


FIGURE 28
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Figure 28. Chromatographic profiles of GTP in oxidized PC12 cells

Alkaline phosphatase -treated cellular extracts obtained from PC12 cells under control or
Cu/Asc —exposed (1mM L-ascorbic acid, 10 uM copper sulfate) conditions. Typical
elution profiles for 0x0°G (A) and G (B) detected at 250mV and 785mV respectively.
Bar graphs demonstrate increases in cellular levels of 0x0°G, reported as 0xo*GTP (C), in
Cu/Asc —exposed cell populations (black bars) as compare to control (white bars) and
constant levels of G, reported as GTP (D), in both groups. Data expressed as the mean

molar quantities of analyte per total protein (mg) + SEM (n =6, * p <0.05).

165



We found that a four-hour incubation with Cu/Asc significantly increased cellular
0x0°GTP two-fold from basal levels in PC12 cells (Figure 28B). Detected levels of G and
0x0°G were expressed as GTP and 0xo’GTP respectively and normalized to total protein.
Levels of GTP were unchanged between control and Cu/Asc-exposed cell populations
(Figure 28D). GTP levels in untreated PC12 cells (1.5 nmoles GTP/ 10° cells) were
similar to basal levels we previously reported in untreated HEK 293T cells (2.3 nmoles
GTP/ 10° cells) using this method (Bolin and Cardozo-Pelaez 2007).

To determine if the increase in oxo'GTP in PC12 cells with Cu/Asc would have
an effect on sGC activity, we exposed a population of PC12 cells to Cu/Asc for four
hours. After exposure to Cu/Asc, PC12 cells were stimulated with DEA/NO and cGMP
formation by intracellular sGC was measured by HPLC-EC. Both 1 uM and 0.5 uM
DEA/NO-stimulated PC12 cell populations had a two-fold reduction in cGMP formation

after Cu/Asc exposure (Figure 29).
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FIGURE 29
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Figure 29. Inhibition of sGC activity in NO-stimulated, oxidized PC12 cells
Inhibition of sGC activity in DEA/NO-stimulated PC12 cells under control or Cu/Asc —
exposed (I mM L-ascorbic acid, 10 uM copper sulfate) conditions. Data expressed as the

mean molar quantities of analyte per total protein (mg) =+ SEM (n =2-9, * p <0.05).

168



In order to reproduce the protective effects of GSH in cell-free preparations, we
incubated PC12 cells with ImM or 5 mM of a cell permeable GSH, glutathione ethyl
ester, twenty minutes prior to the addition of Cu/Asc. Neither concentration of GSH was
able to protect GTP from oxidative modification and only at SmM was a protective effect

on sGC activity observed (Figure 30).
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Figure 30. Effects of GSH on oxidation and sGC activity in PC12 cells

Increase in 0xo"GTP formation after incubation of PC12 cells with Cu/Asc (black bars)
as compared to control (white bar) conditions including subsets of cells receiving 1 mM
or SmM glutathione ethyl ester (GSH) (A). Resulting reduction in DEA/NO-stimulated
endogenous sGC activity in the same populations of PC12 cells as (A) incubated with
Cu/Asc (black bars) as compared to control (white bars) with or without pretreatment
with GSH (B). Data expressed as the means + SEM (n =3, * p <0.05 compared to

control, ” p<0.05 compared to control without GSH).
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It is important to note the confounding finding that GSH alone resulted in a significant
reduction in cGMP produced in PC12 cells stimulated with NO (Figure 30B). Therefore,
further investigation of the reversal of 0xo®GTP production and subsequent sGC
inhibition in PC12 cells needs to be evaluated with alternative antioxidants such as
mannitol or oxycoumarin previously shown to reduce oxidative stress in this cell type

(Jones, Underwood et al. 2007).
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Discussion

We have found that under oxidizing conditions the guanine (Gua) base
incorporated into GTP is sensitive to free radical attack causing the formation of
0x0°GTP. Accumulation of this damaged form of GTP can have deleterious effects on
cell function as evidenced by a reduction in purified sGC activity as well as endogenous
sGC in PC12 cells. Conditions of oxidative stress induced by 1 mM L-ascorbic acid and
10 uM copper sulfate are sufficient to induce formation of oxo®GTP without oxidation of
the Gua incorporated into DNA (Bolin and Cardozo-Pelaez 2007).

To accurately report sGC activity, we developed a novel HPLC-EC methodology
for quantifying cGMP which can be used as a supporting, functional assay for
investigating changes in cytosolic 0x0o®GTP levels using the same instrumentation in one
cellular extract. We have previously reported the first biomarker assay of this kind for
the measurement of oxidized guanosine triphosphates (0x0*GTP and oxo*dGTP)
simultaneously with their unmodified triphosphate forms (GTP and dGTP) (Bolin and
Cardozo-Pelaez 2007). In order to extend this methodology into an assay of cell
function, we utilized these same HPLC-EC conditions and probed for cGMP. The most
widely used assay for determining the conversion of GTP to cGMP by NO-stimulated
sGC in vitro and in vivo is by radioimmunoassay with commercially available kits (e.g.,
Amersham International, Arlington Heights, IL). However, reverse phase and ion-
exchange HPLC methods for the detection of cGMP using fluorometric, diode array, UV,
and EC detection have all been described (Yamamoto, Shimizu et al. 1984; Smith, Wales
et al. 1993; Goossens, Leroux et al. 1994; Yonekura, Iwasaki et al. 1994; Pietta, Mauri et

al. 1997; Seya, Furukawa et al. 1999; Diaz Enrich, Villamarin et al. 2000; Soda, Ohba et
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al. 2001). Our detection limit of 13.6 femtomoles is competitive with the most sensitive
of these HPLC methods, that have a detection range between 5 femtomoles and 10
picomoles. The reliability of the method is demonstrated by an average percent recovery
for cGMP standards of 99.8% and a coefficient of variation of less than 5% between
replicate injections. Additionally, under our experimental conditions, sGC activity
produces a strong increase of detectable cGMP stimulated by DEA/NO both in cell-free
preparations of purified sGC and in PC12 cells similar to previously published studies
(Figure 22) (Lee, Martin et al. 2000; Watjen, Benters et al. 2001; Bellamy, Griffiths et al.
2002). Our detected values of cGMP are close to cGMP values previously reported in
this cell type although higher due to our use of a phosphodiesterase inhibitor, more potent
NO donor, and our more sensitive detection methodology (Watjen, Benters et al. 2001).
The advantage of our method lies within our ability to analyze the unmodified and
oxidized substrates (GTP and 0x0o’GTP) of NO-stimulated sGC along with the enzymatic
product (cGMP) within the same sample.

Employing our sGC assay in vitro we were able to characterize oxo’GTP as a
potent, endogenous inhibitor of NO-stimulated sGC. The most characterized and widely
used inhibitors of sGC to date are methylene blue, LY-83583, ODQ and NS 2028. These
exogenous inhibitors act by either directly or indirectly interfering with NO binding to
the ferrous heme iron which prevents the change in conformation of sGC and subsequent
enzyme activation (Luo, Das et al. 1995; Schrammel, Behrends et al. 1996; Olesen,
Drejer et al. 1998). This type of synthetic inhibition is partially overcome upon
competitive addition of NO donors such as DEA/NO (Schrammel, Behrends et al. 1996).

Due to the fact that high concentrations of DEA/NO were not able to overcome the
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inhibition of sGC by 0x0®*GTP, we suggest 0xo’GTP is not acting at the NO-binding site
(Figure 24). Analysis of double reciprocal plots of substrate (GTP) versus the velocity of
sGC demonstrated a decrease in Vi, with increasing oxo®GTP concentration with little
effect on Ky, (Table 1). This suggests a noncompetitive, mixed type of inhibition of
0x0°GTP with GTP. However, further analysis of inhibition is necessary to accurately
characterize the specifics of 0xo*GTP inhibition on sGC activity.

Interestingly, L-ascorbic acid and cupper sulfate, independently, have been found
to inhibit sGC in a similar cell-free system as the one used in our studies (Schrammel,
Koesling et al. 1996; Schrammel, Koesling et al. 2000). Schrammel et. al. presented data
showing that both copper ions and L-ascorbic acid act as inhibitors of sGC via NO-
independent mechanisms and the inhibition is prevented by the addition of GSH.
However, they failed to establish a role for the GTP pool. We report that exposure of
pure GTP to L-ascorbic acid alone leads to an approximately 600 fold increase in
0x0°GTP although incubations of GTP with copper alone do not affect 0oxo°GTP levels
(Figure 26). Our results suggest that the previously reported observations of sGC
inhibition by L-ascorbic acid and copper sulfate could be due in part to oxidative
modification of GTP present in the reactions, producing the inhibitor oxo*GTP, as
opposed to direct effects on NO binding or direct modification of the sGC protein. This
is further supported by the successful reduction of 0xo*GTP levels produced by the
combination of L-ascorbic acid and copper sulfate in our reactions by GSH and
consequent rescue of sGC activity (Figure 26).

Corroboration of our cell-free sGC activity results with findings using the PC12

neuronal cell culture model demonstrates the physiological relevancy of our findings.
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The levels of 0xo®GTP induced with Cu/Asc correspond to approximately 24 nM
0x0°GTP in the cell extracts and approximately 50 uM GTP which resulted in a 50%
reduction in cGMP produced by NO-stimulated, native sGC (Figures 24 and 25). This is
very similar to the magnitude of reduction in cGMP in cell-free, NO-stimulated sGC
inhibition observed (Figure 23A, inset). Therefore, although 0x0*GTP may only
represent between 0.048 and 0.2 % of the total cellular GTP present, it is able to reduce
the amount of cGMP available via sGC activation by as much as half. This is an
interesting result that might suggest that sGC has a higher affinity for oxo®GTP than the
endogenous GTP substrate. Consequences of lowered cGMP levels in the CNS include
reduced neuronal activation, impairment of long term potentiation (LTP), and the
disruption of neuritogenesis (Zhuo, Hu et al. 1994; Arancio, Kandel et al. 1995; Boulton,
Southam et al. 1995; Tanaka, Markerink-van Ittersum et al. 1997; Bidmon, Starbatty et
al. 2004; Boess, Hendrix et al. 2004; Monfort, Munoz et al. 2004; Yamazaki, Chiba et al.
2006). Further investigation of 0x0®GTP levels and resulting changes in sGC could
provide key mechanistic insights into the pathology of normal developmental, aging, and
disease processes known to be highly affected by oxidative stress. This is emphasized by
the fact that the MTH1 protein, responsible for hydrolyzing 0xo*dGTP to 0xo*dGMP and
thus preventing its incorporation into DNA, has a rate of cleavage 50 times lower for
0x0°GTP than that of oxo®dGTP (Mo, Maki et al. 1992; Hayakawa, Hofer et al. 1999).
No specific repair mechanism for sanitation of cellular oxo®GTP has been identified to
compensate for this inefficiency of MTHI.

Concentrations of L-ascorbic acid and copper sulfate used in this study are

biologically relevant to those found in brain where copper reaches levels as high as 30
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uM during normal neurotransmission (Haeffner, Smith et al. 2005). Additionally,
evaluation of AD brains known to contain concentrations of copper as high as 400 uM in
a cellular environment rich in reducing agents such as ascorbic acid could provide a novel
approach to understand early biomarkers of oxidative stress that appear to precede gross
neuronal death (Lovell, Robertson et al. 1998; Pratico, Clark et al. 2000; Pratico, Uryu et
al. 2001). Further studies evaluating the consequences of oxidative stress induced
elevated 0xo®GTP levels and resulting modulations in sGC activity in brain tissue is
necessary to investigate physiological impacts of this novel biomarker. Additionally, it
is necessary to confirm the presence of an oxidized cGMP product, as a result of
0x0*GTP being converted to 0xo cGMP by sGC, and determine how this oxidized cGMP
may behave in downstream processes requiring cGMP.

In conclusion, our results show 0xo®GTP to be a potent inhibitor of sGC, and that
oxidative environments induced with Cu/Asc cause an elevation in oxo®GTP that
significantly lowers available cGMP. The methodology outlined within this study to
quantify 0xo®GTP and sGC activity concomitantly can be applied to a variety of systems
investigating oxidative stress as a component of pathologies including cardiovascular
disease and neurodegenerative disease. Furthermore, investigating this previously
overlooked biomarker and its cellular consequences may lead to novel therapeutic

interventions for these diseases.

177



Conclusions

In this study we report oxo®GTP as an endogenous product of GTP oxidation
under conditions of oxidized stress induced by copper sulfate and L-ascorbic acid that is
reversible with the antioxidant GSH. sGC, a previously uncharacterized target of
0x0°GTP, is also evaluated and shown to be inhibited by 0x0*GTP produced in cell-free
preparations as well as 0xo*GTP induced in PC12 cells exposed to copper sulfate and L-
ascorbic acid. Analysis of brains from patients with neurodegenerative disease
pathologies such as AD, known to have elevated levels of endogenous copper in cellular
environments rich in ascorbate and GTP, could yield a more relevant source of
biomarkers for disease state than previously characterized oxidative lesions to G
incorporated into DNA. Analysis of oxidative products such as 0xo®GTP could help
facilitate the transition from G being regarded as an endpoint of cellular dysfunction that
leads to carcinogenesis or apoptosis in a cellular state too compromised for effective
intervention to a player in early mechanistic modulations in neurodegenerative disease

such as neuronal signaling.
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SUMMARY

The goal of this study was to test the hypothesis that oxo®GTP is produced under
physiological conditions, increased during oxidative stress, and a consequence of
elevated oxo®GTP levels is a reduction in available cGMP due to its activity as a
pathological inhibitor of sGC. We set out to test this hypothesis by testing the following
specific aims: (1) Determine the levels of 0xo*GTP produced in cell-free GTP
preparations and cytosolic extracts from cells in culture under conditions of oxidative
stress induced by L-ascorbic acid and copper using a novel HPLC-EC methodology, (2)
determine the specific mechanism of oxidation to GTP induced by L-ascorbic acid and
copper using EPR, and (3) evaluate the consequences of increased levels of 0xo*GTP on
sGC activity in cell-free and cell culture conditions.

Results from experiments testing these specific aims yielded the following
conclusions. In regards to aim 1, HPLC-EC, with preparative dephosphorylation, is a
sensitive, reliable method for measuring GTP, dGTP, oxogGTP, and 0x0®dGTP.
Ox0°GTP is produced in cell-free preparation of GTP under oxidizing conditions (1mM
L-ascorbic acid/10 uM CuSOy) and significant elevations in oxo*GTP are also observed
under the same oxidizing conditions in HEK 293T and PC12 cells. Additionally,
Oxidation of the GTP pool may occur independently of oxidation to 2dG in DNA.

Major results and conclusions from aim 2 are that the ®OH radical is generated in
reactions of 1 mM GTP/10 uM CuSO4/1 mM L-ascorbic acid as assessed by EPR
spectroscopy. Production of the ®OH radical is dependent on the presence of GTP and O,

and Cu(II) forms a necessary complex with GTP which facilitates its reduction to Cu(I).
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Differences observed in the percent increase of 0xo*GTP in cell-free GTP as compared to
cell culture models can be explained by available O, in the system.

From specific aim 3 we were able to determined that HPLC-EC is a sensitive,
reliable method for quantifying sGC activity based on detection of the cGMP product.
Ox0°GTP is a potent inhibitor of sGC in cell-free preparations and increases in 0xo°GTP
in cell-free preparations by oxidizing conditions (ImM L-ascorbic acid and 10uM
CuSO0y) cause significant inhibition of sGC activity which can be recovered by pre-
treatment with the antioxidant GSH. The observed increases in 0xo*GTP in PC12 cells
by oxidizing conditions also causes significant inhibition of sGC activity.

Taken together, the results presented in the entirety of this study provide a new
means of understanding oxidative stress in the normal and disease or toxin-exposed
cellular environment. Application of these methods can provide the tools necessary to
target oxo"GTP as a key biomarker and cellular signal in pathological disease states such

as AD.
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APPENDIX A:
Age-dependent accumulation of 8-hydroxy 2’-deoxyguanosine triphosphate
(0x0®GTP) in mouse caudate putamen

Summary of Method and Results

Male mice both young (aged 2-4 months) and old (aged 22-28 months) SVJ/129
mice were euthanized by cervical dislocation and microdissections of the caudate
putamen performed. Caudate putamen tissues were weighed and immediately placed in
ice-cold, 0.05M perchloric acid. After sonication, samples were centrifuged at 14,000 x
g, 4°C for 20 minutes, supernatants were filtered through 0.45um syringe filters and
samples stored at -80°C until analysis. On the day of analysis, extracts were neutralized
with KHCO3/KCOs buffer and subjected to the dephosphorylation procedure using
alkaline phosphatasee exactly as cell extracts in Chapter 1. HPLC-EC analysis of dG, G,
0x0°dG, and 0x0°G was also carried out exactly as described in Chapter 1 in 27 uL of
dephosphorylated extract. dGTP, GTP, oxo*dGTP, and 0xo’GTP were quantified as
picomoles (pmoles) and expressed per amount of tissue weight in milligrams (mg).

As shown in Figure 1A and 1B, all analytes were detectable in caudate putamen

tissue extracts from a representative young mouse caudate putamen.
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FIGURE 1
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Figure 1. Chromatographic profiles of caudate putamen extract.
Chromatograhic profiles of alkaline phosphatase treated caudate putament extracts in
from young mice. Typical elution profiles for the generated G and 2-dG (A) and typical

elution profile for the 0x0*G and 0x0°dG generated (B).
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Figure 2 shows that GTP decreases significantly with age, rendering 0xo’GTP below
detection limits in old animals. Conversely, dGTP appears to increase with age, and

0x0°dGTP is significantly elevated in old animals as compared to young animals (Figure

2).
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FIGURE 2
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Figure 2. Quantitiation of GTP, dGTP, 0x0°GTP, and 0x0’dGTP in young and old
mice.

Levels of GTP (A) and 0xo*GTP (B) as well as dGTP (C) and 0xo’dGTP (D) from
extracts of caudate putament from young (2-4 months) and old (22-28 months) mice.

Data are expressed as mean + SEM (n = 3-9), * p<0.05).
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These findings are very interesting in terms of known oxidative accumulation to
the guanosine moiety in DNA with age (Fraga, Shigenaga et al. 1990; Cardozo-Pelaez,
Song et al. 1999; Izzotti, Cartiglia et al. 1999; Cardozo-Pelaez, Stedeford et al. 2002). It
can be concluded from our data that the DNA precursor, dGTP, is also subject to an age-
dependent increase in oxidation. This has never been directly quantified in brain tissue
before. The results of these experiments verify that brain tissue is a viable source of
these biomarkers of oxidation (0xo°GTP and oxo®dGTP) and further studies evaluating
the effects of neurodegenerative disease such as AD or toxicological insult leading to
neurological deficits are possible. The normal fluctuation in 0xo®GTP and 0x0®dGTP as
well as their unmodified forms with observed with age differences in mouse brain
caudate provide evidence of the vulnerability of this nucleotide pool that merits further

investigation in murine and human brain tissue.
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