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SUMMARY

Sodium bisulphite 15 shown to react with quinonoid dihydrobiopterin to form a stable adduct
Sodium bisulphite does not react with tetrahydrobiopterin Quinonoid dihydrobiopterin reacts
with dithioerythritol to form tetrahydrobiopterin, whereas the qumonoid dihydrobiopterin bi-
sulphite adduct does not Using these properties we have developed an indirect method for the
quantitative measurement of quinonoid dihydrobiopterin The method requires division of a sam-
ple into two Dithioerythritol 1s added to one half (a) This converts quinonoid dihydrobiopterin
to tetrahydrobiopterm and prevents the oxidation of tetrahydrobiopterin Measurement of the
tetrahydrobiopterin content of this sample by electrochemistry following high-performance hquid
chromatographic separation (with dithioerythritol present in the mobile phase to prevent autox-
1dation of the tetrahydrobiopterm on column), therefore provides a total value of the tetrahydro-
biopterin plus quinonoid dihydrobiopterin present within the original sample Sodium bisulphite
15 added to the other portion of the sample (b}, followed immediately by dithioerythritol which
prevents autoxidation of the remaiming tetrahydrobiopterin The bisulphite reacts with the qui-
nonoid dihydrobiopterin present and the quinoncid dihydrobiopterin-bisulphite adduet 1s no longer
detected by electrochemustry at the retention time of tetrahydrobiopterin Using reversed-phase
high-performance hiquid chromatography and redox electrochemical detection, measurement of
tetrahydrobiopterin in the absence (a) and presence (b) of bisulphite enables the concentration
of quinonoid dihydrobiopterin to be calculated by subtraction {(a—b) This method 1s shown to
be quantitative and prehminary expermments demonstrate that 1t can be adapted for biological
samples
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INTRODUCTION

Tetrahydrobiopterin (BH4) is the cofactor required for the enzymatic hy-
droxylation of phenylalanine, tyrosine and tryptophan {1] In these reactions
BH4 15 oxidized to quinonoid dihydrobiopterin (qBH2) whach 1s then reduced
back to BH4 by the pyridine-dependent enzyme, dihydropteridine reductase
(DHPR) (EC 1699 7) [2]. Failure of this salvage pathway may therefore
result 1n accumulation of gBH2. In vitro, gBH2 has been shown to be very
unstable, rapidly rearranging to form 7,8-dihydrobiopterin (BH2) and 7,8-
dihydropterin (PH2) at neutral pH and above, and BH4 and biopterin (B),
via a disproportionation reaction, at pH 3-4 [3].

A number of methods have been described for the detection of qBH2 using
high-performance liquud chromatography (HPLC) with either ultraviolet (UV)
or electrochemical detection (ED) [4,5]. Using reversed-phase HPLC systems
it has proven difficult to separate qBH2 from BH4, however, it has been shown
that gBH2 can be distingmished from BH4 electrochemically by using dual
parallel adjacent amperometric detection in which one electrode 1s set at a
negative potential for the detection of qBH2 and the other at a positive poten-
tial for the measurement of BH4 [6]. Although this methodology can be used
to detect gBH2 and BH4 1t is not suitable for the accurate measurement of
these pterins in biological samples, since BH4 1s readily oxidised via gBHZ,
and gBH2 itself rapidly undergoes tautomerisation and disproportionation re-
actions [3,7,8]. Consequently, considerable breakdown may occur during sam-
ple handling or during separation on the ‘analytical column unless adequate
steps are taken to prevent this occurring

In the method we have previously described for BH4 measurement, the ad-
dition of dithioerythritol (DTE) to samples and to the analytical mobile phase
prevents BH4 oxidation [8], both during sample handling and during sepa-
ration on the analytical column However, in the presence of thiol-containing
antioxidants, any qBH2 present is reduced to BH4 [9,10]. This system there-
fore measures the total BH4 and gBH2 content of a sample as a single BH4
peak and 1s not suitable for the direct analysis of gBH2.

Recently, sodium bisulphite has been shown to form a stable adduct with
gBH2 (Fig. 1) [3,7]. In this report we describe how formation of this adduct
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Fig 1 Reaction of gBH2 with sodium bisulphite (NaHSOj;)
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can be used to indirectly measure the gqBH2 concentration in chemically de-
fined and biological samples.

EXPERIMENTAL

Chemucals

5,6,7,8-Tetrahydrobiopterin dihydrochlorde, 5,6,7,8-tetrahydropterin di-
hydrochloride, 7,8-dihydrobiopterin and biopterin were supphed by Dr. B
Schirks (Jona, Switzerland). 7,8-Dihydropterin was produced by dichloro-
phenolindolphenol oxidation of 5,6,7,8-tetrahydropterin [11] Sodium bisul-
phite and DTE were obtained from Aldrich (Gillingham, U K.). Horseradish
peroxidase and dichlorophenolindolphenol were purchased from Sigma (Poole,
U K ). Potassium ferricyanide, hydrogen peroxide and ethylenediaminetetra-
acetic acid (EDTA) were obtained from BDH (Poole, U K ).

Apparatus

HPLC-ED of BH4 This was performed essentially as previously described
[8]. The chromatographic system consisted of a Spectra-Physics SP8770 pump
(San Jose, CA, U.S.A.), a Rheodyne 7125 injector (Cotat1, CA, U.S A.), a 5-
um ODS guard column (1 cm X0 3 cm ID.) (HPLC Technologies, Maccles-
field, U.K.) and a 5- um Apex ODS (25 cm X 4.5 cm I D) column (Jones Chro-
matography, Llanbradach, U.K.). Detection was by an ESA Coulochem 5100A
electrochemical detector using a Model 5011 high-sensitivity electrode (Bed-
ford, MA, U S.A.) with upstream and downstream electrodes set at +0.06 and
—0.46 V, respectively. Signals from the downstream electrode were detected
by a Spectra-Physics SP4270 computing itegrator.

HPLC-UYV of BH4, ¢qBH2, BH2, PH2 and B The chromatographic system
was as above, except that detection was by a Pye Unicam LC 871 UV-visible
detector at 220 nm

Mobile phases

Electrochemical detection The mobile phase consisted of sodium acetate (50
mmol/1), citric acid (5 mmol/1) pH 5 2, containing EDTA (48 umol/1) and
DTE (06 mmol/l) The mobile phase was degassed by sonication. The flow-
rate was 1.3 ml/min and the column temperature was maintained at 40°C.

UV detection of BH4, gBH2, BH2 and B As above except the DTE and
EDTA were omitted.

Generation of gBH2 qBH2 was formed from BH4 by the addition of potas-
sium ferricyanide (ferricyamde/BH4 molar ratio 2 1). Formation of gBH2
under these conditions has been reported to be complete in a few seconds [6].
qBH2 was also generated at pH 7.4 by peroxidase (0.8 ug/ml) and hydrogen
peroxide (17 umol/1) [2].
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UV spectroscopy of gBH2 and ¢gBH2-SO; UV spectra were obtained using
a Perkin-Elmer Lambda 5 dual-beam recording spectrophotometer

RESULTS AND DISCUSSION

The method for BH4 measurement used 1n the present study 1s the same as
that previously described by us [8]. This method uses 1n series dual-electrode
redox coulometric ED following reversed-phase HPLC [8] and imnvolves oxi-
dation of BH4 to gBH2 at the upstream electrode (E1) and subsequent reduc-
tion and measurement at the downstream electrode (E2) DTE 1s included 1n
the mobule phase to prevent BH4 oxidation [8]. To demonstrate that DTE 1n
the mobile phase could also convert gBH2 to BH4 [9,10], a gBH2 solution was
generated by ferricyamde oxidation of BH4 and a sample immediately injected
onto the HPLC column A single peak with a retention time 1dentical to BH4
(Fig. 2a) was detected at E2 (Fig 2b)} Furthermore, detection at E2 was only
possible with prior oxidation at E1 (not shown), confirming that the com-
pound measured was BH4 and not gBH2 It was noted that the BH4 peak
obtained following qBH2 injection (Fig 2b) was less than that of the original
BH4 standard (Fig 2a) The degree of the reduction was found to be depen-
dent on the time delay between qBH2 generation and injection onto the HPLC
column (not shown). The reduction in peak height 1s likely to be due to the
rapid conversion of gBH2 to other products prior to injection onto the HPLC
system (Fig.3) Thenclusion of DTE in the mobile phase of the HPLC system
therefore means that 1t is only suitable for the measurement of total
BH4+qBH2, as any qBH2 1n the sample 1s immediately converted to BH4
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Fig 2 Chromatograms using ED 1n the redox mode (a) BH4 (32 nmol/1 i 10 gmol/] hydro-
chloric acid) this standard was obtamed by two serial dilutions (1 100) 1n water of a concentrated
BH4 solution (320 gmol/l mn 0 1 mol/] hydrochloric acid) (b) gBH2 this was generated by the
first dilution of the concentrated BH4 (320 gmol/1) mnto a potassium ferricyanide solution re-
sulting 1n a ferricyanide /BH4 molar ratio of 2 1, followed by a final dilution 1nto water as above
(c) gBH2 was generated as above but with the final dilution in the presence of sodium bisulphite
(final concentration, 3 mmol/]) Peak 1=BH4 Injection volume =100 ul
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Fig 3 Chromatograms obtained using UV detection at 220 nm (a) BH4 (3 umol/1), BH2 (4
umol/1) and B (4 pmol/l1), these standards were 1 100 dilutions 1n 0 05 M potassium phosphate
buffer, pH 6 8, of concentrated standards (b) Concentrated BH4 standard (320 (umol/]) was
diluted (1 18) mn 0 05M potassium phosphate buffer contaming potassium ferricyamde (ferri-
cyanide/BH4 molar ratio of 2 1) Sufficient buffer was then added to give an overall dilution of
the original BH4 standard of 20 This mixture was then immediately injected onto the column
(¢) Mixture (a) mnjected 10 mn later (d) As for (a) but with the final dilution 1 the presence
of sodium bisulphite (final concentration, 3 mmol/1) (e) Mixture (d) injected 10 min later
Peaks 1=BH4+qBH2,2=BH2,3=B, 4=PH2

Recently, 1t has been demonstrated that addition of sodium bisulphite, over
a wide pH range, to qBH2 solutions leads to the formation of a stable adduct
(gBH2-S0;) (Fig. 1) [3,7]. Injection of this adduct onto our HPLC system
did not result in the detection of a peak at the retention time of BH4 (Fig 2¢)
demonstrating that the DTE in the mobile phase could not reduce qBH2-SO,
to BH4 Furthermore, addition of DTE (6 mmol/1) to a solution of gBH2-SO,
and subsequent HPLC did not result in a measurable BH4 peak (not shown)
These results were obtained whether the original gBH2 was formed by ferri-
cyanide or peroxidase-hydrogen peroxide oxidation of BH4

The absence of a peak at the retention time of BH4 suggested that either the
adduct was not ED-active at the potentials employed and/or 1t eluted at a
different time point in the chromatogram

We further studied the characteristics of qBH2-SO; with the aim of using
the adduct formation as a method for determining the gBH2 content of sam-
ples The rearrangement of gBH2 in the presence and absence of sodium bi-
sulphite was studied using HPLC with UV detection The system provided
good separation of BH4, BH2 and B (Fig. 3a), but did not separate BH4 from
gBH2 (Fig. 3b) In the absence of sodium bisulphite there was a rapid decrease
in gBH2 and an increase in BH2 and PH2 with time (Fig. 3b and c¢). Thus is
consistent with the findings of Davis et al. [12] In the presence of sodium
bisulphite the qBH2 peak was not present (Fig 3d), indicating gBH2-SO,
formation The production of BH2 and PH2 with time was prevented by the
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addition of sodium bisulphite (Fig. 3d and e) This may reflect the stability of
qBH2-S0, and/or may be due to the possible adduct formation that can occur
between 7,8-dihydropterins and sodium bisulphite [10]

The stability of the adduct was investigated using UV spectroscopy In the
absence of sodium bisulphite the unstable nature of gBH2 was clearly dem-
onstrated by the rapid change of its spectrum with time (Fig. 4a) The addition
of sodium bisulphite to the gBH2 solution resulted 1n a stable UV spectrum
(Fig 4b).

Direct detection of gBH2-SO; by HPLC and UV detection should be pos-
sible as this adduct exhibits strong UV absorption at 265 nm (Fig. 4b). How-
ever, 1n our system gBH2-S0O; was not detected. Adduct formation occurs across
the C4a-N5 double bond of gBH2 [3,7] (Fig 1), and at the pH of the mobile
phase used (pH 5 2) the molecule would have a negative charge. This charge
would lead to a decreased affinity for the column and early elution near or in
the solvent front By the use of a different mobile phase, employing an appro-
priate ion pair, 1t should be possible to measure directly gBH2-SO; by HPLC
and UV detection For such a system to be quantitative for gBH2, 1t would
have to discriminate between this adduct and the adducts of BH2 and PH2
which may also be formed [10] following addition of sodium bisulphite to bi-
ological samples

To ensure that sodium bisulphite did not react with BH4, sodium bisulphite
(3 mmol/1) was added to BH4 solutions Following HPLC and ED, 96% of a
3 2 umol/1 solution was recovered as BH4. The recovery with a 32 nmol/1 BH4
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Fig 4 Changes in the UV spectra with time for gBH2 (a) and gBH2-S0O; (b) qBH2 was gener-
ated from BH4 (3 2 uM) by the action of peroxidase (8 ug/ml}) and hydrogen peroxide (170 pM)
The reaction was carried out in 0 1 mol/l Tns-HCI, pH 74 Following qBH2 generation, the
change 1n UV spectrum was monitored at 37°C (a) QBH2-S0; was formed by the addition of
sodium bisulphite (3 mmol/1) to gBH2 solutions generated as above and the change in the UV
spectrum monitored (b} Numbers on spectra indicate time 1n minutes
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solution was 82%. The diminished recovery of BH4 at the lower concentration
is attributed to the increased rate of autoxidation, and hence gBH2 formation,
which occurs at low BH4 concentrations in the absence of added antioxidants
[13].

These results demonstrate that sodium bisulphite reacts with gBH2 and
does not react with BH4. The adduct formed with gBH2 is stable, it is not
reduced back to BH4 by DTE and it does not chromatograph with BH4. On
the basis of the above properties an indirect method for gBH2 measurement
was developed based on the principles shown in Fig. 5. The sample is divided
into two, and to one half DTE (6 mmol/l) is immediately added. HPLC-ED
produces a BH4 peak (a), which is derived from the BH4 and qBH2 originally
present. To the remaining half, sodium bisulphite (3 mmol/1) is added which
reacts with any qBH2 present. DTE (6 mmol/1) is then added immediately
after the sodium bisulphite to prevent oxidation of BH4. HPLC proceduresa
BH4 peak (b) which is derived only from the BH4 present originally. It follows
that by subtraction of b from a the gBH2 content may be calculated.

To demonstrate that such a protocol can allow quantitative measurement of
gBH2, varying amounts of ferricyanide were added to a solution of BH4 and
the gBH2 content determined. The complete oxidation of BH4 to ¢gBH2 by
ferricyanide requires a ferricyanide/BH4 molar ratio of 2:1 [6]. Therefore, by
altering this ratio, solutions containing known amounts of gBH2 may be rap-

BH4 qBH2 BH4 qBH2
DTE NaHSO
b} \3‘
BH4 BH4 BH4  qBH2.504

DTE

BH4 qBH2.SOa'

HPLC HPLC
DTE DTE
Ijlil
BH4 + qBH2 = a BH4=b
a — b=qBH2

Fig. 5. Measurement of gBH2. The sample is divided. DTE (6 mmol/], final concentration) is
added to one half which is then mixed/homogenised (as necessary). Following deproteinization
(if necessary }, HPLC-ED measures BH4 and qBH2 as a single BH4 peak (a). To the remaining
fraction, sodium bisulphite (3 mmol/], final concentration) is added and, after mixing/ homogen-
isation, DTE is again added. Following deproteinization (if necessary), the BH4 measured is
derived only from BH4 present originally (b). gBH2=a—b.
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1dly generated The calculated amount of gBH2 present, as determined by our
method, agreed well with the predicted values (Table I)

To ensure that 3 mmol/] sodium bisulphite would be sufficient for total ad-
duct formation in biological homogenates, a large excess of ferricyamde (0.3
mmol/1) was added to a liver homogenate (prepared and treated as described
in the legend to Table II). This sample was divided into two, protein was re-
moved from one half by filtration and a sample analysed for qBH2+BH4 con-
tent. Sodium bisulphite followed by DTE was added to the other portion. Fol-

TABLE 1

MEASUREMENT OF gBH2 FOLLOWING THE REACTION OF BH4 WITH VARYING
CONCENTRATIONS OF FERRICYANIDE

Potassium fernicyanide (1 70-6 14 gmol/1) was added to BH4 (3 07 gmol/l, 1 mmol/1 hydrochlo-
ricacid) The sample was divided and the gBH2 concentrations determined after the sample had
been treated as described in Fig 5

Theoretical concentration Mean calculated concentration
(umol/1) (n=2) (umol/1)

000 012

085 080

172 170

257 227

307 292

TABLE 11

MEASUREMENT OF qBH2 IN BIOLOGICAL SAMPLES

Samples (0 5 ml) of lumbar CSF, from children with a range of disorders, excluding defects of
pterin metabolism, were collected into plain plastic tubes The tubes were stoppered placed 1m-
mediately on dry 1ce and stored at —70°C until assayed For assay, samples were thawed and 100
ulinjected onto the HPLC system and BH4 was measured (a) Sodium bsulphite (3 mmol/1 final
concentration) was added to an additional 100 xl which was refrozen in hiquid mitrogen until
assayed Following thawing and HPLC, BH4 was measured (b) Rat hiver was immedately re-
moved and placed 1n hquid mitrogen and stored at —70°C A fraction of liver was homogenised
(5%, w/v) m 0 1 mol/lcitrate buffer (pH 4 0), containing DTE (6 mmol/l) Protein was removed
by centnfugation through a Millipore cellulose filter (Exclusion, 10 000 nomial molecular mass)
and BH4 measured (a) A second fraction was homogenised 1n the presence of sodium bisulphite
(3 mmol/1), followed by DTE addition (6 mmol/1) BH4 was measured, after protein removal
(b) % qBH2=(a—b)/aXx 100

Sample Concentration of BH4+qBH2 n Percentage
(meant S D) gBH2

CSF 39 1116 6 pmol/ml 7 11-40
Ratliver 512%101 nmol/g wet weight 4 17-20
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lowing protein removal and HPLC analysis the qBH2 content was calculated
to be 94% of the total BH4+qBH2 present

At present the amount of gBH2 present within biological samples 1s un-
known As a preliminary study to address this point, the qBH2 content of
human cerebrospinal fluid (CSF) and of rat liver was determined The qBH2
concentration of CSF and rat hiver ranged from 11 to 40% and 17 to 20%,
respectively, of the total BH4+qBH2 present (Table II). Currently 1t 1s un-
certain whether the gBH2 detected arose from autooxidation of BH4 following
collection and storage or represents the true endogenous gBH2 Further stud-
1es are 1n progress to address these questions

The method described here provides a simple and specific method for the
indirect measurement of QqBH2 and represents the first quantitative method
for the analysis of gBH2 1n biological samples
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