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ABSTRACT. Tryptophan hydroxylase oxidizestryptophan to 5-hydroxy-tryptophan in the rate-determining

step of serotonin biosynthesis. We have determined the X-ray crystal structure (1.7 A) of a truncated
functional form of human tryptophan hydroxylase with the bound cofactor analogue 7,8-dihigapterin,
providing the first atomic-resolution information for the catalytic domain of this important enzyme.
Comparison of the three-dimensional structures of all three members of the aromatic amino acid hydroxylase
family—tyrosine hydroxylase, phenylalanine hydroxylase, and tryptophan hydroxylegeals important
differences at the active sites.

Serotonin (5-hydroxytryptamine) is a hormone and neu- which uses (B)-L-erythro-5,6,7,8-tetrahydrobiopterin (B
rotransmitter that is widely distributed in nature. In animals, and dioxygen cofactors along with the dietary essential amino
it serves regulatory purposes in the central nervous systemacid substrate-tryptophan (-Trp) (1), in generating 5-hy-
(CNS)Y and in several peripheral organs. In the human brain, droxy4 -tryptophan that is converted to 5-hydroxytryptamine
serotonin is involved in numerous physiological functions, (5-HT or serotonin) by aromatic amino acid decarboxylase.
including sleep, pain, appetite, sexual behavior, and mood, Multiple lines of evidence suggest that serotonergic
and is the precursor of the pineal hormone melatonin. The neurotransmission is changed in psychiatric conditions such
first and rate-limiting step in serotonin biosynthesis is as depression, schizophrenia, obsessive-compulsive disorders,
catalyzed by tryptophan hydroxylase (TrpOH) (Scheme 1), aggression, and suicide. Many studies have revealed associa-

tions between TrpOH gene sequence variants and various
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Scheme 1: Serotonin and Melatonin Biosynthesis Pathway
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2 The rate-limiting step of serotonin biosynthesis is catalyzed by tryptophan hydroxylase (TrpOH).

psychiatric conditions; however, most mutations are found Crystallization and structural analyses have previously
in noncoding regions of the TrpOH sequence, and limited been reported for the other AAOHSs tyrosine hydroxylase
information about their functional consequences is available (TyrOH) and phenylalanine hydroxylase (PheOmH)-18).
(1, 2). In humans, the stimulation of serotonin production However, TrpOH has hitherto resisted crystallization. This
by administration of tryptophan has an antidepressant effectis partly due to the low abundance of TrpOH in mammalian
and inhibition of TrpOH may precipitate depressidn 3). tissues and the tendency of the full-length enzyme to
Recently, TrpOH expression was found to be upregulated aggregate when expressed either eukaryotically or prokary-
by chronic treatment with selective serotonin reuptake otically. The human TrpOH (hTrpOH) structure presented
inhibitors (SSRIs), providing a further link between the here represents a framework for understanding the role of
antidepressant effect and TrpOH activig§).(Tryptophan and enabling the modulation of the function of hTrpOH in
analogues such gschlorophenylalanine angtethynylphe- normalcy and disease.
nylalanine are competitive inhibitors of TrpOH, and are used
to study thein vivo effect of serotonin on brain functions EXPERIMENTAL PROCEDURES
(5, 6). Attempts to design more potent TrpOH inhibitors have
so far been largely unsuccessful, partly due to an incomplete Protein Expression, Purification, and Crystallizatiorhe
understanding of the enzyme binding site. In addition, ANH102-ACOOH402 human TrpOH gene was cloned into
tetrahydrobiopterin (Bh) is an obligatory cofactor for the the pET23a vector (six-His C-terminal fusion) (Novagen)
aromatic amino acid hydroxylases (AAOHS), and has previ- between restriction sitdddd and Xhd, and overexpressed
ously been tested as an antidepressant with inconsistentising BL21(DE3) cells in LB medium with 10@g/mL
results, possibly due to its poor bloetrain barrier (BBB) ampicillin and 0.2 mM Fe(NbE)x(SOy), at 37°C to an ORgo
permeability and lack of stability7j. Therefore, synthetic  of ~0.8, with 1 mM IPTG induction at 25C for 15 h. The
derivatives of BH with increased stability, BBB perme- cell pellet was lysed in buffer [50 mM Tris (pH 8.0), 400
ability, and cofactor efficiency could be potential antidepres- mM NaCl, 3 mM methionine (to prevent oxidative degrada-
sants. Hence, new and more selective TrpOH inhibitors andtion of proteins), 1 mM MgGl, 5% glycerol, DNase, EDTA-
BH, cofactor analogues can be devised on the basis of thefree protease inhibitor cocktail (Complete EDTA-free; Roche
three-dimensional structure of the catalytic domain of TrpOH Diagnostics GmbH), and 1 mM PMSF]. Soluble TrpOH was
presented here. purified by FPLC with an Applied Biosystems Poros MC
In addition to its role in the nervous system, serotonin is column (running buffer consisting of 50 mM Tris, 400 mM
important for smooth muscle contraction, hemostasis, andNaCl, 3 mM methionine, 5% glycerol, 1 mM PMSF, and
intestinal function ). Interestingly, intestinal dysfunction 20 mM imidazole; elution buffer was the same as running
is the most consistent clinical finding in patients with high- buffer but with 500 mM imidazole) and a Poros HQ column,
titer inhibitory autoantibodies against (peripheral) Trp@®H ( with TrpOH collected in the HQ column flow-through
Such patients could possibly benefit from treatments that (running buffer consisting of 50 mM Tris, 3 mM methionine,
improve serotonin production, such as the administration of and 5% glycerol (pH 8.0); the TrpOH fraction from the MC
the aforementioned BHcofactor analogues. Conversely, column was diluted with HQ running buffer to bring the
selective serotonin antagonists are used in the treatment ofNaCl concentration to 50 mM; column regeneration buffer
irritable bowel syndrome and drug-induced nausea/emesiswas the same as running buffer but vit M NaCl). For
but many of these drugs have toxic side effectg)( crystallization-quality TrpOH, a second MC column was used
Therefore, an additional therapeutic approach would be to (same conditions as first purification step). Before the
reduce the intestinal level of serotonin with the design of crystallization trays were set up, the TrpOH solution was
TrpOH specific inhibitors that act locally. dialyzed into 25 mM MES buffer (pH 6) containing 100 mM
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Table 1: Data Collection and Refinement Statistics

data collection

resolution (A) 50.60-1.71 (1.771.71)

Space group P212,2;
cell constants (A) a=47.78,b=57.33,
c=109.41

cell angles (deg) a=pf=y=90

completeness (%) 99.2 (98.4)

no. of total observations 320396

no. of unique observations 32923 (3215)

redundancy 9(9)

Reym (%0)2P 9.9 (99.1)
molecular replacement

resolution range (A) 124

R-factor 51.7

correlation coefficient 0.344
refinement

resolution range (A) 20:01.71

no. of reflections (working set/test set) 30181/1347
Reryst (%0)° 20.7
Reree (%)° 23.1
rms deviation from ideal geometry
bond lengths (A) 0.005
bond angles (deg) 1.2
dihedral angles (deg) 20.9
improper angles (deg) 0.79
estimated coordinate error 0.20
(from Luzzati plot) (A)
estimated coordinate error 0.18
(from SIGMAA) (A)
no. of atoms in model
protein 2605
ligands and ions 18
waters 242

2 Numbers in parentheses are for the highest-resolution $hlJm
= 2“ - D]Dyzl cch/sI = zHFobsI - |Fcalc||/2|':0bs|y WhereFobs and
Fcacare the observed and calculated structure factors, respectigly.
= Y||Fobd — |Fcad|/Y|Fobd for 10% of the data not used at any stage
of structural refinement.

NaCl, 3 mM methionine, and 5% glycerol, with any
precipitate that formed being removed by centrifugation. The
purity of the protein was>99% as determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SBS
PAGE) with Coomassie Brilliant Blue staining. Purified
doubly truncated ANH102-ACOOH402) human TrpOH
displays activity comparable to that of a singly truncated form
(ANH 90) of TrpOH (L9) and has activity similar to that of

a different doubly truncated form which has been character-
ized previously ANH102-ACOOHA416) 0).

A crystallization screening robot (Syrrx Inc., San Diego,
CA) was used for the initial screening against 1152 different
crystallization conditions (at 4 and 2€) using 50 nL protein
droplets. After optimization of the initial crystallization
conditions found with the robot, cocrystals of native TrpOH
in complex with the cofactor analogue BMere grown at
4 °C by sitting drop vapor diffusion using 1618%
MPEG5K and 2540 mM MES (pH 6.0); native TrpOH
was incubated with 6 mM Bilfor 30 min on ice before
crystallization experiments were set up. The crystals were
cryoprotected in 25% (v/v) ethylene glycol and mother liquor
before being flash-cooled in liquid nitrogen.

Structure Solution and Refinemebiffraction data were
collected at Stanford Synchrotron Radiation Laboratory

Biochemistry, Vol. 41, No. 42, 20022571

Molecular replacement was carried out with the program
EPMR @2). Initial phases for the TrpOHFe—BH, complex
were obtained using human doubly truncated PheOH (PheOH
residues 117424; PDB entry 1PAH) as a search model.
The structure was refined using CN33|, with cycles of
rigid-body, simulated annealinB-grouped factor refinement,
and energy minimization. Manual adjustment and rebuilding
were performed using the program 24. At the last stages
of refinement, iron, BH, and waters were added to the
structure and refined along with the protein. The quality of
the refined model is shown in Table 1 as well as in the
Supporting Information; 94.1% of the TrpOH residues are
in the most favored regions of the Ramachandran plot, with
5.1% in the additionally allowed regions and 0.8% [two
residues (Tyrl25 and Thr367)] in the generously allowed
regions.

RESULTS AND DISCUSSION

Kinetic Analysis of Doubly Truncated TrpOAKNH102-
ACOOH402). The doubly truncated TrpOHANH102-
ACOOH402) used in this study is catalytically active, with
a Vimax Value of 34.6+ 0.7 nmol min? (mg of protein)?*
andK, values of 26.5+ 2.0uM for BH, and 7.8+ 2.2uM
for L-tryptophan. Substrate inhibition by tryptophan was
observed above 70M.

Overall Structure of Human TrpOHThe structure of
doubly truncated human TrpOHANH102-ACOOH402)
containing a 7,8-dihydra-biopterin (BH,) oxidized cofactor
analogue at the active site in addition to ferric iron was
determined to 1.7 A resolution using molecular replacement,
with human PheOH as a search model (PDB entry 1PAH).
TrpOH has a catalytic core of mixed and  structure,
similar to that of hPheOH and rTyrOH (Figure 1), as well
asChromobacteriumiolaceumPheOH (1, 14, 17, 18). The
root-mean-square (rms) structural deviations of doubly
truncated hTrpOH to the corresponding regions of PheOH
(PDB entry 1PAH; level of sequence identity of 65%) and
TyrOH (PDB entry 1TOH; level of sequence identity of
62%) are 1.0 and 0.9 A, respectively [calculated with the
program TOP Z5)]. Doubly truncated hTrpOH crystallizes
as a monomerM,, = 35600 Da), as would be expected
due to truncation of the region responsible for dimer and
tetramer formation in the homologous enzymes TyrOH and
PheOH (see the alignments in Figure 1b3)( The mono-
meric state of doubly truncated hTrpOH was confirmed by
light-scattering analysis. The approximate dimensions of the
hTrpOH monomer are 48 A 48 A x 35 A.

hTrpOH Active Site.Although most of the residues that
directly bind the iron and cofactor are conserved among the
aromatic amino acid hydroxylases (Figure 1b), a few notable
exceptions are present in hTrpOH. The lining of the hTrpOH
active site crevice has a number of different amino acids
compared to PheOH and TyrOH.

The hTrpOH active site consists of an approximately 9 A
deep and 10 A wide cavity. Connected to the active site
opening is an-12 A long and~7 A wide channel. Molecular
docking studies on a modeled TrpOH structure have deter-

(SSRL) beamline 9-1 and processed and reduced usingmined that this channel is where tryptophan most likely binds

HKL2000 and SCALEPACK 21). The TrpOH-Fe—BH;
complex crystallized in space gro®2;2,2;. Data collection
and processing statistics are given in Table 1.

(19). Lining the active site channel are two loops (residues
263-269 and residues 36372), with the latter loop having
poor electron density and higBfactors. Interestingly, the
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a
hTrpOH hPheOH rTyrOH
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L APRRFEFRRERRR RIS —

hTrpOH 102 MESVPWFPRKISDLDHCANRVIMYGSELDADHPGFKDN VYRKRRKY FADTAMN YKHGD PI
hPheOH 115 KDTVPWFPRTIQELDRFAN QILSYGAELDADHPGFKDPVYRARRKQFADIAYN YRHGOPI
rTyrOH 161 EDKVPWFPRKVSELDKCHHLVTKFDPDLDLDHPGFSDOVYRQRRKLIAEIA FQYKHGEPI

al ad s

——RRFFPRRIRELRFITEIFERF—LFPRERTFESERIS—PPRFPINS
hTrpOH 162 PKVEFTEEEIKTWGTVFREINKLYPTHACREYLKN LPLLSKYCGYREDN IPQLEDVSN FL
hPheOH 175 PRVEYMEEEKKTWGTVFKTLKSLYKTHACYEYN HIFPLLEKYCGFHEDN IPQLEDVSQFL
rTyrOH 221 PHVEYTAEEIATWKEVYVTLKGLYATHACREHLEGFQLLERYCGYREDSIPQLEDVSRFL

o5 B1 o6 p2 o7
‘:‘"""W
hTrpOH 222 KERTGFSIRPVAGYLSPRDFLSGLAFRVFHCTQYVRHSSDPFYTPEPDTCHELLGHVPLL
hPheOH 235 QTCTGFRLRPVAGLLSSEDFLGGLAFRVFHCTQYIRHGSKMMYTPEPDICHELLGHVPLF
rTyrOH 281 EKERTGFQLRPVAGLLSARDFLASLAFRVFQCTQYIRHASSIMHSPEPDCCHELLGHVEML

et} a9 B3 pe all all

—RRRLLLERF LI F— PRI F——mm—mm— A —AF
hTrpOH 282 AEPSFAQFSQEIGLASLGASEEAVOKIATCY FFTVEFGLCKQDGOLRVFGAGLLSSISEL
hPheOH 295 SDRSFAQFSQEIGLASLGAPDEYIEKIATIYWFTVE FGLCKQGD SIKAYGAGLLSSFGEL
rTyrOH 341 ADRTFAQFSQDIGIASLGASDEEIEKLSTVYWFTVE FGLCKQN GELKAYGAGLLSSYGEL

all B5 al2 pé al3

.
o
hTrpOH 342 KHALSGHAKVEPFDPKITCEQECLITT VY FV SE SFEDAKERM RE FTKT IKRPFGVEY
P!

hPhe OH 355 QYCLSEKPELLPLELEKTAINYTVTEFQPLYYVAESENDAKEKVEN FAATIFPRPFSVEY
rTyrOH 401 LHSLSEEPEVRAFDPDTAAVQPYQDQTYQPVY FVSESENDAKDKLRN YASRIQRPFSVEF

Ficure 1: (a) Ribbon diagrams of hTrpOH (left), human PheOH (center) (composite model based on PDB entries 2PAH and 2PHM), and
rTyrOH (right) (PDB entry 2TOH). Thex-helices of the respective catalytic domains are colored reds-#teands blue, and the coiled

regions yellow. The active site iron is shown as a green sphere, and the bound ;/¢®&fBé&tor is shown as a ball-and-stick model with

carbon atoms in yellow, oxygen atoms in red, and nitrogen atoms in blue. (b) Sequence alignment of the three aromatic amino acid hydroxylases
that have been structurally characterized by X-ray crystallography to date (rat PheOH sequence not shown): human tryptophan hydroxylase
(hTrpOH), human phenylalanine hydroxylase (hPheOH), and rat tyrosine hydroxylase (rTyrOH). The secondary structure assignment that
is shown is for hTrpOH, and was generated using the program DS§PSecondary structural elements are indicated and numbered
sequentially starting from the N-terminus. Blue-colored boxes surround the identical residues in all three hydroxylases, whereas residues
identical in two of the three hydroxylases are surrounded by orange boxes. The three residues involved in iron binding at the active site are
colored red.

largest positional differences observed in the TrpOH struc- on the floor of the active site, at the intersection of the
ture, as compared to the rTyrOH and hPheOH structures,channel and the opening to the active site, and coordinated
are found in these two loops close to the substrate bindingto His272 (N-Fe distance of 2.1 A), His277 (NFe distance
region. In addition, as discussed in the following section, of 2.0 A), and one carboxyl oxygen atom of Glu317-Be
the respective cofactor binding regions, located betweendistance of 2.4 A). Well-defined electron density is also
residues 123 and 129 in TrpOH, are different for the three observed for three water molecules coordinated to the iron:
AAOH structures. Although the conformations of these loop Watl (axial to His272)Fe distance of 2.2 A, Wat2 (axial
regions are varied in the three different AAOHS, the positions to His277)-Fe distance of 2.3 A, and Wat3 (axial to
of the two TrpOH side chains believed to be involved in Glu317)-Fe distance of 2.2 A. The iron is approximately
determining substrate specificity, Phe313,(26) and 1le366 octahedrally coordinated, similar to what was seen in the
(27), can be superimposed with the positions of the corre- ferric doubly truncated hPheOH structurk4(16) (Figure
sponding residues in hPheOH (Trp326 and Val379, respec-2). In contrast, only five iron ligands were observed in ferric
tively) and rTyrOH (Trp372 and Asp425, respectively). rTyrOH (11).

As predicted in previous studied, (28, 29), hTrpOH hTrpOH Cofactor Binding SiteDue to the key roles of
contains a catalytic Fe(lll) atonv13 A below the surface,  the aromatic amino acid hydroxylases (AAOHS) in catalyzing



Accelerated Publications

*"{ His277
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Glu317

Ficure 2: Active site of the iron- and cofactor (7,8-dihydre-
biopterin)-bound form of hTrpOH. The residues involved in iron
binding are shown for active site identification. The region mainly
responsible for cofactor binding (Gly234ro0238) is shown in ball-
and-stick mode for clarification of hydrogen bonding interactions
with the pterin. Thex-helices of the catalytic domain are colored
red, thef-strands blue, and the coiled regions yellow. The active
site iron is shown as a green sphere, and the bound 7,&&#ictor

is shown as a ball-and-stick model with carbon atoms in purple,
oxygen atoms in red, and nitrogen atoms in blue; the dihydrox-
ypropyl atom numbering is indicated. Hydrogen bonds are repre-
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for BH,4 (2-fold lowerKp, in the case of the Y235A mutant).
Thus, it appears as if Tyr235 may be involved in both
substrate binding and cofactor binding. A crystal structure
of a ternary complex between TrpOH, a substrate analogue,
and BH, under reducing and anaerobic conditions may
confirm this hypothesis.

Second, in the region of residues 229 of hTrpOH,
Tyrl25m-stacks onto Tyr235, forming an angle of°a@ith
respect to the aromatic rings (3.8 A). The corresponding
residue is a tyrosine in most TrpOHs and PheOHs (and is a
phenylalanine in most TyrOHSs), but in the hPheOH structure,
this tyrosine is positioned toward the surface, instead of into
the active site. These differences in the AAOH cofactor
binding sites are consistent with the distinct cofactor
structural preferences displayed by the three enzymes, even
though they share a common reaction mechanzd (

As previously mentioned, the pterinstacks on Phe241
(at an approximate distance of 3.8 A) and Tyr235 (at an
approximate distance of 3.6 A), forming hydrogen bonds to
Gly234 [BHy(NH,)—Gly234(C=0) distance of 3.1 A] and
Leu236 [BH(N1)—Leu236(N) distance of 3.0 A, B¥N8)—
Leu236(G=0) distance of 2.7 A]. The pterin O4 atom is
also hydrogen bonded to two of the three water molecules
coordinated to the iron, with distances of 2.4 and 2.8 A. The
04 atom of the pterin ring is 3.3 A away from the third
water molecule coordinated to the iron. Glu273 also forms
two water-mediated hydrogen bonds to the pterin (one of
which is the iron ligand Wat3) at the following distances:
BH,(NH2)—Wat4—Glu273(G:2) distances of 2.9 and 2.7 A

sented by dashed red lines between atoms, and iron coordinationgng BH(04)—Wat3—Glu273(G:1) distance of 2.8 and 2.7

is represented by black solid lines.

A, respectively. The pterin N3 atom also forms a hydrogen
bond to Wat4 (2.8 A).

neurotransmitter biosyntheses, numerous studies have de- Pro238 is an important sequence difference in hTrpOH.

signed small molecules that selectively enhance or inhibit
the function of the AAOHSs. For example, many synthetic
tetrahydropteridines have displayed catalytic efficiencies
higher than that of the natural BHtofactor @0). Crystal
structures of hPheOH and rTyrOH with either Bétr BH,
bound have revealed cofactor binding determinants, and
recent NMR studies have indicated that the conformation of
BH; is different when bound to TrpOH versus the other
AAOHs (19). Thus, structural analysis of the hTrpOH
cofactor binding site provides differences in cofactor binding
that can be utilized in structure-based design of improved
cofactor analogues.

In the oxidized cofactor 7,8-dihydno-biopterin (BH)
form of ferric hTrpOH, the cofactor binds in the same
orientation and position as in hPheOm6( 31). However,
important differences are found in hTrpOH; first, Tyr235
forms a secondr-stacking interaction on the opposite face
of the pterin ring as compared to Phe241 (see the next
paragraph), sandwiching the pterin ring close to the iron
(Figure 2). Tyr235 is conserved in all known TrpOHs,
whereas in both PheOH and TyrOH, it is a smaller
hydrophobic leucine; the leucine side chains in hPheOH and
rTyrOH are located on the opposite side of the pterin as

The analogous position in hPheOH, Ser251, forms hydrogen
bonds to the dihydroxypropy! side chain in the ferrous,BH
bound hPheOH structur@1). In hTrpOH, Pro238 is 3.6 A
away from the BH dihydroxypropyl side chain'dOH atom,
which leads to a change in the conformation of the dihy-
droxypropyl side chain in hTrpOH as compared to hPheOH
and rTyrOH; the BH hydroxyl groups in the hTrpOH
structure have a dihedral angle of °’40mposed by the
adjacent residues Pro238 and Tyr312. In hTrpOH, both
dihydroxypropy! hydroxyl groups hydrogen bond to a well-
defined water molecule at equivalent distances (2.8 A), and
the dihydroxypropyl side chain-DH atom also has a long
hydrogen bond (3.3 A) to the carbonyl oxygen of Ala309.
Pro238 is one of a few major sequence differences at the
pterin binding site in the AAOHSs. The nonconserved nature
of this residue may be useful in the design of cofactor
analogues that can selectively modulate the biosynthesis of
the monoamine neurotransmitters.

CONCLUSIONS

The first crystal structure of a truncated form of tryptophan
hydroxylase as presented herein provides a major step toward

compared to those of Phe241. When the residue is mutateddefining a receptor/pharmacophore for reduced pteridines that

into an alanine (Y235A) or a leucine (Y235L), the mutant
TrpOH protein exhibited reduced specific activity§%)
compared to that of the wild typ&2) and an increaseld,
for the L-Trp substrate (13- and 2-fold, respectively, for the
Y235A and Y235L mutants) but a somewhat loweitéd

can be used to develop more potentBitalogue cofactors.
Comparative structural analysis of the three pterin-dependent
hydroxylases, in combination with biochemical analysis of
additional AAOH-small molecule cocomplexes using sub-
strate analogues and analogues of molecular oxygen, will
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aid in the understanding of the catalytic mechanisms and 13
determinants of substrate specificity for the family of
AAOHSs. In this fashion, activating BH cofactor-type
compounds and inhibiting substrate analogues can be de- 15
veloped to provide increased selectivity for enhancing
serotonergic, noradrenergic, and/or dopaminergic function. 16
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