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SUMMARY

Tetrahydrobiopterin (BH4) is a required cofactor for the hydroxylation of the
amino acids phenylalanine, tyrosine and tryptophan. Quinonoid dihydrobiopterin
(q-BH2) is the natural product of the oxidation of BH4 in these enzymatic reactions.
This report describes a method based on liquid chromatography and electrochemical
detection for the determination of q-BH2 in synthetic and biological samples. This
methodology is used to study the electrochemistry of q-BH2 formed by oxidation
of BH4 and in the hydroxylation of phenylalanine by phenylalanine hydroxylase.

INTRODUCTION

The reduced pterin, 1-erythro-5,6,78-tetrahydrobiopterin (BH4), has been
shown to be a required cofactor for the enzymatic hydroxylation of the amino acids
phenylalanine, tyrosine and tryptophan!. In these reactions, BH4 is oxidized to a
labile dihydrobiopterin (BH2). This species is either reduced back to BH4 or tauto-
merizes to 7,8-BH22. Although the general reaction scheme,

AAH + BH4 + O, - AAOH + ¢-BH2 + H,0 I

q-BH2 — BH2 )

where AAH is the amino acid and AAOH its hydroxylated form, is well accepted,
the actual structure of the BH2 intermediate has yet to be established. It has been
generally assumed that the labile dihydrobiopterin has a quinonoid structure34.

Quinonoid dihydrobiopterin (q-BH2) has been determined by liquid chro-
matography with either UV-adsorption® or electrochemical® detection. In both cases
q-BH2 was generated by the chemical oxidation of BH4 with ferricyanide. In our
report, the detection of q-BH2 as an enzymatic oxidation product of BH4 is demon-
strated. Liquid chromatography with electrochemical detection is capable of resolv-
ing and detecting all of the oxidation states of biopterin in an enzymatic incubation.
In addition, the electrochemistry of q-BH2 can be studied. A dual-electrode detector
is used to generate the labile g-BH2 from BH4 and to study the electrochemistry at
the downstream electrode.
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EXPERIMENTAL

Materials

Biopterin was purchased from Calbiochem-Behring (La Jolla, Ca, U.S.A)).
L-Phenylalanine and L-tyrosine were obtained from Sigma (St. Louis, MO, U.S.A.).
Octyl sodium sulfate was purchased from Eastman-Kodak (Rochester, NY, U.S.A.).
BH4 and 7,8-BH2 were prepared as described previously”.

Apparatus

The chromatographic system consisted of an Altex 110 pump and a Rheodyne
7010 injection valve with a 20-ul sample loop. A Brownlee MPLC RP-18 5-um col-
umn (10 cm x 4.6 mm) and dual LC-4B amperometric detectors (Bioanalytical Sys-
tems, West Lafayette, IN, U.S.A.) with glassy carbon working electrodes and a
Ag/AgCl reference electrode were used.

Ligquid chromatography

The mobile phase was 3 mM octyl sodium sulfate in a 0.1 M sodium phosphate
buffer (pH 2.5), containing 15% methanol (v/v). The mobile phase was prepared
from distilled, deionized water and glass distilled methanol and was filtered through
a 0.22-pm filter (Millipore, Milford, MA, U.S.A.) prior to use. Oxygen was removed
from the mobile phase by continuously purging with nitrogen while maintaining the
reservoir at 40°C. A flow-rate of 2.0 ml/min was used in all experiments.

Metal ions are known to be adsorbed on reversed phase columns and can react
with pterins®. To avoid any problems from adsorbed metals, after each experiment
involving chemical oxidation of BH4, a column cleaning procedure was followed, as
suggested by Haavik and Flatmark3. Several injections were made of a 1.0 M sodium
dithionite solution followed by flushing the column with a 0.1 M EDTA solution in
0.1 M sodium phosphate buffer (pH 6.8). This was followed by re-equilibration of
the column with the mobile phase.

Chemical oxidation

Potassium ferricyanide was used to oxidize BH4 to q-BH2. At a mole ratio
ferricyanide:BH4 of 2:1, oxidation to q-BH2 was complete in a few seconds. The
ferricyanide-q-BH2 mixture was directly injected into the chromatographic column.

Enzymatic oxidation

Mice were killed by decapitation, and their livers were removed and homog-
enized. Phenylalanine hydroxylase was isolated by precipitation with ammonium sul-
fate (between 35% and 45% saturation). The precipitate was dissolved in 0.01 M
sodium phosphate buffer (pH 7.5) and purified on a DEAE-Sephadex column, as
described by Shiman et al.®.

The incubation mixture was as described previously'®, except that BH4 was
employed as the pterin cofactor. The incubation was allowed to proceed for 2 min,
after which a 200-ul aliquot was removed and diluted to 2.0 ml with 0.1 M sodium
phosphate buffer (pH 2.5). This sample was deoxygenated for 2 min, and then 20
ul was injected into the chromatographic column.
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RESULTS

Voltammetry

Because q-BH2 is not stable in solution, tautomerizing to 7,8-BH2, it is not
possible to obtain voltammetric data on a standard solution. However, hydrody-
namic voltammetry can be performed by using the dual-electrode amperometric de-
tectors in series. In this method, a standard solution of BH4 is oxidized at the up-
stream electrode. This oxidation produces q-BH2, which can be studied electrochem-
ically at the downstream electrode. This technique has been demonstrated for qui-
nonoid dihydro-6-methylpterin??!.

Fig. 1 shows the hydrodynamic voltammogram of q-BH2 obtained with the
dual-electrode detector. A standard solution of BH4 was repetively injected while the
upstream electrode was kept at a constant oxidizing potential. This generates a re-
producible amount of q-BH2 which is independent of the potential applied to the
downstream electrode. The hydrodynamic voltammogram of q-BH2 is then gener-
ated by varying the potential of the downstream electrode and plotting the ratio of
downstream response to upstream response versus applied potential at the down-
stream electrode. Use of the ratio of downstream response to upstream response
normalizes the hydrodynamic voltammogram for any change in the upstream elec-
trode.

BH4 and 7,8-BH2 are relatively stable in solution. Therefore, hydrodynamic
voltammetry can be performed directly with standard solutions of these species, as
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Fig. 1. Hydrodynamic voltammogram of q-BH2 obtained by the oxidation of BH4 upstream. & is the
normalized current response.
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Fig. 2. Hydrodynamic voltammograms of BH4 (@) and 7,8-BH2 (@).

Fig. 3. Separation of the three biopterin species. Chromatographic conditions: 3 mM octyl sodium sulfate
in a 0.1 M phosphate buffer (pH 2.5), containing 15% methanol (v/v). Electrode potentials: W1 = —300
mV, W2 = +900 mV. Peak identities: 1 = q-BH2; 2 = BH4; 3 = 7,8-BH2.

illustrated in Fig. 2. This provides voltammetric information for all of the pterin
species of interest.

Chromatography

The separation of BH4, 7,8-BH2, and q-BH2 is shown in Fig. 3. Being similar
in structure, BH4 and q-BH2 were not resolved chromatographically. However, be-
cause the two compounds differ in electrochemical reactivity, BH4 being easily oxi-
dized and q-BH2 being easily reduced, they can be distinguished by the electrochem-
ical detectors.

The standard solution used to generate the chromatogram in Fig. 3 was a
mixture of BH4 and 7,8-BH2 which was partially oxidized by ferricyanide. The iden-
tity of the q-BH2 peak was confirmed by voltammetric characterization, the standard
being produced in the series dual-electrode experiment, as has been described for 6-
methylpterin!?!,

Characterization of BH4 oxidation products

Fig. 4 shows chromatograms obtained 15 sec and 15 min after oxidation of a
BH4 solution by ferricyanide. These chromatograms show formation of an initial
labile oxidation product, which is converted to a relatively stable final product. Based
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Fig. 4. Chromatograms of the products of oxidation of BH4 by ferricyanide. (A) 15 sec; (B) 15 min. Peak
identities and chromatographic conditions as in Fig. 3.

Fig. 5. Chromatograms of the products of oxidation of BH4 by phenylalanine hydroxylase. (A) 2 min;
(B) 15 min. Peak identities and chromatographic conditions as in Fig. 3.

on voltammetric data, the initial product has been identified as q-BH2. The final
product has been identified as 7,8-BH2, based on both voltammetric data and reten-
tion data.

Chromatograms obtained 2 min and 15 min after incubation of BH4 with
phenylalanine and phenylalanine hydroxylase are shown in Fig. 5. The same products
were obtained through this enzymatic oxidation as were found for the chemical ox-
idation procedure. That the oxidation indeed proceeded, at least partially, through
an enzymatic path is shown by the appearance of tyrosine in the incubation mixture.
In the absence of phenylalanine hydroxylase no tyrosine is formed.

DISCUSSION

g-BH2 has previously been detected by liquid chromatography with UV-ab-
sorption detection. Haavik and Flatmark?® found it difficult to resolve q-BH2 and
BH4 chromatographically, a result confirmed by this work. They were able to dis-
tinguish these two species partially by detection at two wavelengths, but since the
spectra overlap, this approach is not completely satisfactory. We have shown that
this problem can be circumvented by the use of a dual-electrode amperometric de-
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tector. Because the q-BH2 is easily reduced while the BH4 is easily oxidized, these
species can be separately detected electrochemically by a judicious choice of operating
potentials.

Due to the lability of g-BH2, it is impossible to perform voltammetry on a
standard solution. Using the dual-electrode detectors in series, g-BH2 can be gen-
erated at the upstream electrode and its electrochemistry studied at the downstream
electrode. This technique is analogous to rotating ring/disk electrode voltammetry.
The liquid chromatographic experiment offers advantages over bulk techniques by
presenting a single component to the electrodes and requiring smaller sample vol-
umes.

Finally, this report demonstrates the production of g-BH2 through the enzy-
matic oxidation of BH4. These results indicate that investigating the electrochemistry
of BH4 at electrodes is a valid method of probing the enzymatic reaction. This
method should be capable of detecting q-BH2 in biological samples, such as brain
and liver tissue, providing the sample preparation time can be kept to a minimum to
avoid tautomerization.
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