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Tryptophan hydroxylase (TPH), the initial and rate-limiting en-
zyme in the biosynthesis of the neurotransmitter serotonin (5-
HT), is irreversibly inactivated by nitric oxide (NO). We have
expressed brain TPH as a recombinant glutathione-S-
transferase fusion protein and delineated the catalytic domain
of the enzyme as the region spanning amino acids 99–444.
Highly purified TPH catalytic core, like the native enzyme from
brain, is inactivated by NO in a concentration-dependent man-
ner. Removal of iron from TPH produces an apoenzyme with
low activity that can be reconverted to its highly active holo-
form by the addition of ferrous iron. Apo-TPH exposed to NO
cannot be reactivated by iron. Treatment of holo-TPH (iron-
loaded) with the disulfide 5,59-dithio-bis (2-nitrobenzoic acid)

(DTNB) causes an inactivation of TPH that is readily reversed by
dithiothreitol (DTT). DTNB-treated TPH [sulfhydryl (SH)-
protected] exposed to NO is returned to full activity by thiol
reduction with DTT. The inactivation of native TPH by NO
cannot be reversed by either iron or DTT. These data indicate
that NO inactivates TPH by selective action on critical SH
groups (i.e., cysteine residues) while sparing catalytic iron sites
within the enzyme. The results are interpreted with reference to
the substituted amphetamines, which are neurotoxic to 5-HT
neurons, that inactivate TPH in vivo and are now known to
produce NO and other reactive oxygen species in vivo.
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Tryptophan hydroxylase [EC 1.14.16.4; L-tryptophan, tetrahy-
dropteridine: oxygen oxidoreductase (5-hydroxylating)] (TPH) is
the initial and rate-limiting enzyme in the biosynthesis of the
neurotransmitter serotonin (5-HT) (Jequier et al., 1967). The
synthesis of 5-HT can proceed only through this enzyme-
catalyzed step. The activity of TPH controls the amount of 5-HT
produced and released from neurons (Gartside et al., 1992;
Oluyomi et al., 1994), indicating that this enzyme regulates not
just 5-HT synthesis but its function as well. As a neurotransmit-
ter, 5-HT mediates pain, sleep, thermoregulation, and food in-
take. From a clinical perspective, altered 5-HT function has been
implicated in depression, obsessive-compulsive disorder, autism,
and impulsive self-destructive behaviors such as aggression, sui-
cide, and drug taking (Schatzberg and Nemeroff, 1995).

Selected amphetamines have profound effects on the 5-HT
neuronal system. Methylenedioxymethamphetamine (ecstasy)
(MDMA) and p-chloroamphetamine cause extensive destruction
of 5-HT neurons. An early manifestation of their effects is a
significant inactivation of TPH (for reviews, see Gibb et al., 1993;
Steele et al., 1994; Seiden and Sabol, 1996). The mechanisms
underlying these effects on TPH are not known, but emerging
data implicate drug-induced production of reactive oxygen spe-

cies (ROS) and nitric oxide (NO). The cellular effects of ROS or
NO cannot be predicted a priori: NO can be toxic to some cells
(Lipton et al., 1993; Dawson et al., 1994), it is a neurotransmitter–
neuromodulator in other cells (Jaffrey and Snyder, 1996), and it
can protect still other cells from known toxins (Wink et al., 1995,
1996). The recent demonstration that TPH is inactivated by NO
in vitro (Kuhn and Arthur, 1996, 1997) establishes the possibility
that this important brain enzyme is susceptible to inactivation by
NO in vivo and could form the basis for loss of TPH activity when
NO levels are elevated in brain (e.g., amphetamine-induced).

Our initial experiments with NO–TPH interactions focused on
crude brain extracts in an attempt to establish that NO can target
TPH in a complex protein milieu (Kuhn and Arthur, 1996, 1997).
Having done this, we have shifted our attention to determining
the molecular mechanisms by which NO and ROS inactivate
TPH. These studies are made possible by the cloning and expres-
sion of a recombinant TPH as a glutathione-S-transferase (GST)
fusion protein. This enzyme can be produced in large quantity in
Escherichia coli and purified to homogeneity by a single affinity
chromatographic step. Primary targets in proteins for NO attack
are iron and SH groups (Stamler et al., 1992; Stamler, 1994). By
altering independently the iron or SH status of TPH, we demon-
strate that NO inactivates TPH by selective attack on critical SH
groups, sparing catalytic iron sites altogether.

MATERIALS AND METHODS
Materials. The following materials were obtained from Sigma (St.
Louis, MO): sodium nitroprusside, dithiothreitol (DTT), hemoglobin,
o-phenanthroline, ferrous ammonium sulfate, glutathione (GSH), GSH-
agarose beads, cysteine, tryptophan, and 5,59-dithio-bis (2-nitrobenzoic
acid) (DTNB). The GST fusion protein vector pGEX4T-2 was pur-
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chased from Pharmacia Biotech (Piscataway, NJ). T4 DNA ligase and
restriction endonucleases were purchased from New England Biolabs
(Beverly, MA). Catalase was a product of Boehringer Mannheim (Indi-
anapolis, IN). Tetrahydrobiopterin was purchased from Dr. B. Schircks
Laboratories (Jona, Switzerland). Isopropyl b-D-thiogalactopyranoside
(IPTG) was obtained from Gold Biotechnologies (St. Louis, MO).
BL-21 E. coli cells were purchased from Invitrogen (Carlsbad, CA).

Cloning and expression of TPH. TPH was cloned and expressed as a
GST fusion protein as described previously (D’Sa et al., 1996; Kuhn et
al., 1997). Both a full-length form of wild-type (WT) TPH (amino acids
1–444; GST–TPH–WT) or a deletional mutant constituting the catalytic
core (amino acids 99–444; GST–TPH–CC) were expressed in BL-21 (E.
coli) cells. Bacteria transformed with the plasmid bearing the TPH–CC
cDNA were induced with 0.1 mM IPTG for 2 hr at 30°C. Bacteria were
washed with 10% glycerol and then with 0.1 vol of 50 mM Tris-HCl, pH
7.5. After sonication and centrifugation (40,000 3 g) to sediment insol-
uble material, the supernatants were adsorbed on GSH-agarose for 30
min at 4°C. Affinity beads were washed three times with 50 vol of 50 mM
Tris-HCl, pH 7.5, at 4°C and used immediately.

Conversion of TPH between apo- and holoenzyme. TPH–CC was treated
with the ferrous iron chelator o-phenanthroline (100–1000 mM) at 4°C for
30 min in the presence of 1 mM DTT. After treatment, GST–TPH–CC
beads were washed three times with 50 mM Tris-HCl, pH 7.5, at 4°C to
remove o-phenanthroline, and the enzyme was either assayed for residual
activity or exposed to NO as described below. Recovery of TPH activity
after o-phenanthroline treatment was tested by assaying the enzyme 6
100 mM ferrous iron (ferrous ammonium sulfate).

Treatment of TPH with DTNB. Oxidation of SH groups in proteins by
disulfides such as DTNB is specific for cysteine residues and results in
the formation of mixed disulfides (Van Iwaarden et al., 1992). GST–
TPH–CC was exposed to varying concentrations of DTNB in the ab-
sence of DTT at 30°C for 15 min. DTNB was removed by three washes
of the affinity beads with 50 mM Tris-HCl, pH 7.5, at 4°C. After the last
wash the levels of residual TPH activity were determined. Recovery of
TPH activity after treatment with DTNB was tested by exposing treated
TPH to varying concentrations of DTT at 4°C for 30 min. The DTT was
then removed by washing the affinity beads as described. All assays of
TPH pretreated with DTNB–DTT were performed without DTT to
allow an assessment of the status of the SH groups before assay. Omis-
sion of DTT from the assay does not alter enzyme activity.

Treatment of TPH with NO. GST–TPH–CC was treated with varying
concentrations of the NO generator sodium nitroprusside (SNP) (Feel-
isch and Noack, 1987; Shibuki, 1990; Southam and Garthwaite, 1991).
Because the generation of NO from SNP depends on a reductant such as
DTT, all experiments with SNP were performed 61 mM DTT. Controls
contained DTT only. Exposure to SNP was at 4°C for 30 min as
described previously for brain TPH (Kuhn and Arthur, 1996, 1997). In
some experiments TPH was treated with either o-phenanthroline or
DTNB as described above before SNP. After these pretreatments, re-
agents were removed by three washes of the affinity beads before addition
of SNP. After exposure to SNP, the beads were washed three more times
with 50 mM Tris-HCl, pH 7.5, at 4°C, and residual TPH activity was
determined.

Assay of TPH catalytic activity. TPH activity was assayed by measuring
the formation of 5-hydroxytryptophan (5-HTP) as described previously
(Kuhn et al., 1997). TPH activity was assayed while the protein remained
bound to the GSH-affinity beads, and results are expressed as nanomoles
of 5-HTP per minute per milligram (D’Sa et al., 1996; Kuhn et al., 1997).
Adsorption of the TPH fusion protein to GSH-affinity beads does not
interfere with the catalytic function of the enzyme. The levels of protein
in all enzyme samples were measured with bead-bound preparations
using the method of Bradford (1976). Controls contained the appropriate
buffers, solvents, and beads unexposed to protein. The beads did not
cause the bovine serum albumin standard curve to depart from linearity.

Statistics. Concentration-effects of iron- or SH-reacting reagents on
TPH activity (see Figs. 1–3) were tested for statistical significance by
ANOVA. Student’s t tests were used to compare independent group
effects with their controls when reversal of TPH inactivation was at-
tempted (see Figs. 4, 5).

RESULTS
TPH was studied while it remained bound to GSH-affinity beads
as a GST fusion protein. The immobilized fusion protein retains
all essential catalytic and molecular functions of the native en-

zyme and offers the distinct advantages of rapid purification and
convenient washing before assays of catalytic activity. Because the
GST–TPH–CC deletional mutant did not differ significantly from
the full-length enzyme in its responses to the treatments used
here (e.g., iron, DTT, o-phenanthroline, DTNB) (D’Sa et al.,
1996), we concluded that the deleted regulatory domain (amino
acids 1–98) does not influence responsiveness of the enzyme
catalytic function to iron or disulfides. With the exception of the
initial studies with NO-induced inactivation of both the wild-type
(full-length) and catalytic core forms of TPH, all remaining
experiments used the GST–TPH–CC deletional mutant.

Conversion of TPH between holo- and apo-forms
If TPH-bound iron is a target for NO, it is essential to determine
whether TPH could be protected from reaction with NO. We
prepared TPH in the presence of the ferrous iron chelator
o-phenanthroline. This reagent has been shown to reduce the iron
content of phenylalanine hydroxylase (Shiman et al., 1994), and it
significantly inhibits TPH activity (Kuhn et al., 1980). Figure 1
shows that o-phenanthroline causes a concentration-dependent re-
duction of TPH activity. At a concentration of 20 mM, TPH activity
was reduced to ;34% of control when assayed without iron.
Inhibition of TPH exceeded 95% at an o-phenanthroline concen-
tration of 100 mM. This effect of o-phenanthroline was statistically
significant ( p , 0.001; ANOVA). When TPH is then assayed in the
presence of 100 mM iron, activity is fully restored to control levels.
These experiments establish the importance of iron in TPH func-
tion and demonstrate that TPH can be reversibly converted be-
tween the apo- and holo-forms.

Figure 1. Conversion of TPH between apo- and holo-forms with
o-phenanthroline. TPH–CC protein was expressed in BL-21 cells and
adsorbed to GSH-affinity beads as described in Materials and Methods.
The enzyme was exposed to varying concentrations of o-phenanthroline
at 4°C for 30 min in the presence of 1 mM DTT. After this treatment,
affinity beads were washed three times with 50 mM Tris-HCl, pH 7.5, at
4°C, and residual TPH activity was determined in the absence or presence
of 100 mM ferrous ammonium sulfate. Results are shown as % control
TPH activity (57.5 nmol of 5-HTP z min 21 z mg 21) and are the mean 6
SEM of four independent experiments run in duplicate. The effect of
o-phenanthroline (2iron) was statistically significant by ANOVA; p ,
0.001.
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Modification of SH groups in TPH
TPH was treated with the SH reagent DTNB. The results in
Figure 2A demonstrate that DTNB causes a concentration-
dependent reduction in TPH activity. TPH was quite sensitive to
DTNB, and concentrations as low as 50 mM cause a .80%
reduction in catalytic activity. The effect of DTNB was statisti-
cally significant ( p , 0.001; ANOVA). If DTNB-inhibited (50
mM) TPH was subsequently exposed to DTT for 30 min at 4°C,
enzyme activity was restored in a concentration-dependent man-

ner. Figure 2B shows that a concentration of DTT of 10 mM

restores TPH activity to 86% of control, and at 20 mM DTT, TPH
activity was 96% of control. The effect of DTT was also statisti-
cally significant ( p , 0.001). These results establish the essential
role played by SH groups in TPH catalytic function and demon-
strate that TPH can be cycled reversibly through inactive and
active states by oxidation (DTNB) and reduction (DTT) of cys-
teine residues.

Effect of NO on recombinant TPH
The full-length form (GST–TPH–WT) and the deletional mutant
(GST–TPH–CC) of TPH were exposed to increasing concentra-
tions of the NO generator SNP at 4°C for 30 min, and the effects
of this treatment are presented in Figure 3. The results demon-
strate that SNP causes a concentration-dependent decrease in
both forms of TPH in the presence of DTT. This effect of SNP
was statistically significant for each construct ( p , 0.001;
ANOVA), and the two enzymes did not differ in their respon-
siveness to SNP. A concentration of SNP of 200 mM lowered TPH
activity to 36% of control. Generation of NO from SNP is known
to depend on DTT or other reductants. In confirmation of this,
SNP alone (2DTT) does not significantly alter TPH activity over
the same concentration range. The effects of SNP on TPH were
not reversed by either iron or DTT treatment (see below). Finally,
the effect of SNP was prevented if incubations were performed in
the presence of 500 mM hemoglobin (data not shown), as de-
scribed previously (Kuhn and Arthur, 1996, 1997). Because both
TPH–WT and TPH–CC respond to SNP in the same manner, all
remaining experiments used the TPH–CC form to rule out alter-
ations that might occur in the regulatory domain of TPH.

Figure 2. Effects of the disulfide DTNB on TPH. TPH–CC protein was
prepared and adsorbed to GSH-affinity beads as described in Materials and
Methods. A, The enzyme was exposed to varying concentrations of DTNB
(without DTT) at 30°C for 15 min followed by three washes with 50 mM
Tris-HCl, pH 7.5, at 4°C. Residual TPH activity was determined in the
presence of 100 mM ferrous ammonium sulfate without DTT. B, TPH–CC
was first exposed to 50 mM DTNB as described in Figure 2A and then
GSH-affinity beads were washed free of DTNB. The enzyme was next
exposed to varying concentrations of DTT at 4°C for 30 min. After DTT
treatment, beads were washed as before, and residual TPH activity was
determined in assays that omitted DTT. The results in both A and B are
expressed as % control TPH activity (51.5 nmol of 5-HTP z min 21 z mg 21)
and are the mean 6 SEM of four independent experiments performed in
duplicate. The effects of DTNB in A and that of DTT in B were both
statistically significant by ANOVA; p , 0.001 for each.

Figure 3. The effects of the NO generator SNP on TPH. Both GST
fusion constructs TPH–WT and TPH–CC were prepared and adsorbed to
GSH-affinity beads as described and exposed to varying concentrations of
SNP 6 DTT (1 mM). Enzymes were exposed to SNP at 4°C for 30 min
followed by three washes with 50 mM Tris-HCl, pH 7.5, to remove the
reagent. Residual TPH activity was determined in assays that omitted
DTT. The results are presented as % control TPH activity (47.6 and 54.4
nmol z min 21 z mg 21 for WT and CC forms, respectively) and are the
mean 6 SEM of four independent experiments performed in duplicate.
The effects of SNP on both forms of TPH were statistically significant by
ANOVA; p , 0.001. The responses of TPH–WT and TPH–CC to SNP
did not differ significantly ( p . 0.1).
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Effect of NO on apo-TPH
Chelation and removal of TPH-bound iron with o-phenanthroline
causes the enzyme to lose activity (Fig. 1). We hypothesized that if
NO inactivates TPH by reaction with enzyme-bound iron, then
removal of the iron should render TPH unresponsive to NO. The
results in Figure 4 demonstrate that the holoenzyme is slightly
stimulated by iron but the inactivation caused by SNP is not
reversed by iron. When holo-TPH was converted to the apo-form
by o-phenanthroline treatment and then exposed to SNP, the
results were not different. Iron was not capable of restoring activity
to the SNP-treated apoenzyme. As shown previously (Fig. 1), the
activity of apo-TPH not treated with SNP is readily restored to
control levels by iron. These results indicate that the reaction of
NO with TPH-bound iron does not appear to be the mechanism of
inactivation.

Effect of NO on DTNB-oxidized TPH
Using a similar reasoning and approach as in the previous exper-
iment, we inactivated TPH by DTNB-induced oxidation of SH
groups before exposure to NO. We hypothesized that if NO
inactivates TPH through attack on SH groups critical for catalytic
function, DTNB-oxidized TPH should be unresponsive to NO.
The results in Figure 5 show that DTNB-induced inactivation can
be reversed by treatment with DTT. We also noted that in these
experiments with multiple preincubation and washing steps, this
high concentration of DTT (10 mM) itself caused ;50% reduc-
tions in control TPH activity. Figure 5 also demonstrates that
DTNB itself has no additional influence on the SNP effect;
however, DTT restored activity to the enzyme after SNP treat-

ment as long as TPH was SH-protected with DTNB before SNP
exposure. These results indicate that preoxidation of SH groups
with DTNB prevented the irreversible inactivation of TPH by
NO and suggest that NO is attacking critical SH groups to cause
the loss of activity in the enzyme.

DISCUSSION
TPH is an important neuronal enzyme that has substantial influ-
ence over a number of physiological and clinical processes medi-
ated by the neurotransmitter 5-HT. The understanding of TPH,
both in vivo and in vitro, has been hampered by the extreme
difficulty in obtaining useful amounts of the enzyme for proper
biochemical characterization. This problem can be attributed to
the low levels of expression of TPH in brain and to the intrinsic
instability of the enzyme (Kuhn et al., 1980). We recently cloned
and expressed TPH in recombinant form as a GST fusion protein
(D’Sa et al., 1996). This approach offers numerous advantages by
providing (1) large-scale production of enzyme in a bacterial host;
(2) rapid, single-step purification with GSH-affinity chromatog-
raphy; (3) expression of a form of TPH retaining high levels of
activity, with normal regulatory and molecular properties while it
is adsorbed to affinity beads; and 4) a reagent for molecular
characterization of TPH not heretofore possible.

These properties of GST–TPH have been exploited here to
characterize the mechanisms by which TPH is inactivated by NO.
Our studies were pursued with the substituted amphetamines in
mind. Some members of this class of drugs are used clinically
(e.g., fenfluramine), whereas others have gained notoriety as

Figure 4. The effect of SNP on apo- and holo-TPH. TPH–CC was
prepared and adsorbed to GSH-affinity beads as described and exposed to
20 mM o-phenanthroline at 4°C for 30 min to convert TPH to its apo-form
(2iron). Controls (holoenzyme) were incubated with buffer alone. Beads
were washed three times with 50 mM Tris-HCl, pH 7.5, at 4°C to remove
o-phenanthroline. After this initial treatment, holo-TPH and apo-TPH
were exposed to 100 mM SNP at 4°C for 30 min, and beads were washed
free of SNP. Residual TPH activity was then determined 6 ferrous
ammonium sulfate (100 mM). The results are expressed as % control TPH
activity (49.5 nmol of 5-HTP z min 21 z mg 21) and are the mean 6 SEM of
four independent experiments performed in duplicate. The effects of SNP
and o-phenanthroline were statistically different from control in all cases
by Student’s t test; *p , 0.01. The effect of iron was significant only in the
case of apo-TPH by Student’s t test; **p , 0.01.

Figure 5. Effect of SNP on SH-protected TPH. TPH–CC was prepared
and adsorbed to GSH-affinity beads as described and exposed to 50 mM
DTNB at 30°C for 15 min without DTT. Controls were incubated with
buffer alone. Beads were washed three times with 50 mM Tris-HCl, pH
7.5, at 4°C to remove DTNB. After this initial treatment, control TPH
and DTNB-treated TPH were exposed to 100 mM SNP at 4°C for 30 min,
and beads were washed free of SNP. The last step involved exposure of
each enzyme preparation to 10 mM DTT at 4°C for 30 min. Controls were
incubated with buffer alone. After a final three washes to remove DTT,
residual TPH activity was assayed without DTT in the presence of 100 mM
iron. The results are presented as % control TPH activity (45.2 nmol of
5-HTP z min 21 z mg 21) and are the mean 6 SEM of four independent
experiments run in duplicate. The effects of DTNB and SNP were
statistically significant from controls by Student’s t test; *p , 0.01. The
effect of 10 mM DTT was also significantly different from control after
these multiple incubation steps (*p , 0.01). The effect of DTT (10 mM) to
reverse DTNB inactivation of TPH was significant for both control and
SNP-treated enzyme (**p , 0.01 for each by Student’s t test).
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drugs of abuse (e.g., MDMA). Regardless of where along the
use–abuse continuum these drugs fall, they share the ability to
inactivate TPH and to cause long-term depletion of 5-HT (Gibb
et al., 1993; Steele et al., 1994; Seiden and Sabol, 1996). Numer-
ous mechanisms have been proposed to account for this selectiv-
ity, and a fuller understanding of it would lead to more effective
treatments for human abusers. Unfortunately, a unifying mecha-
nism has not yet congealed from the available data, leaving open
the search for a mechanism of action.

Recent advances have focused attention on NO and ROS as
mediators of toxicity to neurons and their constitutive proteins.
Many amphetamines are now known to produce various ROS and
NO in brain (Abekawa et al., 1995; Bowyer et al., 1995; Cerruti et
al., 1995; Colado and Green, 1995; Giovanni et al., 1995; Hirata et
al., 1995; Di Monte et al., 1996). If the focus is restricted to NO,
a priori conclusions about its effects on cells or proteins cannot be
made. For example, NO is a neurotransmitter in some neurons
(Jaffrey and Snyder, 1996), it can cause toxicity in others (Lipton
et al., 1993; Dawson et al., 1994), and it can protect others from
toxicity (Wink et al., 1995, 1996). At the protein level, NO
activates guanylate cyclase (Ignarro et al., 1986; Wedel et al.,
1995), inactivates NO synthase (Abu-Soud et al., 1995), and has
no effect on aconitase (Castro et al., 1994; Hausladen and Fri-
dovich, 1994), which are all heme-iron containing proteins. With
these caveats in mind, the amphetamine-induced production of
NO does not establish a mechanism of toxicity to TPH or 5-HT
neurons. We demonstrated recently that brain TPH is inactivated
by NO (Kuhn and Arthur, 1996). The finding that the natural
cofactor for TPH, tetrahydrobiopterin, significantly potentiates
the effect of NO on the enzyme (Kuhn and Arthur, 1997) could
indicate a mechanistic role for the cofactor in the toxic specificity
associated with the amphetamines, assuming that the amphet-
amines produce NO. These results also link TPH inactivation to
the amphetamines through NO. Further mechanistic studies on
the process have been limited to crude TPH preparations from
brain extracts. A fruitful line of investigation to follow in the
search for the mechanisms of TPH inactivation by MDMA was
established by Stone et al. (1989a,b) when these investigators
demonstrated that TPH inactivated by MDMA treatment in vivo
could be significantly reversed by treatment of the enzyme in vitro
with strong reducing conditions (iron plus DTT under anaerobic
conditions). These findings suggested that a process induced by
MDMA and that led to inactivation of TPH causes an oxidation
of either iron or SH sites in the enzyme. On the basis of the
importance of understanding the mechanisms by which amphet-
amines exert neuronal toxicity, we pursued more mechanistic
studies with a highly active and purified recombinant TPH.

The chemistry of NO and the molecular properties of TPH
align these two molecules, making certain predictions possible.
NO is known to react with iron and SH groups in biological
systems, with deleterious effects on both (Stamler et al., 1992;
Stamler, 1994; Cohen, 1994). TPH has a strict requirement for
iron and reduced SH groups for optimal catalytic function. Re-
moval of prosthetic iron from TPH by treatment with the ferrous
iron chelator o-phenanthroline converts the highly active holoen-
zyme to the apo-form with low activity. The simple addition of
iron to the enzyme restores full activity within minutes. We
hypothesized that if NO inactivates TPH via attack on enzyme-
bound iron, the removal of iron from TPH would render TPH
unresponsive to NO; however, apo-TPH treated with NO could
not be reactivated by the addition of iron to the enzyme, indicat-

ing that NO–iron interactions could not explain the loss of
activity associated with NO.

Next, we hypothesized that if NO inactivates TPH through
attack on critical SH groups, blocking (through oxidation) re-
duced cysteines with DTNB would render TPH less responsive to
NO. TPH is extremely sensitive to inactivation by DTNB. This
SH oxidant caused a concentration-dependent inactivation of the
holoenzyme (iron-loaded). DTNB-treated TPH could be re-
stored to full activity by reduction of the enzyme with DTT.
Under similar conditions, NO-treated holo-TPH cannot be recov-
ered by DTT; however, if DTNB-treated TPH was exposed to
NO, subsequent thiol reduction with DTT restored activity, as it
did in the enzyme exposed to DTNB alone. These data were
interpreted in view of the assumption that DTNB is reacting
selectively with protein SH groups (Van Iwaarden et al., 1992),
but alternative explanations exist. It is possible that DTNB is also
protecting iron sites within TPH or that the DTNB-sensitive SH
groups are indirectly influencing iron sites so that they are less
susceptible to attack by NO.

The present results lead to several interesting conclusions
about TPH. First, they reaffirm the importance of iron and SH
groups (free cysteines) in TPH catalytic function. Second, they
establish the feasibility and value of using highly purified, recom-
binant TPH to probe the molecular mechanisms regulating this
enzyme. Finally, they point to SH groups as targets for NO-
induced inactivation of the enzyme. Apo- and holo-TPH are
equally reactive with NO, minimizing a role for disruption of the
TPH iron site as the mechanism of NO-induced inactivation. The
mechanism by which NO modifies SH groups in TPH is not clear.
Disulfide exchange, like that caused by DTNB, is probably not
occurring, because the effect of NO is irreversible. Perhaps NO
oxidizes SH groups that are no longer amenable to reduction to
a higher state of oxidation. The NO modification of SH groups
could also cause an unfolding of the TPH. Given the often critical
role of disulfide bonds (via cysteine residues) in the regulation of
protein folding (Chang, 1997), this mechanism could apply as
well. It is also possible that NO could modify cysteines in TPH
through a nitrosylation and ADP-ribosylation pathway. Prece-
dence for this mechanism has been established for brain glycer-
aldehyde phosphate dehydrogenase (Mohr et al., 1994, 1996), and
ADP-ribosylation has been implicated in NO-stimulated long-
term potentiation (Duman et al., 1993) and in the central actions
of lithium (Nessler et al., 1995). These possibilities are currently
under investigation.

The results of Stone et al. (1989a,b) are important because they
provided evidence that MDMA-induced inactivation of TPH in
vivo resulted from a drug-induced modification of sulfhydryl sites,
and they influenced the direction of the current mechanistic
studies. These authors demonstrated that MDMA-inactivated
TPH could be reactivated in vitro by treatment of brain extracts
with iron and DTT under anaerobic conditions. These same
conditions reactivate TPH that has been inactivated by strong
SH-oxidizing conditions in vitro (Kuhn et al., 1980). Although the
present results are in general agreement with those of Stone et al.
(1989a,b), one important distinction remains: the MDMA effect
on TPH is partially reversible, whereas the NO-induced inactiva-
tion of TPH is not. Before a closer parallel can be drawn between
the results of Stone et al. (1989a,b) and the present findings,
attempts to reactivate TPH (after NO treatment) with iron and
DTT under anaerobic conditions should be made. These studies
are under way.

In conclusion, the present results substantiate the possibility
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that drug-induced damage to the 5-HT neuronal system, includ-
ing inactivation of TPH, could be mediated by NO or other ROS
that are capable of oxidizing SH groups in proteins. Drug-
induced production of NO–ROS in brain per se does not estab-
lish a basis for cellular toxicity associated with the neurotoxic
amphetamines; however, the demonstration that a known target
for these drugs, TPH, is directly inactivated by a substance
produced by these drugs, NO, strengthens the possibility that this
mechanism has in vivo relevance. A distinction must be drawn
between amphetamine-induced inactivation of TPH and 5-HT
neurotoxicity. Although drugs such as MDMA cause both pro-
cesses to occur, we are not implying that TPH inactivation itself
is the direct cause of 5-HT depletion. These two processes may be
linked to the same causal event (e.g., NO or ROS), or they could
be independent. In either case, the similarities between NO-
inactivated TPH (Kuhn and Arthur, 1996, 1997; present results)
and MDMA-inactivated TPH (Stone et al., 1989a,b) are compel-
ling. Furthermore, the potential role of NO in mediating apopto-
sis (Brune et al., 1996; Jacobson, 1996; Simonian and Coyle, 1996)
and the recent claim that MDMA induces apoptosis in a human
serotonergic cell line (Simantov and Tauber, 1997) draws another
interesting parallel between NO and amphetamine-induced alter-
ations in 5-HT neurons. We are presently developing probes for
NO-modified TPH in an attempt to identify amphetamine-
modified TPH in vivo.
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