
Abstract. Background: The pyruvic acid analog 3-
bromopyruvate (3BrPA) is an alkylating agent known to
induce cancer cell death by blocking glycolysis. The anti-
glycolytic effect of 3BrPA is considered to be the inactivation
of glycolytic enzymes. Yet, there is a lack of experimental
documentation on the direct interaction of 3BrPA with any
of the suggested targets during its anticancer effect. Methods
and Results: In the current study, using radiolabeled (14C)
3BrPA in multiple cancer cell lines, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was identified as the
primary intracellular target of 3BrPA, based on two-
dimensional (2D) gel electrophoretic autoradiography, mass
spectrometry and immunoprecipitation. Furthermore, in vitro
enzyme kinetic studies established that 3BrPA has marked
affinity to GAPDH. Finally, Annexin V staining and active
caspase-3 immunoblotting demonstrated that apoptosis was
induced by 3BrPA. Conclusion: GAPDH pyruvylation by
3BrPA affects its enzymatic function and is the primary
intracellular target in 3BrPA mediated cancer cell death.

Tumorigenesis is a complex, multistep process, in which
cells require vast amounts of ATP to support all the
molecular events necessary for their exponential growth. In
the presence of oxygen, normal cells use glucose oxidation
in the mitochondria to generate energy for cellular function.

Conversely, tumor cells display a characteristic metabolic
phenotype that, even under aerobic conditions, preferentially
uses glycolysis rather than oxidative phosphorylation for
ATP production (1, 2). Paradoxically, the generation of ATP
through glycolysis is far less efficient than ATP production
through mitochondrial oxidative phosphorylation (2 versus
36 ATPs per glucose) and demands a constant, high supply
of glucose.

Recently, interest has increased in cytotoxic drugs that act
selectively affecting glycolysis in cancer cells. Specific
examples of such drugs are 3-bromopyruvate (3BrPA),
dichloroacetate (DCA), iodoacetic acid (IAA) and 2-
deoxyglucose. The exact molecular mechanisms accounting for
the cytotoxicity of these drugs are still under investigation. DCA
is thought to target cancer cells by inhibiting pyruvate
dehydrogenase kinase and thereby activating the pyruvate
dehydrogenase complex (3). 2-Deoxyglucose blocks glycolytic
energy production by non-competitive inhibition of hexokinase
II (HK II) (4-6). IAA is reported to act primarily on the
enzymes glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 6-phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase (7).

The mechanism of action of 3BrPA, a halogenated
pyruvate analog, has been previously ascribed to the
inhibition of the enzyme HK II (8). Since 3BrPA is an
alkylating agent it raises the question of whether the
cytotoxic, antitumor effect of 3BrPA involves inhibition of
any other targets. In this context, 3BrPA has been reported
to react with the sulfhydryl and hydroxyl groups of various
enzymes such as vacuolar ATPase (9), pyruvate kinase (10),
macrophage migration inhibitory factor (11), ribonuclease A
(12) and glutamate dehydrogenase (13). A recent study has
suggested the inhibition of GAPDH and 3-phosphoglycerate
kinase activity by 3BrPA (14). However, there is a lack of
experimental evidence on the specific chemical interaction
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of 3BrPA with any of the suggested target enzymes during
3BrPA-mediated glycolytic inhibition. In the present study,
the primary intracellular targets of 3BrPA were investigated.
Chemically, the 3BrPA–protein interaction is achieved by
irreversible covalent binding of the pyruvyl moiety to the
target protein. In order to identify the exact primary targets
pyruvylated by 3BrPA, several cancer cell lines were treated
with (14C)-3BrPA. 

Materials and Methods
Cell culture, antibodies and chemicals. Human hepatocellular
carcinoma (HCC) cell lines HepG2, Hep3B and SK-Hep1 were
obtained from the American Type Culture Collection (ATCC)
(Manassas, VA, USA). The Vx-2 cell line was established from the
rabbit Vx-2 tumor as described previously (8). All the HCC cell
lines were maintained in modified Eagle’s medium (ATCC)
supplemented with 10% fetal bovine serum (FBS) (Hyclone Inc.,
South Logan, UT, USA), sodium bicarbonate and sodium pyruvate
(Gibco, Carlsbad, CA, USA). The Vx-2 cell line was maintained in
RPMI medium supplemented with 10% FBS. The cells were
grown at 37˚C in a humidified atmosphere with 5% CO2. All the
chemicals required for the enzyme assays including purified
enzymes were purchased from Sigma Chemical Co., (St Louis,
MO, USA). 14C-labeled 3BrPA (15 mCi/mmol) was purchased
from Perkin Elmer (Waltham, Massachusetts, USA). The
antibodies for GAPDH, LDH (lactate dehydrogenase), PDH
(pyruvate dehydrogenase), HK II and β-actin were procured from
Santa Cruz Biotechnology, Inc., (Santa Cruz, CA, USA). Active
caspase-3 antibody was purchased from Novus Biologicals
(Littleton, CO, USA). 

SDS-PAGE, 2D gel electrophoresis and autoradiography. Cells
treated with 14C-3BrPA (at 200 μM concentration for 2 h) were
quenched at the end of the experiment by dithiothreitol (0.5 mM)
and lysed using radioimmunoprecipitation assay (RIPA) buffer
supplemented with protease and phosphatase inhibitors. In brief,
the harvested cells were washed with ice-cold PBS and centrifuged
at 1,000 rpm for 5 min at 4˚C. The resulting pellet was re-
suspended in ice-cold RIPA buffer (with protease and phosphatase
inhibitors) and incubated on ice for 15 min followed by rotator
shaking for 30 min in a cold room. After confirming cellular lysis
under the microscope, the lysate was centrifuged at 12,000 ×g for
15 min to collect the clear supernatant containing the cellular
proteins. The total protein quantity of the cell lysates was
determined using a 2D-Quant kit (GE- Healthcare, Piscataway, NJ,
USA). SDS-PAGE was performed using NuPAGE Bis-Tris 4-12%
gels followed by either colloidal Coomassie blue staining (15) or
silver staining (Bio-Rad, Hercules, CA, USA). For 2D gel
electrophoresis, the samples were cleaned-up using a 2D-Clean-up
kit (GE-Healthcare) and the protein was quantified by 2D-Quant
kit. Isoelectric focusing was performed using Immobiline™ dry gel
strips of the linear pI (isoelectric point) range 3-10, 7 cm (GE-
Healthcare). The focused gel strips were subjected to second
dimensional separation using NuPAGE Bis-Tris 4-12% Zoom gels
(Invitrogen, Carlsbad, CA, USA), followed by colloidal Coomassie
blue or silver staining. For autoradiography, samples resolved on
SDS-PAGE or 2D gels were treated with radioactive “Amplify”
solution (GE-Healthcare) prior to vacuum drying and exposed to

X-ray film (GE-Healthcare) to obtain the images. All the
procedures involving 14C-3BrPA samples were used only by
authorized personnel and appropriate radioactive decontaminations,
containments were followed strictly according to the Johns Hopkins
Radiation Safety rules and regulations. 

Immunoblotting and immunoprecipitation. Western blot analysis and
immunoprecipitations were performed as per standard procedures
using specific antibodies. Briefly, protein samples from different cell
lines were added to 4× gel loading buffer and 10× denaturing
solution (Invitrogen) in appropriate proportions and incubated at
90˚C for 10 min. The samples were subjected to SDS-PAGE
electrophoresis on a 4-12% Bis-Tris gradient gel (Invitrogen). The
protein profiles were electroblotted to PVDF (polyvinylidene
difluoride) membranes (Millipore Inc., Billerica, MA, USA) at 4˚C
overnight. The antibody incubation procedures and the blocking
buffer used were as per the antibody supplier’s instructions. For 2D
Western blot, samples were subjected to 2D gel electrophoresis
followed by electroblotting and probing for specific antibody as
described above. The membranes were stored for reprobing where
necessary and the immunoblots were scanned for data
documentation. For the immunoprecipitation experiments, the total
cell lysate from cells treated with 14C-3BrPA was pre-cleared,
incubated with the specific antibody overnight at 4˚C with constant
rotation, followed by the immune complex pulling down with
Protein G Plus agarose beads (Santa Cruz Biotechnology). The
immunoprecipitates were resolved on SDS-PAGE, dried and
exposed to X-ray film for autoradiography. 

Mass spectrometry. Protein identification from the gel spots of
interest was conducted by liquid chromatography/tandem mass
spectrometry (LCMS/MS). Analysis of the peptides was performed
using an LTQ ion trap MS (Thermo Fisher Scientific Co., Waltham,
MA, USA) or a QSTAR/Pulsar MS (Applied Biosystems/MDX
Sciex Co., Foster City, CA, USA) interfaced with a 2D nanoLC
system (Eksigent Technologies Inc., Dublin, CA, USA). In brief, the
gel bands or spots were excised from either the colloidal Coomassie
blue-stained or silver-stained gels and proteolyzed by trypsin
(Promega Co., Madison, WI, USA) as previously described (16).
The peptides were fractionated by reverse-phase high performance
liquid chromatography (HPLC, 75 μm × 100 mm C18 column) with
a 10 μm emitter using 0-60% acetonitrile/0.5% formic acid gradient
over 30 min at 300 nl/min. Peptide sequences were identified using
Mascot (www.matrixscience.com) or Sequest (Thermo Fisher
Scientific) software to search the National Center for Biotechnology
Information (NCBI) non-redundant database with the acquired
fragmentation data. Identified sequences were confirmed by
manually inspecting the fragmentation spectra.

Enzyme activity assays. The enzyme activity of GAPDH was
determined using a KDalert™ GAPDH assay kit (Ambion Inc.,
Austin, TX, USA). Both purified GAPDH and the lysates from cells
treated with different concentrations of 3BrPA were subjected to the
activity assay. HK II activity was assayed based on the procedure
of Bergmeyer et al. (17) as described in the Sigma Quality Control
test procedure. Both purified HK II and the lysates from cells
treated with different concentrations of 3BrPA were subjected to the
activity assay. Enzyme activities were recorded using a Beckman
Coulter DU530 UV/VIS spectrophotometer (Fullerton, CA, USA).
LDH activity was assayed using a LDH assay kit from Pointe
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Scientific Co., (Canton, MI, USA). Intracellular lactate levels were
quantified using a lactate assay kit from BioVision Inc., (Mountain
View, CA , USA) following the manufacturer’s instructions.

Determination of intracellular ATP. Cells treated with different
concentrations of 3BrPA at indicated time intervals were assayed
for the intracellular ATP level. Cells growing in log phase were
plated in 96-well, flat-bottomed opaque plates the day before 3BrPA
treatment. At the end of the treatment, ATP was quantified using a
Cell Titer-Glo kit (Promega Inc.) in a Victor3 multilabel plate reader
(PerkinElmer). The cell viability or cytotoxicity was confirmed by
the vital stain (Trypan blue exclusion) method. 

Apoptosis assays. The apoptosis of 3BrPA treated cells was evaluated
using Annexin V staining and the formation of active caspase-3. Cells
treated with 3BrPA were stained with anti-Annexin V and analyzed
by flow cytometry as well as fluorescent microscopy. Flow cytometry
was performed using the Becton-Dikinson FACSCalibur located in
the Johns Hopkins University School of Medicine, Core facility. The
gating was based on unstained control cells, Annexin V –
phycoerythrin (PE)-stained and 7-Amino-actinomycin D (7-AAD)
stained control cells. For fluorescent microscopy, Annexin V staining
was performed using an Annexin V staining Microscopy kit (BD
Biosciences, San Jose, California, USA) according to the protocol
recommended by the manufacturer. In brief, cells grown in chambered
slides were treated with either 3BrPA or the vehicle for 2 h, washed
once with ice-cold PBS followed by two washes with binding buffer,
at the end of the treatment period. Then the cells were incubated with
the fluorescein isothiocyanate (FITC) conjugated Annexin V
fluorescent antibody for 15 min followed by a gentle wash. The cells
were kept in the binding buffer and images were observed under a
Zeiss Axiovert 200 Microscope (Carl Zeiss Microimaging Inc.,
Thornwood, NY, USA). Active caspase-3, an apoptotic marker, was
identified by Western blot analysis. Lysates prepared from an equal
number of cells treated with different concentrations of 3BrPA were
subjected to SDS-PAGE electrophoresis and immunoblotting against
active (cleaved) caspase-3.

Results

Identification of primary intracellular targets of 3BrPA. An
autoradiogram of the SDS-PAGE containing protein profiles
of the different cell lines (SK-Hep1, HepG2, Hep3B and
Vx-2) treated with 14C-3BrPA showed a strong and intense
signal at the protein mass of 35-40 kDa in all four cell lines
(Figures 1A, supplementary Figure S1) indicating
preferential binding of 14C-3BrPA. Since 14C is part of the
pyruvyl backbone of 3BrPA, selective binding of the
pyruvyl moiety to its target(s) of the molecular mass 35-40
kDa was implied. 

Even though the Coomassie-stained gel showed more than
one intense band in the protein profile, the autoradiogram
showed the strongest signal only at the bands within the
molecular mass of 35-40 kDa. When this gel band was
excised and subjected to mass spectrometry, it showed
peptide sequences matching with multiple proteins (data not
shown), as the one dimension gel electrophoresis is likely to
have more than one polypeptide in any given protein band
position. In order to identify the specific target(s) among the
list of proteins identified by mass spectrometry, a 2D gel
electrophoretic approach was employed. The cell lysate from
SK-Hep1 cells treated with 14C-3BrPA was subjected to 2D
gel electrophoresis (Figure 1B) followed by autoradiography.
The 2D gel showed a strong spot with intense signal at pI
value ~8 and at the same molecular mass of ~37 kDa (Figure
1B). The consistency in the 14C signal at ~35-40 kDa in both
one dimensional as well as 2D gel electrophoresis confirmed
that the 3BrPA or at least the pyruvyl group of the 3BrPA
preferentially bound to one or more protein(s) of pI value ~8
and molecular size ~37 kDa.
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Figure 1. Selective binding of 3BrPA to intracellular proteins. (A) Coomassie blue-stained SDS-PAGE gels and their corresponding autoradiograms
are shown for HepG2 and Vx-2 cell lines treated with 14C-3BrPA. Arrow head indicates the gel band excised and subjected to mass spectrometry
characterization. (B) Silver-stained 2D gel of whole cell lysate from SK-Hep1 cells treated with 14C-3BrPA and its corresponding autoradiogram
showing 14C-3BrPA incorporation. The circle indicates the intense gel spot excised and characterized by mass spectrometry. 



Mass spectrometry characterization of the peptide spot
(corresponding to the autoradiogram signal) from the 2D gel,
gave a polypeptide sequence matching the protein, GAPDH
(Figure 2A). Subsequent immunoblotting of the 2D gel
containing 3BrPA treated cellular protein confirmed the spot
identified by mass spectrometry (Figure 2B) as GAPDH. To
further validate the finding that GAPDH is the primary
intracellular target of 3BrPA, immunoprecipitation was

employed for several relevant enzymes in the glycolytic
pathway that could have been potential targets.
Immunoprecipitation was performed for HK II, LDH, PDH and
GAPDH for the lysates from cells treated with 14C-3BrPA and
subjected to autoradiography. The data obtained once again
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Figure 2. GAPDH pyruvylation with 3BrPA treatment. (A) LCMS/MS
chromatogram showing GAPDH as the peptide identified from
autoradiogram spot of the 2D gel. (B) Immunoblot of a 2D gel showing
GAPDH at the same molecular mass and pI value as the spot identified
on 2D autoradiogram. (C) Autoradiogram of immunoprecipitates from
the SK-Hep1 cells treated with 14C-3BrPA showing the 14C
incorporation. Lanes indicate; W, Whole cell lysate; lanes L, P, G and H
correspond to specific antibodies against the targets LDH, PDH,
GAPDH and HK II, respectively. T, Target-specific antibody and C,
Control IgG for the respective target. Figure 3. Effect of pyruvylation on enzymatic function. (A) Dose-

dependent decrease in the GAPDH activity in 3BrPA-treated cell lines.
(B) HK II activity after 3BrPA treatment of various cell lines. (C)
Activity of purified GAPDH and HK II. Equal quantities of enzymes
(enzyme units) were used for these assays. 



demonstrated GAPDH as the primary target with incorporation
of 14C (Figure 2C). Together, the data from 2D gel and the
immunoprecipitation autoradiograms unequivocally
demonstrated that 3BrPA has a profound affinity towards
GAPDH as the primary chemical target. 
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Figure 4. Lactate levels and LDH activity in 3BrPA-treated cell lines.
(A) Intracellular lactate at different concentrations of 3BrPA treatment.
(B) LDH activity in SK-Hep1 and Hep3B cells in the presence or
absence of 3BrPA. (C) Activity of purified LDH in the presence or
absence of 3BrPA (100 μM). Results are represented as mean ±
standard error (n=3). C, Control; T, treated with 3BrPA.

Figure 5. Effect of 3BrPA on the cell viability based on ATP depletion in
Hep3B, HepG2, SK-Hep1 and Vx-2 cell lines. Cells were treated for (A)
3 h, (B) 24 h or (C) 48 h. Results are represented as mean ± standard
error (n=3). The results were also confirmed by Trypan blue staining
independently.



Effect of pyruvylation on enzymatic function. Based on the
evidence of 3BrPA binding to GAPDH, the effect of 3BrPA
interaction on the enzymatic function of GAPDH was
investigated. The lysates from cells treated with different
concentrations of 3BrPA showed dose-dependent attenuation
of GAPDH activity in all the four cell lines (Figure 3A)
supporting the notion that pyruvylation of GAPDH leads to
functional impairment of the enzyme. The assays were
carried out both in cell lines and in in vitro (purified enzyme)
systems. 

HK II activity remained completely unaffected by 3BrPA at
cytotoxic concentration and rather showed increasing activity
in at least three of the four cell lines. The only exception was
the SK-Hep1 cell line where-in ~20% decreased activity was
observed (Figure 3B) still retaining >75% of activity at the
cytotoxic concentration (200 μM 3BrPA/2 h). As seen in Figure
3C, the GAPDH activity in an in vitro assay demonstrated a

rapid decline (within 15 min) even at a dose of 100 μM 3BrPA
(whereas HK II activity under the same conditions remained
unaffected). In fact, the enzyme kinetic study of HK II showed
increasing activity in a time-dependent manner even in the
presence of 3BrPA (supplementary Figure S2). 

The end-product of glycolysis is lactate, hence
intracellular lactate levels were quantified in all the four cell
lines treated with 3BrPA. The data (Figure 4A) showed an
initial increase in the level of intracellular lactate followed
by a decline at the lethal concentration (200 μM 3BrPA). The
different cell lines showed variation in the rate of lactate
production at different 3BrPA concentrations. However, the
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Figure 6. Flow cytometry showing 3BrPA-induced dose-dependent
apoptotic cell death. A minimum of 104 cells treated with 0 μM 3BrPA
(Control) or 200 μM 3BrPA (Treated) for 2 h were subjected to analysis
with Annexin V-PE/7-AAD staining. 

Figure 7. Fluorescent (lower panel) and light (upper panel) micrographs
showing Annexin V staining in 3BrPA (200 μM) treated cell lines and
controls (vehicle alone).



assay of LDH activity showed that 3BrPA did not affect
LDH either in vitro (purified LDH) or in the lysates from
cells treated with 3BrPA (Figure 4B, C). 

Effect of 3BrPA on ATP depletion. Treatment with 3BrPA
showed a dose-dependent decrease in the level of ATP in all
the four cell lines and the cytotoxicity was also linear with
increasing period of treatment (Figure 5A-C). The Vx-2 cell
line was more sensitive to 3BrPA than the three human HCC
cell lines as inferred from the IC50 value of 3BrPA for each
cell line at 24 h (~130 to 145 μM for HepG2, Hep3B and
SK-Hep 1 cells and 60 μM for the Vx-2 cell line) and 48 h
(~125 μM for HepG2, Hep3B and SK-Hep 1 cells and 50
μM for the Vx-2 cell line) of treatment (Figure 5B, C).
Whereas the IC50 value for 3 h of treatment was
comparatively higher owing to the shorter treatment period
(Figure 5A). Thus increasing the duration of 3BrPA
treatment resulted in decreased IC50 values for all the cell
lines, exhibiting a typical pharmacodynamic property. 

Effect of 3BrPA on apoptotic cell death. Flow cytometric
analysis of all the four cell lines treated with 3BrPA using
Annexin V-PE/7-AAD staining showed a dose-dependent
increase in Annexin V-positive cells (Figure 6, supplementary
Figure S3). Compared with control, a marked increase in
apoptotic cell numbers was observed in all the cell lines after
2 h of treatment with 3BrPA. The loss of viability even in
the control cells could be attributed to the cellular stress due
to the downstream processing, before analysis (Figure 6).
Upon normalizing the percentage of cell death in the 3BrPA
treated cells with the cell death percentage of the respective
control cells, all the four cell lines showed a substantial level
of cell death attributed to 3BrPA treatment. Among the four
cell lines Vx-2 was the most sensitive and Hep3B the least
sensitive (Vx-2 >60%, HepG2>54%, SK-Hep1>45% and
Hep3B>43%). This trend correlated with the IC50 values
obtained based on the ATP viability assay for 3 h of
treatment where the Vx-2 was the most sensitive followed by

HepG2, SK-Hep1 and Hep3B (Figure 5A). Thus it is evident
that treatment with 200 μM of 3BrPA for 3 h killed ≥50%
cells among human HCC cell lines and >90% of Vx-2 cells
(Figure 5A).

In order to determine whether the cytotoxic effects of
3BrPA involve cellular apoptotic pathways or not, Annexin V
staining and caspase-3 activation in cells treated with 3BrPA
was investigated. Figure 7 shows the photomicrographs of
Annexin V staining of cells treated with 3BrPA, supporting
the apoptotic form of cell death. Finally, as seen in Figure 8,
immunoblotting confirmed the activation of caspase-3 during
3BrPA mediated cell death. A dose-dependent increase in
active caspase-3 formation was evident in all the four cell
lines treated with 3BrPA. Overall, these results support the
inference that 3BrPA promoted the apoptotic form of cell
death through the caspase-3 pathway in all the 3BrPA-treated
cell lines.

Discussion

3BrPA has been shown to be effective as an anticancer agent
in cancer cell lines and experimental animal tumor models
(18-21). The present data demonstrated that covalent
modification of GAPDH by the addition of the pyruvyl
moiety of 3BrPA brought about the anti-glycolytic and
anticancer effects. This pyruvylation of GAPDH correlated
with its loss of enzymatic function. In addition, the enzymes
other than GAPDH which were not pyruvylated (based on
the lack of 14C incorporation) remained active. The results
obtained from all four cell lines demonstrated that GAPDH
is the principal intracellular biochemical target of 3BrPA.
Although 3BrPA is known as an alkylating agent with mixed
reports implying it to be an active-site specific alkylating
agent (22-26) or a non-specific alkylating agent (27-30) the
present study showed for the first time that 3BrPA selectively
alkylates the target, GAPDH, by pyruvylation, leading to
cancer cell death. 

Irrespective of the cell lines and their response/sensitivity
(IC50) to 3BrPA, the autoradiogram of SDS-PAGE and 2D
gels showed binding of 3BrPA to a protein target between
35-40 kDa (based on the intense signal of 14C incorporation).
This strongly suggested that in several cell lines the
mechanism of 3BrPA promoted cell death involved the
pyruvylation of the same target. It remains to be elucidated
how and why 3BrPA selectively targets/pyruvylates GAPDH. 

It is well documented that sulfhydryl groups and cysteine
amino acid residues are preferred chemical targets of 3BrPA
alkylation (31-33). However, in the present study 3BrPA
preferentially bound to GAPDH resulting in pyruvylation.
This implies a level of specificity shown by 3BrPA in
targeting intracellular proteins, however the precise
mechanism or factors involved in such a selective binding
are yet to be characterized. If the number of cysteine residues
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Figure 8. Immunoblot showing caspase-3 activation by 3BrPA in different
cell lines. Protein samples from equal number of cells were loaded onto
each lane. The blot is a representative of duplicate experiments.



determines the binding specificity, then other enzymes that
have more cysteine residues (for example, HK II has four
times more cysteine residues than GAPDH) should have
been the preferred binding target, which was not observed in
these studies. One could also argue that the abundance of
GAPDH makes it a better target. However, it seems unlikely,
as other abundant proteins such as β-actin or α-tubulin that
are equally, if not more, abundant than GAPDH did not show
any pyruvylation (based on the absence of 14C
incorporation). Hence it is neither the number of cysteine
residues nor the intracellular abundance of the target that
facilitates or favors 3BrPA binding. 

The present data also showed that despite the depletion of
ATP and inhibition of GAPDH, the intracellular lactate level
increased substantially in all the four cell lines at lower
3BrPA concentrations. The subsequent decline in lactate
level was not due to the inhibition of LDH, hence the initial
increase could have been due to the production of lactate
utilizing all the remaining intracellular substrates to generate
ATP, while the subsequent decline at higher 3BrPA
concentration indicated the complete block of GAPDH
leading to reduced substrate generation for further lactate
production implying complete glycolytic block. Interestingly,
lactate accumulation was also reported by Pereira da Silva et
al. (14), who showed an increase in the intracellular lactate
level in 3BrPA-treated HepG2 cells which could be attributed
its not being pumped out. They proposed that the
intracellular accumulation of lactate was probably due to
competition between lactate and 3BrPA as they both use the
same transporters (mono carboxylate transporters or MCTs). 

In the present report LDH activity was unaffected by
3BrPA in vitro, corroborating the suggestion that the
intracellular accumulation of lactate was due to continuous
conversion of pyruvate to lactate as long as the substrate for
LDH (i.e. pyruvic acid) was available. However, the
formation and availability of pyruvate relies on the preceding
steps of glycolysis as the pyruvate is the resultant product of
a series of enzymatic conversions of glucose. Since GAPDH
regulates the intermediate step in the formation of pyruvate,
any effect on GAPDH would hamper pyruvate formation and
hence the lactate levels. The analysis of LDH activity
showed it was not affected in either the Hep3B or SK-Hep1
cells at 200 μM 3BrPA, however, there was a difference in
the level of intracellular lactate between these two cell lines.
Interestingly, the residual GAPDH activity present in the
3BrPA (200 μM) treated cells could partially explain the
difference in lactate levels, since the Hep3B cells had more
residual GAPDH activity (>35%) compared to the SK-Hep1
cells (<17%). It is likely that the metabolism of downstream
products of the GAPDH reaction can continue until the cell
reaches a lethal state. Thus, if the GAPDH activity is low
then the rate of lactate formation (one of the downstream
products of glycolysis) would be less. This was supported by

the intracellular lactate levels. Although HK II activity did
not decrease at 200 μM 3BrPA treatment, the lactate level
did not show a steady increase. Since the products of HK II
have to eventually go through the GAPDH step before either
being converted to lactate or entering the tricarboxylic acid
cycle (TCA), it is thus the GAPDH activity that determines
the rate of glycolysis and lactate formation in 3BrPA-treated
cells. Based on the hypothesis suggested by Pereira da Silva
et al. (14) that lactate accumulation is a result of a block in
transport, and the present data (inhibition of GAPDH), we
propose that together, the impaired transport and differential
inhibition of GAPDH might contribute to the variation in
intracellular lactate accumulation. 

GAPDH is ubiquitous and is increasingly known for its
role in multiple pathways including membrane fusion,
microtubule bundling, phosphotransferase activity, nuclear
RNA export, DNA replication and DNA repair (34-37), in
addition to glycolysis. Thus inactivating GAPDH would
affect other functions of GAPDH too. Nevertheless, several
GAPDH inhibitors such as koningic acid (38, 39), methyl
glyoxal (40, 41), 4-hydroxy-2-nonenal (42), phosphorylated
epoxides and α-enones (43) are under investigation for their
role in either antibiotic or anticancer effects. However, to our
knowledge there are no other reports of any selective
inhibitors targeting intracellular GAPDH, based on direct
chemical interaction, particularly while promoting cell death.
Since GAPDH is present in all normal tissues and 3BrPA is
being evaluated as a potential cancer chemotherapeutic agent
it is imperative to characterize the level of specificity shown
by 3BrPA to GAPDH. Further characterization of factors that
influence or control the selective targeting of GAPDH by
3BrPA would throw more light on understanding and
expanding the therapeutic potential of this alkylating agent. 

In conclusion, GAPDH (EC.1.2.1.12) is identified as the
primary intracellular target of 3BrPA and is pyruvylated by
3BrPA which inhibits the enzymatic function of GAPDH
resulting in an anti-glycolytic effect. Further, this 3BrPA-
GAPDH interaction causes ATP depletion in a dose-
dependent manner leading to apoptotic cell death. 
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