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Abstract—One-electron oxidation of §-5,6,7,8-tetrahydrobiopterin (B) by the azide radical generates the radical
cation (H,B"™) which rapidly deprotonates at physiological pH to give the neutral trihydrobiopterin radigal(hK

(H,B™" =2 HB” + HT) = (5.2 = 0.1). In the absence of ascorbate both th®H and H,B" radicals undergo
disproportionation to form quinonoid dihydrobiopterin (5B and the parent jB with rate constant&(H,B"" +

H,B"") =6.5X 10®M~*s *andk(HB" + H;B") = 9.3 X 10* M~ 1 s, respectively. The kB" radical is scavenged

by ascorbate (AscH) with an estimated rate constantk{H;B" + AscH™) ~ 1.7 X 10° M~ s™%. At physiological

pH the pterin rapidly scavenges a range of biological oxidants often associated with cellular oxidative stress and nitric
oxide synthase (NOS) dysfunction including hydrox¥DK), nitrogen dioxide (NG), glutathione thiyl (G, and
carbonate (C@ ™) radicals. Without exception these radicals react appreciably faster whh#an with AscH with

k(OH + H,B) = 88X 10° M s % k(NO, + H,B) =9.4X 1®* M~ *s % k(COy,~ + H,B) = 46X 10°M™?

s 1, andk(GS + H,B) = 1.1 X 10° M~* s, respectively. The glutathione disulfide radical anion (GS3@apidly

reduces the pterin to the tetrahydrobiopterin radical anig/B{H) with a rate constant #(GSSG~ + H,B) ~ 4.5 X

10®* M~* s, The results are discussed in the context of the general antioxidant properties of the pterin and the redox
role played by HB in NOS catalysis. © 2002 Elsevier Science Inc.
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INTRODUCTION ducible iINOS [6]. Rapid freeze-quench EPR has pro-
vided useful information regarding pterin radical struc-
ture, which has been proposed to be either the
trinydrobiopterin radical (EB") [7], or the protonated
tetrahydrobiopterin radical cation {B)"* [8]. Sub-opti

mal concentrations of B during endothelial eNOS
catalysis causes decoupling of the activating heme-dioxy
complex to generate O radicals [9]. The pterin may
therefore modulate the ratio of ,O to NO', switching
NOS to a ‘peroxynitrite synthase’ [2—10]. NQ@apidly
conjugates with the ©~ radical to generate peroxyni
trite (ONOQ ), a potent oxidizing agent [11], which can
lead to the formation of hydroxyl"©H) and nitrogen
dioxide (NG, radicals following protonation [12].

(6R)-5,6,7,8-Tetrahydrobiopterin (JB) is an essential
cofactor for all nitric oxide synthases (NOS) and effi-
ciently couples NADPH oxidation to nitric oxide (N
synthesis, thereby inhibiting superoxide,{O and hy
drogen peroxide formation [1-3]. The pterin is believed
to fulfill a range of functional roles in NOS but recent
evidence suggests that,Bl is redox active in catalysis
[4]. Involvement of a pterin radical in NOS catalysis was
initially proposed on the basis of rapid-reaction kinetics
with neuronal NOS [5]. This hypothesis was supported
by rapid kinetic studies linking §B radical formation to
heme-dioxy reduction and arginine hydroxylation in in-
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The interaction of ONOO™ with carbon dioxide to gen-
erate the nitrosoperoxocarbonate anion (ONOOCO, ")
can also result in the formation of two relatively strong
one-electron oxidants, NO," and the carbonate radical
(CO5 ) [13-18].

ONOO™ + CO, — ONOOCO,” —NO, + CO;~ (2)

Potentially damaging reactions of CO;"~ and NO,"~ may
be minimized by interception by low-molecular weight
antioxidants; in the case of NO,’, glutathione (GSH) and
ascorbate (AscH™) are most important in the cytosol
[19].

CO, /NO," + GSH — CO2 NO, + GS + H* (3)

The glutathione thiyl radical (GS) is rapidly scavenged
by ascorbate, which provides a major radical sink via
reaction 4 [20,21].

GS + AscH™ - GSH + Asc™™ + H™ (4)

Recent work has shown that physiological concentra-
tions of ascorbate increase the synthesis and biological
activity of NO' in cultured endothelial cells by increasing
intracellular H,B [22-24]. These observations may ex-
plain how supplementation with H,B or ascorbate can
reverse eNOS dysfunction in cardiovascular disease [25,
26]. H,B appears to have a strong scavenging capacity
for biological oxidants including peroxynitrite [27,28],
and superoxide [29,30], implying that the pterin is not
only an important regulator of NOS and other H,B
cofactor-dependent enzymes, but also may fulfill arole
as an intracellular antioxidant [31]. However, the inter-
action of pterin with key biological radicals generated
during NOS dysfunction and general cellular oxidative/
nitrosative stress is relatively unexplored. Direct radical
scavenging by H,B and the interaction of the resultant
H,B radicals with other cellular antioxidants will define
the antioxidant capability of the pterin.

In this investigation we have used the technique of
pulse radiolysis to observe directly the reactions of “OH,
NO,", CO;" and GS' radicalswith H,B, and the reaction
of the resultant pterin radical with ascorbate.

MATERIALS AND METHODS

Chemicals

(6R)-5,6,7,8-tetrahydrobiopterin dihydrochloride
(H,B), L-ascorbic acid, glutathione (GSH), sodium
azide, sodium nitrite, sodium carbonate, and 2-propanol
were obtained from the Sigma-Adrich Chemica Com-
pany Ltd, Poole, UK. Phosphate buffers were obtained
from BDH Chemicals Ltd, Poole, UK. Prior to irradia

tion, al solutions were bubbled with zero-grade nitrous
oxide (N0, oxygen content << 10 ppm) (British Oxygen
Company, Kent, UK) from which trace oxygen was
removed by an Oxisorb cartridge (Chromatography Ser-
vices Ltd, Hoylake, UK).

Radiation chemistry

The pulse radiolysis experiments were performed
with a6 MeV linear accelerator as described previously
[32]. A pulse of 0.5 us delivered doses of 2-35 Gy
(typically 1-30 uM radicals), as determined by thiocy-
anate dosimetry [33]. Steady-state irradiations were per-
formed with a ®°Co +y-source with a nominal activity of
2000 Ci. Theradiolysis of water generates radicals, ions,
and other molecular products (The humbers in parenthe-
sis are the approximate radiation chemical yields in
wmol J°1)

H,0 —"OH (0.28), e,,” (0.28, H' (0.06),
H* (0.34), H, (0.05), H,0, (0.07) (5)

The azide radical (N3") was generated by radiolysis of
N,O-saturated solutions of NaN5 (50 mM) in phosphate
buffer (4 mM). The hydrated electron (e,, ) reacts with
N,O and is converted into the hydroxyl radical ("OH),
which becomes the main primary product of water radi-
olysis:

€ +N,O+OH —"OH+OH +N, (6)

The resultant "OH radical oxidizes the azide anion over
the pH 4-9.5 to give the N3" radical [34]:

"'OH + N3~ — N3 + OH~ 7)

The carbonate (CO3™ ) and nitrogen dioxide (NO,’) rad-
icals were generated by similar means by substituting the
sodium azide with either sodium carbonate (20 mM)
[35], and sodium nitrite (10 mM) [36].

‘OH + NO,” — NO," + OH"~ (8)
"'OH + CO;2 —CO, + OH~ 9)

The acid-base equilibrium of the carbonate radical has
been a matter of controversy in recent years but recent
evidence suggests that HCO;' radical is a strong acid and
is probably unprotonated at pH > 7.5 [37]. The gluta-
thione thiyl radical (GS’) was generated by radiolysis of
an N,O-saturated aqueous solution containing 2-propa-
nol (0.2 M) and glutathione (10 mM) following repair of
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Table 1. Rate Constants for the Reaction of Biological Oxidants (R)) with Tetrahydrobiopterin (H,B) Compared to Ascorbate (AscH ™), and
Radiation Chemical Yields (G) for the Loss of the Pterin Relative to that of Oxidizing Radicals

Radical

species (R") kR + H,B)YM st k(R + AscH )Y M~ ts?t G(R)/wmol J* G(—H,B)/umol J°*

Ny (5.7 +0.2) x 10° 29-48x10° 0.55 0.40 + 0.1

*OH 3(8.8 = 0.2) X 10° 33-56x%10° 0.55 039+ 0.1
(1.1 = 0.2) x 10%°

NO,~ (9.4 +0.1) x 10° 1.8 — 6.4 X 107 0.55 04 +01

CO, ™ (46 = 0.1) x 10° 11— 14X 10° 0.61 037+ 0.1

GS (1.1+0.1) x 10° 6 X 10° 0.68 <0.01

2 Absolute value measured directly from the rate of formation of the H4B" radical.

b Rate constant determined by kinetic competition with KSCN.

¢ Rate constants taken from the NRDL-NIST Solutions Kinetics Database ref. [49].

the 2-propanol radical by glutathione via reactions 5, 6,
10, and 11 [38].

"OH/H" + (CH5),CHOH —
(CH,),C'OH + H,0/H, (10)
(CH,),C'OH + GSH — (CH,),CHOH + GS'  (11)

Under these experimental conditions the radiation chem-
icd yields of radicals are G('OH) = G(N3) =
G(NO,) = 0.55 umol J %, G(GS) = 0.68 wmol J ™,
and G(CO;" ") = 0.61 wmol J*. Since H,B rapidly
auto-oxidizesin air [39], al stock solutions of the pterin
were gassed separately with N,O and added immediately
prior to radiolysis.

HPLC quantification of H,B oxidation

Following steady-state y-radiolysis the oxidation of
the pterin was monitored by HPLC. Separation was
achieved on a Hichrom RPB 100 X 3.2 mm reverse-
phase column (Hichrom, Reading, UK) at a flow rate of
1 ml min~*. The solvents and gradients used were A: 5
mM heptane sulphonic acid, 5 mM KH,PO,, 5 mM
H;PO,, and B: 75% acetonitrile, 25% water; gradient:
5-25% B, 5 min. Solvents were degassed with helium. In
order to prevent H,B auto-oxidation, samples were in-
jected onto the HPLC directly from the irradiation sy-
ringe through a stainless steel luer needle viaa Rheodyne
7120 valve fitted with a 20 ul loop. The solutions were
irradiated in airtight syringes at a dose rate of 3.1 Gy
min~ 1, as determined by Fricke dosimetry [40]. Radia-
tion chemical yields (G) in wmol J~* for the oxidation of
H,B were calculated from the slope of plots of changein
concentration versus radiation dose.

RESULTS

Table 1 contains the absolute rate constants for the
oxidation of H,B a physiological pH 7.4 by the azide

radical (N3") plus various biological one-electron oxidants
determined by pulseradiolysis. Alsoincluded in Table 1 are
the corresponding radiation chemicd yields for loss of the
pterin relative to that of the oxidizing radical determined by
steady-tate y-radiolysis and HPLC.

Soectral characteristics and acid-base properties of
pterin radicals

The azide radical is aweaker oxidant (E°(N5 /N3 ™) =
1.33 V) than "OH (E°(COH/OH™) = 1.9 V), and is
capable of selectively oxidizing pterins by direct electron
transfer [34]. The reaction of N3™ radicals with H,B was
followed by observing the changes in absorption in the
wavelength range 300—620 nm. Fig. 1A shows the typ-
ical absorption spectra of the H,B"* radical cation and
the neutral H;B" radical generated by one-electron oxi-
dation of H,B by the N;" radical. Between pH 7-9.5 the
spectrum of the H3B" radical is characterized by a strong
peak (¢ ~ 6250 = 100 M~ * cm™?) near 335 nm and a
lower absorption above this, with atail extending to 610
nm. Similar UV/visible spectra of trihydropterin radicals
were previously reported by Armstrong and colleagues
following oxidation of synthetic tetrahydropterins by the
Nj radical [41]. For solutions of H,B at a particular pH,
the rate of increase in absorption of the pterin radical
obeyed pseudo first-order kinetics (e.g., Fig. 1B) at all
wavelengths with similar rates. Figure 1C shows alinear
plot of the pseudo first-order rate constants versus H,B
concentration at pH 5, the slope of which gave the rate
constant ky, = (5.7 + 0.2) X 10° M~ s consistent
with reaction 12.

Ny + H,B >Ny~ + H,B"* (12)

Figure 2 shows the changes in absorbance at 300 nm and
420 nm fitted to the appropriate function giving a pK, =
5.2 = 0.1 for the radical cation H,B"", which rapidly
deprotonates at pH > pK_ to give the H;B" radical:
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Fig. 1. (A) Spectra of the tetrahydrobiopterin radical cation (O) and the trihydrobipterin radical (®) obtained by pulse radiolysis (3 Gy)
of an N,O-saturated agueous solution of H,B (100 uM), NaN; (50 mM), sodium phosphate buffer (5 mM) at pH 4 and 9, respectively.
Theinsert (B) is atypical kinetic trace showing the build-up of the H3B" radica following pulse radiolysis (2.3 Gy) of H,B (25 uM)
at pH 7.4. Insert (C) shows the linear correlation of the observed first-order rate constant versus the concentration of the pterin.

H,B™" = H;B" + H* (13)

In the absence of ascorbate the pterin radicals decayed
viasecond-order kinetics with a half-life which increased
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Fig. 2. The change in absorbance recorded at 300 nm (O) and 420 nm
(®) between pH 3 and 9.3 following pulse radiolysis (3 Gy) of an
N,O-saturated aqueous solution of H,B (50 uM), NaN; (50 mM),
sodium phosphate buffer (5 mM).

with increasing radiation dose or initial concentration of
oxidizing radicals ([N5] ~ 3-30 uM), indicating that
both the H,B"" and H,B" radicals undergo disproportion-
ation to regenerate H,B and probably quinonoid dihy-
drobiopterin (qH,B) via reaction 14. The reciprocal of
the first half-life of the pterin radicals varied linearly
with the initia radical concentration, and from the slope
of thefitted straight line, the rate constants 2k, = (9.3 =
0.1) x 10°M *s ta pH 7.4 and 2k,, = (6.5 = 0.1) X
10° M~ s~ at pH 3.5 were obtained for the neutral and
protonated pterin radicals, respectively.

2H;B" or 2H,B"* —H,B + qH,B (+nH") (14)

The inclusion of 0.5 M NaClO, increased the rate of
decay of the H,B"* radica 2.1-fold to 2k, = (1.4 =
0.1) X 10* M~* s7L. Thisis consistent with the accel-
eration of therate of decay of a specieswith net charge =
1 predicted from the Debye-Hiickel-Bronsted-Davis
equation [42]. In marked contrast, the decay of the H;B®
radical at pH 7.4 was unaffected by increasing the ionic
strength of the solution, consistent with an uncharged
species. The radiation chemical yield for the loss of the
pterin G(—H,B) = 0.40 + 0.1 umol J~*. Of this, 0.07
umol J ! may arise from two-electron oxidation by
H,0, formed by reaction 5, leaving ~0.33 umol J 2,
which is somewhat higher that half G(N3") = 0.55 = 0.1
umol J™%, the yield predicted from reaction 14.
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Fig. 3. (A) The spectrum of the trihydrobiopterin radical (®) generated by pulse radiolysis (2 Gy) of an N,O-saturated agueous solution
of H,B (100 uM), glutathione (10 mM), 2-propanol (0.2 M), sodium phosphate buffer (5 mM) at pH 6. The spectrum of the disulfide
radical anion (O) and the tetrahydrobiopterin radical anion () generated by pulse radiolysis (2 Gy) of an N,O-saturated aqueous
solution of H,B (100 wM), sodium formate (0.2 M), glutathione (10 mM) sodium phosphate buffer (5 mM) at pH 9.2 measured at 50
usand 250 ws after pulse, respectively. Insert (B) isatypical kinetic trace showing the build-up of the H;B" radical following oxidation
of the H,B (28 uM) by the GS' radical recorded at pH 7.4 and insert (C) shows the corresponding linear correlation of the observed
first-order rate constant versus the concentration of the pterin (20-100 uM). Insert (D) shows atypical kinetic trace showing the decay
of the disulfide radical anion in the presence of H,B (30 uM) under similar experimental conditions described in (A) and insert (E)
shows the corresponding linear correlation of the observed first-order rate constant versus the concentration of the pterin (20—100 uM).

Oxidation of H,B by the glutathione thiyl radical and
reduction by the glutathione disulfide radical anion

Figure 3A (@) shows the spectrum obtained when
H,B is oxidized by the GS’ radical and Fig. 3B atypical
kinetic trace recorded at 330 nm. The spectral similarities
with Fig. 1A for oxidation of H,B by the N3 radical
indicates that scavenging of the GS' radica by H,B
generates the H4B" radical according to reaction 15.

GS' + H,B — GSH + H,B’ (15)

At pH 4 the GS' radica gives the H,B"™ radical cation
suggesting that at physiological pH, interaction with the
pterin involves electron transfer followed by deprotona-
tion rather than hydrogen atom transfer to form the H;B*
radical directly. Figure 3C shows a linear plot of the
pseudo first-order rate constants versus H,B concentra-
tion at pH 6, the slope of which gave the rate constant
kis = (1.1 = 0.1) x 10° M~* s7* for reaction 15.
However, the yield of GS and therefore reaction 15
decreases above pH 6 due to the competing equilibrium
reaction 16 coupled to the prototropic equilibrium reac-
tion 17 [43].

GS +GS = GSSG'~  (16/—16)

GSH 2 GS™ + H* (pKiz=9.2) (17)
Whereas thiyl radicas are moderately strong oxidants
[E°(RS + H*/RSH) = 1.3V (vs. NHE)], the conjugated
RSSR'™ intermediate is an extremely powerful reductant
[EX(RSSR/RSSR™™) = —1.6 V] [44]. Previous work dem-
ongtrated that pterin and pterin-6-carboxylate ions are rap-
idly reduced to pterin radicals by the modd one-electron
reductant the formate radical (CO," ™) [45], which hassSm-
ilar reducing properties to RSSR™™. Following pulse radi-
olyss of an N,O-saturated solution containing 0.2 M
HCOONa, 10mM GSH, 4 mM phosphate buffer at pH 9.2
the mgjority of GS' radicals produced are rapidly converted
to the GSSG"~ radical anion (e4x0,m ~ 8000 M~ cm™?)
which is produced in high yidd G(GS) ~ G(GSSG™ ™) =
0.6 wmol J* (see Fig. 3A (O)) [46]. Under these experi-
mental conditions the half-life of the GS' radica in the
presence of the glutathione anion is extremely short t;,, =
0.7/(kig[GS™] + k_46) ~ 0.1 ws and even in the presence
of 50 uM H,B easly out-competes reaction 14 with a
half-life of t;,, = 0.7/k,g[H,B] ~ 14 us. Figure 3A (O)
shows a typica spectrum of the radical obtained on the
reduction of H,B by the GSSG™™, which is ascribed to the
tetrahydrobiopterin radical anion (H,B" ™) formed via reac-
tion 18.

GSSG™™ + H,B —>GSSG + H,B~  (18)



208 K. B. PATEL €t al.

102 e/M'cm™
S
T

N
T

PR I ST S B |

O 1
0 20 40 60 80 100 120
. [HBI/uMm

300 400

600 700

Al nm

Fig. 4. Spectra of the trihydrobiopterin radical obtained on the oxidation of H,B by the "OH radical (m), NO,’ radical (®) and CO;"
radical (O). All spectra were determined by pulse radiolysis (2.5 Gy) of N,O-saturated solutions containing the pterin (100 uM),
potassium phosphate buffer (5 mM) at pH 7.4. The NO," and CO;" radicals were generated by introducing either NaNO, (10 mM)
or Na,CO4 (10 mM) as described in the experimental. The insert (B) shows the corresponding linear correlation of the observed
first-order rate constant for the build-up of the trihydrobiopterin radical at 340 nm versus the concentration of the pterin (20-100 wM)

for each of the radical oxidants.

Figure 3E shows a linear plot of the pseudo first-order
rate constant for the decay of the GSSG™™ radical anion
(Fig. 3D) versus H,B concentration at pH 9.2, the slope
of which gave the rate constant k,g = (4.5 + 0.1) x 10°
M~1 s for reaction 18.

Degpite the fact that the GS' radical rapidly oxidizes
H,B via reaction 15, steady-state y-radiolysis experi-
ments revealed that GSH protected H,B from oxidation
(see Table 1). However, pulse radiolysis did indicate that
the decay of the HB" radical was unaffected by the
concentration of GSH (5-20 mM) ruling out fast ‘repair’
of the pterin radical by the thiol.

GSH + HsB"— GS' + H,B (19)

It is more likely that GSH protects H,B from oxidation
by reducing an intermediate product(s), for example
gH,B formed in reaction 14, back to pterin. The ability of
thiols to convert gH,B to H,B is a commonly used
strategy for preventing H,B auto-oxidation [47].

Oxidation of H,B by hydroxyl, nitrogen dioxide, and
carbonate radicals

Oxidation of H,B at pH 7.4 by "OH, NO,', or CO;"~
radicals gave spectra indicative of H;B" radical forma-
tion (see Fig. 4A). Even the *OH radical, which reacts by
addition with most biomolecules, gave the same spec-

trum. In all cases the absolute rate constants for oxidation
of H,B via reaction 20 were determined directly by
monitoring the exponential build-up in absorbance
~ 350 nm ascribed to the H;B" radical with H,B con-
centration (5-100 uM) shown in Fig. 4B. As before the
absolute rate constants for radical scavenging were de-
termined from the slopes of the linear plots of the ob-
served rate constant versus concentration of H,B (see
Fig. 4B) and are displayed in Table 1.

[*OH or NO, or CO5 ]+ H,B —
[OH™ or NO,” or CO;2"] + H* + HsB*  (20)

The absolute rate constant for *OH attack on H,B was adso
determined indirectly by kinetic-competition with thiocya-
nate ion using the rate constant k(OH + SCN™) = 1.1 X
10° M~* s~ from the literature [48]. However, the result-
ant thiocyanate radical anion (SCN, ) aso reacted with
H,B and the absolute rate constant determined directly
koo(OH + H,B) = (8.8 = 0.2) X 10° M~ * s tistherefore
favored over the higher value determined by competition
kinetics. As shown in Table 1 al the radicals reacted sig-
nificantly faster with the pterin than with ascorbate. The
radiation chemical yieldsin Table 1 for the oxidation of the
pterin by "OH, NO," and CO;'~ radicas were approxi-
mately equal to that of the N3 radical reflecting smilar
yields of the H3B" radica which undergo disproportionation
via reaction 14.
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Fig. 5. (A) shows two kinetic traces showing the decay of the trihydrobiopterin radical in the absence and presence of the ascorbate.
The upper trace was recorded by pulse radiolysis (~ 1 Gy) of an N,O-saturated solution containing H,B (10 mM), NaNO, (50 mM)
and potassium phosphate buffer (5 mM) at pH 9.3. The lower trace shows the decay of the tetrahydrobiopterin radical in the presence
of ascorbate (1 mM). The right panel (B) shows the increase in the observed rate of decay of the tetrahydrobiopterin radical with

increasing concentration of ascorbate.

Scavenging of the trihydrobiopterin radical by
ascorbate

Ascorbate is capable of stabilizing H,B in biological
systems. One possible mechanism by which intracellular
ascorbate stimulates NOS activity is regeneration of H,B
from the trihydrobiopterin radical via reaction 21.

H;B°+ AscH™ —H,B + Asc’™ (21)

In order to determine the rate constant for reaction 21 the
decay of the H3B" radical was studied in the absence and
presence of ascorbate. The NO," radical was the chosen
oxidant to generate the H3B" radical since NO," reacts
with H,B over an order of magnitude faster than ascor-
bate (see Table 1). Pulse radiolysis was performed with
N,O-saturated solutions containing H,B (10 mM),
NaNO, (20 mM), potassium phosphate buffer (4 mM),
and ascorbate (0—5 mM). Under these experimental con-
ditions < 5% of the NO,’ radicals generated react with
ascorbate and the H3B" radical is produced with equiva-
lent yield to the NO," radical even in the presence of 5
mM AscH™. At pH 9.2 the H;B" radica decays by
second-order kinetics reflecting the disproportionation
reaction 14. Figure 5A showstypical kinetic traces show-
ing the decay of the H;B® radical in the absence and
presence of ascorbate. A low dose per pulse (2 Gy
producing ~ 1.1 uM H4B" radicals) was used to mini-
mize the decay of the H3B" radicals via reaction 14. In
the absence of ascorbate the half-life of the pterin radical
was ty, = U2k ,[H;Bl ~ 9.8 s In the presence of
ascorbate (1 mM) the decay of the H;B® changes to
first-order (lower kinetic trace in Fig. 5A), reflecting

scavenging of the pterin radical by ascorbate viareaction
21. Figure 5B shows the linear plot of the observed rate
constant versus the concentration of ascorbate (0.5-5
mM), the slope of which yields k,;(H3B® + AscH™) ~
1.7 X 10° M~* st a pH 9.2. The decay of the H,B"
radical at 360 nm resulted in an increase in absorbance at
the same wavelength ascribed to the formation of the
Asc™™ radica via reaction 21. Since both the H;B® and
Asc’” radicals absorb at 360 nm a longer wavelength
was favored for kinetic measurements.

DISCUSSION

This study has demonstrated that H,B is a potent
scavenger of radical species generated during oxidative
stress and NOS dysfunction. The oxidants N3", “OH, GS,,
NO," and CO;" radicals al generate the H;B" radical at
physiological pH. To emphasize the potent radical scav-
enging ability of H,B one needs to compare the mea-
sured rate constants from this study with the correspond-
ing rate constants for scavenging of these radicals by
ascorbate displayed in Table 1. The latter are taken from
compilations of rate constants available from the NDRL
Radiation Chemistry Data Center [49]. A recent electro-
chemical study has indicated that the pterin may well be
more easily oxidized [E°(H,B/H,B"") = +0.27 V vs.
NHE] [50] than ascorbate [E°(AscH /H', Asc) =
+0.33 V vs. NHE] [51]. For al radical oxidants the rate
of scavenging by H,B is faster than with ascorbate. The
most dramatic difference is for the NO,’ radical, which
oxidizes the pterin over an order of magnitude faster than
ascorbate. Using EPR-kinetic analysis Vasquez-Vivar
and colleagues determined the rate constant for the re-
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action of superoxide with H,B to be k = (3.9 = 0.2) X
10° Mt st a pH 7.4, a vaue similar to that of
superoxide with ascorbate [52].

However, the ability of H,B to act as an antioxidant
will depend on the relative concentrations of the pterin to
other low molecular weight antioxidants such as ascor-
bate and GSH. For example, the typical concentration of
H,B in endothelia cellsis ~ 7 uM [53], the half-life for
the reaction of the NO,’ radical at this concentration is
tyo = 0.7/kyo[H,B] ~ 106 ws. The corresponding half-
life of the NO," radica in the presence of a physiologi-
cally relevant concentration of ascorbate (~ 100 uM) is
estimated to beist;,, = 0.7/k[AscH™] ~ 5 us, suggest-
ing that ascorbate is capable of protecting against the
oxidation of H,B by directly competing for oxidizing
radical species. We have also shown that ascorbate may
also protect H,B indirectly by ‘repairing’ the HB" rad-
ical. These conclusions are supported by recent work
showing that physiological concentrations of ascorbate
increase the synthesis and biological activity of nitric
oxidein cultured endothelia cells by increasing intracel-
lular H,B [22-24]. Other cell types including MCF-7
breast tumor cells and MOLT-4 human T-cell leukemia
contain similar quantities of H,B as HUVECS, typically
5-10 uM [54]. However, it should be noted that higher
levels of H,B will be present in cells stimulated by
cytokines where a higher concentration of the pterin
cofactor is required to support NOS activity [55]. It is
argued that in cells devoid of ascorbate the pterin sub-
stitutes as the sink for radicals that would otherwise be
intercepted by ascorbate. In the absence of ascorbate,
glutathione (~ 2 mM) will probably play acentral rolein
scavenging radicals, e.g., the half-life of the NO," radical
islikely to bet,,, = 0.7/k[GSH] ~ 25 us. The resultant
GS radicals rapidly oxidize H,B with a rate constant of
kis = (1.1 = 0.1) X 10° M~ ' s™%. Interestingly, recent
work has demonstrated that unlike ascorbate, GSH does
not appear to be an important determinant of endothelial
cell H,B content [23]. This is in contrast to work by
Hofmann and Schmidt, which showed that GSH can
influence NOS kinetics and therefore NO® production by
recycling or preventing the auto-oxidation of the pterin
cofactor [56]. The conjugation of GS™ with the GS™ to
form the GSSG'~ radica anion is recognized as an
important reaction in biology since the reaction with
oxygen sources O," radicals.

GSSG™ + 0, —> GSSG + O, (22)

The pterin is also rapidly reduced by the GSSG’ ™ radical
anion to produce the H,B"™ radical anion, kg = (4.5 =
0.1) X 10®* M~ *s ™% Thisrateis similar to ky, ~ 5.1 X
108 M1 s ! previously reported by Priitz and colleagues

[46]. The biological significance of reaction 18 and the
fate of the H,B*™ radical anion in cells remains to be
elucidated but may prove an important reaction in hy-
poxic environments.

There isincreasing evidence to support arole of H,B
as a one-electron donor in NOS catalysis [1-3]. The
actual protonation state of the resultant pterin radical isa
matter for debate but this study has demonstrated that the
H,B"" radical cation rapidly deprotonates to the neutral
H4B" radical at physiological pH.

In conclusion, this work contains the rate constants
for the scavenging of key biological radicals with the
enzyme cofactor H,B. The high scavenging efficiency of
H,B compared to ascorbate supports the role of H,B as
a significant biological antioxidant.

Acknowledgement — This work is supported by the Cancer Research
Campaign (CRC).

REFERENCES

[1] Marletta, M. A.; Hurshman, A. R.; Rusche, K. M. Catalysis by
nitric oxide synthase. Curr. Opin. Chem. Biol. 2:656—663; 1998.

[2] Gorren, A. C. F.; Mayer, B. The versatile and complex enzymology
of nitric oxide synthase. Biochemistry (Mosc.) 63:734—743; 1998.

[3] Stuehr, D. J. Mammalian nitric oxide synthases. Biochim. Bio-
phys. Acta 1411:217-230; 1999.

[4] Alderton, W. K.; Cooper, C. E.; Knowles, R. G. Nitric oxide
synthases. structure, function and inhibition. Biochem. J. 357:
593-615; 2001.

[5] Bec, N.; Gorren, A. C.; Voelker, C.; Mayer, B.; Lange, R.
Reaction of neuronal nitric-oxide synthase with oxygen at low
temperature. Evidence for reductive activation of the oxy-ferrous
complex by tetrahydrobiopterin. J. Biol. Chem. 273:13502-
13508; 1998.

[6] Wei, C. C.; Wang, Z. Q.; Wang, Q.; Meade, A. L.; Hemann, C.;
Hille, R.; Stuehr, D. J. Rapid kinetic studies link tetrahydrobiop-
terin radical formation to heme-dioxy reduction and arginine
hydroxylation in inducible nitric-oxide synthase. J. Biol. Chem.
276:315-319; 2001.

[7] Hurshman, A. R.; Krebs, C.; Edmondson, D. E.; Huynh, B. H.;
Marletta, M. A. Formation of a pterin radical in the reaction of the
heme domain of inducible nitric oxide synthase with oxygen.
Biochemistry 38:15689—-15696; 1999.

[8] Schmidt, P. P.; Lange, R.; Gorren, A. C.; Werner, E. R.; Mayer,
B.; Andersson, K. K. Formation of a protonated trihydrobiopterin
radical cation in the first reaction cycle of neuronal and endothe-
lia nitric oxide synthase detected by electron paramagnetic res-
onance spectroscopy. J. Biol. Inorg. Chem. 6:151-158; 2001.

[9] Vasquez-Vivar, J,; Kdyanaraman, B.; Martasek, P.; Hogg, N.; Mas-
ters, B. S.; Karoui, H.; Tordo, P.; Pritchard, K. A. Jr. Superoxide
generation by endothelia nitric oxide synthase: the influence of
cofactors. Proc. Natl. Acad. Sci. USA 95:9220-9225; 1998.

[10] Stroes, E.; Hijmering, M.; van Zandvoort, M.; Wever, R.; Rabdlink,
T. J; van Faassen, E. E. Origin of superoxide production by endo-
thelia nitric oxide synthase. FEBS Lett. 438:161-164; 1998.

[11] Radi, R. Kinetic analysis of reactivity of peroxynitrite with bi-
omolecules. Methods Enzymol. 269: 354-366; 1996.

[12] Merenyi, G.; Lind, J. Free radical formation in the peroxynitrous
acid (ONOOH)/peroxynitrite (ONOO™) system. Chem. Res. Toxi-
col. 11:243-246; 1998.

[13] Denicola, A.; Freeman, B. A.; Trujillo, M.; Radi, R. Peroxynitrite
reaction with carbon dioxide/bicarbonate: kinetics and influence
on peroxynitrite-mediated oxidations. Arch. Biochem. Biophys.
333:49-58; 1996.



Radical scavenging by tetrahydrobiopterin 211

[14] Pryor, W. A.; Lemercier, J. N.; Zhang, H.; Uppu, R. M
Squadrito, G. L. The catalytic role of carbon dioxide in the
decomposition of peroxynitrite. Free Radic. Biol. Med. 23:331-
338; 1997.

[15] Squadrito, G. L.; Pryor, W. A. Oxidative chemistry of nitric
oxide: the roles of superoxide, peroxynitrite, and carbon dioxide.
Free Radic. Biol. Med. 25:392-403; 1998.

[16] Squadrito, G. L.; Pryor, W. A. The nature of reactive species in
systems that produce peroxynitrite. Chem. Res. Toxicol. 11:718—
719; 1998.

[17] Radi, R.; Denicola, A.; Freeman, B. A. Peroxynitrite reactions
with carbon dioxide-bicarbonate. Methods Enzymol. 301:353—
367; 1999.

[18] Bonini, M. G.; Radi, R.; Ferrer-Sueta, G.; Ferreira, A. M.; Au-
gusto, O. Direct EPR detection of the carbonate radical anion
produced from peroxynitrite and carbon dioxide. J. Biol. Chem.
274:10802-10806; 1999.

[19] Wardman, P. Nitrogen dioxide in biology: correlating chemical
kinetics with biological effects. In: Alfassi, Z. B., ed. The chem-
istry of N-centered radicals. New York: Wiley; 1998:155-179.

[20] Wardman, P.; von Sonntag, C. Kinetic factors that control the fate
of thiyl radicas in cells. Methods Enzymol. 251:31-45; 1995.

[21] Wardman, P. Evaluation of the ‘radical sink’ hypothesis from a
chemical-kinetic viewpoint. J. Radioanal. Nucl. Chem. 232:23—
27; 1998.

[22] Heller, R.; Munscher-Paulig, F.; Grabner, R.; Till, U. L-Ascorbic
acid potentiates nitric oxide synthesisin endothelia cells. J. Biol.
Chem. 274:8254—8260; 1999.

[23] Huang, A.; Vita, J. A.; Venema, R. C.; Keaney, J. F. Jr. Ascorbic
acid enhances endothelial nitric-oxide synthase activity by in-
creasing intracellular tetrahydrobiopterin. J. Biol. Chem. 275:
17399-17406; 2000.

[24] Heller, R.; Unbehaun, A.; Schellenberg, B.; Mayer, B.; Werner-
Felmayer, G.; Werner, E. R. L-Ascorbic acid potentiates endo-
thelia nitric oxide synthesis via a chemical stabilization of tetra-
hydrobiopterin. J. Biol. Chem. 276:40—47; 2001.

[25] Li, H.; Forstermann, U. Nitric oxide in the pathogenesis of vas-
cular disease. J. Pathol. 190:244-254; 2000.

[26] Carr, A. C.; Zhu, B. Z.; Frei, B. Potentia antiatherogenic mech-
anisms of ascorbate (vitamin C) and apha- tocopherol (vitamin
E). Circ. Res. 87:349-354; 2000.

[27] Milstien, S.; Katusic, Z. Oxidation of tetrahydrobiopterin by
peroxynitrite: implications for vascular endothelial function. Bio-
chem. Biophys. Res. Commun. 263:681-684; 1999.

[28] Ishii, M.; Shimizu, S.; Momose, K.; Yamamoto, T. SIN-1-in-
duced cytotoxicity in cultured endothelia cells involves reactive
oxygen species and nitric oxide: protective effect of sepiapterin.
J. Cardiovasc. Pharmacol. 33:295-300; 1999.

[29] Kotsonis, P.; Frohlich, L. G.; Shutenko, Z. V.; Horgisi, R.; Pflei-
derer, W.; Schmidt, H. H. Allosteric regulation of neuronal nitric
oxide synthase by tetrahydrobiopterin and suppression of auto-
damaging superoxide. Biochem. J. 346:767-776; 2000.

[30] Nakamura, K.; Bindokas, V. P.; Kowlessur, D.; Elas, M.; Mil-
gtien, S.; Marks, J. D.; Halpern, H. J.; Kang, U. J. Tetrahydro-
biopterin scavenges superoxide in dopaminergic neurons. J. Biol.
Chem. 10:10; 2001.

[31] Shimizu, S.; Ishii, M.; Momose, K.; Yamamoto, T. Role of
tetrahydrobiopterin in the function of nitric oxide synthase, and its
cytoprotective effect. Int. J. Mol. Med. 2:533-540; 1998.

[32] Everett, S. A.; Naylor, M. A.; Barrgja, P.; Swann, E.; Patel, K. B.;
Stratford, M. R. L.; Hudnott, A. R.; Vojnovic, B.; Locke, R. J;
Wardman, P.; Moody, C. J. Controlling the rates of reductively-
activated elimination from the (indol-yl)methyl position of in-
dolequinones. J. Chem. Soc. [Perkin 2] 843-860; 2001.

[33] Buxton, G. V.; Stuart, C. R. Re-evaluation of the thiocyanate
dosimeter for pulse radiolysis. J. Chem. Soc. 91:279-281; 1995.

[34] Alfassi, Z. B.; Schuler, R. H. Reaction of azide radicals with
aromatic compounds. Azide as a selective oxidant. J. Phys. Chem.
89:3359-3363; 1985.

[35] Eriksen, T. E.; Lind, J.; Merenyi, G. On the acid-base equilibrium
of the carbonate radical. Radiat. Phys. Chem. 26:197-199; 1985.

[36] Everett, S. A.; Dennis, M. F.; Patel, K. B.; Maddix, S.; Kundu,
S. C.; Willson, R. L. Scavenging of nitrogen dioxide, thiyl and
sulfonyl free radicals by the nutritional antioxidant B-carotene.
J. Biol. Chem. 271:3988-3994; 1996.

[37] Lymar, S. V.; Schwarz, H. A.; Czapski, G. Medium effects on
reactions of the carbonate radical with thiocyanate, iodide and
ferrocyanide ions. Radiat. Phys. Chem. 59:387—-392; 2000.

[38] Adams, G. E.; McNaughton, G. S.; Michael, B. D. Pulse radioly-
sis of sulphur compounds. Part 2. Free radical “repair” by hydro-
gen transfer from sulphydryl compounds. Trans. Farad. Soc.
64:902-910; 1967.

[39] Blair, J. A.; Pearson, A. J. Kinetics and mechanism of the auto-
idation of 2-amino-4-hydroxy-5,6,7,8-tetrahyropteridines. J. Chem.
Soc. [Perkin 2] 80—88; 1974.

[40] Sehested, K.; Rasmussen, O. L.; Fricke, H. Rate congtants of “OH
with HO,", O,"~ and H,O,™ from hydrogen peroxide formation in
pulse-irradiated oxygenated water. J. Phys. Chem. 72:626—631;
1968.

[41] Armstrong, D. A.; Farahani, M.; Surdhur, P. S. Oxidation of
tetrahydropterins by azide radical and the spectra of trihydropterin
radicals. Can. J. Chem. 68:1974-1978; 1990.

[42] Perlmutter-Hayman, B. The primary kinetic salt-effect in agueous
solution. Prog. React. Kinetics 6:239-267; 1971.

[43] Hoffman, M. Z.; Hayon, E. Pulse radiolysis study of sulfhydryl
compounds in agueous solution. J. Phys. Chem. 77:990-996; 1973.

[44] surdhar, P. S.; Armstrong, D. A. Redox potentials of some
sulfur-containing radicals. J. Phys. Chem. 90:5915-5917; 1986.

[45] Farahani, M.; Parminder, S. S;; Allen, S.; Armstrong, D. A;
Schoneich, C.; Mao, Y.; Asmus, K.-D. Reactions of CO," rad-
icals with pterin and pterin-6-carboxylate ions. J. Chem. Soc.
[Perkin 2] 1687-1693; 1991.

[46] Pritz, W. A.; Butler, J.;; Land, E. J. The glutathione free radical
equilibrium, GS’ + GS™ = GSSG'~, mediating electron transfer
to Fe(I11)-cytochrome c. Biophys. Chem. 49:101-111; 1994.

[47] Heales, S.; Hyland, K. Determination of quinonoid dihydrobiop-
terin by high-performance liquid chromatography and electro-
chemical detection. J. Chromatogr. 494:77—-85; 1989.

[48] Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, A. B.
Critical review of rate constants for reactions of hydrated elec-
trons, hydrogen atoms and hydroxyl radicals (OH/"O™) in ague-
ous solution. J. Phys. Chem. Ref. Data 17:513—-886; 1988.

[49] Ross, A. B.; Mdlard, W. G.; Heman, W. P.; Buxton, G. V.; Huie,
R. E.; Neta, P. NDRL-NIST Solution Kinetics Database: Ver. 3;
Notre Dame, IN and Gaithersburg, MD: Notre Dame Radiation
Laboratory and National Ingtitute of Standards and Technology;
1998.

[50] Gorren, A. C.; Kungl, A. J.; Schmidt, K.; Werner, E. R.; Mayer,
B. Electrochemistry of pterin cofactors and inhibitors of nitric
oxide synthase. Nitric Oxide 5:176-186; 2001.

[51] lyanagi, T.; Yamazaki, |.; Anan, K. F. One-electon oxidation-
reduction properties of ascorbic acid. Biochim. Biophys. Acta
806:255-261; 1985.

[52] Vasguez-Vivar, J.; Whitsett, J.; Martasek, P.; Hogg, N.; Kaly-
anaraman, B. Reaction of tetrahydrobiopterin with superoxide:
EPR-kinetic analysis and characterization of the pteridine radical.
Free Radic. Biol. Med. 31:975-985; 2001.

[53] Werner-Felmayer, G.; Werner, E. R.; Fuchs, D.; Hausen, A.;
Reibnegger, G.; Schmidt, K.; Weiss, G.; Wachter, H. Pteridine
biosynthesisin human endothelial cells. J. Biol. Chem. 268:1842—
1846; 1993.

[54] Smith, G. K.; Duch, D. S; Edelstein, M. P.; Bigham, E. C. New
inhibitors of sepiapterin reductase. J. Biol. Chem. 267:5599—
5607; 1992.

[55] Gross, S. S.; Levi, R. Tetrahydrobiopterin synthesis. An absolute
requirement for cytokine-induced nitric oxide generation by vas-
cular smooth muscle. J. Biol. Chem. 267:25722-25729; 1992.

[56] Hofmann, H.; Schmidt, H. H. Thiol dependence of nitric oxide
synthase. Biochemistry 34:13443-13452; 1995.



