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Abstract
GAPDH (glyceraldehyde 3-phosphate dehydrogenase) is a glycolytic enzyme that displays several
non-glycolytic activities, including the maintenance and/or protection of telomeres. In this study, we
determined the molecular mechanism and biological role of the interaction between GAPDH and
human telomeric DNA. Using gel shift assays, we show that recombinant GAPDH binds directly
with high affinity (Kd = 45 nM) to a single-stranded oligonucleotide comprising three telomeric DNA
repeats and that nucleotides T1, G5 and G6 of the TTAGGG repeat are essential for binding. The
stoichiometry of the interaction is 2:1 (DNA: GAPDH), and GAPDH appears to form a high-
molecular weight complex when bound to the oligonucleotide. Mutation of Asp32 and Cys149, which
are localized to the NAD-binding site and the active site center of GAPDH, respectively, produced
mutants that almost completely lost their telomere-binding functions both in vitro and in situ (in
A549 human lung cancer cells). Treatment of A549 cells with the chemotherapeutic agents
gemcitabine and doxorubicin resulted in increased nuclear localization of expressed wild-type
GAPDH, where it protected telomeres against rapid degradation, concomitant with increased
resistance to the growth inhibitory effects of these drugs. The non-DNA-binding mutants of GAPDH
also localized to the nucleus when expressed in A549 cells, but did not confer any significant
protection of telomeres against chemotherapy-induced degradation or growth inhibition, and this
occurred without the involvement of caspase activation or apoptosis regulation. Overall, these data
demonstrate that GAPDH binds telomeric DNA directly in vitro and may have a biological role in
the protection of telomeres against rapid degradation in response to chemotherapeutic agents in A549
human lung cancer cells.
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Introduction
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, E.C. 1.2.1.12) is a well-known and
ubiquitous enzyme that functions in the glycolytic and gluconeogenic pathways of sugar
metabolism, but has been linked with a diverse array of non-glycolytic activities. These include
several transactions with nucleic acids (tRNA transport, DNA repair, transcription and binding
with viral RNAs), membrane fusion, vesicle transport and apoptosis (for reviews see 1–4). Its
binding to the β-amyloid precursor protein 5 and the pathogenic protein huntington 6,7
implicates GAPDH in the neurodegenerative disorders Alzheimer’s and Huntington’s diseases,
respectively. GAPDH also plays a role in cancer pathogenesis 8–10 and translocates to the
nucleus in response to several anticancer agents 11–13. Additionally, GAPDH exhibits pro-
apoptotic activity 14–17, which involves binding to the E3 ubiquitin ligase, Siah1 18, and
translocation of the enzyme to the nucleus, mostly in non-cancerous neuronal cells 12,19,20.

In a recent study, Sundararaj et al found that GAPDH binds telomeric DNA in vivo and its
overexpression in A549 lung adenocarcinoma cells prevents shortening of telomeres following
treatment with the anticancer agents gemicitabine (GMZ) and doxorubicin (DOX), suggesting
a possible role for GAPDH in chemotherapeutic resistance 21. Telomeres are DNA-protein
assemblies that protect the ends of chromosomes from being recognized by the DNA repair
machinery as double-stranded breaks. Protection of the chromosome ends is essential for cell
viability, while their shortening is associated with cell senescence (for review see 22). The
finding that GAPDH may function to protect telomeres was intriguing, but raised many
questions, including whether GAPDH can bind directly to telomeric DNA or requires other
factors, whether it binds single-stranded or double-stranded regions of telomeric DNA, whether
it exhibits the high affinity and specificity expected of a telomere-binding protein, whether the
DNA-binding site overlaps with the enzyme’s catalytic site or is elsewhere and, finally, whether
the interaction serves to protect telomeres against rapid degradation in response to treatment
with chemotherapeutic agents in human cancer cells and, if so, whether this protection occurs
in a caspase-dependent or independent manner.

Here, we present data showing that recombinant GAPDH binds a single stranded (ss) telomeric
DNA with high affinity, in the absence of any other factors, as a large molecular weight
complex comprising at least two tetramers. We have also identified three bases of the hexameric
telomere repeat that are essential for binding to GAPDH. NAD+-competition experiments,
coupled with site-directed mutagenesis, show that the telomeric DNA-binding site comprises
the NAD-binding and the active sites of the enzyme. It is also demonstrated here that the binding
of GAPDH to telomeres is not unique to A549 cells because GAPDH also co-localizes with
telomeres in non-cancerous murine-lung epithelial (MLE-15) cells. In addition, we find that
over-expressed wild-type (wt) GAPDH binds to telomeres in A549 cells and prevents rapid
degradation of telomeres in response to GMZ and DOX, whereas similar expression of mutants
of GAPDH that do not bind telomeric DNA does not confer such protection. Importantly, we
also show that ectopic expression of wt-GAPDH, but not of the non-DNA-binding mutants,
was concomitant with the prevention of the anti-proliferative effects of GMZ and DOX in these
cells in a caspase-independent manner. Overall, the data reveal a specific and direct interaction
between GAPDH and telomeric DNA that is associated in vivo with the prevention of
chemotherapy-induced rapid degradation of telomeres and growth inhibition of cells.

Results
GAPDH binds directly to telomeric DNA

Previous in vivo studies suggested that GAPDH binds to telomeric DNA and protects the ends
of telomeres from degradative enzymes 21. In vitro binding between GAPDH and telomeric
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DNA, however, was only observed in a gel-binding assay that used UV radiation to cross link
the complexes 21. Hence, it was not known whether GAPDH could bind directly to telomeric
DNA or whether other proteins were required in vivo. To address this, we developed an
electrophoretic mobility shift assay (EMSA) and used this to demonstrate direct binding
between GAPDH and an 18 nucleotide single-stranded DNA molecule containing three repeats
of human telomeric DNA ([32P]-ss-5′-(TTAGGG)3-3′). In this assay, 10 pM of the radiolabeled
oligonucleotide was titrated with increasing concentrations of GAPDH. A clear shift was
observed with maximal binding at approximately 500 nM (Fig. 1A). The dissociation constant
was then calculated by quantifying the disappearance of the band corresponding to free DNA
(from three independent experiments), resulting in an apparent Kd of 70 ± 5 nM (Fig. 1B).

Telomeres contain both single-stranded (ss) and double-stranded (ds) regions of DNA (see
23 for review). To establish whether GAPDH exhibits a higher affinity for either of these, an
EMSA was performed in which increasing concentrations of GAPDH were added to a mixture
of 25 nM [32P]-ss-(TTAGGG)3-3′ and 25 nM [32P]-ds-(TTAGGG)3. A shifted band was
observed whose intensity correlated with the decrease in free ss-(TTAGGG)3, whereas that for
double-stranded DNA was unchanged (Fig. 1C), indicating that GAPDH has a higher affinity
for ss- over ds-telomeric DNA. At least 500 nM of GAPDH is required before an observable
shift occurs with ds-DNA, corresponding to an approximately 10-fold higher affinity for ss-
telomeric DNA over ds-telomeric DNA (data not shown).

GAPDH specifically recognizes the GGT sequence of human ss-telomeric DNA
To determine which bases of the telomeric DNA repeat are recognized by GAPDH, a series
of single-stranded oligonucleotides that contained single base changes in the telomere repeat
were constructed as follows: ((ATAGGG)3, (TAAGGG)3, (TTTGGG)3, (TTACGG)3,
(TTAGCG)3 and (TTAGGC)3. GAPDH was then incubated in the presence of 50 nM [32P]-
ss-(TTAGGG)3 and increasing concentrations of each unlabeled mutated competitor DNA.
Increasing concentrations of oligonucleotides (TAAGGG)3, (TTTGGG)3, (TTACGG)3)
competed with the probe, indicating that efficient binding to GAPDH is retained by these
oligonucleotides (Fig. 2A). Of these, (TTTGGG)3-3′ competed the most strongly, whereas (T
AAGGG)3 and (TTACGG)3 showed lower levels of competition. In contrast, (ATAGGG)3,
(TTAGCG)3 and (TTAGGC)3 oligonucleotides did not compete, suggesting that the bases
replaced in these are required for binding to GAPDH (Fig. 2A). Hence, GAPDH appears to
recognize specifically bases T1, G5 and G6 of the human telomeric DNA sequence, which
form a contiguous sequence when considered in the context of DNA containing several
telomeric repeats (Fig. 2B).

Since one of the GGT recognition sequences was split in the 18-mer oligonucleotide used
previously, a new oligonucleotide was designed that contained three intact recognition motifs
5′-AGGGTTAGGGTTAGGGTT-3′ and used for a new measurement of the dissociation
constant using EMSA (Fig. 3A). This indicated an apparent Kd of 45 ± 5 nM (n=3) (Fig. 3B).
The increase in affinity, compared to the original oligonucleotide used, suggests that all three
GGT motifs in the 18mer oligonucleotide are involved in binding to GAPDH.

The specificity of binding to the modified higher affinity oligonucleotide was examined using
a control oligonucleotide that contained randomly chosen bases in each of the GGT regions.
(5′-AGATGTAGCAATAGTAGT-3′). Addition of 500 nM or 2 μM ss-(AGGGTT)3 competed
with the radiolabeled probe for binding to GAPDH, whereas the same amounts of the control
oligonucleotide did not (Fig. 3C).
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Stoichiometry and molecular mass of the GAPDH-ssDNA complex
When considering the various non-glycolytic activities of GAPDH, a key issue is the
oligomeric state of the protein, as this could provide one mechanism for distinguishing the
different functional forms of the protein. Some evidence suggests that GAPDH is monomeric
or dimeric when bound to nucleic acid or protein partners 24,25. Additionally, various
compounds such as the anti-apoptotic drug (−)-deprenyl convert the GAPDH tetramer to its
dimeric form, which blocks the pro-apoptotic activity of GAPDH 26. In the case of binding to
tubulin, though, GAPDH forms a complex with a stoichiometry of three tubulin dimers per
GAPDH tetramer 27.

The stoichiometry of the interaction of GAPDH with ss-telomeric DNA was elucidated by
performing an EMSA at a concentration of DNA (100 nM) above the apparent Kd (45 nM). In
this experiment, 100 nM of [32P]-ss-(AGGGTT)3 was titrated into increasing concentrations
of GAPDH tetramer (from 0 to 200 nM). As shown in Fig. 4A, half of the DNA probe was
bound at 25 nM GAPDH and nearly all was bound at 50 nM GAPDH. These data suggest a
complex with a molar ratio of 2:1 and would be consistent with one oligonucleotide per
GAPDH dimer or two oligonucleotides per GAPDH tetramer.

Blue Native-PAGE (BN-PAGE) was then performed to investigate whether GAPDH
dissociates into monomers or dimers when bound to telomeric DNA. This electrophoretic
technique integrates negative charges into proteins using the anionic dye Coomassie G250, but
is non-denaturing. Rather than causing dissociation of GAPDH, addition of ss-(AGGGTT)3
generated a complex of high molecular mass that migrated between markers corresponding to
242 and 480 kDa (Fig. 4B). In this range, the complex might comprise two or three tetramers
of GAPDH bound with DNA. Surprisingly, GAPDH alone appeared to migrate as a monomer,
which suggests that Coomassie G250 causes dissociation of the tetramer. Together, the results
indicate that GAPDH forms a high molecular weight complex when bound to the ss-telomeric
DNA oligonucleotide, and that binding of the telomeric DNA blocks the dissociation of the
tetramer in the presence of Coomassie G250.

The binding sites for telomeric DNA and NAD+ overlap
NAD+ competes with tRNA and viral RNA for GAPDH binding in an EMSA 28,29 and with
telomeric DNA in a UV cross-linked gel assay 21. To examine whether NAD+ can also compete
with the telomere-binding activity of GAPDH under the more stringent conditions of an EMSA,
increasing concentrations of NAD+ were titrated into 50 nM GAPDH and 100 nM of [32P]-ss-
(AGGGTT)3 under stoichiometric conditions (Fig. 5A). The GAPDH-DNA complex was
abolished at high concentrations of NAD+, consistent with there being overlapping binding
sites on GAPDH for telomeric DNA and NAD+. The approximate concentration of NAD+ that
reduced 50% binding of DNA was 50–75 nM, which indicates that NAD+ has a similar or
slightly lower affinity for GAPDH compared to the 18-mer oligonucleotide.

Although the competition between NAD+ and telomeric DNA for binding to GAPDH is most
easily explained by overlapping binding sites, it does not rule out a mechanism where the
binding of NAD+ causes a conformational change that lowers the affinity for DNA at a separate
site. Hence, we mutated a residue within the NAD+-binding site and determined whether the
mutated protein bound telomeric DNA. In a high-resolution crystal structure of human GAPDH
in complex with NAD+, Asp32 forms several hydrogen bonds with O3 and O2 hydroxyl groups
of the ribose sugar of NAD+30. Asp32 was mutated to Ala and the mutant GAPDH was cloned
and expressed in E. coli. Proper folding of the protein was confirmed using circular dichroism
(CD) spectroscopy (data not shown). Isothermal titration calorimetry demonstrated that the
D32A mutant was unable to bind NAD+ and an activity assay showed it to be enzymatically
inactive (Supplemental Figs. 1 & 2). To examine whether this mutation affects the binding of
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GAPDH to telomeric DNA, 10 pM [32P]-ss-(AGGGTT)3 was titrated into increasing
concentrations of D32A-GAPDH (0 to 200 nM) and analyzed by EMSA. Compared to wild-
type GAPDH, the D32A mutant failed to shift the oligonucleotide (Fig. 5B), which shows
Asp32 is required for DNA binding and argues in favor of a direct competition mechanism
between NAD+ and DNA rather than one involving conformational changes.

We also determined whether Cys149, which is the nucleophilic residue in the enzymatic
reaction catalyzed by GAPDH, is required for the binding of telomeric DNA. In a similar
manner as for D32A, a C149A mutant of GAPDH was prepared and purified, and was found
to be enzymatically inactive (Supplemental Fig. 2). This mutant also failed to shift the labeled
oligonucleotide (Fig. 5C), showing that Cys149 is also required for binding telomeric DNA.
Hence, the binding site for DNA in GAPDH appears to include both the active site center and
the NAD+-binding site.

Modeling the GAPDH-telomeric DNA complex
In order to visualize how GAPDH interacts with telomeric DNA at the molecular level,
information gained from the stoichiometry and mutagenesis experiments was used to construct
a model of the complex. Isoelectric-surface representations of the crystal structure of human
GAPDH 30 shows two regions of positive charge that form a distinct groove on each side of
the tetramer (Fig. 6A and B). This groove contains the active site region, including the NAD-
binding site. In accordance with the observed stoichiometry of 2 (AGGGTT)3 oligonucleotides
per GAPDH tetramer, each groove could accommodate one such oligonucleotide. The
plausibility of this model was assessed by positioning (AGGGTT)3 into one of the grooves
(Fig. 6C and D). Within the oligonucleotide, each GGT recognition motif is approximately 30
A apart and this corresponds very closely to the distance between adjacent NAD-binding sites
in the tetramer, consistent with these bases being required for binding to telomeric DNA, as
well as the NAD+-competition data. Given the presence of two or three tetramers of GAPDH
in the complex with an 18 nucleotide molecule of telomeric DNA, the third GGT motif could
contact the same groove in an adjacent tetramer (but is not long enough to reach an NAD-
binding site). Although speculative, this model does highlight a plausible DNA-binding region
of GAPDH that includes the active site and also suggests how extended regions of single-
stranded DNA, such as those found in telomeres, could be accommodated by a complex of
several tetramers of GAPDH in which the basic grooves on the surface of the protein line up
in a contiguous fashion.

GAPDH co-localizes with telomeres in a non-cancerous cell line
Previously, GAPDH was demonstrated to localize to telomeres in human A549 lung
adenocarcinoma cells in a ChIP assay 21. To investigate whether this observation is unique to
A549 cells, we used a ChiP assay to determine whether endogenously expressed GAPDH co-
localizes with telomeres in MLE-15 cells, which is a non-cancerous mouse distal lung epithelial
cell line. The same experiment was also performed with A549 cells. In both cases, GAPDH-
DNA complexes were immunoprecipitated with anti-GAPDH monoclonal antibody and the
telomeric probe was visualized by anti-digoxigenin antibody. GAPDH co-localized with
telomeric DNA in both cell types (Fig. 7), suggesting that the association of GAPDH with
telomeres is not cell specific. The apparently stronger band observed for A549 cells, however,
may suggest stronger binding of GAPDH in A549 human lung cancer cells, compared to
MLE-15 non-cancerous cell lines.

Non-DNA-binding mutants of GAPDH no longer protect A549 cells against chemotherapeutic
agents

Having determined that GAPDH binds telomeric DNA in vitro, and that in vivo binding occurs
in more than one cell type, it was then important to examine the role this interaction plays in
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telomere maintenance. FLAG-tagged constructs of wt-, D32A- and C149A- variants of
GAPDH were transiently transfected in A549 cells and the in vivo binding to telomeres of each
was determined using ChIP assays, as described in Materials & Methods. FLAG-tagged
constructs were used in order to distinguish overexpressed from endogenous GAPDH. There
was no detectable binding of D32A-GAPDH-FLAG to telomeres in vivo, compared to wt-
GAPDH-FLAG, and binding was almost completely abolished for C149A-GAPDH-FLAG
(Fig. 8A). A Western blot showed similar expression levels of the three proteins (Fig. 8B &
C). Thus, Asp32 and Cys149 appear to be important for binding to telomeric DNA both in
vitro and in vivo.

To exclude the possibility that the lack of telomere binding of the D32A-FLAG and C149A-
FLAG mutants of GAPDH was due to their failure to localize to the nucleus, we examined
their sub-cellular localization in the presence and absence of GMZ/DOX treatment in A549
cells using immunofluorescence and confocal microscopy. As shown in Fig. 8D, treatment
with GMZ/DOX triggers the nuclear localization of wt-GAPDH-FLAG and, importantly, this
translocation also occurs for both mutants of GAPDH.

Telomere length in the presence or absence of GMZ/DOX, which results in the degradation of
telomeres 21, was then measured in the transfected A549 cells (Fig. 9A). For vector-transfected
control cells, there was a characteristic smearing of the DNA band toward lower molecular
mass species after treatment with GMZ/DOX, indicative of telomere degradation. The average
telomere restriction fragment (TRF) length for untreated cells was 5900 ± 300 bp, whereas that
for vector-control treated was 4900 ± 200, a decrease of approximately 1000 bp.
Overexpression of wt-GAPDH-FLAG protected A549 cells from telomere shortening in
response to GMZ and DOX (TRF=5600 ± 200 bp), in agreement with previous findings 21.
Expression of the D32A and C149A non-DNA-binding mutants of GAPDH, however, did not
confer any significant protection of telomeres (TRF=4600 ± 200 and 4700 ± 300 bp,
respectively). Thus, neither of the two non-telomeric DNA-binding mutants of GAPDH co-
immunoprecipitates with telomeres in vivo, and neither protect telomeres from shortening in
response to GMZ or DOX.

To investigate whether the protection of telomeres by GAPDH is linked to the protection of
cells from anti-proliferative effects of GMZ/DOX, we measured the growth of A549 cells
expressing wt-, D32A and C149A-FLAG-tagged constructs of GAPDH, compared to vector-
transfected controls in the presence or absence of GMZ/DOX (250 nM GMZ and 150 nM DOX
for 48 hours) using an MTT assay. Treatment of vector controls with GMZ/DOX decreased
the growth of A549 cells by about 40% compared to untreated controls, whereas overexpression
of wt-GAPDH-FLAG almost completely prevented the growth inhibition in these cells (Fig.
9B). On the other hand, expression of the mutant GAPDH proteins did not result in any
significant protection against the inhibition of growth in response to GMZ/DOX treatment in
these cells. In addition, prevention of caspase-induced apoptosis using Z-VAD did not have
any preventive effect on GMZ/DOX-induced rapid telomere reduction, or growth inhibition
in these cells (Figs. 9C and D, respectively). These data suggest that rapid degradation of
telomeres in response to GMZ/DOX is not due to general apoptosis-induced DNA damage in
these cells. Collectively, these data suggest that wt-GAPDH-FLAG, but not its mutants that
lack the ability to bind telomeres, confers protection against GMZ/DOX-mediated growth
inhibition, concomitant with the protection of telomeres in A549 cells.

Discussion
In the present study, we have determined that GAPDH interacts with single-stranded telomeric
DNA with high affinity and specificity, and that binding requires Asp32 and Cys149, which
are located in the active site region of the enzyme. We also show that the binding of GAPDH
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to telomeres in vivo results in the protection of telomere length, which correlates with the
protection of A549 cells from the growth inhibitory effects of the chemotherapeutic agents
GMZ and DOX.

GAPDH-nucleic acid interactions
The affinity of GAPDH for the ss-5′-(AGGGTT)3-3′ telomeric DNA used in this study (Kd =
45 nM) is generally lower than for GAPDH binding to other nucleic acids. For instance,
GAPDH binds to E. coli tRNATyr and tRNASer with a Kd of 18 nM 28 and to hepatitis A virus
mRNA with a Kd of 0.2 nM 31. Most likely, GAPDH exhibits higher affinity for these targets
because they are much larger than the 18 base oligonucleotides used here. In addition, GAPDH
may bind RNA more tightly than DNA 32. The specificity of GAPDH for ss- over the ds-
telomeric DNA is consistent with previous studies that calculated a 300-fold preference of
GAPDH for ss- over ds-DNA 33 and suggests that GAPDH preferentially recognizes single-
stranded regions of telomeres.

The binding affinity of GAPDH for the telomeric DNA oligonucleotide is comparable to the
affinities of members of the shelterin family of telomere-binding proteins. The DNA-binding
(myb-like) domain of TRF1 binds a two-repeat of telomeric DNA with a Kd of ~3 nM, as
determined via an EMSA 34, (although a Kd of 200 nM was determined with the same
oligonucleotide using surface plasmon resonance 35). TRF2 exhibits a similar affinity as TRF1
35,36. Like GAPDH, POT1 (Protection of Telomeres 1) preferentially binds ssDNA, but at
higher affinity (e.g. Kd = 9.5 nM for [GGTTAG]2 37). Hence, GAPDH is most comparable to
POT1 in terms of its preference for ss-DNA and its binding affinity. Interestingly, the sites on
telomeric DNA recognized by GAPDH and POT1 overlap by only one nucleotide (AGGGTT
vs. AGGGTT 37, respectively), making it possible that the proteins bind adjacent to one another
on single-stranded regions of telomeres. Hence, it is probable that, at least at some stage in the
cell cycle, GAPDH is a de facto telomere-binding protein. Given that the nuclear localization
of GAPDH is at its maximum during S phase of the cell cycle 21, its presence at telomeres may
coincide with DNA synthesis.

Mechanism of competition with NAD
The observed competition between NAD+ and ss-telomeric DNA for binding GAPDH supports
previous data obtained using a UV-cross-linking binding assay that suggested that telomeric
DNA binds to the NAD-binding site of GAPDH 21. Similar observations have also been made
for the binding of tRNA 28 and mRNA 29. These previous data, though, do not exclude an
indirect mechanism of competition, where binding of NAD+ lowers the affinity for GAPDH
via conformational changes that alter a separate DNA-binding site. Indeed, E. coli GAPDH
undergoes conformational changes upon binding NAD+38. The mutation of a key residue at
the heart of the NAD-binding site, Asp32, to alanine, which produced a mutant GAPDH that
no longer binds telomeric DNA, shows that the NAD- and DNA-binding sites do overlap.
Likewise, the failure of the C149A mutant to bind DNA shows that the DNA-binding site also
extends to include the catalytic center of the enzyme. A crystal structure of the C149A mutant
of GAPDH shows no significant structural difference from the wild-type structure (data not
shown), thus ruling out a conformational mechanism of NAD+ competition.

Based on our competition assay, the concentration of NAD+ required to compete half of the
bound oligonucleotide was approximately 75 nM, indicating that the relative affinity of
GAPDH for NAD+ is slightly lower than the affinity of GAPDH for (AGGGTT)3 (see Fig.
5A). This is consistent with the measured binding constants of GAPDH for NAD+, which is
approximately 100 nM for the enzyme from E. coli 39. The physiological relevance of this for
the putative nuclear functions of GAPDH, however, is not clear. The concentration of free
NAD+ in the nucleus (of Cos7 cells) is estimated to be ~70 μM 40, which suggests that any
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GAPDH in the nucleus would be fully saturated by NAD+ and unavailable to bind telomeric
DNA. There are a number of possibilities, though, that might explain this apparent discrepancy.
The nuclear form of GAPDH might be modified in some way that increases its affinity for
DNA and lowers its affinity for NAD+. Indeed, distinct nuclear and cytoplasmic isoforms of
GAPDH are detectable by isoelectric focusing 21 (although the molecular basis for this
difference is unknown). In addition, because telomeres are large and extended, the effective
concentration of DNA may be high enough for GAPDH to bind in the presence of NAD+. Our
model, in which tetramers of GAPDH bind adjacent to one another along linear telomeric DNA,
supports this idea. Finally, although GAPDH binds telomeric DNA directly in vitro, other
proteins may also be involved in binding in vivo that increases the affinity of GAPDH. Two
such candidates are the transcription factor Oct-1 41 and the DNA repair enzyme APE1 42.

The nuclear roles of GAPDH in the protection of telomeres and prevention of growth
inhibition in A549 cells

GAPDH translocates to the nucleus after treatment by several anticancer agents, including
saframycins 11, thiopurine and mercaptopurine 43, dexamethasone 17, and DOX/GMZ (this
study). GAPDH also translocates to the nucleus in response to S-nitrosylation of the active site
cysteine (Cys149) 18 in a mechanism that involves binding to the E3 ubiquitin ligase Siah1.
Increased nuclear localization of GAPDH is associated with apoptosis in non-malignant cells
18,44 and some anti-apoptotic agents appear to work by preventing binding to Siah1 with
subsequent nuclear translocation of the GAPDH-Siah1 complex 26,45.

Treatment of A549 cells with GMZ/DOX also results in the translocation of GAPDH to the
nucleus (see Fig. 7C), but in this case appears to be a pro-survival activity because it both
protects telomere length against degradation and prevents inhibition of growth, which is
caspase independent, in response to treatment (see Figs. 8A and B). These data are in agreement
with recently published results that demonstrated a role for GAPDH in the protection of human
cancer cells against caspase-independent cell death 46. The underlying mechanism governing
the nuclear localization of GAPDH in response to chemotherapy-induced stress remains
unclear, but one possible regulator involved is the signaling molecule ceramide, which is
associated with induction of growth arrest, but not apoptosis, in A549 cells 47. Another possible
mechanism might involve the cell cycle, because treatment with GMZ blocks cancer cells in
S phase 48 and nuclear localization of GAPDH seems to be dependent on S-phase in A549 cells
21. The increased nuclear localization of GAPDH during S phase may be associated with its
various postulated functions in the nucleus, specifically those involved with DNA repair, such
as activity as a uracil DNA glycosylase 24 and its binding to the DNA repair protein APE1
42. However, the molecular details of how GAPDH is localized to the nucleus during cellular
stress, how it protects telomeres against chemotherapy-induced rapid degradation, and whether
this protection counteracts the growth inhibitory effects of chemotherapeutic agents in human
cancer cells remain unknown questions that warrant further investigation.

Materials and Methods
Oligonucleotides

Oligonucleotides used in this study are presented in Table 1. The oligonucleotides were
purchased from Integrated DNA Technologies, Inc. (Coralville, IA) and gel-purified by
denaturing polyacrylamide gel electrophoresis. For electromobility shift assays (EMSA), 2-4
pmol of ss-5′-(TTAGGG)3-3′ or ss-5′-(AGGGTT)3-3′ oligonucleotides were labeled with 10
μCi [γ-32P]ATP and polynucleotide kinase. Double-stranded-oligonucleotides were
constructed by annealing the complementary ss-telomeric DNA strand (5′-CCCTAA)3-3′) to
[32P]-ss-5′-(TTAGGG)3-3′.
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Cloning, expression and purification of GAPDH: The cDNA of human liver GAPDH (kindly
provided by Dr. S. Lemon, University of Texas) was cloned into the pT7-HTb vector (kindly
provided by Dr. R. Nicholas, UNC-Chapel Hill), which expresses the protein with an N-
terminal His6 tag together with an intervening sequence that contains a cleavage site for TEV
protease. BL21 (DE3) E. coli transformed with the vector were grown in LB medium at 37°C
to an OD600 of 0.5 and induced with 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for
four hours. After centrifugation, the cell pellet was resuspended in Buffer A (20mM Tris pH
8, 500 mM NaCl, 1mM DTT, 0.1 mM benzamidine, 0.1 mM phenylmethylsulfonyl fluoride
(PMSF), 1 mM EDTA, 10% glycerol) and frozen at −80°C. After thawing, the cells were lysed
by sonication, centrifuged, and the resulting supernatant was precipitated with 30% w/v
ammonium sulphate. The pellet was redissolved in Buffer A and loaded onto a HiTrap Ni2+-
affinity column (GE Healthcare). GAPDH was eluted with a linear gradient 0–1.0 M imidazole
in Buffer A. The purification tag was cleaved by adding 0.1 mg/mL of TEV protease (purified
from a recombinant source) per 5 mg of GAPDH, followed by incubation at 30°C for 4 hours.
The digestion reaction was then loaded onto a HiPrep 26/60 Sephacryl S-200 gel filtration
column (GE Healthcare) equilibrated with Buffer A. Purified GAPDH eluted at ~120 mL.

Mutagenesis
Mutants of C149A and D32A were constructed in both pT7Htb and pcDNA3.1-Flag vectors
using the QuikChangeR Site-Directed Mutagenesis Kit (Stratagene). Following confirmation
of the mutation via DNA sequencing, plasmids were transformed into BL21 (DE3) E. coli or
A549 lung adenocarcinoma cells.

Electromobility shift assay (EMSA)
EMSAs were performed in 10 μL reactions in binding buffer (20 mM Tris pH 8, 100 mM NaCl,
10% glycerol, 25 ng/μL poly (dIdC) and 25 ng/μL BSA). Each reaction contained unlabeled
ss-telomeric oligonucleotide, 10,000 cpm [γ-32P]-ss-telomeric oligonucleotide and GAPDH.
For EMSA competition assays, NAD+ or unlabeled oligonucleotide was titrated into the
reaction. The reactions were then loaded onto 5% polyacrylamide gels and run in 0.25X TBE
(Tris, borate & EDTA) buffer. The gels were dried onto NyTran blotting membrane (Schleicher
& Schuell Bioscience, Inc.), exposed to a PhosphorImager (Amersham Biosciences) and
quantified using ImageQuant software (GE Healthcare). The binding isotherms were
constructed using GRAPHPAD PRISM (GraphPad Software, Inc.)

Blue native PAGE (BN-PAGE)
BN-PAGE was performed in 20 μL reactions of binding buffer (20mM Tris pH 8, 100mM
NaCl and 10% glycerol), ss-5′-(TTAGGG)3-3′ and GAPDH. Two binding reactions were set
up, where each consisted of 1 μg GAPDH and either 2 μg or 4 μg, of unlabeled ss-5′-
(AGGGTT)3-3′. GAPDH without ssDNA was used as a control and the gel also included lanes
for lactate dehydrogenase (2 μg) and 2.5 μL NativeMark Unstained Protein Standard
(Invitrogen). The samples were resolved on a NativePage Novex 4–16% Bis-Tris Gel
(Invitrogen). Cathode buffer (50 mM tricine, 15 mM bis-Tris pH 7.0) containing 0.02% of the
anionic dye Coomassie G250 and anode buffer (50mM Bis-Tris pH 7.0) were both chilled at
4°C before samples were loaded. After approximately 1.5 hours of electrophoresis (120V at
25°C), cathode buffer was replaced with the same buffer containing 0.005 % Coomassie G250
and electrophoresis then continued until the dye front reached the bottom of the gel. The
complexes were visualized by silver staining.

Cell culture and transfection
A549 cells (ATCC) were cultured at 37°C in Dulbecco’s Modification of Eagle’s Medium
(DMEM) (supplemented with 10 % fetal bovine serum). MLE-15 (ATCC) cells were cultured
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at 37°C in RPMI 1640 media (supplemented with insulin, sodium selenite, hydrocortisone, β-
estradiol, HEPES, L-glutamine, penicillin/streptomycin and 2% fetal bovine serum). Both cell
lines were grown at atmospheric conditions plus 5% carbon dioxide (CO2). Cells were
transfected with the pcDNA3.1 mammalian expression vector containing the cDNA of wild
type wt-GAPDH-FLAG (kindly provided by Dr. Y. Hannun, MUSC), D32A-FLAG or C149A-
FLAG GAPDH mutants, using the GenJet DNA In Vitro Transfection Reagent (SignaGen
Laboratories) following the manufacturer’s instructions.

ChIP assay
ChIP assays were performed using a ChIP assay kit (Upstate Biotechnology, Inc.) using
MLE-15 cells or A549 cells that were either transfected with plasmid DNA or untransfected.
After growth, the cells were treated with formaldehyde to a final concentration of 1% and
incubated for 20 mins. at room temperature. Cells were washed with ice-cold PBS, containing
protease inhibitors, and after scraping, were pelleted and lysed. The GAPDH-DNA complexes
were then immunoprecipitated with a primary monoclonal anti-GAPDH monoclonal antibody
or anti-Flag M2 antibody (Sigma) and pulled down with salmon sperm DNA-protein A-agarose
beads. The beads were washed in buffers supplied by the manufacturer and protein was eluted
from the beads in solution of 1% SDS and 0.1% NaHCO3. The protein-DNA crosslinks were
reversed by incubation at 65°C in 5 M NaCl for 4 hours and protein was separated from the
DNA by phenol:chloroform extraction. DNA samples were heated at 98 °C and loaded onto a
nylon membrane under vacuum pressure using a slot-blot vacuum manifold (Schleicher and
Schuell Bioscience, Inc.). Telomeric DNA was detected with the TeloTAGG Telomere Length
Assay kit (Roche Applied Science) using the digoxigenin-labeled telomeric probe and anti-
digoxigenin antibody.

Confocal microscopy
Transfected A549 cells were grown on coverslips in a 6-well plate and then treated with 250
nM GMZ and 150 nM DOX. These are below the μM concentrations used clinically for these
compounds, where general cell toxicity would occur, but are within range of their IC50 values
(see Fig. 9B). After 48 hours incubation at 37°C, the cells were washed using fresh media and
fixed after an additional four hours by 3.7% paraformaldahyde (PFA) at 25° for 15 minutes.
The cells were then permeabilized by incubation in 3.7% PFA in 0.1% Triton X-100 for 15
minutes followed by 1 hour incubation in a 5% BSA blocking solution. WT-GAPDH-Flag,
D32A-Flag and C149A-Flag were visualized after incubation with the monoclonal anti-Flag
M2 antibody (Sigma) (1:200) at 25°C for 1 hour, and rhodamine-labeled secondary antibody
(1:1000). Confocal imaging was conducted using a Leica TSC SP2 AOBS Laser Scanning
Confocal Microscope.

Telomere-length assay
Transfected A549 cells were treated with 250nM GMZ and 150nM DOX. Following 48 hours
incubation at 37°C, A549 cells were scraped and chromosomal DNA was extracted using the
DNeasy® Tissue Kit (Qiagen) following the manufacturer’s protocol. 1 μg of chromosomal
DNA was digested with restriction enzymes Rsa1 and Hinf1 (Roche Applied Science) and the
telomeric restriction fragments were then resolved on a 0.8% agarose gel. The gel was
transferred to a positively charged nylon membrane (Roche Applied Science) and telomeric
DNA was visualized via Southern blot following the manufacturer’s protocol.

Telomere Restriction Fragment (TRF) length was calculated using the manufacturer’s protocol
by measuring the RF values for each length of DNA within the DNA ladder (Roche Applied
Science). A standard curve for the DNA ladder was constructed by plotting the quotient of 1/
(log10(RF)) against DNA length (Microsoft Office Excel). Linear regression analysis
calculated the equation for the DNA ladder (y = 17.525x - 17.958). The quotient of 1/(log10
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(RF)) for each experimental sample was then substituted for “x”. Standard deviations were
calculated using GRAPHPAD PRISM (GraphPad Software, Inc.).

MTT assay
This is a colorimetric assay used to measure cellular growth and to determine the cytotoxicity
of agents. A549 cells were transfected with WT-GAPDH-Flag, D32A-Flag or C149A-Flag
and plated in a 96-well plate (5×103 cells/well). After treatment with a mixture of 250 nM
GMZ and 150 nM DOX for 48 hours, MTT (3-(4, 5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) was then added to each well, followed by incubation at 37°.
After 5 hours, the cells were solubilized in lysis buffer (20% sodium dodecyl sulfate (w/v),
50% N,N-dimethyl formamide (v/v), 0.8% acetic acid (v/v) pH 4.6) overnight at room
temperature. The percent viability of cells was determined by measuring the absorbance at
OD595 with a 96-well plate reader (Thermo Scientific).

Trypan blue exclusion assay
Living and dead A549 cells in response to GMZ/DOX treatment in the absence or presence of
the pan-caspase inhibitor Z-VAD were examined using a trypan blue exclusion assay, as
described previously 49.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
GAPDH binds directly to single-stranded telomeric DNA. (A). An EMSA of the complex
formed by titration of 10 pM of [32P]-ss-(TTAGGG)3 into increasing concentrations of
GAPDH. (B). Binding isotherm of the data from (A) and two other representative assays,
plotted on a log scale. The apparent dissociation constant (Kd) is 70 ± 5 nM. (C). 25 nM
[32P]-ss-(TTAGGG)3 and 25 nM [32P]-ds-(TTAGGG)3 were both titrated into increasing
concentrations of GAPDH and analyzed by EMSA, revealing a stronger affinity of GAPDH
for ss-telomeric DNA.
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Fig. 2.
The base specificity of GAPDH for telomeric DNA. (A). 50, 250 or 1000 nM unlabeled
oligonucleotide competitors with a single base change (shown in italics) at each nucleotide of
the telomere repeat were added to 50 nM GAPDH and 50 nM [32P]-ss-(TTAGGG)3, and
analyzed by EMSA. A failure to compete with the labeled probe shows that the mutated base
in that oligonucleotide is required for binding to GAPDH. (B). Three telomeric repeats showing
the GGT recognition sequence (underlined) as a contiguous sequence.
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Fig 3.
The binding affinity of GAPDH for a redesigned oligonucleotide of telomeric DNA. (A). An
EMSA of the complex formed by titration of 10 pM of [32P]-ss-(AGGGTT)3 into increasing
concentrations of GAPDH. (B). Binding isotherm of the data from (A) plotted on a log scale
(n=3). The apparent dissociation constant (Kd) is 45 ±5 nM. (C). Increasing concentrations of
unlabeled ss-(AGGGTT)3 or control 18mer oligonucleotide (as shown) were incubated with
50 nM GAPDH and 100 nM [32P]-ss-(AGGGTT)3 and analyzed by EMSA as follows: lane 1,
free [32P]-(AGGGTT)3; lane 2, [32P]-(AGGGTT)3 and GAPDH; lanes 3 and 4, addition of
(unlabeled) ss-(AGGGTT)3 at a concentration of 500 nM (lane 3) and 2 μM (lane 4); lanes 5
& 6, addition of unlabeled control oligonucleotide, also at 500 nM and 2 μM, respectively.
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Fig. 4.
The stoichiometry and size of the complex of GAPDH with telomeric DNA. (A). An EMSA
of GAPDH and [32P]-ss-(AGGGTT)3 performed under stoichiometric conditions. (B). Blue
Native-PAGE, where the lane assignments are as follows: lane 1, protein markers with
molecular masses (in kDa): 480, apoferritin; 242, β-phycoerythrin; 146, lactate dehydrogenase
(LDH); and 66, bovine serum albumin; lane 2, LDH protein standard; lane 3, 1 μg GAPDH;
lane 4, 1 μg GAPDH and 2 μg ss-(AGGGTT)3; lane 5, 1 μg GAPDH and 4 μg ss-
(AGGGTT)3.
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Fig. 5.
Telomeric DNA binds at the NAD+-binding and active site of GAPDH. (A). In this competition
EMSA, increasing concentrations of NAD+ (0 to 500 nM) were titrated into a fixed (50 nM)
concentration of GAPDH and 100 nM of [32P]-ss-(AGGGTT)3. (B). Increasing concentrations
of wild-type (WT) and the D32A mutant of GAPDH were titrated with 10 pM of [32P]-ss-
(AGGGTT)3 and analyzed by EMSA, showing the failure of the mutant to shift telomeric DNA
(C). The same experiment and result performed with the C149A mutant of GAPDH.
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Fig. 6.
Model of the complex between GAPDH and telomeric DNA. (A). Isoelectric-surface
representation of a tetramer of GAPDH tetramer, where red is negatively charged, blue is
positive and white is uncharged. The active sites are indicated (A.S.). (B). The same
representation as (A), but rotated 90°. (C). A model of an 18 nucleotide molecule of ss-
telomeric DNA, in CPK format, in which the GGT recognition sequence is colored orange and
where nucleotides containing bases that are not required for binding to GAPDH are green. The
approximate distance between adjacent DNA-recognition motifs is marked (in Å), which also
corresponds to the distance between active sites in the tetramer shown in (A). (D). The same
oligonucleotide docked onto the surface of a GAPDH tetramer (similar orientation as (A))
showing the overlap of GGT sequence and active sites.
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Fig. 7.
GAPDH localizes to the telomeres of A549 cells and MLE-15 cells. The binding of
endogenously expressed GAPDH to telomeres of A549 cells and MLE-15 cells was observed
in a ChIP assay in which GAPDH-DNA complexes were immunoprecipitated with anti-
GAPDH monoclonal antibody and telomeric DNA was visualized by digoxigenin-labeled
telomeric probe and anti-digoxigenin antibody.
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Fig. 8.
Non-DNA-binding mutants of GAPDH do not co-localize with telomeres in vivo. (A). The
binding of GAPDH-FLAG (WT), D32A-FLAG (D32A) or C149A-FLAG (C149A) to
telomeres of A549 cells in a ChIP assay in which GAPDH-DNA complexes were
immunoprecipitated with an anti-FLAG-M2 monoclonal antibody and telomeric DNA was
visualized by a digoxigenin-labeled telomeric probe and anti-digoxigenin antibody. (B). To
ensure the transfection efficiency of exogenously expressed proteins in A549 cells was
equivalent, the expression levels of FLAG-tagged wt-, D32A-, or C149A- forms of GAPDH
were determined by Western blotting using the anti-FLAG-M2 antibody, as described in
Materials & Methods (lanes 2–4, respectively). Lysates obtained from cells transfected with
the vector only were used as controls (lane 1). (C) The β-actin levels of cell extracts as loading
controls. (D). The same A549 cells were treated with 250 nM GMZ and 150 nM DOX, and
GAPDH was visualized using fluorescence confocal microscopy by a rhodamine-conjugated
secondary antibody (colored red) directed against the primary anti-FLAG-M2 monoclonal
antibody, showing that the nuclear localization of GAPDH in response to DOX/GMX is not
affected by either of the D32A or C149A mutations.
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Fig 9.
A549 cells transfected with D32A or C149A mutants of GAPDH are no longer protected
against treatment by GMZ and DOX. (A). A549 cells were transfected with vector control
(VC), WT, D32A or C149A constructs and telomeric restriction fragment lengths were
analyzed after 48 hours treatment with 250 nM GMZ and 150 nM DOX. M= markers; H= high
molecular weight markers; L= low molecular weight markers. (B). Cell viability was measured
using an MTT assay in which untransfected cells (control), or cells transfected with constructs
expressing WT, D32A or C149A GAPDH, were treated with 250 nM GMZ and 150 nM DOX.
Percent viability was calculated from the differences in absorbance of treated vs. untreated
cells. Data were analyzed using 2-way ANOVA (p<0.001) (n=3). (C). Telomere length of
A549 cells treated with GMZ/DOX in the presence or absence of Z-VAD (20 μM) was analyzed
as described in (A), and the results were compared to untreated controls. (D). Effects of GMZ/
DOX on cell survival or death were determined using trypan blue exclusion assay. Error bars
represent standard deviations.
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Table 1

Oligonucleotides used in this study:

[32P]-5′-(TTAGGG)3-3′
5′-(ATAGGG)3-3′
5′-(TTAGGG)3-3′
5′-(TTTGGG)3-3′
5′-(TTACGG)3-3′
5′-(TTAGCG)3-3′
5′-(TTAGGC)3-3′
5′-(CCCTAA)3-3′

[32P]-5′-(AGGGTT)3-3′
5′-(AGATGTAGCAATAGTAGT)-3′
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