
Abstract. Background: Resveratrol shows chemopreventive and
other biological affects in in vitro and some animal studies. The
bioactivities of resveratrol may be attributed to qualitative and
quantitative differences in its cell-type-specific interaction and
binding with its cellular targets, denoted as resveratrol targeting
proteins (RTPs). Materials and Methods: To isolate RTPs,
resveratrol was linked to epoxy-activated agarose generating an
affinity platform to allow the isolation, purification, and
characterization of distinct RTPs from cultured prostate cancer
cell extracts. Results: Glutathione sulfotransferase- (GSTP1)
and estrogen receptor-‚ (ER-‚) were found to be new RTPs.
Resveratrol affinity chromatography was shown to be an easy
method for analyzing resveratrol-responsive protein changes in
the androgen-dependent LNCaP cells. Conclusion: Resveratrol
affects cellular functions at multiple levels, ranging from
interaction with detoxification enzymes, such as GSTP1 and
transcription by targeting factors such as ER-‚.

The demonstration by Doll and Peto in 1981 linking diet and
nutrition with causation and prevention of carcinogenesis (1)
has prompted efforts to identify diet-based chemopreventive
agents. The recent focus has been on dietary polyphenols (2,
3), particularly in regard to their mechanism of action and
also the identification of cellular targets that may mediate
their bioactivities (4-9). 

Resveratrol is a grape-derived polyphenol with chemo-
preventive and other biological properties. Pezzuto and
coworkers have reported that trans-resveratrol inhibited the

initiation and promotion of hydrocarbon-induced skin
cancer in mice, and the progression of breast cancer in the
same species (10). Our own and other studies have shown
that resveratrol displayed anti-prostate cancer (CaP) activity
via the suppression of cell proliferation, induction of
apoptosis, and inhibition of prostate specific antigen (PSA)
and androgen receptor (AR) expression in androgen-
dependent and hormone refractory CaP cells (11-17). 

Resveratrol may exert its anti-CaP effects by binding and
interacting with cellular proteins, denoted as resveratrol
targeting proteins (RTPs). We have designed a ligand-specific
bioaffinity strategy whereby resveratrol was appended to
epoxy-activated agarose, creating a platform that captures
RTPs for further purification and characterization. This
approach has identified quinone reductase 2 (QR2) as a
distinct RTP (7, 9). Using the same strategy, cell extracts
from different stage CaP cells were investigated and the use
of this approach to analyze resveratrol-responsive protein
changes in LNCaP cells was also explored. 

Materials and Methods

Materials. Epoxy-activated agarose resin and resveratrol were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Resveratrol was dissolved in dimethyl sulfoxide (DMSO) as a 12.5
mM stock solution and kept in aliquots at –20ÆC.

Cell culture. The LNCaP, CWR22Rv1, PC-3, and DU145 CaP cells
representing different stages of CaP were obtained from the
American Type Culture Collection (Rockville, MD, USA) and
cultured as described previously (7, 11). 

Preparation of resveratrol affinity column. Resveratrol was immobilized
on epoxy-activated agarose as described previously (7). 

Fractionation of cytoplasmic extracts on resveratrol affinity columns.
Cytoplasmic extracts from the cultured cells were prepared and
fractionated on resveratrol or control columns, as follows. Non-
specifically bound proteins were first removed by washing the
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column with lysis buffer containing 10 mM Hepes, pH 7.5, 90 mM
KCl, 1.5 mM magnesium acetate Mg(OAc)2, 1 mM dithiothreitol
(DTT), 0.5% detergent NP-40, 5% glycerol, 10 Ìl/ml of the
protease inhibitor cocktail purchased from Sigma Chemical Co (St.
Louis, Mo, USA). The column was sequentially eluted with lysis
buffer containing 0.35 M and then 1.0 M NaCl to remove proteins
with low affinity for resveratrol. Buffer containing 1 mM ATP was
then applied to the columns as a more stringent condition that
presumably displaces proteins with higher affinity for resveratrol.
Finally, a 1-2 mM resveratrol solution was applied to quantitatively
elute proteins avidly bound to the affinity matrix as detailed
previously (7). For each condition, the column was eluted 5 times
consecutively, with 0.5 ml buffer containing the specified eluant.
Controls consisted of mock-treated (immobilization procedure
performed on epoxy-activated agarose without addition of
resveratrol) or tyrosine-linked column (immobilization on epoxy-
activated agarose using tyrosine instead of resveratrol as the
ligand). The specificity of protein binding to the affinity resin was
assessed by competition, that is by mixing extracts with 1 mM
resveratrol prior to fractionation. The proteins displaced using the
different elution conditions were concentrated by precipitation
using methanol-chloroform-water (18), separated on 10% SDS-
PAGE and visualized by silver staining as described previously (7). 

Identification of RTP-20 from fractionated PC-3 cell extracts by
resveratrol affinity chromatography and nano-HPLC-MS/MS. The
silver stained band in the resveratrol eluted fraction from the PC-3
cells identified as RTP-20 (see Figure 1A) was excised from the
SDS-polyacrylamide gels and completely destained. The gel was
treated with 10 mM dithiothreitol in 0.1 M ammonium biocarbonate
to reduce the protein. The free cysteine residues were alkylated with
freshly prepared 55 mM iodoacetamide dissolved in 0.1 M
ammonium bicarbonate buffer. Next, the gel was digested for 16 h
at 37ÆC with agitation by the addition of 25 ng.Ìl–1 Sequence Grade
Modified Trypsin (Promega Co., Madison, WI, USA) in ammonium
biocarbonate buffer. The digested products were analyzed using
nano-liquid chromatography with tandem mass spectrometry (nano-
LC-MS/MS). In this method, each trypsin digestion product was
first separated and purified by gradient elution with a Dionex
capillary/nano-high performance liquid chromatography (HPLC)
system (Dionex Corporation, Sunnyvale, CA, USA). The HPLC
system consisted of a Dionex Ultimate HPLC pump with Nanoflow
Setup, a C18 reverse phase capillary HPLC column and a Dionex
Famos autosampler, directly connected to the electrospray source.
The peptide mixtures were separated on a self made 15 cm x 75
micron internal diameter reversed-phase C18 column using a 40
min linear gradient of 5-55% acetonitrile in 0.1% formic acid and at
a flow rate of 200 nanoL/min. The mass spectra were acquired using
a Finnigan LTQ mass spectrometer (Thermo-Fisher, Waltham, MA,
USA). The MS/MS spectra were analyzed by a thorough search of
the genomic databases using the MASCOT search algorithm
(Matrix Science Inc., Boston, MA, USA).

Analysis of control and resveratrol-treated LNCaP cell extracts
fractionated by resveratrol affinity chromatography. The LNCaP cells
were cultured for 2 days with or without 25 ÌM resveratrol.
Cytoplasmic extracts were prepared and fractionated and the salt,
ATP and resveratrol eluted fractions were concentrated, separated
on SDS-PAGE and evaluated for the presence of AR, PSA, QR1,
QR2, and estrogen receptor-‚ (ER-‚) by Western blot analysis. 

Western blot analysis. The expression of specific proteins in the
eluted fractions in untreated and resveratrol-treated LNCaP cells
and PC-3 cell extracts with and without prior competition with
resveratrol was determined by Western blot analysis using the
appropriate monoclonal or polyclonal antibodies. As control, the
presence of QR2 in various eluted fractions was similarly assayed
by Western blot analysis. Enhanced chemiluminescence or color
reaction was used to show immunoreactivity (7, 11). The
immunoreactive bands were scanned and the mean density of
each band was quantified using the ImageJ program (NIH,
Bethesda, MD, USA). 

Results

Resveratrol affinity chromatography and mass spectrometry. As
noted previously (7), most proteins retained on the affinity
column were displaced using NaCl or ATP (data not
shown), while a few, distinct silver stained protein bands
typically were evident in the resveratrol eluates. This was
best exemplified by the 20- to 25-kD triplet in the PC-3 cells
(Figure 1A, lane 2). Interestingly, only the middle band,
corresponding to a previously identified RTP-22 or QR2 (7,
9), was completely prevented from binding by competition
with resveratrol while the binding affinity of the higher and
lower migrating bands (designated RTP-20) were little
affected by competition using resveratrol (Figure 1A,
compare lanes 2 and 3). The same fractionation and analysis
using the LNCaP cell extracts showed only two silver stained
protein bands in the resveratrol eluted fraction, with the
RTP-20 conspicuously absent (data not shown). This
notable difference between the LNCaP and PC-3 cells
prompted us to further characterize RTP-20. The database
search of the MS/MS spectra obtained resulted in the
identification of RTP-20 as glutathione sulfotransferase-
(GSTP1) (Figure 1B and 1C). 

Western blot analysis showed that while GSTP1 was below
detection in the LNCaP cells, it was robustly present in the
PC-3 cells, and more modestly and weakly expressed in the
CWR22Rv1 and DU145 cells (Figure 1D), which coincided
with the respective absence and relative abundance of RTP-
20 (data not shown). As reported previously, the DU145 and
PC-3 CaP cell lines show expression of GSTP1 while the
LNCaP cells are devoid of GSTP1 (22).

Binding and elution of GSTP1 and QR2 on resveratrol affinity
columns. Analysis of GSTP1 in fractionated PC-3 cell
extracts showed that only about 20% of GSTP1 was retained
on the column, while the majority of GSTP1 was found to
remain in the unbound lysate. However, the column-bound
GSTP1 seemed refractory to elution by NaCl and ATP, and
was only displaced from the affinity column by resveratrol
(Figure 2). When the resveratrol-competed cell extract was
fractionated on the affinity column, a different elution
profile was obtained. Namely, small but detectable GSTP1
was continuously eluted by NaCl and ATP, followed by
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more abundant GSTP1 eluted by the resveratrol. This
binding and elution behavior differed strikingly from the
quantitative retention of QR2 on the affinity column and its
elution by resveratrol (Figure 2) and persisted even when
the lysate to affinity resin ratio was altered (data now
shown). As expected, the binding of QR2 to the affinity
matrix was completely prevented by competition with
resveratrol (Figure 2). 

Resveratrol affinity chromatography for analyzing protein level
changes in response to treatment with resveratrol. The use of
resveratrol affinity chromatography to investigate
resveratrol-responsive protein level changes was tested. The

lysates from the LNCaP cells, with or without resveratrol
treatment, were separately applied to the resveratrol affinity
column. The fractions eluted with increasing NaCl, ATP,
and resveratrol were analyzed by Western blot for the
presence and expression of AR, PSA, QR1, QR2, and ER-
‚ (Figure 3). In the untreated cells, no binding of AR, PSA
or QR1 to the affinity matrix was found. In contrast, QR2
was quantitatively retained, as was a fraction of the ER-‚,
which, curiously, was eluted by NaCl, ATP and resveratrol. 

In the resveratrol-treated cells, a 51% reduction in PSA,
matched by a 52% suppression in AR expression, were
observed. Treatment with resveratrol increased QR1 and
QR2 by 30% and ER-‚ by 10% (Figure 3A and 3B). The
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Figure 1. Binding of specific proteins from PC-3 cell extracts to immobilized resveratrol affinity columns and isolation of RTPs. A. Cell lysates fractionated
on control and resveratrol affinity columns eluted with NaCl, ATP and resveratrol. Lanes 1-3 show silver stained protein profiles of the resveratrol eluted
fraction in control (lane 1) and affinity column with (lane 3) and without (lane 2) competition by resveratrol. Note, there was no evidence of competition
between RTP-20 and resveratrol. B. Identification of RTP-20 by tandem mass spectrometry. Six peptide sequences matched the MS/MS spectra, identifying
RTP-20 as glutathione sulfotransferase- (GSTP1). C. A spectrum obtained by tandem MS/MS spectrometry of one of the six peptides listed in (B). D.
Differential GSTP1 expression in cell lines representing different stages of CaP, as assayed by Western blot analysis. AD: androgen dependent prostate
cancer; HRPC: hormone refractory prostate cancer.



ability of resveratrol to induce QR2 was accentuated using
the resveratrol affinity approach, since in the resveratrol
eluted fraction of the treated samples, a more pronounced
2-fold elevation of QR2 was evident compared to the
similarly fractionated untreated cell extract (Figure 3A).
Interestingly, in the fractionated resveratrol-treated cell
extracts, PSA (but not AR) and QR1 were detected in the
resveratrol eluted fraction. In regard to the specific
retention of ER-‚ on the affinity resin, only a small
percentage of the total available ER-‚ was retained. Again,
the elution profile was anomalous, a progressive and
continuous displacement from the resin occurred with

elution by NaCl, ATP and resveratrol (Figure 3A and 3B). 
For each of the proteins, the ratio of unbound to total

expression (U/T) was also determined (Figure 3C). For
the AR, PSA, and QR1 the U/T ratio between control and
treated cells was similar, supporting the observation that
there was little to no retention of these proteins on the
resveratrol affinity column. However, for QR2, whose
total expression increased 30% by resveratrol, a ~30%
decrease in U/T ratio was found in the treated cells,
confirming the specificity of the affinity column for
retaining and concentrating QR2. The U/T ratio for ER-
‚ in the resveratrol-treated cells also showed a decrease,
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Figure 2. Elution profile of GSTP1 and QR2 in PC-3 cell extracts, with and without prior competition by resveratrol fractionated on resveratrol affinity
column. A. Presence of GSTP1 and QR2 in unfractionated, unbound, 0.35 M, 1.0 M NaCl, 1 mM ATP, and 1 mM resveratrol eluted fractions determined
by Western blot analysis. B. The immunoreactive GSTP1 and QR2 bands were scanned and the mean density of each band was quantified using the
ImageJ program from NIH. 



similar to that observed for QR2 and consistent with the
observation that more ER-‚ became bound to the affinity
column, as evident by the ~60% increase in ER-‚ eluted
with 0.35 M NaCl. 

Discussion

Cellular responses to resveratrol show a large effective dose
range, some cells respond at sub-ÌM doses (28, 29), while
others require logarithmically higher concentrations for
efficacy (30, 31). The qualitative and quantitative
differences in type and level of RTPs, expressed
constitutively and regulated by cellular challenges including
chemopreventive agents, might provide a plausible
explanation for the broad concentration dependence and

diverse bioactivities resveratrol shows in different cells and
tissues (7). Using a biospecific affinity approach, QR2 (7),
GSTP1 (Figures 1 and 2), and ER-‚ (Figure 3) have been
identified as RTPs. Contrary to the tight binding observed
with QR2, binding of GSTP1 and ER-‚ to the affinity
column appears to be weak and heterogeneous, in part
supported by the apparent lack of competition of GSTP1 by
resveratrol in the PC-3 cell extracts (Figure 1A, lane 3).
Preliminary studies suggested that Nrf2 can also bind to a
resveratrol affinity column (data not shown). Studies by
Davies and coworkers have reported that integrin ·V‚3 is
a plasma associated target of resveratrol (8). Taken
together, these findings provide evidence supporting the
notion that resveratrol affects cellular functions at multiple
levels, ranging from events at the plasma membrane, to
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Figure 3. Analysis of protein level changes in response to treatment with resveratrol by resveratrol affinity chromatography. A. Lysates from control and
25 ÌM resveratrol treated LNCaP cells eluted with NaCl, ATP and 1 mM resveratrol and determined by Western blot analysis. AR: androgen receptor;
PSA: prostate specific antigen; QR1, QR2: quinone reductase 1, 2; ER-‚: estrogen receptor-‚. B. Quantified (in arbitrary units) proteins indicated in
panel A. C. The unbound/total (U/T) ratio for the proteins indicated in panel A calculated using arbitrary units. 



interaction with detoxification enzymes, such as QR2 and
GSTP1, and transcription by targeting factors, such as, ER-
‚ and Nrf2 (Figure 4).

The demonstration that GSTP1 is a RTP may be significant
in several respects. First, the GSTs, well-known for their
established role in metabolizing xenobiotics and conferring

protection against chemicals with procarcinogenic potential,
are also involved in the detoxification of reactive oxygen
species and thus may well contribute to the maintenance of a
redox cellular state (32). Enzymatically, GSTP1 appears to
have the highest activity for detoxifying carcinogens (33). Both
GSTP1 and GST-· have been clinically correlated with cancer
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Figure 4. Identity, cellular location, and functions of RTPs. Results from this report and previous studies (7-9) support the hypothesis that resveratrol
affects cellular functions at multiple levels, from events at the membrane, to targeting detoxification enzymes QR2 and GSTP1 and modulation of
transcription via interaction with ER-‚ and Nrf2.



and liver and kidney diseases, while epidemiological studies
have linked the polymorphic expression of GSTs with cancer
incidence and prognosis (33). Secondly, GST enzymes
reportedly can sequester signaling kinases which have an
integral though distal role in the control of cell proliferation.
For example, GSTP1 physically associates with Jun-JNK (JNK
is the c-jun N-terminal kinase capable of phosphorylating and
activating the transcription factor c-Jun), resulting in the
inhibition of JNK activity (34). Of note, GSTs also actively
control post-translational glutathionylation reactions (35).
Lastly, human CaP tissue is characterized by a frequent loss
of GSTP1 owing to transcriptional silencing via
hypermethylation of CG islands in its gene promoter, in high-
grade prostatic intraepithelial neoplasia (PIN) and prostate
carcinomas (19-21). The absence of GSTP1 may result in less
efficient removal of potentially genotoxic compounds, thereby
increasing the risk of somatic mutations and tumor
transformation. The demonstration that GSTP1 can bind
resveratrol may affect the stability of GSTP1, potentially
negating some of the adverse consequences associated with
the epigenetically driven diminution of GSTP1 activity and
function and contributing to the chemopreventive activity of
resveratrol in CaP. Whether the stability of QR2 and GSTP1
may be affected by binding to resveratrol is under current
investigation in our laboratory.

Some preliminary applications of the resveratrol affinity
chromatography approach were also tested in the present
study. Conceivably, the affinity platform may enable the
identification and profiling of protein level changes elicited
in response to treatment with resveratrol. Therefore, the
resveratrol-responsive protein expression was tested by
analyzing changes in LNCaP cells. Binding of ER-‚ to the
affinity column was not unexpected since resveratrol has been
reported to interact with ER, evident by its ability to compete
for ER binding in MCF-7 cell extracts and further reinforced
by its dose-dependent activation of an estrogen response
element driven luciferase reporter gene activity (23-26). A
most interesting aspect of these experiments was the U/T
ratio analysis for ER-‚ since, similarly to the observations for
QR2, the U/T ratio showed a decrease in the treated cells.
This ratio change suggested that more ER-‚ became bound
to the affinity column, which was supported by the ~60%
increase in ER-‚ eluted with 0.35 M NaCl (Figure 3A). It is
tempting to suggest that analysis of the U/T ratio might be
indicative of resveratrol-responsiveness for a given protein in
terms of its binding to this grape-derived polyphenol, as
manifested by retention on the resveratrol affinity column.
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