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ABSTRACT: Changes in surface hydrophobicity are generally considered as a sensitive indicator for
monitoring the structural alterations of proteins that are often associated with changes in function. Currently,
no technique has been developed to screen a complex mixture of proteins for changes in the conformation
of specific proteins. In this study, we adapted a UV photolabeling approach, using an apolar fluorescent
probe, 4,4′-dianilino-1,1′-binaphthyl-5,5′-disulfonic acid (BisANS), to monitor changes in surface
hydrophobic domains in either purified rhodanese or skeletal muscle cytosolic proteins by urea-induced
unfolding or in response toin Vitro metal-catalyzed oxidation. Using two-dimensional polyacrylamide
gel electrophoresis (2D PAGE), we identified two specific proteins in skeletal muscle cytosol that exhibited
a marked loss of incorporation of BisANS after exposure toin Vitro oxidative stress: creatine kinase
(CK) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). We found that the activities of both
enzymes were also reduced significantly in response to oxidative stress. We then determined if this method
could detect changes in surface hydrophobicity in specific proteins arising from oxidative stress generated
in ViVo by muscle denervation. A loss in surface hydrophobic domains in CK and GAPDH was again
observed as measured by the BisANS photoincorporation approach. In addition, the CK and GAPDH
activity in denervated muscle was markedly reduced. These data demonstrate for the first time that this
assay can screen a complex mixture of proteins for alterations in surface hydrophobic domains of individual
proteins.

Maintenance of the functional structure of the protein is
one of the key determinants for normal homeostasis in cells
and tissues. Numerous tools are available to measure the
conformational state of proteins including circular dichroism
(1), nuclear magnetic resonance (2), fluorescence polarization
(3), and light scattering (4). Conformational changes in
proteins are often associated with the exposure of hydro-
phobic amino acids on the surface (5), which may lead to
changes in protein function, or the initiation of aggregation,
whereby hydrophobic domains become sequestered within
oligomeric structures (6). Changes in surface hydrophobicity
of proteins have been exploited as a way to study and
characterize the conformational state of individual proteins
to determine how changes in the structure affect function.

A variety of methods have been used to monitor changes in
surface hydrophobicity, e.g., hydrophobic interaction chro-
matography (7), surface plasmon resonance (8), and incor-
poration of hydrophobic fluorescent dyes such as anilinoline
sulfonate (ANS)1 compounds that bind to hydrophobic
domains (9).

The use of fluorescent dyes to monitor surface hydropho-
bicity is advantageous because of their ease of use. ANS
compounds have been in use since 1952 (10) to study the
changes on the surface hydrophobicity of purified proteins
in response to various conditions such as hydrostatic pressure
(11, 12), heat (13), pH (14), and denaturation (15). ANS and
its derivative, 4,4′-dianilino-1,1′-binaphthyl-5,5′-disulfonic
acid (BisANS), bind preferentially and reversibly to hydro-
phobic pockets on the surface of proteins, and this interaction
gives fluorescence maxima at 490 nm when excited at 385
nm (16-18). Using the purified protein GroEL, Seale et al.
(19) showed that BisANS could be covalently bound to the
site of interaction by irradiating the sample with longwave
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ultraviolet (UV) light. Two studies have examined the site
of incorporation of BisANS into proteins and found that at
most 2 BisANS molecules covalently bind to peptides within
the protein after photolabeling with BisANS (19, 20).

We have taken advantage of the ability of BisANS to
recognize hydrophobic domain(s) within proteins and to
become covalently bound to these sites after UV irradiation
to develop a proteomic-based assay that allows one to screen
the proteome for changes in the conformation of individual
proteins using unoxidized andin Vitro oxidized skeletal
muscle cytosolic proteins as a model system. In addition,
we show that through BisANS incorporation we can detect
changes in surface hydrophobicity in specific proteins in an
in ViVo model of oxidative stress. We consistently observed
in both thein Vitro and in ViVo models of oxidative stress
changes in surface hydrophobicity and activity in two major
skeletal muscle proteins, creatine kinase (CK) and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH).

EXPERIMENTAL PROCEDURES

Materials.BisANS and Sypro Ruby protein gel stain were
purchased from Molecular Probes (Junction City, OR). Tris
base, MgCl2, urea, trichloroacetic acid (TCA), and ethyl
acetate were purchased from EMD Chemicals (Gibbstown,
NJ). EDTA was purchased from Gibco BRL, and [4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid] (Hepes) and
iodoacetamide were purchased from Sigma (Dallas, TX).
Coomassie Blue stain was purchased from BioRad, and
protease cocktail inhibitor was purchased from Calbiochem
(San Diego, CA). The BCA assay kit was purchased from
Pierce (Rockland, IL). Immobilized pH gradient (IPG) buffer
and 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate (CHAPS) were purchased from Amersham
(Piscataway, NJ), and trypsin (modified) was from Promega
(Madison, WI). The Montage in-gel digest kit was purchased
from Millipore (Billerica, MA).

Methods: Animals and Animal Procedures.Male C57Bl/
6J mice (4-6 months) were used as the source of gas-
trocnemius and tibialis anterior skeletal muscle protein for
in Vitro studies. For denervation studies, mice were anes-
thetized using isoflurane. The left hind limb was shaved and
disinfected with iodine, and the sciatic nerve was isolated
and cut through a small incision. A 0.2 cm piece was
removed, and the ends of the nerve were folded back and
sutured with 7.0 silk to prevent re-innervation. The incision
was closed with wound clips, and the mouse was allowed
to recover. After 21 days, mice were sacrificed and the
gastrocnemius muscle from the right leg (control) and
denervated (left leg) were removed and frozen in liquid
nitrogen. All procedures for handling animals in this study
were reviewed and approved by the IACUC (Institutional
Animal Care and Use Committee) of The University of Texas
Health Science Center at San Antonio and the IACUC of
Audie L. Murphy Memorial Veterans Hospital.

In Vitro Oxidation of Proteins.Oxidation of rhodanese
was carried out essentially as described by Chao et al. (21).
Gastrocnemius and tibialis regions of the skeletal muscle
were homogenized in 50 mM Tris-HCl at pH 7.4 containing
10 mM MgSO4 and protease inhibitors and centrifuged at
100000g for 1 h at 4°C. The cytosolic proteins were diluted

to 1 mg/mL in various concentrations of oxidizing solution
ranging from 0 to 40µM FeSO4 and 0 to 10 mM ascorbate,
maintaining a constant 1:250 ratio of FeSO4/ascorbate in 100
mM KCl, 100 mM MgSO4, and 50 mM Hepes at pH 7.2.
Oxidation was carried out for 1 h at 37°C in the dark. Protein
concentrations were determined by the Bradford method (22).

UV-Induced Photoincorporation of BisANS to Proteins.
Photoincorporation of BisANS was carried out as described
by Seale et al. (19). The clear cytosolic protein extracts were
diluted to 1 mg/mL in labeling buffer containing 50 mM
Tris-HCl, 10 mM MgSO4 at pH 7.4, and protease inhibitors.
Then, 100 µM BisANS was added, and samples were
immediately vortexed. Next, 200µL of sample was added
to a clear 96-well plate and incubated on ice (to minimize
local heating) for 1 h under direct exposure of a 115 V 0.16
Amp handheld longwave UV lamp (365 nm; Ultraviolet
Products, Inc., model UVL-21). Using this setup, there was
a distance of 7 mm between the light source and the top of
the sample, which had a depth of 6.25 mm when 200µL
was loaded. After the photoincorporation of BisANS, proteins
were then dissolved in Laemmli buffer (23) and subjected
to SDS-polyacrylamide gel electrophoresis (PAGE). During
SDS-PAGE, unbound BisANS in the sample migrates with
the dye front and is consequently removed. After electro-
phoresis, gels were removed and illuminated with 365 nm
UV light and BisANS fluorescence was captured with an
AlphaImage 3400 for quantification.

Two-Dimensional Gel Electrophoresis.For 2D gel elec-
trophoresis, BisANS-labeled proteins (control and experi-
mental samples) were treated with an equal volume of 20%
TCA for 10 min on ice and centrifuged at 16000g for 15
min at 25°C. The pellets were then washed with a mixture
of ethanol/ethyl acetate (1:1, v/v) at least 3 times to remove
the unbound BisANS. After removal of the BisANS, the
pellets were then dissolved in lysis buffer containing 8 M
urea, 4% CHAPS, and 2% IPG buffer at pH 3.0-10. The
protein concentration was measured by the BCA assay.
Approximately 100µg of protein was loaded in 250µL of
rehydration buffer containing 8 M urea, 2% CHAPS, 0.5%
IPG buffer, 1% bromophenol blue, and 2.4 mg/mL DTT.
The first dimension of electrophoresis was run on 13 cm
strips (pH 3-10) using the IPGphor Isoelectric Focusing
System overnight. After the first dimension, strips were
washed in equilibration buffer (50 mM Tris buffer at pH
8.8, 6 M urea, 30% glycerol, 2% SDS, and 0.002%
bromophenol blue). Strips were then washed twice for 15
min, first with DTT (100 mg/mL) and second with iodo-
acetamide (250 mg/mL). The second dimension was run on
12% SDS-PAGE gels. After electrophoresis, gels were
removed and illuminated with long-wave UV light and the
image was captured with an AlphaImage 3400. Gels were
then fixed with 10% methanol and 7% acetic acid for 10
min followed by staining overnight with Sypro Ruby. The
stained gels were washed in 10% methanol and 7% acetic
acid for 30 min to remove residual dye and placed in water.
The Typhoon 9400 variable mode imager with excitation at
532 nm and an emission filter of 610BP30 was used to scan
the gels. Scanned gels for BisANS fluorescence (obtained
from AlphaImage 3400) and Sypro Ruby fluorescence
(obtained from Typhoon 9400 variable mode imager) were
quantitated separately from 16-bit gray-scale images using
Imagequant version 5.0 (Molecular Dynamics, Amersham,
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Piscataway, NJ). The background was corrected for each spot
using the object average function. The background-corrected
pixel intensities of BisANS and Sypro fluorescence were
divided by their respective size-matched elliptical areas. To
normalize BisANS fluorescence for protein expressional
changes, the pixel intensity/area for BisANS fluorescence
was divided by the pixel intensity/area of Sypro Ruby
fluorescence.

Matrix-Assisted Laser Desorption Ionization Time-of-
Flight Mass Spectrometry (MALDI-TOF/MS). Spots of
interest were excised from the 2D gels and digestedin situ
with modified trypsin (15µL of 55 µg/mL). The peptides
were concentrated and purified further using a Montage in-
gel digest kit. The resulting digests were analyzed by
MALDI -TOF/MS using an Applied Biosystems Voyager
DE-STR on a Thermo Finnigan LCQ. MALDI-TOF mass
spectra were generated by the summation of 100 laser shots.
Unmodified peptides produced from tryptic digestion were
used as the criteria to identify the protein. Peptides were
matched using Mascot against the NCBInr database, with
carbamidomethyl and methionine oxidation as variable
modifications. Peptide tolerance was set at 75 ppm, and
scores above 64 were considered significant.

Enzyme ActiVities. To measure the enzyme activities of
CK and GAPDH, the solutions containing oxidized or
unoxidized proteins were directly applied to a Centricon 10
microconcentrator (Amicon, Inc., MA) to remove the excess
FeSO4 and ascorbate from oxidized samples and diluted in
equivalent volumes of 50 mM Tris-HCl and 10 mM MgSO4

at pH 7.4 before proceeding to measure the enzyme activity.
CK was measured spectrophotometrically in an enzyme-
coupled system as described by Tanzer and Gilvarg (24).
The assay was carried out at room temperature by adding
700 µL of a solution containing 8.5 mM ATP, 1.22 mM
NADH, 2.0 mM phosphoenol pyruvate, 15 units/mL lactate
dehydrogenase, 7 units/mL pyruvate kinase, 28 mM MgSO4,
and 26 mM reduced glutathione at pH 7.4, combined with
2.2 mL of buffered creatine containing 0.4 M glycine, 53.2
mM creatine, and 62 mM potassium carbonate at pH 8.9.
Activity was measured at 340 nm by the rate of NADH
oxidation for 13 min every 30 s by adding 0.1 mL of tissue
extract containing 0.05 mg of protein/mL in 5 mM glycine
at pH 9.0. Enzyme units were calculated by the extinction
coefficient of NADH, where 1 unit is equal to the amount
of enzyme required to convert 1µmol of creatine to creatine
phosphate/min at 25°C and pH 8.9. GAPDH was measured
spectrophotometrically as described by Rafter et al. (25) and
Harting Velick (26). Muscle cytosolic protein extracts were
diluted in 15 mM sodium pyrophosphate/30 mM sodium
arsenate buffer at pH 8.5 to 0.05 mg of protein/mL, and 0.1
mL of tissue extract was added to a cuvette containing 2.6
mL of pyrophosphate/arsenate buffer containing 0.015 M
sodium pyrophosphate, 0.03 M sodium arsenate at pH 8.5,
0.1 mL of 7.5 mM NAD, and 0.1 mL of 0.1 M DTT.
Absorbance was monitored at 340 nm, and enzyme units
were calculated by the extinction coefficient of NADH,
where 1 unit is equal to the amount of enzyme required to
convert 1 µmol of glyceraldehyde-3-phosphate to 1,3-
bisphosphoglycerate/min at 25°C and pH 8.5.

Isolation of Mitochondria and Measurement of H2O2

Production.Skeletal muscle mitochondria were purified as
described by Chappell and Perry (27) and were used

immediately after isolation. Mitochondrial H2O2 release was
measured using the fluorogenic probe Amplex Red (Molec-
ular Probes, OR) in conjunction with horseradish peroxidase
as described by Muller et al. (28). H2O2 release was measured
in isolated muscle mitochondria incubated in the absence of
exogenous substrate (state 1) or in the presence of 5 mM
potassium glutamate plus potassium malate as respiratory
substrates.

Statistical Analysis.The data were analyzed using Stu-
dent’s t test with the Winstat add-in (Microsoft Excel) or
using one-way ANOVA with Dunett’s post hoc test for
multiple comparisons. Statistical significance was set at the
p e 0.05 level.

RESULTS

Detection of Changes in Surface Hydrophobicity of
Rhodanese by BisANS Photoincorporation after Denaturation
or Oxidation.The purified mitochondrial protein rhodanese
was used as a model protein to determine if the changes in
surface hydrophobicity induced by various treatments can
be detected by photoincorporation of BisANS. Rhodanese
was treated with increasing concentrations of urea (0-8 M)
followed by photolabeling of rhodanese with BisANS and
subjected to SDS-gel electrophoresis (Figure 1). The
fluorescence intensity of BisANS-labeled rhodanese exhib-
ited a bell-shaped pattern in response to an increased
concentration of urea, with a maximum intensity (∆F/C)
observed at 2 M urea, which is indicative of the formation
of stable intermediate complexes with increased surface
hydrophobicity. At urea concentrations above 4 M, a
dramatic decrease in BisANS incorporation is observed,
which is likely due to the unfolding of the rhodanese protein.
Thus, changes in BisANS incorporation correlate with the
structural alterations of rhodanese by urea-induced unfolding.

FIGURE 1: Effect of urea on rhodanese surface hydrophobicity.
Purified rhodanese (1 mg/mL) was incubated with increasing
concentrations of urea (0, 0.5, 1, 2, 4, 6, and 8 M) for 1 h at 37°C
followed by labeling with 100µM BisANS and SDS-PAGE. The
fluorescence from BisANS and image from Coomassie Blue were
captured as described in the Experimental Procedures. (A) Image
of the region of the gel containing rhodanese, showing the
fluorescence from BisANS and the Coomassie Blue stain. (B)
BisANS fluorescence (F) was quantitated by densitometry and
normalized by Coomassie staining (C). Data are expressed as the
change in fluorescence intensity (∆F/C).
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Next, rhodanese was used as a model to examine the
impact of oxidation on BisANS incorporation. This was
achieved using a metal-catalyzed oxidation (MCO) system
involving iron and ascorbate as a generator of hydroxyl
radicals. Parts A and B of Figure 2 show that BisANS
incorporation into rhodanese was increased significantly at
low levels of oxidative stress (3µM/0.75 mM iron/ascorbate).
Increasing concentrations of iron/ascorbate resulted in a
progressive loss of BisANS fluorescence. The chance of
photo or chemical bleaching of BisANS fluorescence by urea
and MCO alone was ruled out by the fact that neither the
quantum yield nor the emission maxima of BisANS were
affected by the treatment with urea and MCO (data not
shown). In addition, protein oxidation may have induced
peptide bond cleavage in samples oxidized with 40µM/10
mM iron/ascorbate (29), as evidenced by the slight reduction
in Coomassie staining (Figure 2A). Because one of the likely
explanations for reduction in incorporation of BisANS to
the surface hydrophobic regions of rhodanese with increasing
oxidative stress is protein aggregation, light scattering and
tryptophan fluorescence quenching experiments were per-
formed with rhodanese in the presence of different concen-
trations of iron/ascorbate (parts C and D of Figure 2).
Rhodanese showed a MCO concentration-dependent increase
in absorbance at 400 nm as well as the loss of tryptophan
fluorescence at 330 nm when excited at 296 nm. These data
indicate that free radicals generated by the MCO reaction

trigger the formation of higher order structures using domains
exposed during the oxidative stress state, leading to a
reduction in BisANS photoincorporation to rhodanese.

Monitoring Changes in Protein Conformation in Tissue
Extracts by Photoincorporation of BisANS.We next deter-
mined whether BisANS could be used as a screening probe
for monitoring conformational alterations in a complex
mixture of proteins. Cytosolic extracts were treated with
various concentrations of iron/ascorbate followed by photo-
labeling of proteins with BisANS. The global level of
incorporation of BisANS to the cytosolic proteins was
determined by SDS-gel electrophoresis as shown in Figure
3A. A bell-shaped pattern of BisANS fluorescence was
observed for the total incorporation of BisANS to the skeletal
muscle cytosolic proteins (Figure 3C). At higher levels of
oxidative stress (above 2µM/0.25 mM iron/ascorbate), a
dramatic decrease in global BisANS incorporation into
cytosolic proteins was observed.

We next asked if we could detect changes in the
incorporation of BisANS to individual proteins in the
cytosolic extracts from skeletal muscle. In these experiments,
the extracts were untreated or treated with low (0.2µM
FeSO4/0.05 mM ascorbate) and high (40µM FeSO4/10 mM
ascorbate) levels of oxidative stress and the proteins in the
extract were resolved by 2D gel electrophoresis. The data
in Figure 4 show that we could monitor changes in the
incorporation of BisANS into individual proteins in response

FIGURE 2: Effect of MCO on rhodanese surface hydrophobicity and aggregation. Purified rhodanese (1 mg/mL) was incubated with increasing
concentrations of iron (0, 0.2, 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 20, and 40µM) and ascorbate (0, 0.05, 0.25, 0.5, 0.75, 1, 1.5, 2.5, 5, and 10 mM)
for 1 h at 37°C followed by labeling with 100µM BisANS and then SDS-PAGE. The fluorescence from BisANS and staining from
Coomassie Blue on the gels was determined as described in the Experimental Procedures. (A) Image of the BisANS fluorescence and
Coomassie Blue stained region of the gel containing rhodanese. (B) BisANS fluorescence (F) and Coomassie Blue stain (C) in A were
quantified by densitometry as described in the Experimental Procedures, and the data are expressed as the average (n ) 3) change in
fluorescence intensity (∆F/C) of the untreated and treated samples( standard deviation. (*)p e 0.05 versus the control. (C) Light scattering
of rhodanese was measured by∆OD400 as described in the Experimental Procedures over time at the various concentrations of oxidative
stress shown. (D) Tryptophan fluorescence quenching was measured at 330 nm as described in the Experimental Procedures at various
concentrations of iron/ascorbate.
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to oxidative stress. To quantify these changes, the fluores-
cence because of BisANS in each spot was divided by the
Sypro Ruby fluorescence, a measure of the level of protein
in the spot. We measured the changes in BisANS incorpora-
tion in individual proteins by calculating the ratio of BisANS/
Sypro Ruby fluorescence in 204 spots before and after a low
and high level of oxidative stress, and these data are given
in Figure 5. We focused on two pI variants (indicated as A

and B in Figures 4 and 5) that are highly expressed in skeletal
muscle and were found to show pronounced changes in
surface hydrophobicity with oxidative stress. Six spots were
picked from the parent proteins in the two regions of interest
(indicated by arrows in Figure 5) and shown in Figure 6A.
Tryptic digests from these spots were analyzed by MALDI-
TOF/MS, and representative mass spectra of these spots are
shown in Figure 6B. The data in Table 1 show that the spots
from each region corresponded to CK, muscle isoform (spots
100-102), and GAPDH (spots 131-133), which are con-
sistent with their theoretical pI and molecular weight.

To evaluate whether the changes observed in BisANS
incorporation of CK and GAPDH translated into changes in
function, the activities of these two enzymes were measured.
As shown in Figure 7, the activities of both CK and GAPDH
enzymes were reduced in response to oxidative stress.
However, GAPDH was more sensitive than CK; e.g., the
activity of GAPDH was abolished at iron/ascorbate concen-
trations above 1µM iron/0.25 mM ascorbate (inset of Figure
7A), while the activity of CK remained unchanged until
higher level of oxidative stress (5µM iron/1.25 mM
ascorbate).

Detection of Conformationally Altered Proteins in
DenerVated Skeletal Muscle using BisANS.We next deter-
mined if BisANS photoincorporation could detect changes
in surface hydrophobicity of proteinsin ViVo after an
oxidative stress. In these experiments, we used sciatic nerve
denervation (as described in the Experimental Procedures)
to generate oxidative stress in the skeletal muscle of mice.
To confirm whether sciatic nerve denervation induces
oxidative stress to skeletal muscle, we measured the release
of hydrogen peroxide from isolated mitochondria fluoro-

FIGURE 3: Detection of changes in surface hydrophobicity in cytosolic proteins from skeletal muscle after oxidative stress. Extracts of
cytosolic proteins (1 mg/mL) from mouse skeletal muscle were exposed to increasing concentrations of iron (0, 0.2, 0.4, 1.0, 2.0, 3.0, 4.0,
6.0, 8.0, 10, 20, and 40µM) and ascorbate (0, 0.05, 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 5, and 10 mM) for 1 h at 37°C followed by labeling
with 100µM BisANS and then SDS-PAGE. The fluorescence from BisANS and staining from Coomassie Blue in the gels was determined
as described in the Experimental Procedures. (A) Image of the gel showing the fluorescence from BisANS. (B) Image of the gel showing
Coomassie Blue stained protein labeled with BisANS. (C) BisANS fluorescence (F) and Coomassie Blue staining (C) in A and B were
quantified by densitometry as described in the Experimental Procedures, and the data are expressed as the average (n ) 3) change in
fluorescence intensity (∆F/C) of the untreated and treated sample( standard deviation. (*)p e 0.05 versus the control.

FIGURE 4: Screen of the skeletal muscle cytosolic proteome for
changes in surface hydrophobicity after oxidative stress. Cytosolic
extracts (1 mg/mL) from mouse skeletal muscle were exposed to
iron (0, 0.2, and 40µM) and ascorbate (0, 0.05, and 10 mM) for 1
h at 37°C followed by labeling with 100µM BisANS and then
2D gel electrophoresis. The fluorescence from BisANS and Sypro
Ruby on the gels was determined as described in the Experimental
Procedures. The 204 spots that were analyzed are circled in the
bottom left gel, and regions of interest are boxed, showing two
apparent pI variants indicated by A and B.
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metrically and found a marked increase in the release of
hydrogen peroxide (17-fold) from the denervated muscle
compared to control muscle tissue (data not shown). To

determine whether proteins from denervated skeletal muscle
show changes in surface hydrophobicity, we labeled cytosolic
proteins from skeletal muscle of control and denervated mice

FIGURE 5: Quantification of changes in surface hydrophobicity in cytosolic proteins from skeletal muscle after oxidative stress. The data
in Figure 4 were used to calculate changes in BisANS/Sypro Ruby fluorescence after low (black bars) or high (white bars) oxidative stress.
The spots picked for MALDI-TOF/MS are indicated by arrows. Horizontal bars A and B indicate spots included in the two pI variants
indicated in Figure 4.

FIGURE 6: Identification of two skeletal muscle proteins showing changes in surface hydrophobicity after oxidative stress. (A) Enlargement
of the region of the gels from Figure 4 showing the six spots (pI variant A, spots 100-102; and pI variant B, spots 131-133) that were
taken for identification by MALDI-TOF/MS. (B) Representative spectra from pI variant A (top) and pI variant B (bottom) are shown. The
arrows indicate the monoisotopic peaks of the matched peptides based on the mascot search.

Table 1: MALDI-TOF/MS Identification Summary

spot number ID Mr,calcd pIcalcd peptides searched peptides matched percent coverage (%) expect Mowse score

100 CK, muscle 43 018 6.58 20 13 33 2.6e-11 155
101 CK, muscle 43 018 6.58 27 10 29 2.2e-05 96
102 CK, muscle 43 018 6.58 35 16 49 6.6e-12 161
131 GAPDH 35 751 7.59 36 14 49 4.2e-09 133
132 GAPDH 35 751 7.59 51 16 51 2.1e-06 106
133 GAPDH 35 751 7.59 44 13 43 1.3e-06 108
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with BisANS, and the separation of proteins by 1D and 2D
electrophoresis is shown in Figure 8. The 1D gels (Figure
8A) show a marked loss of incorporation of BisANS to two
major protein bands in the region of CK and GAPDH. Upon
2D gel electrophoresis (Figure 8B), we also observed a major
decrease in BisANS binding in the denervated skeletal
muscle to the two pI variants previously identified as CK
and GAPDH in thein Vitro oxidative stress experiments
(boxed). A slight decrease in Sypro Ruby staining can be
observed in these two regions (Figure 8C); however, the ratio
of BisANS/Sypro Ruby fluorescence decreased by 22 and
14% for CK and GAPDH compared to the control, respec-
tively (data not shown). In addition, we measured the
activities of CK and GAPDH in the control and denervated
skeletal muscle from mice and observed that the activities

of these two proteins decrease by more than 40% after
denervation (data not shown).

DISCUSSION

Proteomics is becoming a powerful tool to screen the
proteome of cells and tissues for changes in the expression
of proteins. In addition to levels of expression, methods have
also been developed to screen the proteome for post-
translational modifications to proteins, e.g., phosphorylation
(30), glycosylation (31), and oxidative modification (32, 33).
Post-translational modifications are important because they
have been shown to alter the function/activity of proteins
(34, 35) and often lead to an alteration of the protein structure
(5). Because changes in the conformation of proteins can
have a profound effect on the protein function, we were
interested in developing an assay that would allow us to
screen the proteome of a cell or tissue for changes in the
conformation of specific proteins. We focused on surface
hydrophobicity as a measure of protein conformation for two
reasons. First, changes in surface hydrophobicity are often
associated with deficits in protein function or aggregation,
and second, the binding of the ANS compounds to proteins
is a well-established assay for measuring the changes in
surface hydrophobicity of purified proteinsin Vitro (36).

In this study, we took advantage of the ability of BisANS
to covalently bind to the protein that it has interacted with
after UV irradiation (19) and determined the relative amount
of BisANS bound to specific proteins after gel electrophore-
sis. Using the mitochondrial matrix protein rhodanese as a
model, we demonstrated that our assay was able to detect
changes in surface hydrophobicity after treatment with urea.
It is known that rhodanese adopts a molten globule form
without aggregating after treatment with denaturants such
as urea (37), which is associated with increased affinity to
hydrophobic probes because of the exposure of more
hydrophobic sites on its surface (38). As predicted, we
observed an increase in BisANS incorporation in rhodanese
following treatment with urea concentrations up to 2 M,
likely because of the transition to the molten globule form.
With concentrations of urea above 2 M, a loss of BisANS
incorporation into rhodanese was observed because of the
unfolding of ordered hydrophobic domains and destruction
of BisANS binding sites (39, 40).

Because changes in hydrophobic surfaces on proteins could
be a sensitive marker for monitoring the changes in the
protein structure (17, 41), we determined if our assay could
detect changes in the protein conformation caused by
oxidative damage. For example, surface hydrophobicity is
known to increase in rhodanese after chemical modification
or oxidation of cysteine residues critical for maintaining
rhodanese in a properly folded state (39, 40). We showed
that our assay was able to detect changes in the surface
hydrophobicity of rhodanese after oxidative stress. A small
increase in BisANS incorporation was observed at low levels
of oxidative stress; however, at high levels of oxidative stress,
a dramatic decrease in BisANS incorporation was observed
that correlated with aggregation and partial unfolding as
measured by light scattering and intrinsic tryptophan fluo-
rescence, respectively. These data are consistent with a
previous study by Horowitz and Criscimagna (18), showing
the induction of aggregation of rhodanese from oxidation-

FIGURE 7: Effect of oxidative stress on the activities of CK and
GAPDH. Cytosolic extracts from mouse skeletal muscle were
exposed to various concentrations of iron (0, 0.2, 0.4, 1.0, 2.0, 3.0,
4.0, 6.0, 8.0, 10, 20, and 40µM) and ascorbate (0, 0.05, 0.1, 0.25,
0.5, 0.75, 1, 1.5, 2, 2.5, 5, and 10 mM) for 1 h at 37°C, and the
activities of CK (b) and GAPDH (O) were measured as described
in the Experimental Procedures. The data are expressed as the
percent activity of the control (no oxidation) and represent the mean
( standard deviation obtained from three animals. (*)p e 0.05
versus the control.

FIGURE 8: Screen of the skeletal muscle cytosol for changes in
surface hydrophobicity after denervation. Cytosolic extracts from
gastrocnemius muscles from control and denervated mice (1 mg/
mL) were photolabeled with BisANS (100µM), and the proteins
were separated by 1D or 2D gel electrophoresis as described in
the Experimental Procedures. (A) Image of the 1D gel showing
the fluorescence from BisANS and Coomassie Blue staining. (B)
Image of 2D gels showing the fluorescence from BisANS and Sypro
Ruby. (C) Enlarged regions of the 2D gels shown boxed in B. Gels
are representative of cytosolic extract pooled from two mice per
group.
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induced partial exposure of the surface hydrophobic domain.
Therefore, our studies with a model protein, rhodanese,
showed that our assay using photoincorporation of BisANS
can detect changes in surface hydrophobicity that occurin
Vitro.

We tested the ability of our system to screen a mixture of
proteins for changes in surface hydrophobicity by exposing
the cytosolic proteins from skeletal muscle to various levels
of oxidative stress. The changes in levels of incorporation
of BisANS to skeletal muscle proteins with increasing
oxidative stress was similar to that observed for rhodanese;
e.g., at low levels of stress, a small increase in BisANS
incorporation was observed, but at high levels of stress, a
dramatic decrease in BisANS incorporation occurred. Using
2D gel electrophoresis, we determined the effect of oxidative
stress on the incorporation of BisANS into over 200 cytosolic
proteins in the skeletal muscle extracts. The effect of
oxidative stress on BisANS incorporation and, therefore,
surface hydrophobicity varied greatly from protein to protein,
demonstrating the power of our assay to screen the proteome
for changes in conformation. Some proteins showed very
little change in BisANS incorporation in response to oxida-
tive stress, while others proteins showed a dramatic alteration
in BisANS incorporation. We identified two major skeletal
muscle proteins that showed a large decrease in BisANS
incorporation after high oxidative stress. These proteins are
CK and GAPDH, which play an important role in energy
homeostasis and metabolism in cells, respectively. CK
maintains a “high-energy phosphate buffer” by catalyzing
the reversible phosphorylation of creatine to phosphocreatine
using adenosine triphosphate, while GAPDH is important
in glycolysis and converts glyceraldehyde-3-phosphate to 1,3-
bisphosphoglycerate. Thus, our data indicate that CK and
GAPDH show reduced surface hydrophobicity in response
to oxidative stress. To determine the functional significance
of the changes in surface hydrophobicity, we measured the
enzymatic activity of CK and GAPDH in the skeletal muscle
extracts after exposure to oxidative stress. We observed that
the activities of CK and GAPDH enzyme activity were lost
after exposure to oxidative stress, which has been described
previously (42, 43).

Our long-range goal is to use the photoincorporation of
BisANS to screen the proteome of cells/tissues for changes
in surface hydrophobicityin ViVo during normal and patho-
logical processes. Therefore, we used our assay to screen
cytosolic proteins of skeletal muscle from mice before and
after denervation, a procedure that induces oxidative stress
in skeletal musclein ViVo. We observed that BisANS
incorporation to CK and GAPDH was dramatically reduced
in skeletal muscle from denervated mice and that this reduced
BisANS incorporation correlated with decreased enzymatic
activity. Thus, oxidative stressin Vitro and in ViVo resulted
in a decrease in surface hydrophobicity in CK and GAPDH,
and this decrease in surface hydrophobicity has functional
consequences. It is known that GAPDH utilizes a highly
reactive cysteine in its active site and that oxidation of this
cysteinein Vitro by hydrogen peroxide can lead to alterations
in quaternary structure (43, 44). However, it is still unknown
whether oxidation of cysteine 149 alone is sufficient to
induce conformational changes that can be reported by
BisANS. CK contains thiols in the active site of the enzyme
as well (45), and conformational changes because of cysteine

oxidation have been reported (46). However, differences in
structural stability may explain the differential sensitivity
observed with respect to enzyme activity and changes in
conformation.

In summary, we have developed an assay that will allow
investigators to screen the proteome of a cell/tissue for
changes in surface hydrophobicity. Although assays have
been developed to screen the proteome for changes in the
levels of proteins or changes in post-translational modifica-
tion, this is the first assay that will allow investigators to
screen the proteome for changes in conformation. We believe
that this assay will be a powerful tool that investigators can
use in identifying potential protein targets that are involved
in the molecular mechanism(s) underlying the progression
of various pathological conditions because changes in
exposure of hydrophobic domains on the surface of proteins
often correlate with changes in protein function (17, 40).
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