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Abstract

Objectives The substrate specificity of wild-type human phenylalanine monooxygenase
(wt-hPAH) has been investigated with respect to the mucoactive drug, S-carboxymethyl-
L-cysteine and its thioether metabolites. The ability of wt-hPAH to metabolise other
S-substituted cysteines was also examined.
Methods Direct assays of PAH activity were by HPLC with fluorescence detection;
indirect assays involved following disappearance of the cofactor by UV spectroscopy.
Key findings wt-hPAH catalysed the S-oxygenation of S-carboxymethyl-L-cysteine, its
decarboxylated metabolite, S-methyl-L-cysteine, and both their corresponding N-acetylated
forms. However, thiodiglycolic acid was not a substrate. The enzyme profiles for both
phenylalanine and S-carboxymethyl-L-cysteine showed allosteric kinetics at low substrate
concentrations, with Hill constants of 2.0 and 1.9, respectively, for the substrate-activated
wt-hPAH. At higher concentrations, both compounds followed Michaelis–Menten kinetics,
with non-competitive substrate inhibition profiles. The thioether compounds, S-ethyl-
L-cysteine, S-propyl-L-cysteine and S-butyl-L-cysteine were all found to be substrates for
phenylalanine monooxygenase.
Conclusions Phenylalanine monooxygenase may play a wider role outside intermediary
metabolism in the biotransformation of dietary-derived substituted cysteines and other
exogenous thioether compounds.
Keywords metabolism; phenylalanine hydroxylase; phenylalanine monooxygenase;
S-carboxymethyl-L-cysteine; thioethers

Introduction

The addition of an oxygen atom into a molecule is one of the major routes by which
pharmaceutical agents are metabolised within mammalian organisms. Such biotransforma-
tion usually, but not always, reduces the pharmacological activity of a drug and increases
its water solubility, thereby enhancing excretion. Although viewed as a necessary body
‘defence’ mechanism, this phenomenon may be grossly inconvenient to desired therapeutic
intervention.

The cysteine amino acid derivatives, S-methyl-L-cysteine (SMC) and S-carboxymethyl-
L-cysteine (SCMC), are both prescribed as mucoregulatory agents. In particular, the latter
compound is widely used as a free radical scavenger in adjunctive treatment of chronic
pulmonary disease and otitis media with effusions.[1,2] The underlying mechanism of
protection provided by this drug requires the chemical oxidation of its thioether moiety
by the pernicious reactive oxygen species, resulting in the formation of a stable S-oxide
intermediate.[3] Hence, the administered parent sulfide is therapeutically active whereas the
sulfoxide-containing species is not. Any additional metabolic enzyme-catalysed sulfur
oxygenation, a known pathway of drug metabolism, thus decreases the required dose of
active parent sulfide.

The enzyme systems responsible for drug oxidation are usually regarded as a separate
and unrelated group, concerned only with ‘foreign chemicals’ or xenobiotics. The
cytochrome P450 families CYP1, 2, 3 and 4, together with the flavin monooxygenases, are
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oft-cited examples. However, oxygenation of xenobiotics
has been shown to be catalysed by other enzymes more
commonly associated with intermediary metabolism. Included
amongst these are aldehyde oxidase, dopamine-b-hydroxylase,
lipoxygenase, monoamine oxidase, prostaglandin H-synthase
and xanthine oxidase.[4] Appreciation of this situation is
important because we may need to modify our viewpoint, as it
appears that there is not an infinite capacity for oxidative drug
metabolism in addition to the biochemistry of the body. The
above intermediary enzymes already have a defined role to
undertake without the extra burden of potential xenobiotic
interference and overload. An awareness of which particular
enzymes are at risk is vital to enhance our understanding of the
biochemical interaction of pharmaceutical agents that underlie
their therapeutic efficacy and biological safety.

Recently, another enzyme of intermediary metabolism,
phenylalanine monooxygenase (PAH; phenylalanine hydro-
xylase; EC 1.14.16.1), has been implicated in the sulfur
oxygenation of xenobiotic thioethers.[5–7] In this paper we
confirm that such activity indeed exists and have demon-
strated, for the first time, that pure recombinant human
phenylalanine monooxygenase enzyme (wt-hPAH) can
undertake the sulfur oxygenation of both SMC and SCMC.

Materials and Methods

Chemicals

Dithiothreitol, S-benzyl-L-cysteine, SCMC, S-ethyl-L-cysteine,
SMC, phenylalanine, thiodiglycolic acid (TDA), tyrosine,
NADH(H+), bovine catalase and sheep dihydropteridine
reductase were purchased from Sigma-Aldrich Co. Ltd
(Poole, UK). Tetrahydrobiopterin (BH

4
) was obtained from

the Schricks Laboratories (Basel, Switzerland) and methanol
(HPLC grade) from Rathburn Chemical Co. (Walkerburn,
UK). PAH cDNA was acquired from LGC Promochem
(Teddington, UK) and the pMAL-c2X expression vector was
purchased from New England Biolabs (Massachusetts, USA).
SCMC (R/S) S-oxides and SMC (R/S) S-oxides were
synthesised and isolated by previously reported methods,
as were N-acetyl-SMC, N-acetyl-SCMC and their S-oxides
and TDA sulfoxide.[8,9] S-Pentyl-L-cysteine, S-hexyl-L-
cysteine, S-heptyl-L-cysteine and S-octyl-L-cysteine were
synthesised by various addition reactions involving halo-
geno-compounds, as previously detailed in the literature.[10–12]

Human recombinant phenylalanine
monooxygenase

The subcloning and expression of wt-hPAH was based on
a previously published method and data therein.[13] The
wt-hPAH was amplified from PAH cDNA using the Expand
High FidelityPLUS PCR system (Roche Diagnostics Ltd,
Rotkreuz, Switzerland) using the following primers:
CGGGGAGAATTCATGTCCACTGCGGTCCTGG and
CTGTCCGTCGACTTACTTTATTTTCTGGAGGGC. The
PCR product was digested with EcoRI and SalI (restriction
sites are underlined in the primer sequences above) and
inserted into the pMAL-c2X expression vector. Expression of
the wt-hPAH into Escherichia coli TB1 cells and the isolation
of the maltose binding protein (MAP)–PAH fusion protein

were based on the published method.[13] The cleavage of the
MBP–PAH fusion protein by Factor Xa and separation of the
MBP, Factor Xa and the wt-hPAH proteins by size exclusion
chromatography were carried out as described previously.[13]

Enzyme assays

Direct PAH activity (measurement of product) was determined
using a published method[14] with the following modifications.
Each enzyme assay contained substrate (phenylalanine
0.0–5 mM; SCMC 0.8–50 mM; SMC 0.8–50 mM; N-acetyl-
SCMC 0.8–40 mM; N-acetyl-SMC 0.8–40 mM or TDA
0.01–20 mM), potassium phosphate buffer (pH 6.8; 50 mM),
catalase (7800 units/ml), tetrameric wt-hPAH (5 mg/ml),
dithiothreitol (6 mM) and BH4 (1–500 mM) in a total volume
of 1.0 ml. Reactions were initiated by addition of BH4 in
dithiothreitol and terminated by the addition of TCA (100 ml;
10% w/v). All incubations were undertaken at 37∞C for 10 min.
Supernatants were prepared for analysis by centrifugation
(3000g for 10 min). Control blanks were assayed as above but
using heat-inactivated (100∞C) wt-hPAH.

Indirect PAH activity (measurement of linked cofactor
disappearance) was used for the metabolism of other thioether
substrates. Each enzyme assay contained thioether substrate
(1 mM), potassium phosphate buffer (pH 6.8; 50 mM), catalase
(7800 units/ml), tetrameric wt-hPAH (5 mg/ml), NADH(H+)
(200 mM), dihydropteridine reductase (1.0 units/ml) and BH4

(100 mM) in a total volume of 1 ml. The concentration of
NADH(H+) was monitored via spectrophotometry at 340 nm
(using e340nm = 6220/per M cm) and the rate of disappearance
calculated. All incubationswere undertaken at 37∞C for 10 min.
Reactionswere initiated by addingBH4. Blankswere assayed as
described above but using heat-inactivated wt-hPAH.

Both the direct and indirect assays were either substrate
activated or lysophosphatidylcholine activated. This activa-
tion process involved pre-incubation of the fractions with
either substrate or lysophosphatidylcholine (1 mM) for 5 min
at 37∞C before initiating the reaction.

HPLC determination of oxygenated products

Tyrosine (4-hydroxyphenylalanine) was measured by reverse-
phase HPLC with fluorescence detection, as described
previously.[14] The S-oxides of SCMC, SMC, N-acetyl-SCMC,
N-acetyl-SMC and TDA were detected and quantified by
reverse-phase HPLC with fluorescence detection following pre-
column derivatisation with s-phthalaldehyde/2-mercaptoetha-
nol or 1-pyrenyldiazomethane, as reported previously.[5,6,15]

Enzyme kinetic analysis

Enzyme kinetic data were examined using WinNonLin 3.0
pharmacokinetic software (Pharsight Corporation, Mountain
View, CA, USA) and Leonora kinetic analysis software
(Oxford Sciences, Oxford, UK).

Statistical analysis

Each assay was carried out in duplicate, using heat-
inactivated wt-hPAH as blanks. The results are the mean
and SD of six assays. The data were analysed by Sigma Stat
3.5 (Statsys, San Jose, CA, USA) using two-way analysis of
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variance (ANOVA) and Tukey’s test. A significance level of
P < 0.05 denoted significance in all cases.

Results

Enzyme preparation

The isolation and purification to homogeneity of the wt-hPAH
resulted in the production of tetrameric (30.2 mg) and dimeric
(4.3 mg) wt-hPAH proteins. Only the tetrameric wt-hPAH was
used in the in-vitro enzyme studies in this work. For
phenylalanine and SCMC as substrates, the velocity of
reaction versus time (1–30 min) and wt-hPAH concentration
(0.5–10 mg/ml) all displayed linearity (data not shown).

Substrate and lysophosphatidylcholine-activated
wt-hPAH assays

The results of the kinetic investigations of substrate and
lysophosphatidylcholine-activated wt-hPAH using phenyl-
alanine as substrate are shown in Figure 1. Both showed
classic Michaelis–Menten kinetics with non-competitive
substrate inhibition profiles, as determined by both
WinNonLin and Leonora software kinetic programs. How-
ever, the kinetics of the substrate-activated enzyme assay at
lower phenylalanine concentrations (0.01–1 mM) displayed
a sigmodal profile, with a calculated Hill constant (h) of 2.0.
Table 1 shows the Km and Vmax values calculated by the
Leonora program using the Michaelis–Menten equation with
non-competitive substrate inhibition for phenylalanine in the
substrate-activated and lysophosphatidylcholine-activated
assays, together with the calculated clearances through the
enzyme (CLE). Pretreatment with lysophosphatidylcholine
resulted in a 2.02-fold activation of wt-hPAH (P < 0.01,
ANOVA; Figure 1). The Km for phenylalanine was not
significantly different between the substrate- and lysophos-
phatidylcholine-activated assays (Tukey’s test). However, the
Vmax and CLE values were significantly higher (P < 0.01,
Tukey’s test) for the lysophosphatidylcholine-activated assays
than the substrate-activated assays (Table 1).

Similar to the above, substrate- and lysophosphatidylcho-
line-activated wt-hPAH using SCMC as substrate displayed
classic Michaelis–Menten kinetics with non-competitive
substrate inhibition profiles for both systems (Figure 2).

The kinetic profiles of the substrate-activated enzyme assays
at lower SCMC concentrations (0.8–10 mM) were sigmodal,

with a calculated Hill constant (h) of 1.9. Pre-treatment with
lysophosphatidylcholine resulted in a 64-fold activation of
wt-hPAH (P < 0.001, ANOVA, Figure 2). For comparison, the
values for Km and Vmax calculated using the Michaelis–Menten
equation with non-competitive substrate inhibition for SCMC in
the substrate-activated and lysophosphatidylcholine-activated
assays are given in Table 1, together with the calculated
clearances through the enzyme. The Km for SCMC was not
significantly different between the substrate- and lysopho-
sphatidylcholine-activated assays (Tukey’s test). However,
the Vmax and CLE values were significantly higher for the
lysophosphatidylcholine-activated assays than the substrate-
activated assays (P < 0.001, Tukey’s test; Table 1).

S-Carboxymethyl-L-cysteine and metabolites

The kinetic parameters (Km, Vmax and CLE) obtained for the
substrate-activated assays using SCMC and its metabolites
are given in Table 2. The decarboxylated metabolite, SMC,
was cleared by wt-hPAH at 25% of the rate of the parent
compound (SCMC) into its S-oxide metabolite. Values for
the N-acetylated compounds (N-acetyl-SCMC; N-acetyl-
SMC) were lower. TDA was found not to be a substrate.
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Figure 1 Michaelis–Menten kinetics with non-competitive substrate

inhibition of the C-oxidation of phenylalanine by human phenylalanine

hydroxylase (PAH) following activation by either the substrate (�)
or lysophosphatidylcholine (#). Data points represent means ± SD

(n = 6 assays).

Table 1 Kinetic data for phenylalanine (Phe) and S-carboxymethyl-L-cysteine (SCMC) in wild-type human phenylalanine hydroxylase (PAH)

assays following activation by the substrate or 1 mM lysophosphatidylcholine (LPC)

Substrate Activation Km Vmax CLE

Phe substrate 1.1 ± 0.5 3896.0 ± 1081.0 3490.0 ± 510.0

Phe LPC 1.2 ± 0.1 7875.0 ± 726.0* 6780.0 ± 700.0*

SCMC substrate 8.3 ± 3.1 75.6 ± 20.5 9.0 ± 2.0

SCMC LPC 8.1 ± 0.8 4803.0 ± 500.0** 580.0 ± 40.0**

Km, Michaelis–Menten constant (in mM); Vmax, maximum enzyme velocity (in nmols product formed/min per mg PAH); CLE, clearance through

enzyme (Km/Vmax, in ml/min per mg PAH).

Values are means ± SD (n = 6 assays).

*P < 0.01; **P < 0.001 substrate-activated vs LPC-activated assay for each substrate.
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Other thioether substrates

Following incubation of the thioether substrates at 1 mM

(Table 3), the indirect assay suggested that S-ethyl-L-cysteine,
S-propyl-L-cysteine and S-butyl-L-cysteine were also substrates
(3.9 ± 0.8, 1.7 ± 0.4 and 0.2 ± 0.1 nmols product formed/min
per mg wt-hPAH, respectively), whereas S-pentyl-L-cysteine,
S-hexyl-L-cysteine, S-heptyl-L-cysteine, S-octyl-L-cysteine and
S-benzyl-L-cysteine were not (< 0.01 nmols product formed).

Discussion

The enzyme activity profiles of phenylalanine- and lysopho-
phatidylcholine-activated wt-hPAH both showed sigmodal
kinetics at low substrate concentrations (0.01–1 mM phenyl-
alanine) and Michaelis–Menten kinetics with non-competi-
tive substrate inhibition at higher substrate concentrations
(1–5 mM phenylalanine, Figure 1). This is in agreement
with previously reported data.[16] The calculated Hill
constant (h = 2.0) indicated that allosteric regulation of the
enzyme was seen at these lower substrate levels.[17,18]

Lysophosphatidylcholine activation of wt-hPAH resulted in
the loss of allosteric kinetics (Figure 1) and a 2.02-fold

increase in wt-hPAH activity. This agrees with previously
published results in which a 2.0-fold increase was obtained
under these conditions.[17] Thus, the recombinant wt-hPAH
protein was found to express enzyme kinetic profiles (Km and
Vmax values) and showed post-translational activation char-
acteristics similar to previously published data (Table 1).[16–18]

When SCMC was used as a substrate, a similar pattern of
results were observed (Table 1 and Figure 2). At low SCMC
concentrations (0.8–10 mM) the enzyme kinetic profiles was
sigmodal, indicating allosteric regulation.[17,18] However, at
higher SCMC concentrations (10–50 mM) Michaelis–Menten
kinetics with non-competitive substrate inhibition were
observed. These findings are in agreement with data reported
in previous studies.[5–7] Post-translational activation of
wt-hPAH with lysophosphatidylcholine was greater when
SCMC was used as a substrate rather than phenylalanine
(Table 1). From the results it can be deduced that SCMC is a
relatively poor substrate for wt-hPAH; clearance through
the enzyme is an order of magnitude lower than that for
the endogenous substrate, phenylalanine (0.3% in the
substrate-activated assay; 8.5% in the lysophosphatidylcho-
line-activated assay, P < 0.001, Tukey’s test, Table 1).
Nevertheless, SCMC is metabolised by the enzyme. More-
over, previous studies[5–7] using hepatic cytosol indicated that
only one enzyme is involved in the S-oxygenation of SCMC
(as only one Km and one Vmax were found). Interestingly,
lysophosphatidylcholine-activation of the wt-hPAH resulted in
a 64-fold increase in SCMC clearance through the enzyme,
compared with a 1.9-fold increase for phenylalanine. Could
this or some other similar process be a physiological means by
which the enzyme deals with xenobiotic substrates?

The results of the investigation into the S-oxidation of the
other thioether metabolites of SCMC are reported in Table 2.
With the exception of TDA, all the thioether metabolites
(SMC, N-acetyl-SCMC and N-acetyl-SMC) were found to be
substrates of wt-hPAH and all produced S-oxide metabolites in
the in-vitro enzyme assay. The rank order for rate of clearance
was SCMC > SMC > N-acetyl-SCMC > N-acetyl-SMC. These
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Figure 2 Michaelis–Menten kinetics with non-competitive substrate

inhibition of the S-oxidation of S-carboxymethyl-L-cysteine by human

phenylalanine hydroxylase (PAH) following activation with substrate (�)
and lysophosphatidylcholine (#). Data points represent means ± SD

(n = 6 assays).

Table 2 Kinetic data for thioether metabolites of S-carboxymethyl-

L-cysteine (SCMC) in wild-type human phenylalanine hydroxylase

(PAH) assays following activation by the substrate

Substrate Km Vmax CLE

SCMC 8.3 ± 3.1 75.6 ± 20.5 9.0 ± 2.0

SMC 20.4 ± 4.1 47.1 ± 9.4 2.3 ± 0.6

N-acetyl-SCMC 29.8 ± 6.0 18.9 ± 3.8 0.6 ± 0.1

N-acetyl-SMC 32.1 ± 6.3 11.3 ± 2.2 0.4 ± 0.1

Thiodiglycolic acid Not a substrate for PAH

Km, Michaelis–Menten constant (in mM); Vmax, maximum enzyme

velocity (in nmols product formed/min per mg PAH); CLE, clearance

through enzyme (Km/Vmax, in ml/min per mg PAH).

Values are means ± SD (n = 6 assays).

Table 3 Kinetic data for thioether substrates of wild-type human

phenylalanine hydroxylase (PAH)

Substrate Activity (nmols product

formed/min per mg PAH)

L-Phenylalanine 1605.0 ± 158.7

S-Methyl-ergothionine 11.7 ± 1.3

L-Methionine 4.1 ± 0.6

S-Ethyl-L-cysteine 3.9 ± 0.8

S-Carboxymethyl-L-cysteine 2.4 ± 0.3

S-Propyl-L-cysteine 1.7 ± 0.4

S-Methyl-L-cysteine 1.5 ± 0.2

S-Butyl-L-cysteine 0.2 ± 0.1

S-Pentyl-L-cysteine, S-hexyl-L-cysteine, S-heptyl-L-cysteine, S-octyl-L-

cysteine, S-cyclopropyl-L-cysteine, S-cyclohexyl-L-cysteine, S-cyclo-

heptyl-L-cysteine, S-benzyl-L-cysteine, S-phenylethyl-L-cysteine,

S-(2-chloro-6-nitrophenyl)-L-cysteine, S-(2-nitro-5-chlorophenyl)-L-

cysteine, S-(2-nitro-4,5-dichlorophenyl)-L-cysteine, S-(4-bromophenyl)-

L-cysteine and S-(4-chlorophenyl)-L-cysteine gave no measurable activity

(< 0.01 nmols product formed/min per mg PAH). Values are means ± SD

(n = 6 assays).
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results are similar to those observed in vivo in man with respect
to urinary recovery of S-oxygenated metabolites following
SCMC dosing (SCMC S-oxides > SMC S-oxides > N-acetyl-
SCMC S-oxides > N-acetyl-SMC S-oxides).[19,20]

Since wt-hPAH undertakes the S-oxidation of a number of
substituted cysteine-like compounds, the substrate specificity
of the enzyme was further investigated. The appearance of
S-oxygenated metabolites correlated with the disappearance of
cofactor for four substrates examined by both wt-hPAH assay
systems (coupling efficiency was 98–99%). As S-oxide deriva-
tives were unavailable, cofactor disappearance was used as an
indication of substrate metabolism. It was appreciated that this
was not proven to involve S-oxygenation but it was deemed
highly probable. From these investigations (Table 3), the
thioethers S-ethyl-L-cysteine, S-propyl-L-cysteine and S-butyl-
L-cysteine were also found to be substrates for wt-hPAH.

Conclusions

A previous report had indicated that the cell cytosol, and not the
microsomal fraction, was the site of SCMC S-oxygenation in
mammalian species, but no indication of the enzyme responsible
was forthcoming.[21] The present investigation, together with
recent studies cited in the literature,[5–7] and coupled with the
lack of evidence to the contrary, establishes that phenylalanine
monooxygenase is the cytosolic enzyme responsible for this
reaction. Kinetic data (one Km and one Vmax) also suggests that
there is only one enzyme, hence this enzyme, undertaking this
reaction. In addition, phenylalanine monooxygenase is not
restricted to this one substrate but is capable of sulfur-
oxygenating other thioether compounds. The number of
known dietary thioether compounds is large, and many are
toxic to cells in high concentrations and thus have not been
advocated as possible therapeutic agents.[22,23] The overall
intake of such compounds within the diet, as health food
supplements and as established or future therapeutic agents, will
lead to an extra substrate load and subsequent burden upon this
enzyme. The slowly acknowledged acceptance that enzymes
that are more usually associated with intermediary metabolism
may also play a role in drug or xenobiotic metabolism is of
concern for the future, especially as new chemical entities,
designed via information gleaned from the human genome
project and systems biology, will, in all probability, closely
resemble endobiotic compounds, and endobiotic metabolism
enzyme systems will come to the fore, causing more potential
problems for the pharmaceutical industry.

Conflict of interest

The Author(s) declare(s) that they have no conflicts of interest
to disclose.

Funding

This research received no specific grant from any funding
agency in the public, commercial or not-for-profit sectors.

References

1. Steventon GB, Mitchell SC. The sulphoxidation of S-carbox-

ymethyl-L-cysteine in COPD. Eur Respir J 2006; 27: 865–866.

2. Steventon GB, Mitchell SC. Efficacy of S-carboxymethyl-L-

cysteine for otitis media with effusion. Ear Nose Throat J 2006;

85: 296–297.

3. Brandolini L et al. Carbocysteine lysine salt monohydrate

(SCMC-LYS) is a selective scavenger of reactive oxygen

intermediates (ROIs). Eur Cytokine Netw 2003; 14: 20–26.

4. Steventon GB, Mitchell SC. Non-classical drug metabolism

enzymes: the curious case of phenylalanine 4-monooxygenase.

Letts Drug Design Discov 2006; 3: 405–412.

5. Boonyapiwat B et al. Phenylalanine hydroxylase: possible

involvement in the S-oxidation of S-carboxymethyl-L-cysteine.

Anal Biochem 2004; 335: 91–97.

6. Boonyapiwat B et al. Phenylalanine 4-monooxygenase and the

S-oxidation of S-carboxymethyl-L-cysteine in HepG2 cells.

Drug Metab Drug Inter 2005; 21: 1–18.

7. Goreish AH et al. Phenylalanine 4-monooxygenase and the

S-oxidation of S-carboxymethyl-L-cysteine. Drug Metab Drug

Inter 2004; 20: 159–174.

8. Meese CD. S-Carboxymethyl-L-cysteine-(R)- und (S)-sulphoxid.

Arch Pharm (Weinheim) 1987; 320: 473–474.

9. Meese CD et al. Synthesis of metabolites of S-carboxymethyl-

L-cysteine and S-methyl-L-cysteine and some isotopically

labelled (2H, 13C) analogues. Arch Pharm (Weinheim) 1990;

323: 957–965.

10. Bray HG et al. The formation of mercapturic acids. 3.

N-acetylation of S-substituted cysteines in the rabbit, rat and

guinea pig. Biochem J 1959; 73: 465–473.

11. Bray HG et al. Metabolism of some w�-halogenoalkylbenzenes
and related alcohols in the rabbit. Biochem J 1958; 70: 570–579.

12. Damoglou AP et al. The hydrolysis of thermolysin of dipeptide

derivatives that contain substituted cysteine. Biochem J 1971;

123: 379–384.

13. Martinez A et al. Expression of recombinant human phenyl-

alanine hydroxylase as fusion protein in Escherichia coli

circumvents proteolytic degradation by host cell proteases.

Biochem J 1995; 306: 589–597.

14. Pey AL et al. Specific interaction of the diastereomers 7(R)- and

7(S)- tetrahydrobiopterin with phenylalanine hydroxylase:

Implications for understanding primapterinuria and vitiligo.

FASEB J 2006; 20: E1451–E1464.

15. Staffeldt B et al. Determination of S-carboxymethyl-L-cysteine

and some of its metabolites in urine and serum by high-

performance liquid chromatography using fluorescent pre-

column labelling. J Chromatogr 1991; 571: 133–147.

16. Kowlessur D et al. Recombinant human phenylalanine hydro-

xylase: Novel regulatory and structural properties. Arch

Biochem Biophys 1996; 333: 85–95.

17. Knappskog M et al. Structure/function relationships in human

phenylalanine hydroxylase. Effect of terminal deletions on the

oligomerization, activation and cooperativity of substrate

binding to the enzyme. Eur J Biochem 1996; 242: 813–821.

18. Perez B et al.Kinetic stability analysis of PKUmutations identified

in BH4-responsive patients.Mol Genet Metab 2005; 86: S11–S16.

19. Mitchell SC, Waring RH. The deficiency of sulfoxidation of

S-carboxymethyl-L-cysteine. Pharmacol Ther 1989; 43: 237–249.

20. Waring RH, Mitchell SC. The metabolism and elimination of

S-carboxymethyl-L-cysteine in man. Drug Metab Dispos 1982;

10: 61–62.

21. Waring RH et al. Cytosolic sulphoxidation of S-carboxymethyl-L-

cysteine in mammals. Biochem Pharmacol 1986; 35: 2999–3002.

22. Ariga T, Seki T. Antithrombotic and anticancer effects of

garlic-derived sulfur compounds: a review. BioFactors 2006;

26: 93–103.

23. Milner JA. Preclinical perspectives on garlic and cancer. J Nutr

2006; 136: 827S–831S.

Drug metabolism and phenylalanine hydroxylase Boontarika Boonyapiwat et al. 67





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


