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Tryptophan Hydroxylase: Characterization of Methyltryptophans and
Azatryptophans as Substrates

Graham R. Moraf; Robert S. Phillipg,and Paul F. Fitzpatrick®!

Department of Biochemistry and Biophysics and Department of Chemistry, Texas A&Mrsityi,
College Station, Texas 77843-2128, and Department of Chemistryetdity of Georgia, Athens, Georgia 30602-2556

Receied August 24, 1999; Rised Manuscript Receéd October 12, 1999

ABSTRACT. Tryptophan hydroxylase is a pterin-dependent amino acid hydroxylase that catalyzes the
incorporation of one atom of molecular oxygen into tryptophan to form 5-hydroxytryptophan. The substrate
specificity and hydroxylation regiospecificity of tryptophan hydroxylase have been investigated using
tryptophan analogues that have methyl substituents or nitrogens incorporated into the indole ring. The
products of the reactions show that the regiospecificity of tryptophan hydroxylase is stringent. Hydroxylation
does not occur at the 4 or 6 carbon in response to changes in substrate topology or atomic charge.
5-Hydroxymethyltryptophan and 5-hydroxy-4-methyltryptophan are the products from 5-methyltryptophan.
These products establish that the hydroxylating intermediate is sufficiently potent to hydroxylate benzylic
carbons and that the direction of the NIH shift in tryptophan hydroxylase is from carbon 5 to carbon 4.
The effects on th&/K values for the amino acids indicate that the enzyme is most sensitive to changes
at position 5 of the indole ring. The,ax values for amino acid hydroxylation differ at most by a factor

of 3 from that observed for tryptophan, while the efficiencies of hydroxylation with respect to
tetrahydropterin consumption vary 6-fold, consistent with oxygen transfer to the amino acid being partially
or fully rate limiting in productive catalysis.

Tryptophan hydroxylase (EC 1.14.16.4) is a member of Scheme 1
the family of pterin-dependent hydroxylases. These enzymes

4 co,© co,®
are ferrous non-heme monooxygenases that catalyze the g 3 2 HO 2
hydroxylation of the ring of a specific aromatic amino acid @j\iz\(w@ \©\/\§\<NH®
. . . . . 6 3 3
in a reaction that requires tetrahydrobiopterin and molecular ; u 1 ﬁ
oxygen (). The reaction catalyzed by tryptophan hydroxy- 0,

lase (Scheme 1) is the rate-limiting process in the production
of serotonin. A number of neurological disorders are associ-
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ated with altered levels of tryptophan hydroxylage-5). L IE[RN/H Ji ]%;'N(
R™°N R™ N
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Still, there is a dearth of information regarding the mecha-

nism of this enzyme, due to its low levels in native sources,

its low yields from heterologous expression systems, and its

marked instability —14). The majority of what is known  enzyme 15). Here we describe the results of an investigation
of the pterin-dependent hydroxylases has come from studiesof the substrate specificity and hydroxylation regioselectivity
of the other two members of this enzyme family, phenyl- of this recombinant tryptophan hydroxylase using a variety
alanine hydroxylase and tyrosine hydroxylase. The recentof tryptophan analogues.

expression of a stable truncated form of rabbit tryptophan

hydroxylase has provided the first opportunity for biochemi- EXPERIMENTAL PROCEDURES

cal analysis of the reaction mechanism of this important  naterials. 6-Methyltetrahydropterin (6MPHE was from
B. Schircks Laboratories.-Tryptophan,L-5-hydroxytryp-
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(B-indazoylyl+i-alanine) was prepared by the method of

‘ Table 1. Spectral Characteristics of Tryptophan Analogues
Tanaka et al. 18). The concentration of 6-methyltetrahy-

; ; -1em1
dropterin was determined 2 M HCI using are,es value of amino acid Amax(om) ¢ (MM~ o)
17 800 Mt cm~2. The concentrations of stocks of tryptophan ~ 4-methyltryptophah 272 8.67
and 5-hydroxytryptophan were determined in 10 mM HCI S-methyltryptophan 2ro 012

( M ylryptop A 6-methyltryptopha 280 5.61
using ane,7g value of 5500 Mt cm™. 7-methyltryptophath 270 6.49

TRH102416 is a truncated monomeric form of rabbit 4-azatryptophah 288 14.2
tryptophan hydroxylase lacking 101 residues from the amino g'aza:rypioloﬂi o o
terminus and 28 residues from the carboxyl terminus. This 7:3;:%&8’8@1 290 6.72
enzyme was prepared by the method of Moran etH) ( 2-isoaztryptophan 290 7.00
excluding the ceramic hydroxyapatite step. Enzyme prepared— 755 mm sodium pyrophospate, pH 8810 mM sodium phosphate,

in this manner had a specific activity of Luénol/mg min at
37 °C and was judged by SDSolyacrylamide gel elec-
trophoresis to be>90% pure.p-Amino acid oxidase was  maxima (see Table 1), monitoring emission at 340 nm. The
purified according to the method of Fitzpatrick and Massey azatryptophans, which are weakly fluorescent or nonfluo-
(19). L-Amino acid oxidase and dihydropterin reductase were rescent, were detected by absorbance at their absorbance
purchased from Sigma Chemical Co. Tryptophan 2-mono- maxima (see Table 1). The difference in the area of the
oxygenase was prepared by the method of Emanuele et alsubstrate peak prior to and after turnover was used to
(20). Catalase was purchased from Boehringer Mannheim. determine the amount of amino acid consumed. The values

pH 7.0.

Determination of Amino Acid Extinction Coefficierfgr
pL-5-methyltryptophanpL-6-methyltryptophanpL-7-meth-
yltryptophan, anaL-7-azatryptophan, extinction coefficients
were determined by usimgramino acid oxidase to measure
the concentrations of solutions of known absorbances.
D-Amino acid oxidase+1 nmol) was added to oxidize the
p-isomer of racemic mixtures of each amino acid in 100 mM
sodium pyrophosphate, pH 8.0, and 0.1 mM FAD. The
amount of oxygen consumed was measured using a Yellow
Springs Instrument model 5300 biological oxygen monitor
thermostated at 25C. This was then used as a measure of
half the concentration of the racemic mixture.-4-Meth-
yltryptophan was not a substrate fmfamino acid oxidase;
consequently,-amino acid oxidase was used in an analogous
manner to determine the concentration of this compound.
L-2-Azaisotryptophan was not a substrate ifewmino acid

obtained were independent of the amount of enzyme or
6MPH, used.

Amino Acid Product Analysi®eaction mixtures typically
contained 3 mg of the-isomer of the amino acid in 5 mL
of 200 MM ammonium sulfate, 100V ferrous ammonium
sulfate, 0.2 mg/mL catalase, 15 mB4mercaptoethanol, and
50 mM Mes, pH 7.0. Each mixture was equilibrated at 15
°C and aerated by constant stirring under a stream of air.
After the addition of TRHo,-416 to a final concentration of
50uM, 6MPH, was added to 150M to initiate the reaction.
At 2 h intervals, additional quantities of enzyme (125 nmol),
6MPH, (750 nmol), angB-mercaptoethanol (7&mol) were
added. The reaction was allowed to proceed fe62 and
was stopped by the addition of 40% trichloroacetic acid to
a final concentration of 4%. Denatured protein was removed
by centrifugation at 120@pfor 10 min. Since the major

oxidase; the concentration of this substrate was determinedproduct from 5-methyltryptophan (5-hydroxymethyltryp-

in an analogous fashion using tryptophan 2-monooxygenase
The extinction coefficients of-4-azatryptophan,-5-aza-
tryptophan, L-6-azatryptophan, and-2-azaisotryptophan
were determined by weight in phosphate buffer, pH 8.0.
Determination of Hydroxylation Stoichiometiihe reac-
tion mixture contained 1@M TRHj02-416 (prepared in the
absence of dithiothreitol), 1M amino acid (concentration
of the L-isomer), 280uM oxygen, 200 mM ammonium
sulfate, 2QuM ferrous ammonium sulfate, and 50 mM Mes,
pH 7.0, at 15°C in a total volume of 1 mL. Prior to the
initiation of turnover, a 10@.L aliquot was withdrawn and
mixed with 10uL of 40% trichloroacetic acid. The reaction
was then initiated by the addition of 6MRHo a final
concentration of 5@M. After the consumption of tetrahy-
dropterin was complete (340 s), a second 104 aliquot
was withdrawn and mixed with acid. These two aliquots were
then centrifuged at 120@dor 10 min to remove precipitated

tophan) was found to be unstable in acid, the reaction of
this substrate was stopped by filtration through a Millipore
Biomax Centrifugal 10 kDa molecular mass cutoff filter.
After stopping the reaction, the supernatant or filtrate was
then reduced to about 1 mL under reduced pressure and
injected onto a WatergBondapac C18 column (12 300
mm). The products were separated at a flow rate of 5 mL/
min using a 30 min, 0 to 20% acetonitrile gradient com-
mencing 15 min after injection. For separation of the products
of 4-, 6-, 7-methyltryptophan and 2-azaisotryptophan, the
mobile phase contained 0.04% trifluoroacetic acid. The
mobile phase used for separation of each of the azatryptophan
products was 10 mM sodium phosphate, pH 7.0. The
products obtained from 5-methyltryptophan were purified
using isocratic 6% acetonitrile. All of the products were
detected at the near-UV absorbance maximum of the
respective amino acid (Table 1) using a Waters model 481

protein. Supernatants were loaded onto a Waters Nova-Padaletector. Individual product peaks were collected and ly-

reversed-phase C18 HPLC column (150 mn3.9 mm ID)
using a 2QuL injection loop. For the methyltryptophans and
L-2-azaisotryptophan, the mobile phase was 98% 40 mM

ophilized before being redissolved in 800 of deuterium
oxide. Proton NMR spectra were recorded using a Varian
Unity 500 MHz NMR. A small quantity (0.20.2 mg) of

sodium acetate, pH 3.5, 2% acetonitrile at a flow rate of 1 each product was then desalted using a analytical Nova-Pac
mL/min. For the azatryptophans, the mobile phase was 10reversed-phase C18 column using a water mobile phase at
mM sodium phosphate, pH 7.0, at a flow rate of 1 mL/min. 1 mL/min. Each was reduced to dryness under reduced
The methyltryptophans and2-azaisotryptophan were de- pressure and redissolved in dimethyl sulfoxide for electro-

tected by fluorescence with excitation at their absorbance spray ionization mass spectral analysis using a Vestec 201A
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single quadrupole mass spectrometer. The sample wasaccurate kinetic analyses using increases in absorbance at
introduced using flow-injection with a mobile phase of 328 or 370 nm, respectively. The assay conditions were 150
acetonitrile and water (1:1). UM 6MPH,, 278 uM oxygen, 200 mM ammonium sulfate,
For substrates that exhibited multiple products, the propor- 25 uM ferrous ammonium sulfate, 1Qgy/mL catalase, 15
tion of each product was measured using a variation of the mM S-mercaptoethanol, and 50 mM Mes, pH 7.0 at’Ch
ortho-phthalaldehyde derivatization method of Hillas and To determine the extinction coefficients of the 4- and
Fitzpatrick @1). Prior to the turnover reaction, ammonium 6-azatryptophan products, a spectrum was recorded of a
sulfate was removed from the enzyme by gel filtration solution containing all assay ingredients but the substrate.
through a Sephadex G-25 column.The conditions of the The reaction was then initiated by the addition of the amino
turnover reaction were 10M tryptophan hydroxylase, 500 acid to a final concentration of 20M. Spectra were recorded
uM amino acid, and 100 mM Mes, pH 7.0, at 16. The at 30 s intervals until hydroxylation of the substrate was
reaction was initiated by the addition of 6MPkb a final complete. The spectrum obtained before the addition of
concentration of 30«M. This method assumes that the substrate was then subtracted from the final spectrum
fluorescent responses of derivatized tryptophans are es-obtained when turnover was complete.
sentially equal 22). Ab Initio Calculations Geometry optimizations and Mul-
Enzymatic Assayd-our enzymatic assays were used to liken atomic charges for the indole ring of each tryptophan
determine kinetic parameters. Assay one was the continuousanalogue were calculated using the 6-31G* basis set at the
fluorescence assay of Moran and Fitzpatri2B)(and was Hartree-Fock level using Spartan software (Wave function
used to determine the kinetic parameters of tryptophan andinc.). To reduce the size of the calculations, the 3-methylin-
7-azatryptophan. The conditions of this assay were:l0  dole analogue of each amino acid was used for calculations.
6MPH,, 278uM oxygen, 10Qug/mL catalase, 26M ferrous
ammonium sulfate, 6 mM dithiothreitol, 200 mM ammonium RESULTS
sulfate, and 50 mM Mes, pH 7.0, at 2B.

The second assay was the discontinuous HPLC fluoro- " . ) ) ; -
metric assay described by Moran et dl5and was used amino acid substrate influences hydroxylation regioselectivity

for each of the methyltryptophan analogues. In each case,in tryptophan hydroxylase, a number of tryptophan analogues
the substrate and product were excited at the substrate near?@/€ been characterized as substrates for tryptophan hy-
UV absorbance maximum and their emission detected at 340droxylase._M_ethyltryptophans were selected as substrates o
nm. The assay conditions were as described above for theprobe steric interactions, since the methyl group should not

continuous fluorescence assay. The product fluorescencealte”he reactivity of the nonsubstituted indole ring carbons
signal was standardized by HPLC based on the relative 9r€ally. Azatryptophans were selected because they are

amount of the substrate consumed during turnover. For isosteric with tryptophan yet the indole ring carbons should

example, for 4-methyltryptophan a 50M sample was hf'ive dramatically altered reactivities due to the pyridyl
partially hydroxylated by tryptophan hydroxylase. Before the Mtrogen. _ _
initiation of the reaction with 6MPH a 100uL aliquot was The amino acid products which result when each of these
withdrawn. The progress of the reaction was monitored @nalogues is used as a substrate for tryptophan hydroxylase
spectrally at wavelengths where spectral changes due toVere .determmed by carrying out Ia_rge—sc_ale reactions and
hydroxylation were maximal (in this case 307 nm). After isolating the products. For each amino acid, approximately
approximately half the-isomer of the substrate had been 5—10 umol of the amino acid product(s) was purified by
consumed, the reaction was stopped by filtration through a HPLC, and its structure determined by NMR and mass
10 kDa cutoff filter. Aliquots of each sample were then SPectrometry. In most cases, only one amino acid product
analyzed by HPLC. The relative magnitude of the decreaseWas o_bserved. Electrospray mass spectrometry of the starting
in the substrate peak was used to determine the decrease iffaterials and products demonstrated that each product had
the concentration of the substrate. The concentration of the@cquired 16 mass units relative to the starting material,
product was assumed to be equal to the decrease in theonsistent W|th_the addition of a single oxygen atom (results
concentration of the substrate, allowing the extinction NOt shown). Figures 1, 2, and 4 show the products of
coefficient for the peak due to the product to be calculated. hydroxylation of each of these substrates and Table 2 lists

The third assay coupled the oxidation of 6MP#uring the NMR chemical shifts of the protons of each product.
catalysis to the oxidation of NADH using dihydropterin Each of the methyltryptophans was hydroxylated by
reductase and was based on the method previously describetfyptophan hydroxylase. With 4-, 6-, and 7-methyltryptophan,
by Fitzpatrick @4). Varied concentrations of amino acid were the 5-hydroxy amino acid was the exclusive product (Figure
used in assays whose conditions were ABD6MPH,, 100 1). In contrast, two products were observed with 5-methyl-
ug/mL catalase, 1 unit/mL dihydropterin reductase, 280 tryptophan as a substrate for tryptophan hydroxylase. The
NADH, 200 mM ammonium sulfate, 2G6M ferrous am- major product £ 99%) was 5-hydroxymethyltryptophan. The
monium sulfate, and 50 mM Mes, pH 7.0, at 46. Once second product was produced at levels too low for charac-
the autoxidation reaction of the 6MRHhad attained a  terization by NMR, but could be identified as 5-hydroxy,
constant rate, the assay was initiated by the addition of 4-methyltryptophan by HPLC, using the 5-hydroxy, 4-
enzyme to a final concentration of 6:3 uM. The progress methyltryptophan produced from 4-methyltryptophan as a
of the reaction was monitored at 340 nm. standard.

Assay four monitored changes in the amino acid spectrum The amino acid products when azatryptophans are sub-
due to hydroxylation. Both 4- and 6-azatryptophan showed strates for tryptophan hydroxylase are shown in Figure 2.
sufficient spectral changes when hydroxylated to permit Hydroxylated amino acids were produced from 4-, 6-, and

Product AnalysesTo understand how the structure of the
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Table 2: Proton Nuclear Magnetic Resonances of the Products of Hydroxylation of Tryptophan Analogues by Tryptophan Hydroxylase

proton (multiplicity, shift (ppm), coupling (Hz))

amino acid H1 H2 H4 H5 H6 H7
5-hydroxy,4-methyltryptophan s, 7.24 d, 7.26, 8.5 d, 6.89, 8.5
5-hydroxy-methyltryptophan bs,7.33 s,7.71 d, 7.53, 10.0 dd, 7.28,10.@
5-hydroxy,6-methyltryptophan s,7.18 s,7.11 q,7.29,0.5
5-hydroxy, 7-methyltryptophan s, 723 d,6.71,1.0 d, 6.98,1.0
5-hydroxy,4-azatryptophan s, 7.32 d, 6.384, 9.0 d, 7.89, 9.0
5-hydroxy,6-azatryptophan s,7.63 s,7.96 bs, 6.70
5-hydroxy,7-azatryptophan s,7.35 d,7.60,2.5 d, 792,25
6-hydroxy-2-azaisotryptophan d, 8.08, 0.9 dd, 7.738@6 dd, 6.88,1.9-8.7 dd, 6.99, 1.1 1.9
5-hydroxy-2-azaisotryptophan d, 8.05, 0.9 dd, 7.21, 2G5 dd, 7.17,2.6- 9.0 ddd, 7.55,1.6- 1.0+ 9.0

a All NMR spectra were recorded inJ at 25°C: bs, broad singlet; s, singlet; d, doublet; q, quartet.
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Ficure 3: The products of hydroxylation of 2-azaisotryptophan
by tryptophan hydroxylase.=RCH,CHNH;COO.
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Ficure 1: The products of hydroxylation of methyltryptophans by

L
tryptophan hydroxylase. In each structure®H,CHNH;COO. 260 200 240
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Ficure 4: Spectral changes upon hydroxylation of 4-azatryptophan
by tryptophan hydroxylase. Traces were recorded at 0, 2, 32, 62,
122, 182, and 2000 s. The reaction was carried out usipny15
enzyme in 10«M 6-methyltetrahydropterin, 320M oxygen, 200

mM ammonium sulfate, 15 mi-mercaptoethanol, 20M ferrous
ammonium sulfate, 50 mM MES, pH 7.0, at 16. Prior to the
initiation of turnover, a baseline spectrum was recorded with all
reaction substituents except 4-azatryptophan. The reaction was then
commenced by the addition of 4-azatryptophan to 186
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The hydroxylated products from 4- and 6-azatryptophan
absorb strongly at 328 nm (31.3 miMcm™) or 370 nm
(9.8 mM~t cm™), respectively (Figure 4). On the basis of
the strong absorbance of the product, 4-azatryptophan has
potential for the development of a simple and exceedingly
sensitive continuous assay for tryptophan hydroxylase. The
large extinction coefficient of 5-hydroxy,4-azatryptophan
would give reliable detection down to 50 nM on most
spectrophotometers.

Kinetic ParametersSteady-state kinetic parameters for
7-azatryptophan, but no product from 5-azatryptophan could each of the tryptophan analogues as substrates for tryptophan
be detected. As was the case with the methyltryptophans,hydroxylase are listed in Table 3. The rates of formation of
hydroxylation occurred exclusively at the 5-carbons for the the hydroxylated amino acids were determined using several
azatryptophans which were substrates. In contrast, twoassays, with the assay used depending on the properties of
products in approximately equal proportion were observed the individual amino acid. A continuous fluorescence assay
when 2-azaisotryptophan was used as a substrate (Figure 3vas used for tryptophan and 7-azatryptophan. A discontinu-
and Table 2). These were identified as 5-hydroxy-2-azaiso- ous fluorescence HPLC assay was used for methyltryp-
tryptophan and 6-hydroxy-2-azaisotryptophan. This was the tophans, since their product spectra are not sufficiently
only substrate for which the site of hydroxylation changed. different from the substrate spectra to permit the use of the
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Ficure 2: The products of hydroxylation of azatryptophans by
tryptophan hydroxylase. In each structure®H,CHNH;COO.



Tryptophan Hydroxylase Substrate Specificity Biochemistry, Vol. 38, No. 49, 19996287

Table 3: Apparent Kinetic Parameters for Tryptophan Analogues as Substrates for Tryptophan Hydroxylase

Vamino acid V/Kamino acid Vpterit amino acid hydroxylated/
amino acid Km («M) (min—1) (mM~1min-?) (min1) tetrahydropterin consumeéd
tryptopha# 21+0.1 12.44+ 0.1 5800+ 200 12.4+0.1 1.10+ 0.06
4-methyltryptophahn 994+ 192 16.4+ 2.1 164+ 1.1 53.8+ 6.9 0.30+ 0.007
5-methyltryptophah >16000 nd 0.4794+ 0.005 nd 0.15+ 0.015
6-methyltryptophahn 151+ 0.4 4.4+ 0.1 210+ 20 9.2+ 0.1 0.48+ 0.03
7-methyltryptophah 37.5+0.3 18.9+ 1.0 500+ 70 249+ 1.3 0.758+ 0.02
4-azatryptophah 262+ 13 21.5+ 0.7 82+ 2 57.1+ 1.7 0.38+ 0.03
6-azatryptophdh 2954 12 32+ 0.7 93+ 2 77.6+ 1.7 0.35+ 0.01
7-azatryptophah 66.2+ 7.1 15.1+ 0.9 230+ 10 15.1+ 0.9 1.15+0.14
2-isoazatryptophan 86.5+ 33 13.0+ 2.0 150+ 30 19.8+ 3.0 0.66+ 0.069

2 Conditions: 200 mM ammonium sulfate, 2M ferrous ammonium sulfate, 50 mM MES, pH 7.0, UG. ® On the basis of rates of amino acid
hydroxylation at 106-150uM 6MPH.. ¢ The rate of pterin consumption at the maximal rate of amino acid hydroxylation calculated from the rates
of amino acid hydroxylation and the relative stoichiometries of amino acid hydroxylation and tetrahydrotperin oxfdagtermined using limiting
tetrahydropterin® Measured using the continuous assay of 28ff Measured using the discontinuous HPLC assay described in Experimental
Procedures? Not determined due to higki, value." Measured using the extinction coefficient of the prodiMeasured using the dihydropterin
reductase coupled assay described in Experimental ProcetiGadsulated from rates of tetrahydropterin oxidation and the relative stoichiometries
of amino acid hydroxylation and tetrahydrotperin oxidation.

first assay. A_coup_led_assay which measured .the r.ate .O'Table 4: Mulliken Atomic Charges for Tryptophan Analogties

tetrahydropterin oxidation was used to determine kinetic : :

parameters for 2-azaisotryptophan. The kinetic parameters___amino acid c4 Cs cé cr o

of both 4-aza- and 6-azatryptophan were determined by tryptophan -020 -0.23* -021 —0.22

monitoring the absorbances due to the products, taking 4Methyltryptophan — 0.06 ~0.26* = —0.20  —0.23 —0.50

- A 5-methyltryptophan —0.24 0.02* —-0.23 —-0.21 -—-0.50*

advantage of the large spectral changes illustrated in Figureg_methyitryptophan —0.19 —0.25*  0.04 —0.26 —0.51

4, 7-methyltryptophan —0.21 —-0.21* -0.25 0.05 —-0.59
TheVIK values for hydroxylation of 4- and 5-methyltryp- ~ 4-azatryptophan ~ —0.58 —0.04* -0.28 —0.16

tophan are 3 and 4 orders of magnitude smaller, respectively, g'aza”ypmpﬂa” - Og-é’S :8-82* zg-gg _%%%

than that for tryptophan.' In thg case qf 5—methyltryptophan, 7::;2:%:8&22 0.14 —0.29* 006 —0.60

the rate of turnover varied directly with the concentration 2-isoazatryptophan —0.21 —0.23* —0.23* —0.18

of the amino acid up to 1.6 mM, the limit of solubility, so

that only a lower limit on thé<, value can be estimated. In c2 c3 c4 C5

contrast, theV/K values for 6- and 7-methyltryptophan are  phenylalanine  —0.23 ~ —0.19 —0.21*  -0.19

only 1 order of magnitude smaller than that for tryptophan. _rosiné —020 026+ 040 —0.26*

A similar trend is observed with the azatryptophans. As noted *® Charge densities were calculated using the 6-31G* basis set at the

above, 5-azatryptophan is not hydroxylated by tryptophan Hartree-Fock level.> The asterisks indicate the sites of hydroxylation.

s ¢ Hydroxylation site is for hydroxylation by tyrosine hydroxylase. The
hydroxylase. In addition, no enzyme-catalyzed tetrahydro- densities at C3 and C5 are average values. The specific values at the

pterin oxidation could be detected in the presence of wo positions differ depending on the orientation of the hydroxyl proton.
concentrations of this substrate up to 1.2 mM. For the other
azatryptophans, th&/K values increase as the pyridyl seen with the azatryptophans, in that hydroxylation is
nitrogen resides further from the 5-position. TWK value relatively inefficient with 4- and 6-azatryptophan and normal
for 2-azaisotryptophan is 40-fold less than that of tryptophan. with 7-azatryptophan. Th¥max values for tetrahydropterin
The Vmax values for hydroxylation of the all tryptophan consumption can be calculated from thg.x values for
analogues investigated differ at most by a factor of 3 from amino acid hydroxylation and the relative stoichiometries
that observed with tryptophan, with the azatryptophans of amino acid hydroxylation and tetrahydropterin oxidation;
showing largeVmax values than tryptophan. these values are also given in Table 3. With 4-methyltryp-
When nonphysiological amino acids are used as substratesophan and 4-and 6-azatryptophan, the total rate of tetrahy-
for the pterin-dependent hydroxylases, the amount of tet- dropterin oxidation is significantly greater than the rate of
rahydropterin oxidized can exceed the amount of amino acid turnover with tryptophan itself.
hydroxylated due to unproductive turnovéj.(For each of Atomic ChargesThe atomic charges of the indole rings
the tryptophan analogues described here, the relative sto-of the individual tryptophan analogues were calculated from
ichiometries of tetrahydropterin oxidized and amino acid the optimized structures of their respective 3-methylindole
hydroxylated were determined. This was done by utilizing derivatives. Preliminary calculations using geometrically
limiting amounts of 6MPH in the presence of saturating optimized tryptophan and 3-methylindole showed that the
concentrations of the amino acid. High levels of enzyme were distribution of charge is unaffected by the removal of the
used to ensure that the tetrahydropterin was consumed rapidlyamino acid portion of the molecule. Table 4 lists the
in order to minimize autoxidation. The results of these calculated atomic charges for each of the benzene or pyridine
analyses are given in Table 3. With all of the compounds ring atoms of the substrates. The methyl groups of the
except 7-azatryptophan, an excess of tetrahydropterin ismethyltryptophans do not greatly influence the atomic
consumed unproductively. With the methyltryptophans, the charges of the nonsubstituted indole ring atoms. In each case,
amount of unproductive turnover is maximal for 5-methyl- however, the carbon to which the methyl group is bonded is
tryptophan and decreases as the methyl group is locatecelectron deficient. The azatryptophans are isosteric with
farther from the site of hydroxylation. Similar results are tryptophan yet have very different patterns of atomic charge.
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The presence of the electronegative nitrogen in the ring Scheme 2
results in greatly decreased electron density at the adjacenty-q H g
carbons. 7-Azatryptophan has the highest electron density . xo.f
at position 5. 2-Azaisotryptophan has approximately uniform %E\/g — —
charge distribution for carbons 4, 5, 6 and 7. The atomic N
charges for phenylalanine and tryptophan are also listed for
comparison. o R HO R
O 0L
DISCUSSION N N
. Two classes of iryptophan analogues have been CharaCter'shows that the direction of shift is from carbon 5 to carbon
ized as substrates for tryptophan hydroxylase to examine the4 as previously concluded by Renson et al. from studies of
basis for the hydroxylation regiospecificity of the enzyme. [§-3H]-tryptophan P6). The occurrence of NIH Shifts iNvolv-
Analogues with methyl substituents were used as probes foring methyl chloridé and bromide moieties by tyrosine
th_e sensi_ti_vity of _the re_action to steric bulk, while analogues hy droxylasé was pre\'/iously taken as support for an electro-
g;itﬁ)dndigogr?;r:él% ?r:t;g?nrils xzrrzgsvev?tr? tshgrg)?fjpg;;h; philic aromatic substitution mechanism for hydroxylation,

j in which the initial attack of the oxygenating intermediate
5-azatryptophan, all of the compounds were substrqtes forforms a cation 21). The NIH shift of a methyl group with
thryptophan hydroxylase. To a ""Frge exte.n.t, the siteof tryptophan hydroxylase is consistent with a similar mecha-

ydroxylation was unaffected by either modn‘lcatlo_n_. All of nism for that enzyme. Scheme 2 is a mechanism for
EEZ mgg:gltr% %t,o?jg%]c?n\évt?;\ingy?r:(;ﬂlr?;egt::icp%illtl?2f5th0ef tryptophan hydroxylase based on the present results and on

' : - . . earlier studies of tyrosine hydroxylasglj.
met_hyl group did not dlsrupt the pmdmg O.f the amino acid The VIK values provide a more sensitive measure of the
sufficiently to alter the regiospecificity. Similarly, for the

- . ffects of substrate structure on reactivity. The methyltryp-
three azatryptophans which were substrates, the site 01Eteophans probe the steric interaction between the enzyme and

hydroxylation was unchanged despite large changes in thethe indole ring of the amino acid substrate. As noted above,
electron density of carbon 5 due to the presence of the

additional nitrogen. The results with both series of analogues no turnovc_ar can be detected W'.th 5-azatryptophan as sub-
- strate, while the methyl group in 5-methyltryptophan de-

suggest tha_t the amino acid has a single binding mode N creases tha//K value by 4 orders of magnitude. TheK
the active site. .
. _ ) . _ value for 4-methyltryptophan is decreased almost 3 orders

The only amino acid for which the site of hydroxylation ¢ magnitude, while those for 6-methyl-and 7-methyltryp-
was altered was 2-isoazatryptophan. This is also the onlyonhan are much closer to that of the native substrate. In
amino acid which did not have a nitrogen atom at position 4qgition, hydroxylation is least efficient when the methyl
1 of the ring, raising the possibility that this nitrogen is 44y resides on the 4- or 5-carbon of the indole ring. These
_critical for proper positioning of th_e indole ring. This nitrogen  oqjits suggest that carbons 4 and 5 of the indole ring are
is the only atom in the ring which would be expected 10 ighiiy packed in the active site, in close proximity to the
form a hydrogen bond with an amino acid residue in the pyqroxylating intermediate. Substituents in these positions
protein, so that it could certainly play a dominant role in v, prevent correct binding of the indole ring and disrupt
properly positioning the amino acid for hydroxylation. the hydroxylation reaction. The effects become less pro-

The only amino acid examined here which was not a nounced as the methy| group is moved to the 6- and
substrate for tryptophan hydroxylase was 5-azatryptophan.7-carbons, suggesting that there is more flexibility in this
In addition, there was no unproductive oxidation of 6MPH  region of the active site.
in the presence of this amino acid, suggesting that binding The V/K values for the azatryptophans show a similar
of this amino acid to tryptophan hydroxylase is quite weak. trend. Catalysis is most disrupted when the pyridyl nitrogen
The analogous pyridylalanines bind weakly to bovine ty- s |ocated at positions 4 or 6, with no detectable reaction
rosine hydroxylased), suggesting that the substitution of  occurring with 5-azatryptophan. TH¢K values for 4-aza
a nitrogen at the site of hydroxylation generally weakens and 6-azatryptophan are 50- and 60-fold smaller, respectively,
binding to this family of enzymes. than that observed for tryptophan. This is a much smaller

Two different hydroxylated amino acids are produced effect than was seen with the methyltryptophans, suggesting
when 5-methyltryptophan is a substrate for tryptophan that the effects with the latter substrates are due to steric
hydroxylase. The major product is 5-hydroxymethyltryp- interactions. The weaker interactions with the azatryptophans
tophan, indicating that the hydroxylating intermediate of may be due to a decreased interaction between the more polar
tryptophan hydroxylase is sufficiently potent to hydroxylate azaindole ring and the hydrophobic active site. The structures
benzylic carbons. This is similar to what is observed in the of the homologous catalytic domains of tyrosine and phen-
hydroxylation of 4-methylphenylalanine to 4-hydroxymeth- ylalanine hydroxylase show that these active sites are
ylphenylalanine by phenylalanine hydroxylas25)( and primarily hydrophobic 27, 28). The few charged amino acid
tyrosine hydroxylase2(l) and supports a model in which residues in the active sites of all three enzymes have been
the oxygenating intermediate is the same in all three implicated as iron ligands or in binding polar or charged
enzymes. The minor product from 5-methyltryptophan is moieties on the amino acid and tetrahydropterin substrates
4-methyl-5-hydroxytryptophan, in which the 5-methyl has (27, 29, 30).
migrated to the adjacent 4-carbon. The formation of this The Vnax values for hydroxylation of all the individual
compound requires an NIH shift of a methyl group. It also amino acids are within a factor of 3 of that observed for

Iz _J-o
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tryptophan. However, in some cases, the rate of tetrahydro-REFERENCES

pterin oxidation exceeds that seen with tryptophan by
severalfold due to the large fraction of unproductive turnover.
Previous studies of the homologous pterin-dependent enzyme
tyrosine hydroxylase strongly support a kinetic mechanism
in which there is a rate-limiting formation of the hydroxy-
lating intermediate followed by relatively rapid hydroxylation
of the amino acid substratgl, 24). Changing the reactivity

of the amino acid substrate has little effect on the overall
rate of tetrahydropterin consumption by tyrosine hydroxylase,
although it does alter the relative amount of amino acid
hydroxylated. Catalysis by tryptophan hydroxylase would be
expected to show the same two individual reactions in
catalysis. In contrast to the situation with tyrosine hydroxy-
lase, the rate of tetrahydropterin consumption is significantly
greater than that for tryptophan with several of the amino
acids in Table 3. This is consistent with the rate-limiting
step in productive catalysis being a step in the hydroxylation
of the substrate rather than formation of the hydroxylating
intermediate. In the case of 4- and 6-azatryptophan and
4-methyltryptophan, the disrupted orientation of the substrate
in the active site destabilizes the hydroxylating intermediate
so that it can break down unproductively. If the unproductive
breakdown is more rapid than productive hydroxylation of
the amino acid, the rate of turnover can increase. Kinetic
isotope effects with deuterated tryptophans also support a
model in which oxygen addition to the amino acid is slower
than formation of the hydroxylating intermedi&t&hus, for
highly uncoupled substrates, the rate of pterin consumption
is an approximate indication of the rate of the reaction of
the enzyme with molecular oxygen. This rate appears to have
a limit that is similar to the rates of turnover for tyrosine
hydroxylase and phenylalanine hydroxylase, both of which
are thought to have the reaction with molecular oxygen as
the rate-limiting step in catalysis. In addition, the maximal
rate of turnover observed with phenylalanine as a substrate
for tryptophan hydroxylase is 100 mih similar to the fastest
rates of tetrahydropterin consumption observed hég. (

and 5 of the indole ring. The hydroxylating intermediate of

tryptophan hydroxylase has stringent hydroxylation regiose- 22.

lectivity and will not hydroxylate at positions 4 or 6 in

response to changes in substrate atomic charge distribution 23.

or steric obstruction at carbon 5. The hydroxylating inter-
mediate of tryptophan hydroxylase is capable of oxygenating
deactivated aromatic and benzylic carbons.
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