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ABSTRACT. Tryptophan hydroxylase (TPH) carries out the 5-hydroxylation-@ip, which is the rate-
limiting step in the synthesis of serotonin. We have prepared and characterized a stable N-terminally
truncated form of human TPH that includes the catalytic domABOTPH). We have also determined

the conformation and distances to the catalytic non-heme iron oflb®tp and the tetrahydrobiopterin
cofactor analogue-erythro-7,8-dihydrobiopterin (Bk) bound toAS0TPH by usingH NMR spectroscopy.

The bound conformers of the substrate and the pterin were then docked into the modeled three-dimensional
structure of TPH. The resulting ternary TH3H,-L-Trp structure is very similar to that previously
determined by the same methods for the complex of phenylalanine hydroxylase (PAH) witangH

L-Phe [Teigen, K., et al. (1999). Mol. Biol. 294 807—823]. In the model.-Trp binds to the enzyme
through interactions with Arg257, Ser336, His272, Phe318, and Phe313, and the ring oft&idcts

mainly with Phe241 and Glu273. The distances between the hydroxylation sites at d3grand C4a

in the pterin, i.e., 6.1 0.4 A, and from each of these sites to the iron, i.e.,4.0.3 and 4.4+ 0.3 A,
respectively, are also in agreement with the formation of a transient iron-4a-peroxytetrahydropterin in the
reaction, as proposed for the other hydroxylases. The different conformation of the dihydroxypropyl chain
of BH, in PAH and TPH seems to be related to the presence of nonconserved residues, i.e., Tyr235 and
Pro238 in TPH, at the cofactor binding site. Moreover, Phe313, which seems to interact with the substrate
through ring stacking, corresponds to a Trp residue in both tyrosine hydroxylase and PAH (Trp326) and
appears to be an important residue for influencing the substrate specificity in this family of enzymes. We
show that the W326F mutation in PAH increases the relative preferenceTiqgr as the substrate, while

the F313W mutation in TPH increases the preference-fine, possibly by a conserved active site volume
effect.

Tryptophan hydroxylase (TPHjs a tetrahydrobiopterin-  These tetrameric enzymes are organized in a regulatory
and non-heme iron-dependent enzyme that hydroxylatesN-terminal domain, a catalytic domain, and a C-terminal
L-tryptophan (-Trp) to 5-hydroxye-Trp using (6R)-L- oligomerization domain, and they exhibit extensive sequence
erythro-5,6,7,8-tetrahydrobiopterin (Bfflas a cofactor and  similarity at the catalytic domains.

molecular oxygen as an additional substrate. This is the rate- e to the scarcity of the enzyme in animal tissues and
limiting step in the synthesis of 5-hydroxytryptamine (Se- s instability in vitro, TPH is the least characterized enzyme
rotonin) and the initial and uncommitted step in the f the three aromatic amino acid hydroxylases. Although
biosynthesis of melatonlr_m Together with tyrosine hydroxy- significant progress has been reported recently on the
lase (TH) and phenylalanine hydroxylase (PAH), TPH makes g ,ctyral characterization of both TH)(and PAH 6—7),

a superfamily of aromatic amino acid hydroxylases, cata- yq three-dimensional (3D) structure of TPH is still not
lyzing key steps in important metabolic pathways-g). known. The difficulties encountered in the crystallization of

— - this enzyme seem to be related to its instability and
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position 4a is derived from molecular oxygeh0( 12), as
previously detected in the TH- and PAH-catalyzed reactions
(2, 13, 14). This finding, in addition to the sequence
similarities at the catalytic domains of the aromatic amino
acid hydroxylases, indicates that they have a similar reaction
mechanism. Although TPH and PAH and their N-terminally
truncated forms hydroxylate bothPhe toL-Tyr andL-Trp

to 5-hydroxy+-Trp, the enzymes are unable to hydroxylate
L-Tyr.

We have recently reported the solution structure-ehe
andL-erythro-7,8-dihydrobiopterin (Bh), an oxidized inac-
tive cofactor analogue competitive with BHbound to PAH
(15). In that structure, the cofactor analoguestacks with
the conserved Phe254, and the O4 atom is located- D3
A from the iron at the active site. This distance is compatible
with a proposed coordination of the pterin to the metal and
a catalytic mechanism in which the tetrahydropterin cofactor
directly donates an electron to the iron which can then bind
and activate dioxygen. Recent kinetic and modeling studies
on the binding of several cofactor analogues to recombinant
human TH have also indicated that the orientation of the
pterin complexed with this enzyme in solution is in agree-
ment with that found for the PAHBH, complex (6).

In this work, we have studied the conformationieTrp
and BH bound to the catalytic domain of human TPH
(A90TPH) by using NMR and docking methods similar to
those which have previously been applied to the PR
L-Phe complex15). In the case of the PA#BH, complex,
it has previously been shown that the NMR/docking structure
corresponds well to the crystal structul&’), The high level
of sequence identity between the three mammalian hydroxy-

lases, notably, at the catalytic domains, allows the preparation

of structural models for TPH3( 18), and the solution
conformations for the bound ligands obtained by NMR have
been docked into the modeled structure of TPH. The resulting
ternary TPHBH,-L-Trp structure is very similar to that
previously determined for the PABH,-L-Phe complex.

Despite the similarities, some nonconserved residues are
localized at the substrate and pterin binding sites. Phe313 in

TPH, which corresponds to Trp326 in PAH, is among the
changes that have been found. In this work, we have reverse
these changes and shown that this residue is an importan
predictor of the substrate specificity.

EXPERIMENTAL PROCEDURES

Construction of the pThioHis-TPH Vector and Expression
and Purification of Recombinat90TPH,A90TPH-F313W,
PAH, and PAH-W326FA construct encoding an amino-
terminally truncated form of human TPH lacking the 90 first
amino acids was constructed by PCRKpnI restriction site
was introduced into the human TPH cDNA using the mutant
primer (B-GTT CTC TCT GTG AAG GTA CCA-3) and a
vector specific reverse primer (3GT GAG CGG ATA
ACA ATT-3'). This fragment was cloned into thepnl—
Xbd sites of the pThioHisB vector (Invitrogen), which allows
in-frame fusion with HP-thioredoxin (HP-Trx) and an
enterokinase (EK) cleavage site. The F313W mutation was
introduced into the pThioHI&90TPH vector using the
primers 5-GCA ACG TGC TAC TGG TTC ACT GTG
GAG TTT-3 and 3-AAA CTC CAC AGT GAA CCA GTA
GC CGT TGC-3bhy the Quick Change kit (Stratagene). All
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positive clones were sequenced to verify mutagenesis and
to exclude other mutations due ftaqg DNA polymerase
misincorporations. The HP-Texqpepkk—A90TPH and HP-
Trx—(pepkk—A90TPH-F313W fusion proteins were ex-
pressed in the pThioHis B systemBischerichia coliTOP10
(Invitrogen). TOP10 cells containing the pThioHisTPH
vector were grown at 37C in Luria-Bertani medium
containing ampicillin (5Qug/mL). Overexpression of TPH
was induced with 0.5 mM isopropyl! thié-p-galactoside
when the Olgy was ~0.8. Addition of 0.2 mM ferrous
ammonium sulfate to the growth cultures upon inoculation
with preculture, upon induction, dn3 h after induction
resulted in improved yields of the recombinant enzyme. The
TPH fusion proteins were purified as previously described
for a truncated form of THX9). The fusion protein was
cleaved by enterokinase (EK-Max from Invitrogen) (1 unit/
0.04 umol of fusion protein) in 50 mM Tris-HCI (pH 8.0),

1 mM CaC}, and 0.1% Tween 20 at 4C for 24 h. The
isolated A9OTPH proteins were separated from the fusion
partner and the protease by size exclusion chromatography
on a HiLoad Superdex 200 HR column (1.6 cm60 cm)
(20).

Wild-type human PAH and PAH-W326F were expressed
in E. coli (TB1 cells) as fusion proteins with maltose-binding
protein and purified as described previoushp,(21). The
tetrameric forms of PAH and PAH-W326F were separated
from aggregated forms and from maltose-binding protein and
factor Xa by size exclusion chromatograpi®2). Protein
concentrations were estimated spectrophotometrically using
absorption coefficienté\zgo (1 mg mL™* cm™t) of 1.0 for
wild-type human PAHZ0) and 0.85 for PAH-W326F21).

Assay of Tryptophan Hydroxylase and Phenylalanine
Hydroxylase Actiity. TPH activity was assayed at 3Q in
a standard reaction mixture (100 final volume) containing
40 mM Na-Hepes (pH 7.0), 0.05 mg/mL catalase, .\
ferrous ammonium sulfate, 2.5 mM dithiothreitol (DTT), 50
UM L-Trp (Sigma), and 25uM (6R)-L-erythro-5,6,7,8-
tetrahydrobiopterin (Bl) (from B. Shircks). Iron was added
first and the mixture allowed to preincubate for 3 min, and
TPH was then added to the mixture, which was incubated

d/vith Fe(ll) for an additional 5 min. The reaction started upon

@ddition of BH, in DTT, and after a reaction period of 3
min, it was stopped by adding 1Q of an acetic acid/
ethanol mixture (pH 4.0) and placing the reaction mixture
on ice. After centrifugation (10 min at 4C), the amount of
5-OH-Trp was measured in the supernatant by HPLC with
fluorimetric detectionZ3). The amount of product was linear
with time and the amount of enzyme added under the selected
standard assay conditions. Steady-state kinetic studies of TPH
inhibition by BH, (B. Schircks) were performed under
standard conditions with 5oM L-Trp, a variable concentra-
tion of BH, (from O to 500uM), and in the absence or
presence of Bk (200 and 400uM). PAH activity was
assayed as described previougl9)( The kinetic parameters
were calculated by nonlinear regression curve fitting.
Determination of the Iron ContenT.he amount of iron-
bound holoenzyme iN90TPH was determined by extracting
the iron from the purified enzyme by a modification of the
method of Gottschall et al2¢) but using 10 mM batho-
phenanthroline disulfonate (Sigma) insteadqfhenanthro-
line, 1 mM L-Trp, 0.5 mM BH, and 1 mM DTT. The
concentration of the released iron was calculated from the
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molar extinction coefficient for the ironbathophenanthroline
complex at 535 nmegss = 22 140 M1 s71) (25).
Preparation of Samples for NMR, Data Collection, and
Data ProcessingA90TPH (50 mg/mL) was prepared in
20 mM potassium phosphate and 0.2 M KCI (pH 7.2)
containing 10% DO. BH, and L-Trp at the indicated
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F1), a squared sine bell window function in both F1 and F2,
and zero filling along F1 obtaining matrixes of 2048048

real data points. Interproton distances were estimated from
the initial slopes of plots of the cross-peak volume as a
function of mixing time 82—34), using distances of 2.47
and 2.60 A between the H4 and H5 protonsLefrp and

concentrations were prepared together or in separatedthe H8 and H7 protons of Bkl respectively, as internal
samples in the same 10% deuterated buffer. Experimentsreferences.

were performed on a Bruker DRX 600 MHz spectrometer

equipped with pulse-field-gradient accessories at 291 K,

Distance Geometry Calculations and Dockinghirty
structures of enzyme-bound conformers were generated from

except where otherwise indicated. In experiments with a metatk-proton, NOE distance restraints and chirality con-
variable field, measurements at 200 and 400 MHz were straints using NMR Refine DGII (Insight 1 2000, Accelrys)

performed on Bruker AC-200 and Bruker DMX-400 spec-

as described for Biand L-Phe bound to PAH15). The

trometers, respectively. The resonance assignments werddOCK 4.0.1 suite of programs (University of California, San

made fromH—13C HSQC and HMBC correlation experi-
ments.
The longitudinal relaxation rates {Lj were measured by

Francisco, CA) 85) was used to fit the bound conformers
obtained from DGlI into the modeled structure of TPH. The
docking procedure and parameters were as described previ-

the nonselective inversion recovery method (14 delays, 4 ously (15, 16). In agreement with the distances between the
transients in each spectrum, 32K data points, 7184 Hz metal and the ligand protons estimatedtByNMR, a GRID

spectral width) in samples (0.5 mL) containing initialyTrp
and/or BH (5 mM each) which were titrated with Fe(lll)-
boundA90TPH up to a final subunit concentration of 0.14
mM. The paramagnetic effects of enzyme-bound Fe(lll)
(S= %) on the longitudinal relaxation rates T44) of the
protons of bound.-Trp and BH were measured using
A90TPH preparations with known Fe(lll) content. Iren

region with a 20 A diameter surrounding the active site iron
was defined for the docking procedure. Final optimization
of the structure of the complexes was performed using
Discover (Accelrys). The programs Insightll (Accelrys) and

WebLab Viewer (Accelrys) were used to prepare the figures.

RESULTS

proton ligand distances were estimated using the normalized Molecular and Kinetic Characterization @®90TPH.The

paramagnetic relaxation rates f{lkf) by the Solomor
Bloembergen equations. The fraction of bound ligand form-
ing the paramagnetic complef} as calculated as described
previously (5, 26) using theKmn(L-Trp) and theK;(BH,)
obtained in the kinetic characterization®®0TPH, and the

amount of Fe(lll) bound at the active site in each preparation.

fusion protein of the wild-type form of recombinant human
full-length TPH and its truncated formAQOTPH) were
purified to homogeneity by affinity chromatography on a
nickel-charged Chelating Sepharose Fast Flow gel, with a
typical yield of ca. 25 mg of fusion proteins per liter of
bacterial culture. When analyzed by size exclusion chroma-

The absence of extraneously bound Fe(lll) was confirmed tography, the full-length form was found to be composed

by EPR spectroscopy (V. Sthemann, unpublished results).
The effective correlation timer{) for the electror-nuclear
dipolar interaction in the TPHFe(ll1)-BH,-L-Trp complex
[defined astc™® = 751 + vt + r7%, wherets is the
electron-spin relaxation timey, is the lifetime of the ligand

mainly of high-molecular weight inactive aggregated forms,
while the deletion mutanA90TPH consisted mostly of
soluble tetrameric forms, both as a fusion protein and as an
isolated hydroxylase (40 kDa subunit). Moreover, this form
was found to be stable and adequate for the planned NMR

protons in the bound state of the paramagnetic complex experiments; i.e., approximately 90% activity remained after

(exchange lifetime), antk is the rotational correlation time
of the paramagnetic complex] was calculated from the
frequency dependence of tfig, of several ligand protons,
assuming that. is frequency-independent ang?z> > 1
(27). The outer sphere contribution toTl/ due to ligand
nuclei binding at unspecific sites, was calculated by titrating
a solution of 5 mML-Trp, 6.3 mM BH, and 0.14 mM
A90TPH with concentrated solutions (5000 mM) of either
pB-2-thienylalanine, dopamine, noradrenalinedphe.
Transferred NOESY (TNOESY) spectra were collected
at mixing times of 15, 30, 45, 60, and 75 ms in samples
containing 5 mML-Trp, 6.3 mM BH, and 0.14 mM enzyme
subunit. Acquisition parameters includl@ 2 srelaxation
delay, a 0.29 s acquisition time, a 7184 Hz spectral width,
and 64 transients pér increment. Raw data sets contained
200 and 2048 complex time domain data points in the

incubation for 24 h at room temperature.

Both the native and truncated forms of TPH have been
shown to require Fe(ll) for activityl@, 36, 37). Using our
standard assay conditions, the activity of purified TX29
was maximally increased 6.4-fold by preincubation of the
enzyme with ferrous iron (data not shown). The concentration
of Fe(ll) required for half-maximal activation of the purified
enzyme was 1.3& 0.58uM, indicating a high affinity of
the enzyme for the metal. These results also indicate that
only a low proportion of the purified enzyme preparation
contains iron. This was verified by assessing the formation
of the Fe(ll)-bathophenanthroline complex at 535 nm,
obtaining a maximal amount o£0.1 atom of iron/mol of
subunit extracted after addition of 0.1 mM BEind 1 mM
DTT, and incubation at 50C for 1 h with the chelator
(reducing conditions). After iron extraction, the resulting

and t, dimensions, respectively. Water suppression was apoenzyme was devoid of catalytic activity in the absence

achieved by using the “W5” pulse trai@) and excitation
exculpting 9). Radiation damping effects were suppressed
by a flip-back pulse 30) and bipolar pulse field gradient
pairs @1). Data were processed with a complex linear
prediction in F1 (2x the number of time domain points in

of iron addition. The stoichiometry of the iron content in
enzyme preparations has also been determined by EPR
spectroscopy, and this technique has also shown that in the
absence of Bllor reducing conditions the iron in90TPH

is present as Fe(ll)3 = %) (unpublished results).
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Table 1: Steady-State Kinetic Parameters for the Hydroxylation®fie and.-Trp by A90TPH, A90OTPH-F313W, PAH, and PAH-W326F

varied Vmax (Nmol Km VinadKm
enzyme substrate mg ! min~?t) (uM) (UM~ min™Y) [Vima! Km(L-Trp) /[ Vma/ Km(L-Phe)]
A90TPH L-Trp 775 33+ 4.5 0.12 0.9
L-Phe 132+ 19 48+ 12 0.14
A90TPH-F313W L-Trp 17+1 75+ 6 0.01 0.5
L-Phe 22+ 2 60+ 10 0.02
PAH L-Trp 32+1 71 0.23 1.1
L-Phe 461+ 8° 120+ 18 0.20
PAH-W326F L-Trp 211+ 14 6+1 1.81 36.2
L-Phe 355+ 14° 367+ 5° 0.05

2The measurements were performed under standard assay conditions, including 10 mM ferrous ammonium sulfatg @250 Data
from ref 21.

Both native and recombinant TPH enzymes have been cH,
shown to hydroxylate both-Trp andL-Phe, but not-Tyr A
(12, 38—40). A9OTPH was also able to hydroxylateTrp
and L-Phe, and the apparent steady-state kinetic constants L-Trp
for the hydroxylation of both amino acids with Bhrare
shown in Table 1. The apparei, value for BH, was 50.8
+ 16.0uM. Moreover,A90TPH exhibited weak substrate
inhibition by bothL-Trp (> 150u4M) andL-Phe ¢100uM).
BH, has been shown to be a competitive inhibitor of BH
for both human recombinant TH§), rat PAH (14, 41), and
human PAH (5) with K, values of~70, 50-60, and 100
uM, respectively. To our knowledge, no previous study has
been reported on the inhibitory effect of Bbin TPH activity.
Steady-state kinetic analyses showed that BHa nearly H2
competitive inhibitor ofASOTPH versus the natural cofactor
BH., with a K, value of 0.161+ 0.03 mM. o o

Paramagnetic Contribution to the Relaxation Rates, Ha | |He H2'
Dipolar Correlation Time, and Iror-Proton DistancesThe H5 H9S Hge
IH NMR spectrum ofL-Trp and BH is shown in Figure He
1A. Complete resolution was achieved at 600 MHz. The w1
addition of the holoenzyme [Fe(IATPH] resulted in A 1
typical paramagnetic effects, which were observed as line — , : : : ‘ : . .
broadening (data not shown) and as an increase in the 1/ 10 ® 8 7 6 5 4 3 2 ppm
of the protons (shown in Figure 1B for the aromatic protons
of L-Trp). Interestingly, the largest paramagnetic effect was
observed for the H5 proton af-Trp, which is the site of 2.0 1 B
hydroxylation (Figure 1B). The closest of the stable protons
in BH, was H1 of the dihydroxypropyl side chain, indicating
a different conformation of TPH-bound Bkvith respect to 1.5 1
that of PAH-bound BH, in which case the closest proton to -
the active site iron was H7Lp). Several compounds were 2
tested as competitive ligands to displace the substrate and =1 |
the cofactor analogue from the ternary TPFe(lll)-BH,- =
L-Trp complex and to calculate the outer sphere contribution
to 1/T1p. Neither dopamine nor noradrenaline had any effect 05
on the 1T, of either L-Trp or BH, when tested at
concentrations up to 6 mM. In contrastPhe andfj-2-
thienylalanine were effective in displacingTrp from the
ternary complex in a concentration-dependent manner, and O 20 40 60 80 100 120 140
pB-2-thienylalanine, but nat-Phe, also displaced BHdata .
not shown). A zero outer sphere effect was estimated for [TPHA91 WT] (uM subunit)

both L-Trp and BH at 18 mM ﬁ_—Z-thlenyIaIamne. The  pourer: (A) One-dimensionaH NMR spectrum (128 transients)
normalized paramagnetic relaxation ratedTiH) (42) are of L-Trp (5 mM) andL-erythro-7,8-dihydrobiopterin (Bh) (6.2
shown in Table 2. mM), with assignments, collected at pH 7.2, 10% deuterium oxide,
; ; o and 291 K, in the presence of 0.14 mM subuABOTPH. (B)

The effective dipolar correlation time] for the ASOTPH- Paramagnetic effects of hTRA90 on the aromatic protons ofTrp
Fe(ll)-BHL-Trp complex was calculated to be (]_"]:IQ (5 mM). Paramagnetic relaxation ratesTg were measured vs
0.36) x 107 s from the field dependency @ for various enzyme concentration for the H®Y, H4 (O), H6 (¥), H7 (v),
aromatic and aliphatic protons ofTrp and BH (Figure 2 and H2 @) protons.

H7 (BH,)

H1"
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Table 2: Normalized Paramagnetic Relaxation Raf€&A(s™) and
Distances () from the Observable Protons of Boun€lrp and Bh

to the Fe(lll) iInA90TPH and Comparison with Distances Obtained
after Docking

nucleus o (ppm) 1UTp(x101sh r(A)2  r AP
L-Trp H4 7.625 148.6- 6 6.2+1 4.7-6.4
H7 7.432 92.1+ 3 6.7+1 5.7-6.4
H2 7.215 72.9+ 2 70+1 7.8-9.6
H6 7.175 152.4+ 2 6.2+1 3.9-49
H5 7.091 244.% 8 57+1 3.84.4
Hao 4.008 544+ 7 73+1 6579
pro-SH3  3.381 42.6£9 7.6+2 6.7-9.4
pro-RHS  3.250 42.5+ 8 7.6+2 8.0-9.9
BH, H7¢ 4.087 26.0+ 2 8.0+2 7.7-8.1
H1' 4.008 44.8+ 4 7.6+2 6.7-8.0
H2' 3.912 28.2+ 4 794+2 8.8-9.1
CHg® 1.125 26.0+ 3 8.0+2 7.6-8.8

a Estimated from the paramagnetic prohenethod. Total errors in
the absolute distances) (nclude contributions of errors in fll;p and
7. Errors arising frome; would affect all distances equally so that the
errors in the relative values arel0%. Thus, the relative values are
most meaningful despite the apparent imprecision in the absolute
distances® Iron—proton distances measured after dockingverage
position of these protons.

A
"——/”!‘_’/4_’4.’—4
B

25

2.0

T

15

4 6 8 10 12 14 16
o (x1078) (rad 5712

2

Ficure 2: Effect of magnetic field on the paramagnetic relaxation
time (T1p) for (A) the H7 protons of-Trp and (B) the methyl (Ck)
protons of BH. Measurements were performed at 291 K with 40
(O) and 89 m) uM TPHA90 subunit, 5 mM.-Trp, and 6.3 mM
BH.. w, is the Larmor precession frequencyzévalue of (1.194+
0.36) x 10719 s was estimated.
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dominated byrs, the electron-spin relaxation time for high-
spin Fe(lll) @2, 45). Moreover, from the effect of the
temperature (1840 °C) on the 1T;p, we calculated Arr-
henius activation energiegd) of 3.7 and—16 kJ/mol for
the paramagnetic contribution to the relaxation of bound BH
andL-Trp, respectively. In generaty hask, values of>9
kJ/mol, and the typicak, values for 1T;p in exchange-
limited processes are13 kJ/mol (for reviews, see refs7
and 44). Thus, the large differences in thefTp values
(Table 2), the frequency dependency, the Bywalue, and
the fact that fT,p values are ca. 8- and 7-fold greater than
the 1fTip values (data not shown) all indicate that fast
exchange exists for the ligands in the TPHe(lll)-BH,:
L-Trp complex and that the Fe(IH)proton distances can be
estimated from the f;p values (Table 2).

Transferred NOESY (TNOESY) SpectftdlOESY spectra
of L-Trp and BH in the presence ai90TPH present positive
cross-peaks, reflecting negative NOEs, typical of ligands
bound to the enzyme (Figure 3). The corresponding cross-
peaks in the NOESY spectra (1 s mixing time, data not
shown) collected in the absence of the enzyme were negative,
thus confirming that a transfer NOE is being observed. No
intermolecular cross-peaks between protons of &8htiL-Trp
were observed. FarTrp, positive cross-peaks were observed
between the aromatic protons, between the aromatic H2 and
H4 and the aliphatic Bl and H3 protons, and between the
aliphatic protons (Figure 3B). Comparison of the NOESY
spectra oL-Trp taken in the absence and presence (TNOE-
SY) of TPH shows that the-Trp cross-peaks in the NOESY
spectra are also observed in the TNOESY spectra and have
similar intensity but positive. That indicates that the con-
formation of bound.-Trp resembles that of the amino acid
free in solution at neutral pH; i.e., there are no large binding-
induced changes in the conformation of the substrate. On
the other hand, and similar to what was found for the,BH
PAH complex, strong cross-relaxation is found betweeh H1
and H2 of the dihydroxypropy! side chain at C6 in TPH-
bound BH (Figure 3B) that is not found in the enzyme free
samples 15). No cross-peak appeared between either H7 or
H1' and the methyl protons of BHwhich is different from
the case for the PAHBH, complex. The approximate
interproton distances calculated from the TNOESY data are
summarized in Table 3.

Distance Geometry Calculation$hirty sets of molecular
coordinates were computed by DGII in the embedding step
of the calculation and refined as described previoud§).(

A few conformers violated the criteria established by the
relative iron—proton distances (Table 2). The ensemble of
remaining conformers of-Trp (three families) and BH
(three families) (Figure 4) showed pairwise root-mean-square
deviation (rmsd) values for all atoms of 0.65 and 0.90 A,
respectively. Apart from a few exceptions where the inter-

and data not shown). This value should be considered as arproton distances seem to be underestimated by the TNOESY
approximation since it was calculated from measurementsmeasurements, there is good agreement between the intra-

at high fields & 100 MHz), where dispersion of magnetiza-
tion may occur 43). The value oft. is determined by the
fastest of the individual components,(tu, andzg). tr IS
estimated from the Stokes law for the rotation of a rigid
sphere in a viscous medium to be£2.7 x 10713 times the
relative molecular masg®), giving a value of~1.1 x 1078

s for AQOTPH, whilery has been shown to kel0°s (42,
44). Thus, the dipolar correlation time appears to be

molecular distances measured in the final bound conformers
and the estimated distances used as restraints (Table 3).
Opposite to that which is found in the HBH, (47) and
PAH—-BH, (15 complexes, where the dihydroxypropyl chain

at C6 bends toward the pyrazine ring, in TPH-bound,BH
the configuration of the side chain is more extended, with
N5—C6—C1—C2 and C6-C1'—C2—C3 torsion angles of
122 + 7° and—61 + 3°, respectively. This is in agreement
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Table 3: Intramolecular ProterProton Distances for-Trp and
BH, Bound toA90TPH

. . proton pair r ()2
, L-Trp H4—H5 2.47
7 ‘ Lo H4—Ha 3.0+ 0.2(2.8)
b H4—pro-SHp 2.9+0.3(2.9)
o o EI H4—pro-RHp 3.0+ 0.3 (4.0)
H2—Hao 3.8+ 0.4 (4.6)
. - ! , H2—pro-SHB 2.9+ 0.2 (3.6)
] H2—pro-RHp 2.6+0.2(2.7)
: Ho—pro-SHp 2.4+0.4(2.3)
64 Ha—pro-RHB 3.0+ 0.8(3.1)
‘ BH, H8—H7° 2.6
H7e—H1' 2.6+ 0.4 (2.9)
75 e i H1'—H2' 2.4+ 0.2 (2.4)
Rt

aDistances estimated from TNOESY spectra and, in parentheses,
distances measured after distance geometry calculations (in the structure
, with the lowest rmsd)? Internal standarcE Degenerate protons.
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Ficure 3: Transferred NOESY (TNOESY) spectrumwefirp and
BH, in the presence of enzyme. Conditions: 5 mMrp, 6.3 mM FiGure 4: Superimposed distance geometry-refined structures of
BH,, 0.14 mM TPHA90, pH 7.2, 10% deuterium oxide, 291 K, L-Trp (top) and BH (bottom) bound at the active site of "TREI0

and a mixing time of 75 ms. (A) Complete spectrum. ThesCH based on the experimental NMR distances given in Tables 1 and
protons only show interaction with the H@roton (inside box). 2.

(B) Extended contour plots showing different regions of the

TNOESY SpeCtrum. The CrOSS-peakS between the H4 and HZTNOESY Spectrum (Flgure 3) Moreover' the Conformers

aromatic protons and the aliphatic protonsLefrp (inside box), i ; : ;
between the H7 and H8 protons of Bhsed as an internal standard of BH; exhibited an almostis configuration of the hydroxyls

(*), between the aromatic (bottom left) and aliphatic (bottom right) around the C+C2 bond ©, OH-C1~C2—-0OH = —57
protons ofL.-Trp, and between the Hprotons and the Hzand H7 + 2°), in agreement with the strong cross-relaxation between
protons of BH (bottom right) are shown. the HX and H2 protons (Figure 3).

with the lack of cross-peaks between the resonance of the Modeled Structure of TPH and Molecular Dockirdo
CHj; protons with either the H7 protons or the 'Hfh the successful crystallization of TPH or its truncated forms has
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Ficure 5: Modeled structure of TPH and molecular docking.efrp and BH into the enzyme. (A) Overall structure of the full-length
subunit of human TPH showing the regulatory (orange), catalytic (blue), and oligomerization (green) domains. The iron atom is shown in
yellow. (B) Detailed structure of the active site region. Residues of human TPH not conserved in the aromatic amino acid hydroxylases are
shown in pink. (C) Docked structure ofTrp and BH. Active site residues at the ligand binding sites are shown as sticks,-arnmand

BH; are shown in ball-and-stick representations (nitrogen in blue, oxygen in red, and carbon in gray). The N-terminal sequence is shown
in orange. The iron is shown in yellow. Docking by DOCK 4.0 was performed in vacuum, using the solvent accessible area of the receptor
and the structure with the lowest rmsd relative to the ensembles in Figure 4. The inset shows tB#HPAIRhe complex according to

Teigen et al. 15).

been reported yet, despite intensive efforts by several researcimon-heme iron is placed by coordination to the conserved
groups. However, the high level of sequence identity betweenHis272, His277, and Glu317 residues (Figure 5). Interest-
the three mammalian hydroxylases, notably, at the catalytic ingly, while most of the residues at the active site seem to
domains, allows the preparation of structural models for TPH be conserved among the aromatic amino acid hydroxylases,
by sequence alignment modeling (8). Figure 5A shows  there are a number of nonconserved residues which may be
the structural model of TPH prepared using phosphorylatedinvolved in substrate specificity or in differential binding
full-length PAH (PDB entry 1PHZ) refined to 2.2 A  for BH, (i.e., Phe313, Tyr235, and Pro238) (Figure 5B).
resolution ) as a template using the Homology module of  The enzyme-bound conformers i6fTrp and BH gener-
Insightll 2000 (Accelrys) §). The catalytic domain of TPH  ated by NMR-based DGII were docked into the modeled
has a similar basketlike arrangement afhelices and structure of human TPH using DOCK 4.85). Lowest
f-strands and loops as in PAH and TH with the active site energy scores were obtained for docked configurations
consisting of a 13 A deep and 10 A wide pocket where the generated from the structures ofTrp and BH with the
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lowest rmsd relative to the ensemble of “enzyme-bound”
DGIll-generated conformers. The top-scoring docked con-
formers are shown in Figure 5C. Similar structures were
obtained when the flexibility of the ligands was allowed
during docking, an indication of the validity of the NMR-
based structures. Of the 30 conformers docked into the TPH
model, all configurations of the ligands were located at their
expected binding site by analogy with the PABH,
complex (5, 17). As seen in Table 2, the distances from
the active site iron to the observable protons of the docked
conformers of-Trp and BH correlate well with the relative
distance estimates from the paramagnetic pibaeasure-
ments. The largest differences in the absolute Fe{gipton
distances are those for the most closely located protons, i.e.
H5 and H6 ofL-Trp (Table 2). These distances may have
been overestimated by the NMR method becatiss could

not be docked into the modeled structure of TPH when the
distance between either H5 or H6 and the Fe(lll) is set to an
absolute value fo6 A (data not shown).

In the docked structure; Trp forms hydrogen bonds with
Arg257 and Ser336, and the indole side chaistacks with
His272 and is close to Phe318 and Phe313. The pterin ring
of BH; zz-stacks with Phe241, and N3 and the amine at C2
hydrogen bond with the carboxylic group of Glu273. The
ring also establishes specific contacts with His251. The
distance between the O4 atom of Bahd the iron (2.4
0.2 A) is compatible with coordination, as previously found
for the PAH-BH, complex. The OH?2in the side chain at
C6 is placed within hydrogen bonding distance of the
carbonyl group of Ala322.

Significance of Phe313 (TPH) and Trp326 (PAH) in
Substrate Specificity: Mutagenesis Studigse BH binding
site found by NMR/molecular docking in TPH corresponds
to the pterin site in PAH as determined by NMR/docking
(15) and by crystallographyl(/), although some differences
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mutation creates an enzyme with a relative preference for
L-Trp, while the preference for-Trp decreases when the
reverse mutation (F313W) is introduced into TPH.

DISCUSSION

Kinetic and Molecular Characterization ®90TPH.It is
known that full-length TPH is unstable and difficult to purify
(8, 9). However, the truncated for’dM90TPH is a soluble,
stable, and active form of TPH, which has allowed its study
by NMR. A90TPH was found to be a tetramer, as expected,
since as seen in the modeled 3D structure of TPH (Figure
5A) this form retains the long C-terminathelix, which by
homology with TH and PAH, is essential for tetramer
formation through domain swapping interactions among
subunits 4, 6). However, it has also been reported that
dimeric and monomeric forms of the enzyme can result from

in the detailed interactions between the pterin and the enzymeN-terminal truncations53).
are encountered by the two methods. On the other hand, no The kinetic properties of TPH from different sources have

crystal structure is yet available for complexes of the aromatic
amino acid hydroxylases with their amino acid substrates.
The participation of the conserved Arg257 (TPH) in substrate

been studied using a variety of assay conditions and pterin
cofactor analogues, complicating a direct comparisgn (
Nevertheless, th&, values obtained in this study for

binding has been supported by site-directed mutagenesisA90TPH fall within the range of reported values for

studies with TH 48), while mutations at the conserved
Ser336 (TPH) result in an aggregating prote#®,(50),
uncoupled reactions5(), and a reduced affinity for the
substrate §2). As seen in Figure 5C, another important
residue in the substrate binding site is Phe313, which,
interestingly, is not conserved among the hydroxylases
(Figure 5B); i.e., itis a Trp in both TH and PAH. Thus, the
role of this residue in determining the extent of substrate
binding and substrate specificity was investigated by site-
directed mutagenesis and kinetic studies. The m&aai PH-

recombinant TPH from different sources, i€y, values for
L-Trp, L-Phe, and BH of 12—48 uM (12, 36, 40), 61 uM
(12), and 28-135uM (12, 36, 40), respectively. While the
Km values do not seem to be significantly affected by the
N-terminal truncation, the maximal activity of TPH is
decreased in the absence of the N-terminal reg®niThus,
full-length human TPH, isolated as a fusion protein with
maltose-binding protein, exhibits \#,ax of 240 + 9 nmol
min~! mg! with L-Trp as the substrate (Ekern et al,,
unpublished results), i.ex3-fold higher than the activity

F313W was expressed and purified by the same procedure®f A90TPH or similar truncated forms of TPH. The

as described foA90TPH (see Experimental Procedures), and
its kinetic parameters were measured with bofhrp and
L-Phe as substrates (Table 1). PAH and its mutant PAH-
W326F @1) were also examined for their ability to hydroxy-
lateL-Trp. The characteristic positive cooperativity foPhe
binding is also manifested by both PAH and PAH-W326F
with L-Trp as the substrate (Hill coefficient 1.9) (Figure

6). Also, as shown in Table 1, the relative preferenaeBhe
andL-Trp as substrates is switched when this amino acid is
subject to a “conservative” replacement. In PAH, the W326F

decreased activity of TPH in the absence of the N-terminal
region is characteristic of this enzyme, and is the opposite
of the findings for PAH and TH, for which it has been shown
that the N-terminal sequence exerts a negative control over
the catalytic activity {, 22). The most significant effect of
the N-terminal truncation on TPH is the increase in stability
that is achieved, allowing large-scale purification and physi-
cochemical characterization of the truncated forms, as has
been the case in this work f&@90TPH. The molecular basis
for the inherent instability associated with the presence of
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the N-terminus is not known, but seems to be specific for which interact with the aromatic ring through stacking
TPH, since it is not observed for the isolated forms of TH interactions. The stacking of the aromatic ring with the iron-

or PAH. coordinating His272 may be important for a correct position-
The immediate BH oxidation product generated in the ing of the H5 proton toward the metal. Except for Phe313

TPH reaction is a 4a-hydroxytetrahydrobiopterit0,(12), (see below), these substrate-binding residues are conserved

which is rapidly converted into @-quinonoid dihydrobiop- in the aromatic amino acid hydroxylases and have also been

terin. The latter compound subsequently isomerizes to 7,8-found to be involved in the interaction ofPhe with PAH
dihydrobiopterin (BH). At neutral pH and 2623 °C, both (15). On the basis of the increasé&d, for L-Trp shown by
4a-hydroxytetrahydrobiopterin andRBquinonoid dihydro- the Y235A and Y235L mutants, Jiang et all8 have
biopterin are quite unstable, with, values of 0.75-1.2 (54) recently reported that Tyr235 is positioned at thdrp
and 0.6 min §5), respectively. Thus, these compounds were binding site in TPH. However, according to our results and
considered to be unsuitable for the lengthy NMR studies recent X-ray crystallography studied7, this residue is
performed here. On the other hand, Bid stable, and as located at the pterin binding site. In fact, the Y235A and
found previously for the other two aromatic amino acid Y235L mutants also exhibit decreaségd(BH,) values (8)
hydroxylasesZ, 15, 26), it is a competitive inhibitor versus  which can in turn affect the apparent affinity foiTrp. Both
the natural cofactor BH{K; ~ 0.16 mM). BH, was therefore ~ Tyr235 and Pro238, which are nonconserved, are located at
considered to be an appropriate structural analogue af BH one side of the binding site of the dihydroxypropyl side chain
Paramagnetic Iron in TPHAIthough only indirect evi- (Figure 5) and appear to be responsible for a more restrictive
dence for the iron requirement of TPH is available from binding site in TPH that results in a more extended
enzyme kinetic experiments, it is widely accepted by analogy configuration of this chain in TPH-bound BHhan in the
with TH and PAH that TPH is also an iron-containing pterin bound to the other hydroxylases. A reason for this
metalloenzyme 12, 56, 57). Accordingly, ASOTPH has an  appears to be that the bulky ring of Tyr235 comes very close
absolute requirement for Fe(ll) for activity. As previously to the dihydroxypropyl side chain of BHthe OH in Tyr235
found for recombinant human THs®), A90OTPH contains is 2.4 A from the H1in BH,) (Figure 5C), impeding a
as isolated a substoichiometric amount of iron per subunit bending of the chain toward the pterin ring similar to that
and is activated by incubation with Fe(ll) salts which bind found for PAH-bound BH (Figure 5C, inset). As a conse-
with high affinity (concentration of iron at half-maximal quence, and in agreement with the lack of cross-relaxation
activation= 1.3+ 0.5uM). As seen by NMR, in the absence between the CElprotons and either the H7 or Hfroton,
of reducing conditions or Bl the iron incorporated at the the distance between the methyl protons and H7 in the TPH-
active site ofA90TPH, as isolated, has a large paramagnetic bound BH conformers is~5.3 A, while it was 3.9 A for
effect on the ligand protons, characteristic of the oxidized PAH-bound BH (15). Both TH and PAH have a Leu at this
ferric form. Also, the electron-spin relaxation times)( position, and this residue does not interfere with the
calculated for the first time in the present studyl(1l x dihydroxypropyl side chainlb—17). Despite these differ-
1078 s) is typical for high-spin Fe(lll)42, 45). ences in the conformation of BHbound to the three
The highest paramagnetic contribution of the iron to the hydroxylases, an almosis conformation was manifested for
relaxation and the shortest ireproton distance were the two hydroxyl groups at Cland C2in TPH-bound BH
obtained for H5 of -Trp, which is the site of hydroxylation.  (® = —57°) (Figure 4), similar to that which has been found
This result is important in assigning a key role to the iron in for TH- and PAH-bound Bki(15, 17, 47). The configuration
the hydroxylation reaction by TPH and is in agreement with for the hydroxyls appears to be almdsins (©@ = —160)
recent mechanistic data supporting the idea that the directionin free BH, (15, 62). Thus, atrans to cis conformational
of the NIH shift occurring upon hydroxylation afTrp is change occurs upon BHbinding to all three hydroxylases.
from C5 to C4 b9). The displacement experiments also Itis interesting to note that the configuration of the hydroxyls
provide insight into the competitiveness of the binding of is almosteis for BH, at neutral pH free in solution6@),
substrate analogues and inhibitors. Neither dopamine norand it seems that the analogue Bitlopts the configuration
noradrenaline£6 mM) was able to displace Trp or BH,. of the natural cofactor upon binding to the hydroxylases.
Catecholamines have been shown to competitively inhibit Both Tyr312 and Ala309 seem to be involved in determining
PAH and TH with respect to the pterin cofactor and displace the proper configuration of the side chain. While the Tyr
BH, from its binding site in human THA{) but not in human residue is conserved among the aromatic amino acid hy-
PAH (15). There are several reports that compounds having droxylases, Ala309 corresponds to Ala322 in PAH and to
a catechol structure markedly inhibit TPH with a noncom- Ser368 in TH [it is also Ala in quail THG3)].
petitive inhibition versus botb-Trp and BH, (60, 61); i.e., It seems clear that for TH and PAH the regulatory
the catechol structure seems to combine with TPH at a properties elicited by the natural cofactor Bak a negative
binding site kinetically different from that of the substrate effector are associated with the presence of the dihydroxy-
or cofactor. Thus, our binding results seem to concur with propyl side chain at position/s and at least for PAH, the
the enzyme kinetic experiments showing a noncompetitive negative effects may be explained by specific interactions
inhibitory nature of catecholamines. between this side chain and the N-terminal autoregulatory
Conformation of-Trp and BH Bound to TPHAs inferred sequencel(7). In BH, docked into TPH, the methyl group
from the docking results (Figure 5C), the residues involved is also at contact distances from Lys6 at the N-terminal
in L-Trp binding to TPH are mainly (i) Arg257, which region that covers the entrance of the active site in the
establishes an ionic interaction with the carboxyl group of modeled structure of TPH (Figure 5A,C). Further kinetic and
the amino acid substrate, (ii) Ser336, which hydrogen bonds structural studies with TPH, including cofactor analogues,
with the amino group, and (iii) His272, Phe313, and Phe318, are necessary to understand the kinetic and regulatory
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implications of the different configuration of the dihydrox- In fact, the W326F mutant of PAH may be considered a

ypropy! side chain between the three aromatic amino acid “super-TPH” in that its relative preference foiTrp is even

hydroxylases. A range of synthetic pteridines have been higher than in TPH. Earlier reports have claimed that a single

prepared with the aim of modifying the biosynthesis of gene encodes both tryptophan and phenylalanine hydroxylase

monoamines in the nervous systefd6) Our finding of activities in Drosophila melanogaste66), and a Trp was

enzyme-specific interactions of Biith the enzyme active  located in this TPH or PAH gene at the position correspond-

sites implies that it may be possible to designsBidalogues  ing to Trp326 or Phe313, respectively. However, the recent

which produce selective modulation of serotonergic (TPH) elucidation of the genome sequencéobsophilahas shown

versus catecholaminergic (TH) neurotransmission. the TPH activity is encoded by a gene separate from the
As deduced from the docked structure, additional inter- PAH activity, and contains a conserved Phe at the relevant

actions of BH with TPH also include an aromatic-stacking position ©7). The mutation from the Trp residue in PAH to

of the pterin ring with the conserved Phe241 at the bottom the Phe residue in TPH seems to be related to the need to

of the wide active site crevice structure (Figure 5). Moreover, accommodate the bulkier Trp at the active site with a

N3 and the amine group at C2 hydrogen bond with the consequent conservation of active site volume.

carboxyl group of the conserved Glu273 and the distance

between the O4 atom of BHand the iron (2.2 0.2 A)is ~ ACKNOWLEDGMENT

also compatible with coordination, in agreement with data  \ye thank Randi M. Svebak and Sidsel Riise for expert
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