing, 1992; Nemes
et al., 1999).

In previous works (Alonso et al., 1995, 1996) we have
studied the lipid chain dynamics in SC through electron
paramagnetic resonance (EPR) spectroscopy of fatty acid-
derivative spin labels incorporated directly into SC-lipid
domains of the intact tissue. The SC-lipid fluidity increases
with tissue water content as well as increases the water
diffusion coefficient (El-Shime and Princen, 1978; Blank et
al., 1984, Alonso et al., 1996), suggesting that there are
mechanisms in SC to control the permeability leading to a
greater transepidermal water loss when a water excess in the
skin occurs. However, it is expected that water also in-
creases protein mobility, raising an important issue to un-
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derstand whether the cell envelope can affect or modulate
the extracellular lipid organization. More recently (Alonso
et al., 2000a) we have compared the lipid chain dynamics in
three types of SC samples: intact SC, lipid-depleted SC
(containing only the lipids from the cell lipid envelope
covalently attached to proteins), and dispersion of SC-ex-
tracted lipids. The EPR spectra indicated very different
mobility states for the three samples with the following
relation of rigidity: lipid dispersion < intact SC < cell
envelope lipids, suggesting that lipid-protein interactions in
SC are important and that the intact cell lipid envelope (with
unbound lipids structured together with the covalently
bonded ones) can provide the major physical barrier in the
skin due to its low mobility state.

EPR spectroscopy of maleimide-derivative spin labels
has been largely used to assess mobility and conformational
changes at sulfhydryl groups of proteins (Esmann et al.,
1987; Sankarapandi et al., 1995; Liu and Zhou, 1995) and to
study the overall rotational diffusion of the membrane pro-
teins through saturation transfer EPR (Esmann et al., 1989,
1992). More recently, the method of site-directed spin la-
beling is emerging as a new tool to analyze structure and
conformational dynamics of proteins (Mchaourab et al.,
1999). In this approach a single cysteine residue is intro-
duced by mutagenesis at a predetermined position in a
protein sequence, substituting the corresponding amino
acid, and subsequently modified with a thiol-specific spin
label, generally a methanethiosulfonate derivative (Mcha-
ourab et al., 1996). The nitroxide side chain accessibility,
the side chain dynamics, and the estimates of the distances
between two-engineered cysteine residues are addressed by
EPR (Zhan et al., 1995; Mchaourab et al., 1999; Russell et
al., 1999).

The EPR spectra of spin-labeled polypeptide chains are
generally characterized by the coexistence of two spectral
components with very different states of probe mobility.
These components are commonly called strongly and
weakly immobilized ones, and are associated with restricted
and less restricted motion on the 9.4 GHz EPR time scale
for nitroxide motion; however, as has been pointed out by
Barnes and co-workers (1999), the origin of the two states
remains a matter for speculation. Very recently, we have
presented (Alonso et al., 2000b) a new interpretation for the
origin of these two-component EPR signals, associated with
different hydrogen bond formations in the vicinity of the
protein thiol group. We also have shown that SC protein
mobility essentially did not change after exhaustive lipid
extraction with organic solvents; only small alterations were
observed and explained by a larger opening of the sulthy-
dryl pocket upon the delipidization process. Here, we
present new evidence that corroborates our interpretation of
the EPR spectra of nitroxides linked to proteins, through the
analysis by spectral simulation of the dynamic and confor-
mational changes caused by the treatment of SC with urea.
We hope that our results can contribute to increase the
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EPR-application potential to study protein dynamics, and in
the case of SC proteins, contribute new data regarding the
protein participation in the SC function as a permeability
controller.

MATERIALS AND METHODS
Preparation of SC

The SC membranes were obtained from newborn Wistar rats aged less than
24 h and prepared as described previously (Alonso et al., 1995, 2000b).
After sacrifice, the skin was excised and fat was removed by rubbing in
distilled water. The skin was allowed to stand for 5 min in a desiccator
containing 0.5 1 anhydrous ammonium hydroxide and allowed to float in
distilled water with the epidermal side in contact with the water. After 2 h
the SC was removed to a filter paper and transferred to a Teflon-coated
screen, washed with distilled water, and allowed to dry in ambient condi-
tions. The membranes were stocked with 1 1 silica gel in a desiccator under
a moderate vacuum.

Maleimide-spin-labeling of stratum corneum
and albumin

The spin-label maleimide-nitroxide derivative 3-maleimido-1-oxyl-
2,2,6,6-tetramethylpyrrolidine (5-MSL) was purchased from Aldrich
Chemical Co. (Milwaukee, WI). Spin-labeling and measurements were
performed at pH 5.1, approximately the pH found at the skin surface
(Ohman and Vahlquist, 1998). An intact piece of SC (~1 mg) was
incubated for 30 min at 24°C in acetate-buffered saline (ABS) (10 mM
acetate, 150 mM NaCl, and 10 mM EDTA), pH 5.1, followed by a second
incubation of 15 min in the buffer with 2 mM spin label. The SC membrane
was dried on filter paper and incubated in ~2 ml buffer under moderate
agitation for 2 min, in each of five successive washings aiming to eliminate
free unbound label. The sample was introduced into a capillary tube for
EPR measurements, having a water content estimated by gravimetric
measurements as 58 = 7% (w/w). Under these conditions the SC was
considered to be in a fully hydrated state. Treatments with urea were
performed incubating the spin-labeled SC for 1 h at fixed urea concentra-
tions in buffer. Serum bovine albumin (Sigma Chemical Co., St. Louis,
MO) at 0.2 mM was incubated at ~4°C for 24 h in phosphate-buffered
saline (10 mM phosphate, 150 mM NaCl, and 10 mM EDTA, pH 7.4) with
1 mM 5-MSL. To remove the free spin label the albumin was dialyzed for
~24 h at ~4°C against the phosphate-buffered saline.

EPR spectroscopy

A Bruker ESP 300 spectrometer equipped with the ER 4102 ST resonator
and operating at X-band (9.4 GHz) was utilized in our investigations. The
spectral parameters were as follows: microwave power, 20 mW; modula-
tion frequency, 100 KHz; modulation amplitude, 1.024 G; magnetic field
scan, 100 G; sweep time, 168 s and detector time constant, 41 ms.
Temperature was controlled within 0.3°C by the nitrogen stream system
(Bruker, Rheinstetten, Germany). EPR spectra simulations were performed
by nonlinear least-squares (NLLS) fits, using the general slow-motional
program (Schneider and Freed, 1989; Budil et al., 1996). This program
permits the fitting of a single spectrum with two components having
different mobility and magnetic tensor parameters. The magnetic g and A
tensors are defined in a molecule-fixed frame, where the constants of
rotational diffusion rates around the x, y, and z axis are included (Budil et
al., 1996). By convention, the x axis points along the N—O bond, the z axis
is parallel to the 2 pz axis of the nitrogen atom, and the y axis is
perpendicular to x and z (Schneider and Freed, 1989). The parameters of
tensors g and A (G) used in the spectral calculations for components 1 and
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2, here called S and W components, respectively, were: g, (S) = 2.0098,
8y,y(S) = 2.006, g,,(S) = 2.002, g, (W) = 2.0079, g, (W) = 2.0054,
g,(W) = 2.003, a,,(S) = 6.9, a,(S) = 7.9, a,,(S) = 362, a, (W) =
a, (W) =175, a,,(W) = 36.2. The linewidth tensor was fixed to w,, = w
= 0.3 and wy, = 2.0 G for the two components. These parameters were
determined by a general analysis of the overall spectra from this work and,
once determined, all EPR spectra were simulated using the same prefixed
values.

The a,, and g,, parameters for the immobilized component were mea-
sured directly in the spectra at —150°C. The inferred position of the central
resonance line and the isotropic hyperfine splitting a, of the more mobile
component gives the averages of the principal values of g and A tensors.
The other tensor components were adjusted to obtain a better convergence
of the fittings and the quality of the simulations was very sensitive to these
magnetic parameters, especially to those from the near-rigid limit EPR
spectra. To reduce the number of parameters and to simplify the simula-
tion, we have considered the two components as having isotropic motion (a
spherical form was assumed for R tensors, Ry,.S and Ry, W).

bar’

RESULTS

Interpretation of EPR spectra of
spin-labeled proteins

Shown in Fig. 1 a is the EPR spectrum at 38°C of maleim-
ide spin label 5-MSL covalently bound to the SH groups of
the SC. The EPR spectra of spin-labeled proteins are com-
posed, in general, of basically two spectral components,
indicating the coexistence of two spin-probe populations
with very different mobility states. By simulation it is pos-
sible to separate the two spectral components that overlap in
the composed spectrum. The normally called strongly (Fig.
1 b) and weakly (Fig. 1 ¢) immobilized components are
denoted as S and W components, respectively. In Fig. 1 d
the total simulated spectrum is shown together with the
experimental one. The less mobile component on the 9.4
GHz EPR time scale for nitroxide radicals represents a large
fraction of the spectrum and permits measurement of the
outer hyperfine extrema, the parameter 27", which reflects
the probe mobility. The more mobile component W presents
three sharp resonance lines having an isotropic hyperfine
splitting 2a,, which is very sensitive to the solvent polarity
where the nitroxide moiety is dissolved. Polarity of the
solvent tends to increase the unpaired electron spin density
on the nitrogen nuclei and, thus, increase the hyperfine
splitting. This increase occurs mainly when the oxygen
atom of the nitroxide radical can form hydrogen bonds, as
occurs in aqueous systems. The apparent hyperfine cou-
pling, 2a,, of the weakly immobilized component W is the
same as that observed for the EPR spectrum of 5-MSL in
buffer (17.1 = 0.5 G, spectrum not shown), indicating that
the nitroxides in the W component are all exposed to water
(hydrophilic environment).

The method of Griffith and Jost (1976) can be used to
examine whether the nitroxides that contribute to the
strongly immobilized component are forming a hydrogen
bond with some site of the lateral chains of the proteins. In
the motionally frozen state the parameter 27", of the 9.4
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FIGURE 1 Experimental and simulated EPR spectra at 38°C of male-
imide spin label 5-MSL covalently bound to sulfhydryl groups of the
stratum corneum in ABS pH 5.1. (a) Experimental spectrum. The best-fit
spectra were obtained by NLLS fit, considering two components for all fits.
(b and ¢) Calculated strongly (S) and weakly (W) immobilized compo-
nents, respectively. (d) Experimental (/ine) and simulated (open circles)
spectra. The EPR parameters 27", the outer hyperfine splitting, and 2a,
the isotropic hyperfine splitting are indicated. Total magnetic field scan:
100 G.

GHz EPR spectra, gives 24,,, the z-component of the hy-
perfine tensor. When the nitroxide radical is frozen in a
hydrophobic region, the expected 24,, value is 65.0 = 0.5
G, which will be the value for the non-hydrogen-bonded
N-O group. At 38°C the 27", value is 66.0 = 0.5 G (Fig. 1
a) and tends to 72.4 = 0.5 G at —70°C, indicating the
presence of hydrogen bond with the oxygen atom of the
nitroxide moiety. This result shows that the spin labels that
contribute to the so-called strongly immobilized component
are strongly attached to proteins. From one side the male-
imide ring is covalently bond to the sulfur atom of the
protein, and from the other side the N—O fragment is hy-
drogen-bonded to some amide or lateral chains of the resi-
dues (rigid structure).

The population ratio of the strongly and weakly immo-
bilized components, Ng/Ny,, in the composed spectrum re-
duces with the increase of the temperature. This effect is
completely reversible, showing that the two components are
in a thermodynamic equilibrium. The results mentioned
above suggest that these two spectral components arise from
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FIGURE 2 Schematic molecular model illustrating the spin label 5-MSL
bound to the polypeptide chain in the sulfhydryl group region. The nitrox-
ide moiety can form hydrogen bonds either with the amino acid residue or
peptidic amide hydrogen, generating the strongly immobilized component
(S), or with the water to generate the weakly immobilized component (W).
The side chains from amino acid residues are not shown for simplicity.

two interchangeable nitroxide states: hydrogen-bonded (S)
and non-hydrogen-bonded (W) to protein. In Fig. 2 a model
illustrating the accommodation of 5-MSL in the sulthydryl
cavity is presented. Thus, when the nitroxide is hydrogen-
bonded to a protein site its motions reflect essentially the
segmental motions of the backbone relative to the average
protein structure. This type of motion produces the less
mobile EPR spectral line shape, the S signal (Fig. 1 b).
When the nitroxide moiety is non-hydrogen-bonded to pro-
tein, its motions are related to the effective correlation time
due to rotational isomerizations around the bonds that link
the nitroxide ring to the protein. This other type of motion
appears as the more mobile component in the EPR spectra,
the W signal (Fig. 1 ¢).

To test the above interpretation, which is very important
for the EPR analysis of proteins in general, three experi-
ments were performed: 1) nitroxide reduction with ascorbic
acid did not change the shape of the spectrum, as can be
seen in Fig. 3. As the reducer agent reaches the nitroxide
moiety via the aqueous phase and because the labels from
the S component are contacting the protein, it will be
expected that the reduction takes place for the W component
population. However, because a proportional reduction for
the two components was observed, the experimental result
is consistent with the idea that the same nitroxide contrib-
utes to the two components and that the conversion rate
between the two states, S and W, is faster than the reduction
rate, maintaining the observed equilibrium between these
two states. 2) In spin-labeled albumin, used as a simple
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Control

+ 0.2 mM
ascorbic acid

signal reduction: 86%

FIGURE 3 EPR spectra at 30°C of maleimide spin label 5-MSL co-
valently bound to SH groups of the stratum corneum in ABS pH 5.1 before
(top) and after (bottom) nitroxide reduction by ascorbic acid. The signal
reduction was 86% after 5 min of incubation with 0.2 mM ascorbic acid;
the spectral line shape essentially did not change. The magnetic field scan
width is 100 G.

protein model, it was possible to record EPR spectra under
several nitroxide reduction rates by varying the ascorbate
concentration. In Fig. 4 EPR spectra are shown for three
reduction rates. For nitroxide reduction with a half-life time
of 16.5 min, the line shape was kept the same as that for the
original sample without reductant, and for half-life times of
7.9 and 5.3 min the W component was reduced first, indi-
cating that the mean lifetime of the spin labels in the W
component is between 16.5 and 7.9 min at 26°C. 3) The
water-soluble paramagnetic relaxation agent nickel II was
introduced in the SC samples to verify its accessibility to the
S and W components. The EPR signal tends to disappear as
the nitroxide undergoes collisions with the line-broadening
agent. Adding 250 mM NiCl, to the SC sample eliminates
the weakly immobilized component from the EPR spectrum
of 5-MSL, whereas the strongly immobilized one remains
essentially unchanged (Fig. 5). We believe that when the
nitroxide is hydrogen-bonded to the protein (S component)
it is less exposed to the solvent and to the nickel II, conse-
quently.

Urea increases the SC protein mobility

In Fig. 6 the experimental and simulated EPR spectra at
several temperatures of 5-MSL bound to SC sample are
shown, without treatment (Fig. 6 4) and treated with 8 M
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FIGURE 4 Experimental (/ine) and simulated (open circles) EPR spectra
at 25°C of spin label 5-MSL bound to the sulthydryl group of bovine serum
albumin. (a) Control, without nitroxide reduction by ascorbate. The per-
centage of weakly immobilized component (W) in the spectrum was
16.0%. Under nitroxide reduction the EPR spectra did not change for a
half-lifetime (7', ,,) of 16.5 min () but have a smaller contribution of the W
component for half-lifetimes of 7.9 and 5.3 min (spectra ¢ and d). The
magnetic field scan width is 100 G. From top to bottom the used concen-
trations of ascorbic acid and the EPR signal intensities were, respectively,
0,5,9,and 11 mM and 100, 70, 36, and 6%.

urea (Fig. 6 B). The fitting convergence was not very good
only for the SC sample without treatment and at lower
temperatures. For each spectral simulation the relative pop-
ulations of the two fractions of radicals and the rotational
correlation parameters R, S (component S) and R,, W
(component W) can be obtained (Budil et al., 1996).

In Fig. 7 the population ratio of the spin labels in the two
motional states is presented as a function of the reciprocal
temperature. In the plot for non-treated SC a linear and
biphasic behavior is apparent with higher change rates of
Ng/Nyy ratio in the temperature range from 2 to 26°C than in
the range of 26—70°C. The treatment with 8 M urea leads to
a large reduction in the Ng/Ny, ratio, with a single smaller
slope apparent in the plot. It is also noteworthy that all EPR
spectra were completely reversible. Even in the case of
urea-treated samples, after measurements up to 70°C the
samples were measured again at 38°C, and no significant
changes were observed (Fig. 7). Considering that the rela-
tion of spin-label populations is given by the Boltzmann
distribution, we have:

Ny/Ny, = A exp(E,/RT) (1)
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FIGURE 5 EPR spectra at 34°C of 5-MSL in stratum corneum (pH 5.1)
without (fop) and with (bottom) the presence of a paramagnetic relaxing
agent. The EPR signal tends to disappear with the increase in the collision
frequency between the nitroxide and the nickel ions. The nickel ions reach
the spin labels from component W more easily. Range of magnetic field
scans: 100 G.

or
log Ng/Ny = log 4 + E,/(2.302RT) )

where A4 is a pre-exponential factor that reflects the ratio
between the number of sites for S and W (4 = Ngo/Nyy)
and E, is the apparent activation energy. Equation 2 shows
that, in practice, the numerical values of E, can be deter-
mined from the slope coefficient of a plot such as the one
presented in Fig. 7. In Table 1 the apparent activation
energies calculated for these curves are presented. The
activation energy is the energy required to dissociate the
motionally restricted nitroxide moiety from the protein. In
other words, it represents the energetic gain of 5-MSL to
form a hydrogen bond with the protein rather than to be
exposed to the buffer. The urea-treated sample showed a
lower value for the Ng/Ny, ratio in the whole temperature
range, which may be associated with the pre-exponential
factor that should reflect the ratio between the sites for S
and W components (the SH groups are probably more
exposed to water in the urea-treated SC or the presence of
urea prevents the hydrogen-bonding of the nitroxide to the
protein). The significant conformational changes caused by
urea in the SC proteins are also reflected in a reduction in
the activation energy.

In Fig. 8 the parameters obtained from the simulations are
presented for the strongly immobilized (Fig. 8 4) and
weakly immobilized (Fig. 8 B) radicals as a function of the
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A t(°C)

FIGURE 6 Experimental (/ine) and best-fit (open circles) EPR spectra of
5-MSL in stratum corneum (pH 5.1) at several temperatures. (4) Stratum
corneum without treatment; (B) stratum corneum treated with 8 M urea.
Range of magnetic field scans: 100 G.

reciprocal absolute temperature. It is seen that the parameter
RS is very sensitive to temperature and that urea causes
a significant increase in the backbone protein mobility in the
entire temperature range. The parameter R, W, which re-
flects the nitroxide mobility within the SH-group cavity,
shows an atypical behavior at low temperatures for native
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FIGURE 7 The population ratio of the strongly and weakly immobilized
components, Ng/Ny, in the EPR spectra of stratum corneum labeled with
5-MSL (pH 5.1), as a function of the reciprocal absolute temperature. The
symbols refer to stratum corneum without treatment (circles) and treated
with 8 M urea (squares); the open square corresponds to the value obtained
for the sample with urea after the measurement up to 70°C, and lowering
the temperature back to 38°C.

SC, having a decrease in the range from 2 to ~26°C,
followed by an increase at temperatures above ~26°C. For
urea-treated samples the cavity effects are not apparent,
showing a linear behavior and suggesting that urea increases
the cavity opening of the sulthydryl groups particularly at
lower temperatures.

Because the spin labels from the S component are “teth-
ered” in the protein, they reflect the segmental motion of the
backbone and, thus, the parameter 27", can be used to
characterize local protein mobility. In Fig. 9 we present the
dependence of 27', with the urea concentration. Urea

TABLE 1 Activation energy for exchange between the
motional restricted and the mobile components in EPR spectra
of stratum corneum labeled on SH groups with the maleimide
spin label 5-MSL

Stratum Corneum Temperature
Sample Range (°C) AE (kcal/mol)*
Control 2-26 99 1.7
26-70 57*02
8 M Urea 2-70 2.1 *£04

*The numerical values of E, were calculated using Eq. 2 and the slope
coefficient of the plots as the one presented in Fig. 7. See text for details.
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FIGURE 8 Rotational diffusion parameters Ry,S (4) for the strongly
immobilized component and Ry, W (B) for the weakly immobilized com-
ponent, obtained from the spectral fitting of 5-MSL EPR spectrum in
stratum corneum (pH 5.1). The symbols refer to stratum corneum without

treatment (circles) and treated with 8 M urea (squares).
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FIGURE 9 EPR parameter 27", the outer hyperfine spitting (see Fig. 1)
of 5-MSL covalently bound to sulfhydryl groups of stratum corneum (pH
5.1) as a function of urea concentration in the buffer (squares). After each
mesurement the sample was washed with buffer to remove urea, and
re-measured (circles). The triangle corresponds to control sample in the
absence of urea.

caused a significant increase in the protein mobility at 1 M,
and this effect grew up to 8 M. Each sample was washed to
remove the urea after the measurement, and re-measured. It
is seen that the urea effect was completely reversible be-
cause, after washing, the result was the same as in the
absence of urea.

DISCUSSION
EPR spectroscopy of nitroxide-labeled proteins

A thermodynamic equilibrium between the main compo-
nents of EPR spectra of nitroxide attached to proteins was
observed with relatively high apparent activation energies.
These calculated energies are only apparent because we
have supposed that the pre-exponential factor (Ngo/Ny, Eq.
2) does not change with the temperature, assuming a linear
behavior in the plots from Fig. 7. Although the behavior of
the sample treated with urea does seem to be linear in the
whole temperature range, in the case of the control sample
it was arbitrarily assumed to be linear, with different slopes
for the two temperature intervals. Particularly for the control
sample at temperatures below 30°C, an increase of the
W-sites number could occur with the increase in tempera-
ture because the proteins could undergo conformational
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changes where the SH groups become more exposed to the
solvent. It is conceivable that for the samples treated with
urea the solvent-exposition degree of the SH groups is quite
great in all the temperature range and, in this case, the
calculated activation energy reflects the actual energy re-
quired for hydrogen bond formation between the nitroxide
moiety and the protein. We believe that this is also the case
for the control sample above 30°C; that is, for this temper-
ature range the solvent-exposition degree practically does
not change and the calculated energy actually reflects the
energy gap between the two states.

It is remarkable that our spectral fittings were not so good
for the control sample below 30°C and that the convergence
was better when we considered an anisotropic rotational
motion for the nitroxide with low motion around the y-
direction (perpendicular to the N—O bond and the 2pw
orbital), as was made in a previous work (Alonso et al.,
2000b). However, this alteration does not change in an
essential way the results presented here. Thus, our determi-
nation of E, for temperatures between 2 and 26°C are not
very accurate. Although we believe strongly that the slope is
larger in this temperature range than between 26 and 70°C,
we did not rule out the possibility that some other model for
the nitroxide motion will lead to better fittings of the ex-
perimental spectra and to a small difference in this result.
For bovine serum albumin the simulation is easier than for
SC, where the nitroxide motion is slower. The EPR spec-
trum for albumin at 25°C (Fig. 4) is similar to the spectrum
for SC at 38°C (Fig. 1), which also was easy to simulate. It
is important to notice that while albumin is tumbling in
solution the SC proteins are in the tissue, with many disul-
fide and isodipeptide cross-links among them.

It is interesting that maleimide derivative probes with
different chain lengths between the maleimide group and
the nitroxide ring have been used to estimate the depth of
the sulfhydryl pocket in rhodopsin (Delmelle and Virmaux,
1977) and plasma fibronectin (Lai et al., 1984). For probe
lengths of 12.9 A or greater the strongly immobilized com-
ponent goes to a minimum in the spectrum when the nitrox-
ide is outside the sulthydryl pocket. This result is consistent
with a low number of available local protein sites able to
form hydrogen bonds relative to the number of sites able to
form hydrogen bonds to the solvent (small pre-exponential
factor, eq. 2). In the case of site-directed spin labeling a
multiplicity of situations can occur and the analysis be-
comes quite complex, but it would be expected that the
proportion of the S component in the spectral line shape
would be greater in several circumstances: 1) smaller ni-
troxide side chains, 2) less-hydrophilic local environments,
3) more rigid backbones, and 4) more buried protein SH
groups. The methodology and the present interpretation can
also be applied to DNA study. Liang and co-workers (2000)
have tested four spin labels with different probe lengths
bound to DNA oligomers of three lengths and a polymer.
The authors have found EPR spectra with two components

3573

for the polymer with the smaller probe length. The double
component formation is dependent on a rigid structure to
interact with the spin probe (the rotational tumbling of the
polymer is the lower one) and the probability of the S
component formation should increase with the decrease of
the probe length. For the existence of these two distinct
spectral components, any exchange rate between them must
be slower than the EPR time scale (Liang et al., 2000). As
can be observed in Fig. 4, this exchange rate is very low.

In the site-directed spin-labeling method it is usual to
calculate an “accessibility parameter” from the power sat-
uration behavior of the nitroxide in the presence of polar
(NiAA and NiEDDA) and apolar (O,) paramagnetic re-
agents (Zhan et al., 1995; Russell et al., 1999). Because the
fast-relaxation effects on the nitroxide EPR signal are pro-
portional to the collision frequency of nitroxides with the
paramagnetic species, the estimated accessibility heavily
weights the W component, because during the time that the
nitroxide is hydrogen-bonded to the protein (generating the
S component) it is much less accessible to the relaxation
agents (see Fig. 5). According to the present interpretation,
the solvent accessibility could be measured directly in the
EPR spectra, through the 2a,, parameter (Fig. 1 a), exploring
the high sensitivity of the nitroxide to the solvent polarity.
It is remarkable that all SC sulfhydryl groups accessed by
the spin probes are localized in protein hydrophilic regions,
as the isotropic hyperfine splitting (2a,, Fig. 1 a) observed
for the mobile component is the same as that of the spin
label in buffer (2a, = 34.2 G, for hydrophobic environment
this value can decrease to ~29 G). This also occurs for
native sulfhydryl groups of other proteins, such as the
membrane Na*/K"-ATPase from Squalus accanthias (Es-
mann et al., 1992), the membrane phosphate/H™ transloca-
tor of rat liver mitochondria (Houstek et al., 1993), the
creatine kinase (Liu and Zhou, 1995), and the membrane
protein rhodopsin (Delmelle and Virmaux, 1977).

Effect of urea upon the mobility and
conformational changes in SC protein

Urea causes drastic but completely reversible alterations in
the SC proteins. At urea concentrations above 1 M an
increase in the segmental motion of the backbone proteins
was observed. Probably, urea expands the proteins opening
the sulfhydryl pocket, reducing the cavity effects on the
nitroxide inside the sulfhydryl groups (see Figs. 7 and 8 B).
It has been shown that urea decreases the pressure that
produces a given degree of virus dissociation, and this effect
was interpreted as the progressive destabilization as a result
of direct protein-urea interactions and not an indirect sol-
vent effect (Weber et al., 1996). The dissociation of oligo-
meric proteins into subunits by hydrostatic pressure indi-
cates that the separated solvated subunits occupy a smaller
volume than the original aggregate (Silva and Weber, 1993;
Weber et al., 1996). In the case of SC proteins urea caused
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a great exposition of the SH groups to solvent, as can be
observed by the large decrease in the pre-exponential factor
of Eq. 2 (Fig. 7).

The studies showing that the naturally occurring solute,
trimethylamine-N-oxide, counteracts the actions of urea on
proteins are illustrative; small organic osmolytes, in many
cases, have the property to protect intracellular proteins
against its denaturation and loss of functional activity
caused by urea (Mashino and Fridovich, 1987; Yancey and
Somero, 1980; Baskakov et al., 1998). Mashino and Fridov-
ich have proposed that urea loosens and expands protein
volume, decreasing its functional activity, whereas trimeth-
ylamine-N-oxide would increase the protein activity by
shifting its conformation toward the most compact and
active form. Baskakov and co-workers (1998) have recently
tested and found support for the above hypothesis for rabbit
muscle lactate dehydrogenase function. These authors have
pointed out that the effects of urea and trimethylamine-/N-
oxide are both related to the properties of these solutes on
solvation. Thus, a poorer solvent than water, generally as-
sociated with organic compounds, will compete with water
for the formation of hydrogen bonds with the protein, and
favor more compact and less exposed protein conforma-
tions. Urea in aqueous solutions, being a better solvent than
water in the sense that it can form hydrogen bonds with the
protein enhancing the water protein hydration, will promote
more expanded and exposed protein configurations. In SC,
the activities of urea have been ascribed to its capacity of
binding with proteins, causing swelling of the tissue and
reducing the barrier property of the layer (Han et al., 1991).
It is remarkable that urea, at 8 and 9.5 M plus a reducing
agent, have been used to isolate keratins of the SC (Park et
al., 1992; Eichner et al., 1992), showing its capacity to
dissolve SC proteins.

To examine whether 8 M urea alters the SC-lipid dynam-
ics we have spin-labeled the SC with the spin probes 5- and
16-doxylstearic acids (nitroxide at the 5th and 16th carbon
atom positions of the acyl chain, respectively) as in previous
work (Alonso et al., 2000a). Only very small alterations
relative to the control samples were observed in the EPR
spectra (not shown), except that for samples with urea a
fraction of free spin labels systematically appears in the
EPR spectra, indicating that urea creates domains of inter-
stitial water in SC that are able to accommodate these
hydrophobic nitroxides. Urea is considered a skin penetra-
tion enhancer for hydrophilic drugs, but when combined
with alkanols or polyethylene glycol it can also accelerate
permeation of lipophilic drugs such as progesterone and
indomethacin (Valenta and Wedenig, 1997; Nishihata et al.,
1990). Because urea does not significantly alter the order
and mobility of the SC lipids, its action should be a result of
the interactions with proteins. Treating the SC with the
reducing agent dithiothreitol, Goates and Knutson (1993)
have detected an increase in permeation for mannitol and
sucrose in human epidermis. Because no significant alter-
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ation of lipid acyl chain mobility has been detected by
infrared spectroscopy of SC in the presence of dithiothreitol,
these data show strong evidence that polar solutes permeate
the SC via pathways that involve the proteins.

In our early work (Alonso et al., 2000b) we analyzed the
kinetics of maleimide spin-labeling of SC and it was ob-
served that there are at least two non-equivalent SH groups
in the SC. Of a total amount of ~4 nmol maleimide spin
label/mg SC, about one-half reacted in the first hour of
incubation and had an EPR signal similar to that analyzed
here and for other native protein sulfhydryl groups reported
in the literature for numerous systems. The other non-
equivalent site can be accessed by blocking the first site
with N-ethylmaleimide by 1 h of reaction followed by a
subsequent 23-h additional incubation with the spin label.
The EPR spectrum of this site shows a predominant contri-
bution of component W, indicating that it is open and more
exposed to the solvent. We have isolated the corneocyte
envelope and the remaining proteins of SC (data not
shown). From comparison of the EPR spectra of both sam-
ples it is clear that the proteins of the cell envelope provide
the site that is spin-labeled first giving the two-component
spectra described in this work and characteristic for male-
imide spin-labeled proteins. The remaining proteins of SC
(basically keratins) provide the other non-equivalent site
(not studied here). This much less reactive site has a very
different EPR signal and should be located predominantly
inside the corneocyte. We would still like to mention that
although the EPR signal with which we worked here was
obtained from a variety of envelope proteins, it is very similar
to those reported for other SH groups, as that of bovine serum
albumin (Fig. 4). The basic difference between the EPR signals
for albumin and for SC envelope proteins is associated with the
largest mobility state of the polypeptide chains of albumin
that is free to tumble in solution and has a higher state of
hydration. The present work also shows a sensitive method
to evaluate protein dynamics directly in the SC tissue by
EPR spectroscopy, which may be useful to analyze different
kinds of treatment effects on the SC and different cases of
skin diseases.
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