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The stimulatory effect of the aqueous extract of G. lucidum, a basidiomycetes class fungus in the APE1-enzyme-mediated
processing of solitary and bistranded clustered abasic sites DNA damages is presented. Abasic sites are considered the
most common type of DNA damage lesions. Our study shows enhanced activity of APE1 in the processing of abasic sites
in the presence of the polysaccharides fraction of G. lucidum. Remarkable increase in the amount of single-strand breaks
(SSBs) and double-strand breaks (DSBs) from solitary and bistranded clustered abasic sites respectively with APE1 in the
presence of the extract was found. This trend is maintained when abasic sites in DNA oligomers are exposed to fibroblast
cell extracts in the presence of the extract. While DNA conformational alteration is negligible, APE1 enzyme shows
characteristic changes in the alpha helix and beta strand ratio after incubation with G. lucidum extract. The enhanced
reactivity of APE1 at the molecular level in the presence of G. lucidium is attributed to this effect. This study potentially
amplifies the scope of the use of G. lucidum, which was earlier shown to have only reactive oxygen species (ROS)
scavenging properties with regards to DNA damage inhibition.

[Kumari B, Das P and Kumari R 2016 Accelerated processing of solitary and clustered abasic site DNA damage lesions by APE1 in the presence of
aqueous extract of Ganoderma lucidum. J. Biosci. 41 265–275] DOI 10.1007/s12038-016-9614-0

1.

Introduction

Ganoderma lucidum (GL) is a fungus that belongs to the class
basidiomycetes and polyporaceae family (Russell and Paterson
2006). This mushroom is quite well known from ancient times
for its beneficial effects on immunological disorder and promise
for enhanced longevity (Gao et al. 2005). GL has been widely
used as a nutraceutical for its attribution in various health
benefits like antidiabetic action, immunomodulation and hepatoprotective role (Zhang et al. 2002; Chan et al. 2009; Xu et al.
2011; Teng et al. 2012; Shi et al. 2014). Reportedly, anticancer
activity of GL extract was observed through the inhibition of
telomerase activity of cells along with the induction of apoptosis
Keywords.

(Hu et al. 2002; Müller et al. 2006; Yuen et al. 2008; Jang et al.
2010). The polysaccharide component of GL is known to
activate various cytokines, which enhances immune responses
(Cheng et al. 2007). The versatility of this mushroom to provide
a range of health benefits urge a question whether it has any
provenance towards DNA repairs that is inherently linked to
carcinogenicity and other ailments.
There are some interesting reports towards the protection
against DNA damage and its repair by the mushroom extract.
Relevant study conducted so far reveals that aqueous
extracts of Chaga mushroom protects against oxidative damage to DNA in human lymphocytes (Park et al. 2004). The
formulation with medicinal mushroom extract shows reduced
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presence of DNA damage in the case of human leukaemic
cancer (Pero et al. 2005). The enhanced repair of radiationinduced DNA strand breaks by a polysaccharide fraction of GL
extract in human leucocyte cells has been also reported (Pillai
et al. 2010). Water-soluble polysaccharides fraction of GL has
been shown to be effective for scavenging ROS and thus protect
cellular DNA from oxidative DNA damage and strand breakage
(Kim and Kim 1999). The antioxidative property of GL has
been linked to its potential use as an anticancerous agent (Wang
et al. 2009; XiaoPing et al. 2009; Patel and Goyal 2012; Liang
et al. 2014). However, the question remains whether GL extract
act only as a ROS scavenger or there is simultaneous interplay
of other phenomenon in DNA damage repair and protection.
Thus, the role and effect of GL extract in the process of repair of
DNA damage lesions need to be understood at the molecular
level. The present study demonstrates the underlying mechanism by which GL extract offers regulatory role in the processing of abasic sites in DNA, the most common type of DNA
damage lesions.
The abasic site, also known as AP site (apurinic/apyrimidinic) is devoid of any nucleobases in the DNA (Boiteux and
Guillet 2004). Since the information about the nucleobase
originally present is lost, abasic sites are considered as potentially mutagenic (Wilson and Barsky 2001). The occurrence of abasic sites in genomic DNA due to spontaneous
hydrolysis and exposure to radiation and carcinogens is
extremely high (Georgakilas 2004; Lindhal 1993). In particular, closely located abasic sites within one or two helical
turns of DNA give rise to clustered DNA damage sites that
have been shown to be repair resistant. This is potential
signature of ionizing radiation and could also be induced
by exogenous carcinogens (Sutherland et al. 2000b). Often,
bistranded abasic clustered DNA damage gives rise to double strand breaks (DSBs) in the DNA during the repair
process, that are potentially lethal and cytotoxic (Chaudhry
and Weinfeld 1997; Krokan et al. 2000). Abasic sites in
DNA are repaired through the base excision repair (BER)
pathway that involves multiple DNA repair enzymes
(Srivastava et al. 1998). In addition to the abasic sites,
BER pathway is endowed with the responsibility to repair
a host of DNA damage lesions including single-strand
breaks (SSBs), alkylation of DNA bases and oxidative damages to nucleobases. Apurinic/apyrimidinic endonucleases
(APE1) enzyme plays a central role in the BER pathway,
which is responsible for cleavage of the phosphodiester
bonds in DNA at the abasic sites which is essential for the
subsequent repair process (Vidal et al. 2001, Berquist et al.
2008). In the present study, we tried to evaluate the influence
of the aqueous extract of GL on the key step of APE1
intervention in the BER pathway regarding the processing
of the abasic sites in DNA. The effect of APE1 in the
presence of the aqueous solution of GL was evaluated on
both solitary abasic sites and on clustered abasic sites that are
J. Biosci. 41(2), June 2016

prepositioned in precisely known location of oligomeric
DNA duplexes. Moreover, the effect of the GL extracts
was also evaluated in the processing of abasic sites by
fibroblast cell extracts that have all the essential enzymes
to perform BER (Houllier et al. 2005). There is a clear cut
indication of enhanced processing of the abasic sites in both
the solitary and clustered sites in the DNA due to the presence of the GL extract. Although, there is minimal interaction of the contents of the GL extracts with the DNA, the
improved processing of abasic sites by APE1 is attributed to
its interaction with GL extract that ushers in conformational
changes in the enzyme favouring its biocatalytic activity.
2.

Materials and methods
2.1

General

The fruiting body of GL was procured from NRCM, (ICAR)
Chambaghat, Solan, Himachal Pradesh, India. HPLC purified synthetic oligonucleotides were procured from Sigma
Aldrich custom oligo service. The enzymes, APE1 and uracil
DNA glycosylase (UDG) were obtained from New England
Biolabs, USA which uses recombinant source to clone human APE1 and UDG genes. Tris buffer, formamide and
glycerol were purchased from Sigma Aldrich. SYBR gold
nucleic acid gel stain was procured from Thermo Fisher
Scientific. Taurine and EDTA were procured from SRL.
Polyacrylamide gel electrophoresis (PAGE) images were
obtained using a UVP Gel Doc-It 310 gel documentation
system. Quantification of double strand breaks (DSBs) as
well as single strand breaks (SSBs) in PAGE was carried out
using Vision Work Ls Image acquisition and analysis software from UVP (UK).
2.2

Isolation of polysaccharide

The aqueous extract of GL has been prepared from sporocarps (fruiting body). At first sporocarps were washed with
cold distilled water and were dried at 50°C. Thereafter, it
was chopped into smaller pieces and further grounded into a
fine powder. The accurately weighed power was defatted
with 95% ethanol. Several batches of 10 grams of this
powder were dissolved in 400 mL of double-distilled water
(w/v). Hot water extraction is considered as a widely applicable technology for extraction of water-soluble polysaccharides. The polysaccharides were extracted with double
distilled water at 80°C since 8–10 h into three consecutive
batches. The aqueous extract from all the batches were
combined and further filtered by the syringe filters made
up of polyvinyl difluoride (PVDF). The filtered extract was
concentrated to about one third of the original volume under
vacuum. The protein fraction was precipitated by the Sevag
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reagent (chloroform/butanol 4:1, v/v). Then deproteinized
supernatant was collected and added with five volumes of
the chilled ethanol and kept overnight at 4°C. The precipitate
was collected and identified as the polysaccharide by ESIMS. The precipitate was dissolved to prepare 50 mg/mL
stock solution of the polysaccharide.
2.3

ESI MS Analysis

The polysaccharide component of GL extracted with nanopure water (Millipore) at 80°C and purified by above mentioned process was subjected to molecular weight
determination by Bruker Amazon SL ESI-ION Trap. Data
processing was performed by the Bruker Compass trap control Software.
2.4

UV-Vis spectrophotometry

The UV spectra of the aqueous extract of GL were recorded
in the range of 200–800 nm at the room temperature in a
Cecil bioquest UV-Vis Spectrophotometer (UK). The cuvette of 1 cm path length has been used.
2.5

Preparation of oligonucleotide and reaction
with APE1

The DNA sequences used in the present study is shown in
table 1. B1, B2 and B3 were custom synthesized with precisely
positioned Uracil residues in the sequences. At first, annealing of
B1-B2 and B1-B3 was done in the presence of 10 mM sodium
phosphate buffer. The abasic sites were created by treating the
DNA duplexes with UDG at 37°C for 1 h. After that, UDG
enzyme was heat inactivated by incubating the samples at 65°C
for 20 min and further ethanol precipitated before annealing. The
complete generation of abasic sites was checked via incubation of
UDG enzyme treated DNA samples with 0.5 M NaOH for 1 h
and visualized on a denaturing PAGE gel for strand breaks.
The 1 μg of oligonucleotide duplex possessing solitary abasic site and clustered abasic sites was incubated respectively,
with 2.5 units (1.38 ng) and 5 units of APE1 enzyme (2.75 ng)
in the presence of the varying concentration (5–20 μL) of GL
extract at 37°C for 1 h. The optimum amount of APE1 required
for the experiments was determined by treatment of a fixed

amount of the DNA (1μg) with 1, 1.5, 2.5, 5 and 10 units of
the enzyme at 37°C for 1 h (supplementary figure 1).

2.6

Denaturing and Native PAGE

The quantification of the percentage cleavage of abasic sites
was done from DNA bands of the 20 % PAGE (29:1 acrylamide–bisacrylamide cross linking ratio) in 7 M urea, at pH
8.0 (Tris buffer). The constant voltage of 200 V for 3 h was
maintained during the gel run. For denaturing gels, after reaction with the APE1 enzyme in the presence of GL extract, each
sample was heated to 90°C for 5 min before being introduced
to the 20% PAGE at 200 V for 3 h. The gels were stained by
SYBR gold for 15 min with constant stirring and images were
acquired and quantified. The 20% native PAGE was done to
quantify double strand breaks. The 8% native PAGE was done
to see the mobility shift of the APE1 enzyme upon interaction
with GL aqueous extract. These gels were stained by silver
staining according to standard protocol.

2.7

Preparation of cell extract

The preserved frozen fibroblast cells (1×106) in 1.5 mL tubes were
quick thawed at 37°C. 100 μL of cell lysis buffer (1 mM phenylmethyl sulfonyl fluoride (PMSF) and 1 mM protease inhibitor
cocktail along with 20 mM HEPES buffer, 10 mM KCl, 2 mM
MgCl2, 1mM DTT, 0.05% Triton) was added to the tube. After a
quick vortexing, sonication was done for 15–20 sec. The tube was
placed over ice for additional 15 min followed by centrifugation at
14,000 rpm at 4°C for 10 min. The supernatant was collected in
the screw cap test tube on ice. The 100 μL of the second portion of
cell lysis buffer having similar constituent but with additional
350 mM NaCl, 10% sucrose and 0.1% of triton was further added
to the cell pellet. The vortexing, sonication and centrifugation
steps were repeated and supernatant was collected in the same test
tube in which first fraction was collected.
1 μg each of B1-B2 and B1-B3 were incubated with 5
μL and 10 μL of cell extract, respectively in the presence
of the varying concentration (5–20 μL) of GL extract at 37
°C for 1 h. The optimum concentration of the cell extract
required for cleaving abasic sites in DNA duplexes was
determined by incubating a fixed amount of B1-B2 (1μg)
with different amounts (5, 10, 15 and 20 μL) of the cell

Table 1. DNA sequences used in the study
B1
B2
B1
B3

5′AAT TGA CTC TAC TGC CAC AGA GGA UAT GTA TGT ATG GAG AGG CCG GA 3′
3′CT GAG ATG ACG GTG TCT CCT ATA CAT ACA TAC CTC TCC GGC CT TCG A 5′
5′AAT TGA CTC TAC TGC CAC AGA GGA UAT GTA TGT ATG GAG AGG CCG GA 3′
3′CT GAG ATG ACG GTG TCT CCT ATA CUT ACA TAC CTC TCC GGC CT TCG A 5′
J. Biosci. 41(2), June 2016
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extract for 1 h at 37°C followed by PAGE similar to that
of the purified APE1 enzyme.
2.8

Calculation of abasic sites and double-strand cleavage
with APE1 enzyme and cell extract

2.8.1 Calculation of solitary abasic site cleavage efficiency:
In the oligomer duplex B1-B2, only B1 possesses the abasic
site. Thus B1 yields two fragments after incubation with
APE1 enzyme due to the cleavage of the phosphodiester

% Abasic sites cleaved ¼

ðAmount of fragment produceÞ  100
ðAmount of fragment produced þ amount of unreacted substrateÞ

For B1-B2 having single abasic site,
Amount of fragments produced from B1 strand = B1a +
B1b and
Amount of unreacted substrate = 0.5 × B1B2 − (B1a +
B1b),
where B1B2 is the intensity of the control band without
any APE1 enzymatic treatment, and hence half of the
intensity of B1B2 is attributed by the nonreactive B2
strand. So, the intensity corresponds to B1B2 was multiplied by 0.5 for nullifying the intensity of the unreacted
B2 strand i.e. required for estimation of unreacted B1
strand.

% DSB ¼

bond at the abasic site. Thus, oligomer duplexes possessing
solitary abasic sites after reaction with APE1 generate three
bands. The uppermost band contains the non-reactive complementary strand B2 devoid of any abasic site and partially
unreacted B1 strand with a single abasic site (uncleaved by
APE1). The B1 potentially yields two fragments of length 24
bases (B1a) and 23 bases (B1b) that constitutes the lower
two bands. The percentage cleavage of abasic site by APE1
enzyme in these solitary abasic site possessing DNA
duplexes is calculated as follows:

2.8.2 Calculation in case of clustered abasic site: The DNA
oligomer duplexes possessing clustered abasic sites was treated
with APE1 enzyme as well as fibroblast cell extract. The double
strand breaks quantification procedure was similar as DNA
oligomer duplexes that contain single abasic sites. As both the
strands possess the abasic sites that cause the generation of four
fragments after APE1 enzymatic treatment due to the incision of
abasic sites. The merging of bands have been observed due to
similarity in molecular mass of cut fragments that causes the
generation of two visible cut bands instead of four bands. The
following equation was used for quantification of double strand
breaks from the native gel image.

ðTotal amount of fragmented duplexÞ  100
ðTotal amount of fragmented duplex þ amount of unreacted full length duplexÞ

Amount of fragmented duplex = B1a + B1b + B3a + B3b
The B3 potentially yields two fragments of length 24
bases (B3a) and 23 bases (B3b).
Amount of unreacted full length duplex = B1B3 − (B1a +
B1b + B3a +B3b)
The calculation of double strand breaks generated by the
cell extract was done in a similar way as DSBs calculation
shown above.

pathlength was used for taking the data. The CD data were
expressed as ellipticity, in units of degrees.

2.8.3 Circular dichroism: The circular dichroism spectra of
oligonucleotide as well as APE1 enzyme alone and in
presence of GL extract were acquired on a Jasco J-1500
spectropolarimeter. In the circular dichroism peaks were
recorded between 190 to 240 nm range for the APE1
enzyme alone as well as in the presence of GL extract. The
circular dichroism spectra of GL alone have been also
recorded. In case of oligonucleotide duplex peaks were
recorded in the range of 210-350 nm. The cuvette of 1 mm

The hot water extract of sporocarps of the GL is a rich source
of water soluble polysaccharides. Various triterpenoids and
proteins could also be found in the aquous extract. Since our
aqueous extract was not HPLC purified, there is high possibility of the presence of minor amount of triterpenoids like
ganoderic acids. However, the extraction procedure adopted
herein has eliminated proteins that were confirmed from UVVis spectroscopy. In the UV spectra, the absence of peak at
260 nm and 280 nm for polysaccharide rich aqueous extract
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Results and discussions

3.1 Processing, extraction and confirmation of
polysaccharide from sporocarps of Ganoderma lucidum
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Figure 1. ESI-MS (positive mode) spectra of hot water extract of GL after purification.

of GL shows that there is no nucleic acid and protein contamination in the water soluble extract of GL (supplementary
figure 2). Subsequent experiments were done using optimum
amount this aqueous extract to determine its effect on processing of abasic sites by APE1 in DNA oligomer duplexes.
The polysaccharide extracted from GL has been widely
investigated for its immunomodulating potential and anticancer properties. It is mainly composed of different kinds of
β-glucans (Wang et al. 2011; Pan et al. 2012). Mass spectroscopy is a potent tool for the characterisation of these
polysaccharides (Matsunaga et al. 2014). The presence of
peaks at the difference of ~162 Da in the ESI-MS spectrum
confirms the presence of β-glucans as major in the hot water
extract of GL (figure 1) and is in good agreement with
previously reported data (Dong et al. 2012). A close look
at the spectra reveals few peaks in the range 510-540 with
appreciable intensity apart from the polyglycan peak at 528.
These peaks correspond to few lanostane triterpenoids
(Ganoderic acids) that may be present in the aquous extract
of GL extract (liu et al. 2014). The presence of other very
low intensity peaks could arise from minor ingredients and
fragments of the major constitutents including noise.

3.2

Influence of GL extract on APE1 enzymatic activity

Abasic site DNA damage lesions are repaired in the cell by
the BER pathway. APE1 is one of the most important repair
enzyme of the BER pathway which also plays an important
role in coordinating the steps of the BER pathway
(Sukhanova et al. 2005). This enzyme is responsible for
the cleavage of phosphodiester bond 5’ to the abasic site
sugar; which is one of the most essential steps in the repair
process. Thus, strand breakage in the DNA takes place
during the processing of the abasic sites by APE1.
Bistranded clustered abasic sites could give rise to DSBs
during the process, which is lethal (Sutherland et al. 2000a)
if left unrepaired. However, clustered abasic sites have been

found to be difficult to process by APE1 owing to a number
of reasons (Paap et al. 2008). In general, the repair refractivity of clustered abasic sites is quite well established
(Georgakilas et al. 2004). Herein, we wanted to know
whether GL extract has any effect on solitary and clustered
abasic site lesions during its processing by APE1.
Single or two closely located abasic sites at predetermined
positions in the oligomer duplexes B1-B2 and B1-B3 were
generated respectively by the action of UDG enzyme. The
enzyme strip of the bases from Uridines in those DNA
sequences (Table 1) giving rise to abasic sites in precise
location in the DNA. Further, the DNA duplexes harbouring
these abasic sites were incubated with APE1 enzyme in the
presence of the varying concentration (5 μL-20 μL) of GL
extract at 37°C for 1 h. Quantitative estimation of cleavage
activity of APE1 was obtained from the analysis of DNA
bands in denaturing PAGE. We observed an increase in the
cleavage activity of APE1 up to ~25% in the presence of the
GL extract in the case of solitary abasic sites present in B1B2 (figure 2). With increase in the amount of GL extract,
gradual increase in the intensity of the DNA fragments
resulting from single strand breaks was observed in denaturing PAGE. This reflects the stimulatory role of the GL
extract which uplifts the cleavage activity of APE1. A saturation effect was also apparent, where beyond a certain limit
(15 μL) the effect of the extract was not visible.
The gradual increase in the strand cleavage products with
increase in the amount of GL extract was also evident for
bistranded clustered abasic sites in B1-B3 in denaturing
PAGE (figure 3). The amount of abasic sites cleaved in the
cluster in B1-B3 was ~58% as compared to ~70% cleavage
for the solitary lesion in B1-B2. However, with the addition
of as little as 5 μL of GL extract, the cleavage efficiency of
APE1 for clustered abasic sites in B1-B3 reached that for
solitary abasic sites in B1-B2. This result is very encouraging in the sense that the stimulatory action of GL extract is
quite prominent also for complex abasic clustered DNA
damage which is otherwise considered as repair resistant
J. Biosci. 41(2), June 2016
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Figure 2. Denaturing PAGE showing the influence of the GL extract on cleavage of solitary abasic lesion in DNA duplex B1-B2. The Bar
graph represents a quantitative estimation of the DNA bands in the lanes of the corresponding gel image and error bars were generated by
calculating mean ± SD from three separate PAGE experiments.

and prone to mutation. Saturation effect was also observed
beyond the addition of 15 μL of extract, but not before the
cleavage of ~90% of the abasic sites which is comparable to
the cleavage efficiency of the solitary lesions by APE1.
In the case of the bistranded clustered abasic sites, the
amount of DSBs generated was estimated by native PAGE.
It is important to understand that for bistranded clusters, the
amount of cleavage of abasic sites may not be proportional
to DSBs, since two abasic sites in a DNA duplex may not be
cleaved at the same frequency by the APE1 enzyme. The rate
of processing is highly influenced by the relative position of
the abasic sites with respect to each other and the sequence
context around the lesions (Das et al. 2011; Singh et al.
2015). Under our experimental conditions, ~47% DSBs
was observed for clustered abasic sites in B1-B3 with
APE1 (figure 4). This amounts to ~10% decrease in DSB
as compared to the number of abasic sites cleaved.
Interestingly, the stimulatory action of the polysaccharides
in GL extract is clearly pronounced for clustered abasic sites.
The constraints imposed due to the presence of two closely
located abasic sites in the DNA for their facile cleavage by
APE1 was largely surmounted by the presence of the GL
extract. However, the same saturation effect was observed
J. Biosci. 41(2), June 2016

where the addition of GL extract beyond 15 μL does not
have any significant effect on the formation of DSBs. Yield
of DSBs from clustered abasic sites in B1-B3 showed a
remarkable increase of ~30% after addition of 5 μL of GL
extract. In the presence of GL extract, the number of abasic
sites cleaved and the amount of DSBs generated become
comparable in B1-B3. This result is important, since it is
evident that GL extract is able to help APE1 to overcome the
hindrance of processing of the abasic sites in clusters.
Therefore, it helps in reducing the chance of the mutation
due to long time persistence of DNA damaged lesions.

3.3

Effect of GL extract on the processing of abasic sites
by cellular extract

It is imperative to know whether GL extract can introduce
the similar stimulatory effect in the processing of abasic sites
by relevant cellular extracts that essentially contain DNA
repair enzymes including APE1. In the presence of the
fibroblast cell extract, the solitary abasic site in B1-B2 shows
more efficient cleavage in comparison to the clustered abasic
site in B1-B3 as encountered previously with APE1. After
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Figure 3. Denaturing PAGE showing influence of GL extract on cleavage of clustered abasic lesion in DNA duplex B1-B3. The Bar
graph represents a quantitative estimation of the DNA bands in the lanes of the corresponding gel image and error bars were generated by
calculating mean ± SD from three separate PAGE experiments.

addition of 15 μL GL extract, the cleavage efficiency of
abasic sites in both B1-B2 and B1-B3 increased by ~19%
and ~23% respectively (supplementary figure 3). As observed with APE1 earlier, the cleavage efficiency of clustered abasic sites in B1-B3 becomes comparable with
solitary abasic sites in B1-B2 after the addition of the GL
extract to the former. This result also indicates that GL
extract retain their stimulatory action in terms of aiding
abasic site cleavage in the presence of other enzymes and
cellular constituents. This compatibility is important for their
potential use as a nutraceutical and other physiological uses.

3.4

Circular dichroism of DNA in presence of
polysaccharide of Ganoderma lucidum

The influence of the polysaccharides of the GL extract on
the three dimensional helical structure of DNA in aqueous
solution was assessed with CD spectroscopy. The positive
peak (P+) at 275 nm and negative peak (P-) at 245 nm
with crossover at 260 nm are signatory peaks for B

conformation of DNA that was observed for B1-B2 (10
μg). Addition of GL extract (5 μL) did not change the
peak position in the CD spectra (Fig. 5). The graph for CD
spectra of DNA incubated with GL extract was plotted
after subtracting the data for GL extract alone. Thus, in
our study, no conformational transition was observed after
addition of GL extract to the DNA. This suggests the
absence of any distortion in the DNA due to its interaction
with GL extract. The results are similar for B1-B3 having
clustered abasic sites (supplementary figure 4). Therefore,
it is reasonable to infer that the increase in the cleavage
activity of abasic sites is not a result of any favourable
interaction between the DNA and constituents of GL extract. The CD spectra of GL extract shows peaks at a
different position than DNA peaks (supplementary
figure 5). The CD bands of unsubstituted carbohydrates
lie in the vacuum ultraviolet (VUV) region of the spectrum
(100–200 nm). The substituted polysaccharides (2acetamido sugar residues) show CD bands between 180220 nm (Kaluarachchik and Bush 1989) and hence there is
no overlap with the DNA peaks. However, the CD peak
J. Biosci. 41(2), June 2016
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Figure 4. Native PAGE showing DSBs after APE1 treatment of B1-B3 in the presence of varying concentration of GL extract. Bar graph
represents a quantitative estimation of the DSBs from the gel mages. Error bars represent mean ± SD from three separate native PAGE
experiments.

position, as reported for aqueous extract of ganoderma in the
supplementary figure 5 provides positive peaks at 250 nm and
negative peak at 340 nm. This corresponds to the lanostane
triterpenoids and closely resembles the spectra as reported by
Liu et al. (2014). Although, the most abundant component in the
GL extract was found to be polysaccharides, which are believed
to be responsible for the modulatory effect of APE1, the participation of the triterpenoids in APE1 processing could not be
ruled out entirely.
In the case of APE1, the presence of positive signatory
peaks of CD signal at 196 nm and negative at 218 nm confirm
dominant beta strand secondary structure. Along with this, the
negative peak at 208 nm was also observed in the CD spectra
that confirms the presence of alpha helix secondary structure.
So, these signatory negative and positive peaks position in CD
spectra clearly shows the occurrence of both alpha helix and
beta strand in case of APE1 as witnessed by Naidu et al.
(2011). The influence of the polysaccharides of the GL extract
on the three dimensional folding of APE1 enzyme in aqueous
J. Biosci. 41(2), June 2016

solution was also assessed with CD spectroscopy. APE1 enzyme was incubated with the 5 μL of GL extract at 37°C for 1
h. Alteration in the APE1 secondary structure was observed
after incubation with the GL extract. On addition of GL
extract, huge alteration was observed in the position and intensity of CD peaks of APE1 enzyme. There is a significant
loss of signatory peaks of alpha helix and beta strands of
APE1. The occurrence of new peaks corresponding to turns
after addition of the GL extract was observed. This point
towards a direct physical interaction between the APE1 and
polysaccharides in GL extract leading to changes in the secondary structure of the enzyme. Reportedly, similar conversion of beta strands to turns was observed due to the binding of
Mg2+ to APE1 enzyme which is required for the activation of
the enzyme (Adhikari et al. 2011). Similar kind of conformational change was observed with APE1 in the presence of
polysaccharides of the GL extract, which attribute to the enhanced APE1 activity for cleavage of the abasic sites in B1-B2
as well as B1-B3.

273

G. lucidum extract’s effect on repair of abasic site DNA damage

due to the conformational changes introduced in the APE1
owing to its interaction with the extract. Many relevant reports
are available for the aminosugars, heparan and heparan sulfate
for bringing favorable changes in the enzyme conformation
needed for its activation (Powell et al. 2004). Reportedly,
polysaccharides of medicinal plants could play a major role in
DNA repair augmenting capacity as observed in the case of
Aleo vera (Hamman 2008), which may be operative herein
also.
4.

Figure 5. Effect of GL extracts on the CD spectra of DNA and
APE1 enzyme. A. CD spectra of DNA (B1-B2 with solitary abasic
site) and DNA incubated with GL extract. B. CD spectra of APE1
enzyme and APE1 incubated with GL extract.

3.5

PAGE mobility shift assay

We have done native PAGE assay to demonstrate the mobility
shift of APE1 due to interaction with GL extract if any. The 8%
of native gel shows concentration dependent retardation in the
mobility of the APE1 enzyme (supplementary figure 6) following incubation with GL extract for 1 h. This retardation becomes
saturated with 15 μL of aqueous GL extract. This retardation in
the mobility of the APE1 is attributed to the complexation of the
APE1 with the constituents of Ganoderma lucidum extract or

Conclusion

The present study explored the stimulatory action of the
mushroom G. Lucidium aqueous extracts on abasic site
DNA damage lesions. The hot water extracts were prepared
and subjected to characterization. The presence of polysaccharides in the extract was confirmed by ESI MS. The
influence of water-soluble polysaccharides of G. lucidum
on DNA repair was explored at the molecular level with
respect to the processing of abasic sites via BER pathway.
Two DNA models were considered, where single and clustered abasic sites was positioned in precise location of DNA
oligomer duplexes. The influence of the polysaccharides of
GL extract was observed on APE1, a major enzyme of the
BER pathway, which is responsible for the cleavage of the
abasic sites in DNA. Direct evidence of enhanced cleavage
activity of solitary and clustered abasic sites by APE1 was
observed in the presence of G. Lucidium aqueous extracts.
Better cleavage activity was also found when DNA duplexes
are treated with fibroblast cell extracts in the presence of the
extract. The increment in the APE1 biocatalytic activity was
found to be proportional to the concentration of polysaccharides until a saturation point. Although, no significant
changes in the conformation of the DNA were observed in
the presence of the extract, considerable changes in the
three-dimensional folding of APE1 were witnessed. The
interaction of the polysaccharides with APE1 has a profound
influence in augmenting its biocatalytic activity. However,
other constituents, in particular triterpenoids, could also play
a role in the biocatalytic activity. The effect of G. lucidum on
various important DNA repair enzymes and pathways need
to be evaluated at the molecular level to understand the
mechanism of action of the mushroom extracts in terms of
DNA damage repair that are linked to its reported anticancer
and other important activities.
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