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1,2,3,4,6-Penta-0-galloyl-B-p-glucose (PGG) inhibits glioma cancer U251 cells, more strongly than MDA-
MB-231 and U87 cells. In addition, PGG is transported across cancer cell membrane to further down-reg-
ulate FAS and activate caspase-3 in MDA-MB-231 cells. Compared with other FAS inhibitors, including
catechin gallate and morin, PGG involves a higher reversible fast-binding inhibition with half-inhibitory
concentration value (ICso) of 1.16 uM and an irreversible slow-binding inhibition, i.e. saturation kinetics
with a dissociation constant of 0.59 tM and a limiting rate constant of 0.16 min'. The major reacting site
of PGG is on the B-ketoacyl reduction domain of FAS. PGG exhibits different types of inhibitions against
the three substrates in the FAS overall reaction. The higher concentrations of PGG tested (higher than
20 uM) clearly altered the secondary structure of FAS by increasing the o-helix and induced a redshift
in the FAS spectra. In addition, only PGG concentrations higher than 20 pM resulted in FAS precipitation.
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1. Introduction

Fatty acid synthase (FAS; EC 2.3.1.85) is highly expressed in
certain human cancers [1,2] and is a potential target for cancer
therapy [3,4]. The expression of FAS has been correlated with
tumour metastasis [5,6] and has been found to have prognostic sig-
nificance [7]. FAS inhibitors, both natural products and synthetic
compounds, are receiving increasing attention due to their signifi-
cant biological functions [8]. C75 is a synthetic FAS inhibitor with
an ICsp of 58.7 uM for the FAS overall reaction [9]. However, the
use of C75 in vivo is limited by its side effects, e.g., anorexia and
body weight loss. Moreover, the inhibitors that are extracted from
plants exhibit more efficient inhibitory activities than C75; these
inhibitors have ICso values in the range of 2.33-26.1 uM [10-12].
We have shown that by inhibiting FAS the extracts from Acer leaves
significantly inhibit the growth of cancer cells [13,14]. To further
investigate the major bioactive constituent, we have isolated
1,2,3,4,6-penta-0-galloyl-beta-p-glucose (PGG) from Acer leaves
[15] and found that PGG inhibits FAS more effectively than all of
the other studied compounds [16].

Abbreviations: C, competitive inhibition; N, noncompetitive inhibition; U,
uncompetitive inhibition.
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PGG (Fig. 1A) is one of the gallotannins that are generally found
in various plants. It is noteworthy that a series of recent publica-
tions have demonstrated that PGG exhibits biological activities,
including antibacterial activity [17], antiviral activity [18],
anti-diabetes activity [19], anti-allergic activity [20] and in vivo
anti-cancer efficacy [21-23]. However, because PGG is a hydrolysa-
ble tannin and its absorption and metabolism are not well eluci-
dated, PGG is hypothesised to change into other metabolites and
plays various roles in the plasma. A recent vital report showed that
plasma PGG concentrations were approximately 3-4 uM in mouse
[24]. The following pivotal questions in the field are whether PGG
is transported across the membranes of cancer cells and whether
its anti-tumour action is related to changes in the expression of
the dominating protein in cancer cells.

In the present study, we evaluated the PGG-induced inhibition
of FAS expression in breast and glioma cancer cells to determine
whether PGG can be transported across cancer cells and whether
PGG can change the expression of the dominating protein to influ-
ence apoptosis in cancer cells. The inhibitory effect of PGG on FAS,
as well as the conformational changes in and the protein precipita-
tion of FAS induced by PGG, were also investigated.

2. Materials and methods
2.1. Cell culture

The reagents were purchased from Gibco BRL. The human
breast cancer MDA-MB-231 cells were maintained in RPMI 1640
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Fig. 1. Effect of PGG on cell viability and FAS expression in cancer cells. (A) Chemical structure of PGG. (B) The ICso of PGG in U251 cells (2.5 pM) was tenfold lower than that
(25 uM) in MDA-MB-231 and U87 cells. (C) Effect of PGG on FAS protein expression in MDA-MB-231 cells. After a 48-h incubation, the cells were treated with vehicle, 10 pM
of PGG or 10 uM CG for 24 h. (D) Effect of PGG on caspase-3 in MDA-MB-231 cells with or without siFAS. The cells were treated with vehicle, 10 and 20 pM of PGG for 24 h and

then harvested. All of the experiments were performed in triplicate.

medium containing 10% foetal bovine serum at 37 °C with 5% CO,,
whereas the glioma cancer U87 and U251 cells were maintained in
DMEM medium under the same conditions.

2.2. Cell viability assay and caspase activity assay

The cancer cells were seeded in 96-well plates, and the cell via-
bility was assayed with MTT method. Caspase-3 activity was mea-
sured according to the standard procedure of the caspase-3 activity
assay Kkit.

2.3. Detection of PGG transport across cancer cells by MS spectra

After the MDA-MB-231cells were incubated with PGG for
3 days, the cells were extracted using the following procedure.
The cells were grown in 75-cm? culture flasks, washed 3 times
and then scraped into a tube containing 1 ml of ethyl acetate with
1% acetic acid. The tube was then shaken vigorously for 10 min and
centrifuged at 5000 rpm for 5 min. A second extraction was per-
formed by adding 1 ml of ethyl acetate to the tube containing
the cells; the tube was then shaken for an additional 10 min and
centrifuged again. The combined supernatant was dried through
a Speedvac at 40 °C. The residue was dissolved in 200 pl of a solu-
tion composed of 50% methanol, 1% acetic acid water and 0.01%
ascorbic acid and vortexed for 5 min. The solution was centrifuged
at 16,000g for 10 min and filtered through a 0.45-um filter. The
supernatant was transferred to detect the formula weight using
the MS spectra.

2.4. Western blotting

The MDA-MB-231 cells were treated with or without 10 pM
PGG or 10 uM CG. The following antibodies were used: primary

monoclonal antibody to FAS (1:2000 dilution; BD Transduction
Laboratories) and anti-mouse IgG secondary antibody (1:2000
dilution).

2.5. Preparation and inhibition measurement of FAS

The purification and the inhibition assay of FAS were performed
using previously described methods [13].

2.6. Measuring PGG-induced conformational change of FAS

The fluorescence emission spectra were measured using a Shi-
madzu RF-5301 fluorescence spectrophotometer with an excita-
tion wavelength of 280 nm at 37 °C. The circular dichromism
spectra were recorded on a Jasco 500C spectropolarimeter at 37 °C.

2.7. Measurement of protein precipitation induced by PGG

See Supplementary materials.

3. Results

3.1. PGG inhibits U251 cells more strongly than MDA-MB-231 and U87
cells

The effect of PGG on the growth of cancer cell was observed
using MDA-MB-231, U87, and U251 cells. The treatment of the
cells with serial dilutions of PGG in the range of 0.625-100 M re-
sulted in significant growth inhibition (Fig. 1B). In addition, the IC5q
of PGG for U251 cells was 2.5 uM, which is significantly lower than
the 1Csp (25 uM) for MDA-MB-231 and U87 cells.
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3.2. PGG inhibited FAS expression and activated caspase in MDA-MB-
231 cells

The Western blotting results (Fig. 1C) show that FAS expression
decreased significantly in both PGG-treated and the CG-treated
MDA-MB-231 cells. A 24-h incubation with PGG inhibited FAS
expression more strongly than a 24-h incubation with the same
concentration of CG. The cleaved caspase-3 levels were signifi-
cantly increased (Fig. 1D) suggested that the tumour cell killing
by PGG was via activation of caspase-3.

3.3. PGG is transported across cancer cell membranes

PGG is transported across the membranes of cancer cells and
plays a role in MDA-MB-231 cells. The structural identification of
PGG was performed using its MS spectra. The MS spectra of the
control cells that were not treated with PGG are shown in
Fig. 2A. The MS spectra of the PGG solution without cells (the
PGG control group), which are shown in Fig. 2B, exhibit an ESI-
MS m/z 0f 939.2 (M—1), and the MS spectra of the PGG-treated can-
cer cells, which are shown in Fig. 2C, exhibit an ESI-MS m/z of 939.5
(M-1).

3.4. Fast-binding inhibition of FAS by PGG

PGG exhibited a concentration-dependent manner of the over-
all reaction of FAS, In addition, approximately 1.16 pM PGG inhib-
ited 50% of the activity of FAS, whereas 2.5 uM PGG inhibited 50%
of the acetoacetyl coenzyme A mediated reduction of FAS. In con-
trast, the inhibition of the enoyl reduction reaction was not clearly
detected (Fig. 3A).

The inhibitions of FAS by PGG was measured and compared
with that obtained with the same concentration of CG in the reac-
tion system (Fig. 3B). The pre-incubation of PGG or CG with FAS for
30 min resulted in noticeable inhibitory effects. However, PGG
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exhibited more inhibition against FAS, as indicated by the mea-
sured residual activity of FAS after the incubation. The residual
activities of FAS in cells treated with PGG and CG for 30 min were
32% and 21%, respectively, and the residual activities of FAS in cells
treated with PGG and CG for 180 min were 18% and 10%, respec-
tively (Fig. 3B).

The relevant kinetic mechanism for the inhibition of the overall
reaction of FAS by PGG was estimated by maintaining the concen-
tration of PGG at a set of fixed values and determining the effect
that an increase in the concentration of one of the substrates on
the initial reaction rate (Fig. 3C-F). The lineweaver-Burk plots of
the overall reaction show that PGG is a typical competitive inhibi-
tor of FAS against malonyl-CoA or NADPH. From the secondary plot
of the slopes of these lines the inhibition constants (K;) of 0.40 and
0.09 uM were obtained as a function of PGG concentration, respec-
tively (Fig. 3C and D). However, the lines for acetyl-CoA as a func-
tion of PGG have a point of intersection in the second quadrant,
which indicates that the type of inhibition was a mixture of com-
petitive and noncompetitive (K; = 0.43 puM, Fig. 3E). Moreover, the
Lineweaver-Burk plot of the inhibition of B-ketoacyl reduction of
FAS by PGG exhibited competitive inhibition against NADPH as
the variable substrate for the KR of FAS (Fig. 3F), which was uni-
form for the overall reaction of FAS.

3.5. Time-dependent inactivation of FAS activity by PGG

PGG exhibited the capability to inactivate FAS activity in a time-
dependent manner. The time courses of the inhibition of the over-
all reaction of FAS and the ketoacyl reduction reaction by 0.59 pM
PGG are shown in Fig. 3G. The time courses show two distinct pro-
cesses. The activity of FAS rapidly decreased by 40-50% in the first
3 min, this decrease was attributed to a fast and reversible binding
of the substrate to the enzyme. The subsequent continued decrease
in FAS activity appeared to be time-dependent and was irreversible
due to the slow binding of PGG. The semilogarithmic plot of the
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Fig. 2. ESI-MS of extracted MDA-MB-231 cells treated with PGG for 3 days. The following MS conditions were used: nitrogen gas 50 unit/min, spray voltage of 3.0 kV,
capillary temperature of 275 °C and negative mode. The spectra of the following samples are shown: (A) cells not treated with PGG, (B) PGG solution without cells and (C)

cells treated with PGG for 3 days.
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Fig. 3. Kinetic study of PGG on FAS. (A) Concentration-dependent inhibition of FAS by PGG: kinetics of the overall reaction (M), the ketoacyl reduction reaction (a), and the
enoyl reduction reaction (@) in the presence of PGG. The reaction system, which contains potassium phosphate buffer (0.1 M, pH 7.0), EDTA (1.0 mM), DTT (1.0 mM), acetyl-
CoA (3 pM), malonyl-CoA (10 pM), NADPH (32 uM), and FAS (20 pg/2.0 ml) was maintained at 37 °C, and the NADPH was monitored at 340 nm for 1.5 min. (B) Comparison of
the efficacy of the inhibition of FAS (1.9 uM) obtained with a 0.5- and 3.0-h incubation with PGG (1.25 uM) and CG (2.5 pM). The data are expressed as the mean * SD. (C)
Lineweaver-Burk plot of the inhibition of FAS by PGG. The concentrations of PGG in the overall reaction system were 0.00 M (4), 0.59 uM (@), 0.88 1M (4), and 1.17 pM (M).
The fixed concentrations of NADPH and acetyl-CoA were 32 and 2.5 uM, respectively. (D) The fixed concentrations of malonyl-CoA and acetyl-CoA were 10 and 2.5 uM,
respectively. (E) The fixed concentrations of NADPH and malonyl-CoA were 32 and 10 pM, respectively. (F) Lineweaver-Burk plot of the inhibition of the p-ketoacyl reduction
reaction of FAS by PGG. The fixed concentration of ethyl acetoacetate is 40 mM, and the fixed concentrations of acetyl-CoA and malonyl-CoA were 2.5 and 10 pM, respectively.
(G) Time course of the inhibition of the overall reaction (®) and the ketoacyl reduction reaction (a) in the presence of PGG. The insert shows the semilogarithmic plot of the
relative activity (In RA.) as a function of time. The FAS solution (0.60 uM) was mixed with PGG (0.59 uM), and aliquots were collected at the indicated time intervals to assay
the remaining activity. (H) Effect of the concentration of PGG on the apparent inactivation rate constant, kops. The concentration of FAS in the inactivation system was 2.1 uM,
and the plot shows the reciprocal of k.ps as a function of the reciprocal of the inhibitor (PGG) concentration.

relative activity (In R.A.) as a function of time (insert of Fig. 3G)
shows these two processes more clearly. This plot, which is first
concave and then linear, was used to determine the inactivation
rate constant (kops), which was equal to the fitted slope of the plots.
The kops values of the inactivation of the overall reaction and the
ketoacyl reduction reaction by PGG were 0.0083 and 0.0062 min~',
respectively. It was shown that the rate of inactivation of the
overall reaction was approximately 1.2-fold higher than that of
the ketoacyl reduction reaction. The concentration-dependent plot
of kops as a function of the concentration of PGG is shown in Fig. 3H.
The hyperbola demonstrated the two-step reaction sequence for
affinity labelling. First, PGG reversibly associates with the enzyme
to form an enzyme-inhibitor complex (E-I). This complex then
undergoes an irreversible chemical modification. K; is the apparent
half-saturation constant, which is the dissociation constant of E-I,
where k (the first-order rate constant) is rate-limiting. The recipro-
cal of the plot of 1/k.,s as a function of 1/[PGG] is linear, and a Kj
value of 0.59 uM and a k value of 0.16 min~' were calculated from
Fig. 3H.

3.6. FAS conformational changes induced by PGG

The CD spectra of the enzyme in different concentrations of PGG
are shown in Fig. 4A. The lower concentrations (less than 10 pM) of
PGG appreciably affect the secondary structure of FAS, and 10 uM
PGG exhibited the most ability to affect the secondary structure.
The higher concentrations (higher than 20 uM) of PGG clearly
change the secondary structure of FAS by increasing the o-helix
of FAS. A concentration of PGG between 10 and 20 pM slightly in-
creased the o-helix.

Fig. 4B-D shows the fluorescence emission spectra of FAS with
PGG at different concentrations. Although the peak value did not
change with different concentrations of PGG, increasing concentra-
tions of PGG decreased the fluorescence emission to its minimum,
which was obtained with 30 uM PGG. A slight redshift was ob-
served when the concentration of PGG was higher than 20 pM,
and the synchronous fluorescence spectra show the same results.

4. Discussion

By being transported across membrane, PGG targets FAS, down-
regulates the expression of FAS, inhibits the overall reaction and
the ketoacyl reduction of FAS, and consequently cures cancer.
Low concentrations (less than 20 pM) of PGG cannot induce con-
formational changes nor the precipitation of FAS.

In vivo PGG exhibits anti-cancer effects through various mecha-
nisms, including pro-apoptosis, anti-proliferation, anti-angiogene-
sis, anti-metastasis, decrease of pSTAT3 and pJAK1, induction of
SHP1 expression, down-regulation of cyclo-oxygenase-2 and VEGF
as well as the inhibition of P-glycoprotein and DNA polymerases
[23-26]. The glioma cancer cell lines U251 and U87 and the breast
cancer cell line MDA-MB-231 express these higher concentrations
of FAS [2,3]. It is noteworthy that, of these three cell lines, U251
cells express the highest FAS concentration [2]. We found that
PGG inhibits U251 cells more strongly than MDA-MB-231 and
U87 cells, which express lower concentrations of FAS than U251
cells. This finding initially demonstrates that PGG can be used to
target FAS in cancer therapy. FAS down-regulation and caspase-3
activation were observed in PGG treated MDA-MB-231 cells, fur-
ther suggesting PGG targets FAS in cancer cells. The speciality of
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fluorescence spectra (A =15 nm) obtained with /ex =220 nm and T=310K.

PGG being transported across cancer cell membrane is consistent
with previously reported finding that PGG can be transported
across the membrane of Caco-2 cells [27].

The ICso of PGG on the overall reaction of FAS is 1.16 uM
(Fig. 3A) and lower than that of the previously identified inhibitors
such as morin (2.33 uM [8]) and catechin gallate (CG, 3.4 uM [10]),
indicating that PGG may exhibit higher effectiveness compared
with the previously identified inhibitors. The comparison results
shown in Fig. 3B, which demonstrate that PGG exhibits a stronger
inhibition against FAS compared with CG, further support the con-
clusion that PGG is the most effective inhibitor found to date. The
fact that the core structure of PGG contains a galloyl structure is
consistent with a report that found that the galloyl moiety is a crit-
ical structural feature for the inhibition of FAS [28]. PGG rapidly
associates with FAS to exhibit fast-binding inhibition and then irre-
versibly inactivates FAS until the enzyme loses all of its activity.
The inhibition by PGG exhibits the saturation kinetics behaviour
typical of affinity labelling. Of note, the inhibitory characteristics
of PGG were different from those of CG and morin (see Table 1).
CG inhibits FAS competitively against acetyl-CoA. Morin inhibits
the FAS overall reaction competitively against acetyl-CoA, noncom-
petitively against malonyl-CoA, and in a mixed competitive and
noncompetitive manner against NADPH [28]. In contrast, PGG acts
as a competitive inhibitor of FAS against malonyl-CoA and NADPH.
This feature makes PGG a novel and potent inhibitor of FAS, which

Table 1
Inhibition type and inhibition constants for the overall reaction of FAS obtained with
PGG, CG and Morin.

Substrate PGG CcG'° Morin?®

Type  Ki(uM)  Type  Ki(pM)  Type  K;(uM)
Acetyl-CoA C+N 0.43 C 0.49 C 3.57
Malonyl-CoA C 0.40 N 0.92 N 2.46
NADPH C 0.09 C+N 1.87 C+N 2.05

will prove helpful for the achievement of a cooperative effect
between the components of the FAS reaction and thus deserves
further in-depth study. Because FAS has been found to be a poten-
tial target for cancer therapy, the cooperative inhibition between
PGG and other inhibitors, such as morin and CG, may improve
cancer therapies in the future.

At a concentration of less than 10 pM PGG obviously inhibited
FAS activity, and did not change the secondary structure of FAS,
demonstrating that at lower concentration PGG decreased the
activity of FAS only through competition with the active domains.
Concentrations of PGG between 10 and 20 uM decreased the activ-
ity of FAS duo to a competitive effect and conformational regula-
tion. However, the effect of PGG concentrations higher than
20 uM involves conformational changes in the structure of FAS
and the precipitation of FAS (Supplementary materials). The con-
centrations of PGG inducing FAS to precipitate are at least 20-fold
higher than the ICsq, providing a base for the safe use of PGG in
chemotherapy.
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