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ABSTRACT. The active site of tyrosine hydroxylase consists of a hydrophobic cleft with an iron atom near
the bottom. Within the cleft are several charged residues which are conserved across the family of pterin-
dependent hydroxylases. We have studied four of these residues, glutamates 326 and 332, aspartate 328,
and arginine 316 in tyrosine hydroxylase, by site-directed substitution with alternate amino acid residues.
Replacement of arginine 316 with lysine results in a protein witkyavalue that is at least 400-fold
greater and &/Ky, value that is 4000-fold lower than those found in the wild-type enzyme; substitution
with alanine, serine, or glutamine yields insoluble enzyme. Arginine 316 is therefore critical for the binding
of tyrosine. Replacement of glutamate 326 with alanine has no effect ddythalue for tyrosine and

results in a 2-fold increase in tt&, value for tetrahydropterin. Thénaxfor DOPA production is reduced

9-fold, and theVmax for dihydropterin formation is reduced 4-fold. These data suggest that glutamate 326

is not directly involved in catalysis. Replacement of aspartate 328 with serine results in a 26-fold higher
Kwm value for tyrosine, a 8-fold lowe¥max for dihydropterin formation, and a 13-fold low&fmax for

DOPA formation. These data suggest that aspartate 328 has a role in tyrosine binding. Replacement of
glutamate 332 with alanine results in a 10-fold highgr value for 6-methyltetrahydropterin with no
change in theky value for tyrosine, a 125-fold loweVmax for DOPA formation, and an only 3.3-fold

lower Vmax for tetrahydropterin oxidation. These data suggest that glutamate 332 is required for productive
tetrahydropterin binding.

Tyrosine hydroxylase (TyrH)s the rate-limiting enzyme  Scheme 1
in the biosynthesis of catecholamine neurotransmitters; it

catalyzes the hydroxylation of tyrosine to forraDOPA I}IH3Ga o HO, I}IH3® o
(Scheme 1), a precursor of the neurotransmitters dopamine,Ho—O—CHg-C—Coz HO@—CHZ-C—COZ
: - i : H H

norepinephrine, and epinephrine. Two closely related en- 0,

zymes, phenylalanine hydroxylase (PheH) and tryptophan H — HH N_NH
hydroxylase (TrpH), are also rate-limiting enzymes in critical H AN NYNHZ H_:l: EY 2
metabolic pathways (phenylalanine catabolism and serotonin R_TN l__NH R AN NH
biosynthesis). The three enzymes share many traits both HH o HSO

structural and functional. All three catalyze the hydroxylation
of an aromatic ring, utilizing tetrahydrobiopterin, oxygen,
and a non-heme iron atonl<3). All are tetrameric in
structure. The 330 C-terminal amino acids of all three are
60—80% identical in sequence. A variety of approaches have
established that each subunit of TyrH and PheH consists of

a catalytic domain, an N-terminal regulatory domain, and a
C-terminal tetramerization domaid, 5). While characteriza-
tion of TrpH has lagged well behind that of these two
enzymes, the isolated catalytic domain of TrpH has been
purified in an active form and shown to be a monon®&r (

It has been proposed that the catalytic regions of the three

T This research was supported in part by NIH Grant GM 47291 and enzymes evolved from the same ancestral g&né)(
Robert A. Welch Foundation Grant A-1245. Recently, the three-dimensional structures of the catalytic
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;nggﬁmgm 8; giﬁgg?sr?ri;"y and Biophysics. The active site iron atom is located near the bottom of this
1 Abbreviations: DOPA, dihydroxyphenylalanine; IPTG, isopropy! cleft. Along the sides of the cleft are several charged amino

B-D-thioglucanopyranoside; TyrH, tyrosine hydroxylase; PheH, phen- acid residues which are conserved among the three hydrox-

ylalanine hydroxylase; TrpH, tryptophan hydroxylase; 6-MP4meth- ylases (Figure 1). Three of these residues [histidine 331,
yltetrahydropterinKy,, Ku value for tyrosineKs-mpen,, Ku value for

6-methyltetrahydropterin; LB-carb, Luria-Bertani broth with 10¢/ hIStldme 336, and gIL_Jtamate 378 12)] are already known
mL carbenicillin; LB-amp, Luria-Bertani broth with 10@g/mL to be ligands to the iron atom. In this study, we focused on
ampicillin. the remaining four charged conserved residues, the glutamates
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Table 1: Oligonucleotides Used To Create Mutations in Tyrosine

Ficure 1: Conserved charged residues in the active sites of tyrosine

Hydroxylasé
mutation oligonucleotide selection
R316A 5'-tgcac ccagt atatc gegea tgeet cctea cct-3”  gain of a Sphl site
R316S 5'-caccc agtat atcte geatg cctec teac gain of a Sphl site

R316Q 5'-caccce agtat atcca geatg cctec feac-3 gain of a Sphl site
R316K 5'-caccc agtat atcaa g catg cctec tcac-3’ gain of a Sphl site
E326A 5'-cctat geatt caccg gegee ggact getge cat-3”  gain of a Narl site
D328A 5'~cacct gagee ggeat getge catg-3 gain of a Sphl site
D328S 5'-tcacc tgage cctet tgctg ccatg ag-3 gain of a BanlI site
D328N 5'-cacct gagec caact getge catg-3 gain of a BanlI site
E332A 5'-ctget geeag geget gttgg gac-3’ gain of a BstUI site

a Oligonucleotides used for E326 and R316 were actually the reverse
and complement of those noted here; mutagenesis using pET23 requires
that the mutagenic oligonucleotide bind to the noncoding strand.
Oligonucleotides used for E332A, D328N, and D328S were the above
oligonucleotides and a complementary oligonucleotide; the Stratagene
QuikChange kit utilizes oligonucleotides binding to both strands of the
template. These sequences are given for ease of comparison to the wild-
type sequence. Mutagenic codons are indicated in bold type, and new
restriction sites are underlined.

hydroxylase and phenylalanine hydroxylase. The figure was
constructed using PDB file 17TOH.

at position 326 and 332, the aspartate at position 328, and
the arginine at position 316 of tyrosine hydroxylase.

EXPERIMENTAL PROCEDURES

Materials Oligonucleotides were custom synthesized on
an Applied Biosystems model 380B DNA synthesizer by
the Gene Technology Laboratory of the Biology Department
of Texas A&M University. 6-Methyltetrahydropterin was
purchased from Schircks Laboratories. Phage M13KO7 was
from Pharmacia Biotech Inc. Restriction endonucledasd
was purchased from Promega CoippH, BstUl, andBanll
were from New England Biolabs Inc. Plasmids were purified
using kits from Qiagen Inc. Leupeptin, pepstatin, and catalase
were obtained from Boehringer Mannheim Corp. Sheep
dihydropteridine reductase and NADH were from Sigma

by either method. Mutagenesis was carried out using the
oligonucleotides described in Table 1. Mutated plasmids were
detected by electrophoretic analysis of restriction digests of
plasmids using the enzymes indicated in Table 1. The coding
regions of all plasmids which met this criterion were then
sequenced to confirm the desired mutation and to identify
unexpected mutations.

Bacterial Cell Growth Plasmids were introduced into
competenk. coliC41(DE3) and/or BL21(DE3) cells. Small
cultures of each were grown for storage as 15% glycerol
permanent stocks at80 °C. Thereafter, cells were streaked
onto LB-agar plates (containing 1Q@y/mL carbenicillin)
for use no earlier than 1 week before growth in liquid culture.
For growth of bacteria expressing mutant enzymes, various
expression conditions were screened. In each case, the
conditions yielding the most enzyme are reported here.

For cells containing pETYHE326A, growth was carried

Chemical Corp. Heparin-Sepharose and DEAE-Sepharoseout at 30°C. Bacteria were grown in LB medium containing

Fast Flow were purchased from Pharmacia Biotech Inc.
Escherichia colistrain C41(DE3), a strain derived from
BL21(DE3) which grows to a higher cell densit{3), was
a gift from B. Fox (University of Wisconsin, Madison, WI).
E. coli strain XL1-Blue was obtained from Stratagene USA
and was used during DNA subcloning protocdtéu DNA
polymerase was obtained from Stratagene USAcoli strain
CJ236 was obtained from Invitrogen Corp. and was used
for the production of single-stranded uridine-containing
DNA. DNA sequencing was carried out by the Gene
Technology Laboratory of the Biology Department of Texas
A&M University.

Design of Vectors for Enzyme Expressi@ite-directed
mutagenesis was carried out according to the protocol of
Kunkel et al. (4) for E326A and for the R316 mutations.

100ug/mL carbenicillin (LB-carb). One colony of C41(DE3)
containing pETYHE326A was picked from LB-agar plates
and used to inoculate 20 mL of LB-carb; the culture was
incubated for 9 h. This was used to inocela 1 L culture

of LB-carb at a ratio of 10 mL per liter. When ti#gq value

of the culture reached 0.8, isoprogb-thioglucanopyran-
oside (IPTG) was added to a final concentration of 0.5 mM.
Incubation was continued for 12 h. Cells were harvested by
centrifugation at 500§ for 30 min and stored at-70 °C
overnight.

For cells containing pETYHR316A, -R316S, -R316Q, and
-R316K, growth was initially carried out under various
conditions. Bacteria were grown in LB-carb. All inocula were
grown at 37°C; a colony was picked and used to start a 20
mL culture, which was grown for 12 h. Inocula were added

Mutagenesis was performed using the Stratagene QuikChangeo 1 L of LB-carb at a ratio of 10 mL per liter. The large

kit for E332A and for the D328 mutations. Plasmid pETYHS,
which contains the cDNA for rat TyrH inserted into tNed
andBanH| sites of pET23d with the uniquidcd site at the
position encoding methionine 1, has been previously de-
scribed (5) and was used as the template for mutagenesis

cultures were immediately moved to incubators at the desired
final temperatures of 1537 °C. When the culture reached
anAggovalue of 0.7, IPTG was added to a final concentration
of 0.5 mM. Aliquots were removed periodically withir-32

h depending on the temperature, and the amount of mutant
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protein present was determined by PAGE. For purification, published protocol, with the addition of a second chroma-
R316KTyrH, the only arginine 316 mutant protein that could tography step. The proteins in the heparin-Sepharose eluate
be obtained for further study, was grown in the following were precipitated by adding ammonium sulfate to 60%
manner. One colony of BL21(DE3) cells containing saturation, and then redissolved to give 1 mg/mL protein in
pPETYHR316K was picked from a plate to inoculate 20 mL 50 mM Tris-HCI, 10% glycerol, 75uM EDTA, 1 uM

of LB-carb; the culture was incubated at 3Z for 7 h. This leupeptin, and M pepstatin (pH 7.0). The sample was
culture was used to inocutatl L of LB medium containing dialyzed versus the same buffer containing 75 mM am-
100 ug/mL ampicillin (LB-amp) at 37°C at a ratio of 12 monium sulfate and applied to a column of DEAE-Sepharose
mL per liter, and the fresh culture was then moved to a 22 Fast Flow (1.0 cmx 7 cm). The column was washed until
°C incubator. When thésg value of the culture reached the Axgovalue of the effluent was 0.05, and D328STyrH was
0.5, IPTG was added to a final concentration of 0.25 mM. eluted wih a 0 to 1.0 MNaCl gradient in 50 mM Tris-HClI,
Incubation was continued for 12 h. Cells were harvested by 10% glycerol, 1uM leupeptin, and kM pepstatin (pH 7.0).
centrifugation at 500§ for 30 min and stored at-70 °C Electrophoresis on denaturing 8% polyacrylamide g€B (

overnight. was used to estimate expression levels at early stages of the
For cells containing pETYHE332A, preinduction growth isolation and purity at later stages. At early stages of the
was carried out at 37C and postinduction growth at T& purification, the protein concentration was determined with

in LB-amp. One colony of BL21(DE3) cells containing the Bio-Rad protein assay; after chromatography, protein
pPETYHES332A was picked from a plate and used to inoculate concentrations were assessed using the absorbance at 280
20 mL of LB-amp; the culture was incubated at 37 for nm (16).
5.5 h. This culture was used to inocad 1 L culture of Assays Wild-type TyrH is inhibited by tyrosine at
LB-amp at a ratio of 15 mL per liter. This culture was concentrations above 1QM, but only in the presence of
maintained at 37C until the Asoo value reached 0.3, after  the physiological substrate tetrahydrobiopterin. To avoid this
which the flask was moved to an & incubator. When  complication, 6-methyltetrahydropterin was used in all
the Asgo value of the culture reached 0.7, IPTG was added enzyme assays instead.
to a final concentration of 0.25 mM. Incubation was  The hydroxylation of tyrosine to form DOPA was assessed
continued for 12 h. Cells were harvested by centrifugation with a colorimetric end-point assay which determines the
at 500@ for 30 min and stored at 70 °C overnight. amount of DOPA formed@). Standard conditions for the
For cells containing pETYHD328A, -D328N, and -D328S, assay were 50 mM HEPES/NaOH, 10g/mL catalase, 10
initial growths were carried out at several different temper- uM ferrous ammonium sulfate, 128V tyrosine, and 300
atures in LB-amp. One colony of BL21(DES3) cells containing uM 6-MPH, at pH 6.7 and 32C. Wild-type TyrH assays
plasmid was picked from a plate and used to inoculate 20 were carried out for 2 min; the mutant proteins were assayed
mL of LB-amp; the culture was incubated at 3Z for 6 h. for 5 min. For determination of steady-state kinetic param-
This inoculum was used to sga 1 Lculture of LB-amp at  eters, the concentration of 6-MRMas varied from M
a ratio of 15 mL per liter. This culture was incubated at 37 to 1.3 mM, or the concentration of tyrosine was varied from
°C until the Agpo value reached 0.2, after which the flask 5 uM to 2.75 mM.
was moved to a separate incubator at 12, 16, 18, 620 With some alternate substrates, the aromatic amino acid
When theAgo value of the culture reached 0.4 for the 12 hydroxylases oxidize more moles of tetrahydropterin sub-
°C growth or 0.7 at 16, 18, or 2TC, IPTG was added to a  strate than they hydroxylate amino acid substrate. Because
final concentration of 0.25 mM. For purification of of the possibility that a mutant TyrH likewise might produce
pPETYHD328S, the cells were grown at 16 for 18 h after more of one product than the other, rates of dihydropterin
induction. Cells were harvested by centrifugation at 000 production from tetrahydropterin were determined. Using a
for 30 min and stored at70 °C overnight. coupled assay with dihydropterin reductase, the decrease in
Protein Purification Wild-type rat tyrosine hydroxylase, —absorbance at 340 nm due to NADH oxidation was moni-
R316KTyrH, and E326ATyrH were purified as previously tored (19, 20). The standard assay contained 125
described for the wild-type enzymé®@). The purification  tyrosine, 30uM 6-MPH,, 80 mM HEPES/NaOH, 5@g/
protocol consists of cell lysis by sonication, polyethylene- mL catalase, 20tM NADH, 10 4M ferrous ammonium
imine precipitation, ammonium sulfate precipitation 30  sulfate, and 0.2 unit/mL sheep dihydropteridine reductase
50% saturation), and heparin-Sepharose chromatographyat pH 6.7 and 32C. Because of the difficulty of accurately
EDTA is included at a concentration of 751 as a protease =~ measuring enzymatic dihydropterin production at high levels
inhibitor in most buffers, but is removed from pure enzyme, of tetrahydropterin due to background autoxidation,Whs:
because it increases the rate of autoxidation of tetrahydro-value for E332ATyrH was determined by performing assays
pterin. At 75uM, it does not affect the iron content of wild-  at a 6-MPH concentration equal to itsy value (255«M)
type TyrH. Therefore, after purification wild-type TyrH and and 200uM tyrosine and multiplying the velocity obtained
E326ATyrH were dialyzed versus 50 mM Tris-HCI, 10% by 2. The Vyax values for dihydropterin formation by
glycerol, 1uM leupeptin, and M pepstatin (pH 7.0) to ~ E326ATyrH and D328STyrH were determined by perform-
remove EDTA. R316KTyrH was eluted from heparin- ing assays with 30@M 6-MPH, and varying the tyrosine
Sepharose with buffer lacking EDTA. E332ATyrH was concentration; for E326ATyrH, the range was-350uM,
purified using the published protocol, the exceptions being and for D328STyrH, the range was 120 to 2.75 mM.
that 2.5% streptomycin sulfate was used instead of 0.008% Steady-state kinetic data were fit directly to eq 1 using the
polyethyleneimine to remove nucleic acids and that the program Kaleidagraph.
enzyme was eluted from the heparin-Sepharose column in
buffer lacking EDTA. D328STyrH was purified using the v=V3(Ky+9 1)
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Table 2: Steady-State Kinetic Parameters for Active Site Mutants of Tyrosine Hydroxylase

Ke-mpH, V/Ky® Vimaxfor DOPA Vmax for dihydropterin
enzyme Ky, (uM) (uMm) (M~ min™1) formation (mirr1)b formation (mint)° DOPA/dihydropterifi x 100
TyrH 25+5 26+ 8 6.6+ 1.4 150+ 14 165+ 11 91+ 10
R316K >10000 52+ 28 0.0018+ 0.00012 nd nd 35+ 2.9
E326A 21+ 2 52+7 2.14+0.3 16.8+1.1 43.7£ 5.2 38+ 5.2
D328S 641t 175 10.3+ 2.9 0.032+ 0.009 11.9+ 0.6 20.6+ 2.1 58+ 6.6
E332A 22+ 3 255+ 67 2.2+ 0.3 1.2+ 0.2 48.9£ 0.5 24404

2Based on the rate of dihydropterin formatidThe assay measured the extent of DOPA formation from tyrosine. Assays were carried out in
50 mM HEPES/NaOH, 10@g/mL catalase, and 1M ferrous ammonium sulfate at pH 6.7 and 32, as described in Experimental Procedures.
¢ The assay measured 6-methyldihydropterin formation from 6-methyltetrahydropterin. Assays were carried out in 80 mM HEPES/NaOH, 100
ug/mL catalase, 20@M NADH, 10 «M ferrous ammonium sulfate, and 0.1 unit/mL sheep dihydropteridine reductase at pH 6.7 a@d &2
described in Experimental Procedur&¥max for DOPA formation¥/max for dihydropterin formation< 100. ¢ Determined at 0.6 mM tyrosinéNot
determined9 Determined at 1.66 mM tyrosine.

RESULTS with any of these three mutant proteins. Only when arginine
316 was replaced with lysine was it possible to obtain soluble

Ouerexpression and Purification of Mutant Proteifost mutant protein. In this case, the cells had to be grown at 22

previous descriptions of the production of recombinant TyrH o
have utilizecE. colistrain BL21(DE3). The strain C41(DE?3) CétFro dm gtLtOfE_Jltutr_e’ Awelpurlfle?hj Tg $;R3lgg)c/er.
has been reported to grow for longer times without loss of eady-State rinetic Analyses ot Mutant Enzy y-
plasmid to degradation than does BL21(DEB3)( We have state kinetic analyses were carried out for each of the purified

found that C41(DE3) cells expressing wild-type TyrH can mutant proteins by measuring sepgrately the_ rates of forma-
be grown to C((ell de)nsities WFi)th\eoo vgalues c))/fp 6.&)/7.0, tion of both products, DOPA and dihydropterin. The respec-

yielding 10 times more cells upon harvest than a comparabletiye steady-state kinetic param_eters are listed in Table 2 along
culture with BL21(DE3) cells. For wild-type TyrH, we obtain  With the parameters for the wild-type enzyme. _
approximately 60 mg of enzyme/L of culture. The_ mutant protein R316KTyrH was almost totally devgld
Each of the conserved residues (arginine 316, qutamateOf activity. It was necessary to use micromolar concentrations
326, glutamate 332, and aspartate 328) was replaced withof enzyme to.accuratelly determ|_ne the very low rates of
alanine by site-directed mutagenesis. Initially, the cells were POPA and dihydropterin formation. The rate of DOPA
grown under the conditions used for the wild-type enzyme. formation d(_epended dlreqtly on the tyrosine concentration
The mutant protein E326ATyrH was expressed at a level OV€r thg entire concentration range used. The_low solubility
comparable to that of the wild-type protein in C41(DE3), of tyrosine limited _the tyrosine concentration in the assays
comprising approximately 25% of the total soluble cell Fo 275 mM. No evidence for satu_ratlon bghgwor was seen,
protein; 50% of the protein precipitated in the ammonium indicating that theKy, value for this protein is at least 10
sulfate step, and was therefore easily purified.nfFbL of mM. The V/Ky: value could be determined from the
culture, we obtained 30 mg of pure enzyme. However, none dependen(_:e of the velocity on th_e tyrosine concentration.
of the other mutant proteins were expressed in soluble form The value is decreased from the wild-type value by 4 orders
in C41(DE3) cells. Consequently, strain BL21(DE3) was Of magnitude. TheKeypy, value for R316KTyrH was
used instead. determined at a tyrosine concentration of 0.6 mM; the
The mutant protein E332ATyrH was readily expressed in resulting value is only slightly higher than 'that for the wild-
abundance in BL21(DE3) cells. It proved to be possible to YP€ €nzyme. The rate of DOPA formation is decreased about
obtain soluble enzyme when cells were grown at@8From 3-fold more than the rate of dihydropterin production.
1 L of culture, we purified 24 mg of enzyme. Replacement of glutamate 326 with alanine has only
D328ATyrH was also expressed well, but it was insoluble Moderate effects on tHey values for tyrosine and 6-MPH
at every temperature and incubation time tested. Conse-The Ky, value for E326ATyrH is the same as that for wild-
quently, aspartate 328 was replaced with several differenttype TyrH, while theKe-wpr, value is about twice the wild-
residues in an effort to obtain active and soluble mutant type value. The effect of the mutation on thgax value
protein. With both D328STyrH and D328NTyrH, a small depends on whether the rate of formation of DOPA or of
amount of soluble enzyme was produced when cells were dihydropterin is measured. E326ATyrH is 9-fold less active
grown at 12 or 15°C. Only D328STyrH was chosen for ~than the wild-type enzyme in the production of DOPA from
further study and purified to homogeneity. Because of the tyrosine, and 4-fold less active in the production of dihy-
relatively low level of expression of the protein, a DEAE- dropterin.
Sepharose chromatography step was added to the purification Replacement of aspartate 328 with serine by mutagenesis
protocol. From 12 L of culture, approximately 7 mg of has a more dramatic effect on kinetic parameters. Kje
enzyme was isolated. value is almost 26 times higher than that for wild-type TyrH,
Replacement of arginine 316 with alanine similarly did while the Ke-wpn, value is slightly lower than that for the
not yield soluble protein under any growth conditions, Wild-type enzyme. The mutant enzyme D328STyrH has
although the level of expression at 3C was satisfactory.  loweredVmaxvalues in both activities; for DOPA formation,
The R316S- and R316QTyrH proteins behaved similarly, the Vmax value is 13-fold lower, and for dihydropterin
being expressed at high levels if growth was carried out at formation, it is decreased 8-fold.
37 °C. If growths were carried out at lower temperatures,  Mutagenesis of glutamate 332 to an uncharged alanine
no proteins with the correct molecular mass could be detectedresidue also resulted in a mutant protein with lower activity.
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Scheme 2
E + DOPA

/+ PH40H

PH 0, tyr
E —3 EPH, —2» E O;PH; —» EtyrOyPH,—» E-Xtyr

-
\ E +tyr

+ PH2

While theKy, value is comparable to the one for wild-type residues in TyrH without seeing definitive effects on enzyme
TyrH, the Ks—mpn, value is almost 10 times higher than the activity (27). Still, site-directed mutagenesis of conserved
wild-type value. TheVna for tyrosine hydroxylation is histidine residues has established histidines 331 anti&836
reduced 125-fold compared to that of TyrH, while that for ligands to the iron in both TyrH and PheHli1( 12). Using

dihydropterin production is only decreased 5-fold. an alternative approach involving anti-idiotype antibodies,
Jennings et al. identified residues 26239 of PheH (309
DISCUSSION 335 of TyrH) as a possible region for pterin bindir@g).

With the availability of the three-dimensional structures
of the catalytic domains of TyrH and Phel, (10), it is
possible to identify residues which are located in the active
site of these enzymes. The active sites of the two enzymes
are effectively identical. Both are hydrophobic clefts framed
by four helices with the iron near the bottom. Many of the
Oresidues lining the active site are hydrophobic, consistent
with the hydrophobicity of the substrates. In the work
described herein, we have focused on active site residues
which are conserved among all three hydroxylases and are
likely to be charged at pH 7.1. The residues meeting these
criteria in TyrH are arginine 316, glutamate 326, aspartate
328, histidine 331, glutamate 332, histidine 336, and
glutamate 376. Histidines 331 and 336 and glutamate 376
are ligands to the active site iron. The effects of mutagenesis
of these two histidine residues have been described previ-
ously for TyrH and PheH. In both cases, the mutant proteins
are inactive 29, 30). Mutagenesis of the remaining iron

The homology of the catalytic domains of phenylalanine
hydroxylase, tyrosine hydroxylase, and tryptophan hydroxy-
lase and the similarities of the reactions these enzymes
catalyze suggest that their catalytic mechanisms are similar
if not identical. Despite a great deal of study, the understand-
ing of these chemical mechanisms is still quite limited. At
present, tyrosine hydroxylase may be the best understoo
mechanistically of the pterin-dependent hydroxylases. Study
of phenylalanine hydroxylase has been complicated by the
allosteric properties of that enzym@1(-23), while it has
only very recently been possible to obtain sufficient amounts
of tryptophan hydroxylase for mechanistic studiés The
present understanding of the kinetic mechanism of tyrosine
hydroxylase is summarized by the mechanism depicted in
Scheme 2. Tetrahydropterin is the first substrate to bind,
followed by oxygen; tyrosine is the final substrate to bind
(18). Because oxygen binds in a rapid equilibrium fashion,

there is noKy value for oxygen. The enzyme does not liqand alut © 376 Id biv h imilar effect
catalyze a reaction between tetrahydropterins and oxygen in 'gand glutamate would presumably have a simiiar etiec

the absence of an amino acid substrate, suggesting that %nd WSS dcrtl)nseq_ll_ﬁntl){[hnotfcarrler:]d OUtd'n ths expherlments
conformational change occurs after the amino acid binds bescrl If o?rt? 'teé)' e; gur Ct arged resi (Lﬁf] ave E.OW
which is required for initiation of catalysis. The rate-limiting >c<" &ltered by site-directed mutagenesis and the resufting

step in catalysis is the formation of the hydroxylating proteins characterized.

intermediate (X in Scheme 2); this conclusion is supported  The kinetic mechanism depicted in Scheme 2 provides a
by studies with alternate amino acid substrates and by kineticframework for the interpretation of the effects of the
isotope effects¥8, 20, 24). The hydroxylating intermediate ~ mutations described here. Steady-state kinetic analyses to
then delivers an oxygen atom to the amino acid; the pterin date are consistent with both the amino acid and the
product of this reaction is 4a-hydroxypterin, as shown in tetrahydropterin substrate having low commitments to ca-
Scheme 1. Alternatively, the hydroxylating intermediate can talysis’ (20, 24). Consequently, th&y values for both of
break down unproductively, resulting in production of these substrate are reasonable approximations of the dis-
dihydropterin without concomitant hydroxylation of the sociation constants. For the mechanism depicted in Scheme
amino acid. This unproductive reaction is only significant 2, theV/Ky, value includes the rate constants for both the
with the wild-type enzyme when nonphysiological substrates binding of tyrosine and the formation of the hydroxylating
are used §, 25, 26). The degree to which unproductive intermediate. This conclusion is supported by i@ kinetic
breakdown of the hydroxylating intermediate occurs reflects isotope effects measured by Francisco et 24).(Because

a balance between its rate of decay and the rate of Oxygenthe formation of the hydroxylating intermediate is expected
atom transfer to the amino aci@6). to be irreversible, the rate of the subsequent transfer of

oxygen to the amino acid is not reflected in ¥y, value.

Until recently, very little could be said about the involve- ) ) .
Y very The Vmax Value for dihydropterin formation reflects the rates

ment of any particular amino acid residue in the chemical
mechanism of any of the pterin-dependent hydroxylases.
Although it is reasonable that residues which are conserved 2The numbering of residues is that of rat tyrosine hydroxylase. Rat
in TyrH, PheH, and TrpH are candidates for catalytically phenylalanine hydroxylase is 46 residues shorter due to the smaller
important residues, the high proportion of conserved amino Sizé 0f the regulatory domain in that enzyme. Thus, the homologous

: . S R . residues in PheH would differ in numbering by 46 from those used
acid residues has limited the insights obtained from sequence,gre.

comparison. For example, Quinsey et al. mutated several such 2P. F. Fitzpatrick, unpublished observations.
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both for the formation and for the further reaction of the of substrates is unaffected and consequently any binding
hydroxylating intermediate. With the wild-type enzyme, interactions between substrates and glutamate 326 are weak.
formation of the hydroxylating intermediate is the slow step, Both theV/Ky, value and th&/maxfor dihydropterin formation
so theVmax Value primarily reflects this step. The relative are decreased about 3-fold, consistent with a decrease of this
rates of the two pathways by which the hydroxylation magnitude in the rate of formation of the hydroxylating
intermediate can react further can be determined by com-intermediate. Consistent with a change in the properties of
parison of the rates of formation of DOPA and dihydropterin the hydroxylating intermediate in the mutant protein, there
(26, 31). is also an increase in the amount of unproductive formation
Clearly, arginine 316 is critical to TyrH activity. Mu-  of dihydropterin. Thus, substitution of alanine in position
tagenesis of arginine 316 has the most dramatic effect of 326 affects the chemical steps in hydroxylation rather than
any of the mutations described here on the properties ofbinding. A reasonable explanation for these results is that
TyrH. Substitution with uncharged alanine, serine, or glutamine the mutation alters the overall conformation of the active
residues resulted in an insoluble protein. It was only upon site.
substitution with a positively charged lysine residue that it ~ Mutagenesis of aspartate 328 to alanine did not produce
was possible to obtain a soluble enzyme. Even this relatively soluble protein in our hands, but substitution with either
conservative mutation resulted in a mutant protein with very asparagine or serine resulted in a small quantity of soluble
low activity. Although theKs_wpr, Value is only an apparent  mutant protein. The levels were a little higher for D328STyrH,
value because it could not be measured at a saturatingso it was purified for study. D328STyrH is deficient in
tyrosine concentration, it appears to be only slightly affected tyrosine binding, with a 26-fold increasé¢,, value. The
by the substitution of lysine for arginine 316. In contrast, Vmax Value for dihydropterin formation is decreased about
the Ky, value for R316KTyrH is at least 400-fold greater 8-fold. Thus, once tyrosine binds, the hydroxylating inter-
than the wild-type value; we can only place a lower limit mediate can form at a reduced rate. The decrease Mihge
on this value because of the limited solubility of tyrosine. value of 200-fold reflects the decrease in both the level of
On the basis of the linear dependence on the tyrosinetyrosine binding and the rate of formation of the hydroxy-
concentration of the initial velocity, thi€,, value is greater  lating intermediate. Once formed, the hydroxylating inter-
than 10 mM. We could determine théKy, value from the mediate is quite capable of forming DOPA; each time the
dependence of the initial rate on the tyrosine concentration; hydroxylating intermediate is formed there is a 60% chance
the value is 3700-fold lower than the value for wild-type the oxygen will be transferred to tyrosine. These data suggest
TyrH. This decrease could be entirely due to a decrease inthat the carboxylate moiety of aspartate 328 binds the amino
the extent of binding of tyrosine, or it could also reflect a moiety of tyrosine. The carboxylate oxygens of aspartate 328
decrease of up to 10-fold on the rate of formation of the are 8.8 and 11 A from the iron atom. This would allow the
hydroxylating intermediate. Since we could not achieve amino moiety of the substrate to form a salt bridge with
saturation by tyrosine, we could not meas¥gy values aspartate 328 while the aromatic ring would be properly
for formation of either product. However, the ratio of DOPA positioned for hydroxylation and the carboxylate moiety
production to dihydropterin production could be measured, would interact with the nearby arginine 316.
since it is independent of the concentrations of the substrates. The final residue which was mutated to alanine was
Transfer of the oxygen to the amino acid is still relatively glutamate 332. In this instance, tyrosine binding is unim-
competitive with the unproductive breakdown of the hy- paired, but theks_vpr, value is 10-fold higher than for the
droxylating intermediate, although there is an increase in the wild-type enzyme. There is a much greater effect orvths
amount of unproductive turnover. This suggests that the value for DOPA formation than on that for dihydropterin

lesion in this protein lies before the formation of the
hydroxylating intermediate, and that the hydroxylating
intermediate reacts relatively normally if it can form. A

formation. This result is best explained by expanding the
minimal kinetic mechanism of Scheme 2 and considering
the individual chemical steps involved. Heavy atom kinetic

minimalist interpretation of the data is that arginine 316 is
required for productive binding of tyrosine. A reasonable
basis for this is that the guanidino moiety of arginine 316
binds the carboxylate moiety of tyrosine. No structure is (24). The relatively small effect of the E332A mutation on
available for tyrosine hydroxylase with an amino acid bound. the rate of dihydropterin formation suggests that this initial
In the available structure with no substrates bound, the reaction with oxygen is relatively unimpaired in the mutant
guanidino nitrogens of arginine 316 are 9.7 and 11.6 A from protein. Instead, a subsequent step required for amino acid
the iron atom. This distance would allow a tyrosine to bind hydroxylation is perturbed. The identity of the hydroxylating
with its carboxylate interacting with the arginine and the intermediate in the pterin-dependent hydroxylases has not
aromatic ring appropriately positioned for hydroxylation by been established. A mechanism consistent with the available
an iron—oxo species. data and previous mechanistic proposals is that the initial
In contrast to the dramatic effects seen upon mutagenesigeaction of oxygen and tetrahydropterin forms a peroxypterin
of arginine 316, mutagenesis of glutamate 326 to alanine (32). This would be followed by heterolytic cleavage of the
had only minor effects on the catalytic properties of TyrH. peroxide G-O bond to form the hydroxypterin product and
The finding that E326ATyrH is an active tyrosine hydroxy- a high-valence iroroxo species, the actual hydroxylating
lase demonstrates that glutamate 326 is not essential forintermediate 24, 33—35). Such a mechanism is fully
activity. Still, the mutation did have some effects on catalysis. consistent with the effects of this mutation. Removal of the
The Ky and Ke-mpn, Values are comparable between carboxylate of glutamate 332 would result in slightly altered
E326ATyrH and wild-type TyrH, suggesting that binding binding of tetrahydropterin. The reaction between oxygen

isotope effects with8O are consistent with the initial step
in the formation of the hydroxylating intermediate being an
irreversible reaction between oxygen and the tetrahydropterin
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and tetrahydropterin could still occur, but the interaction of
the terminal oxygen of the peroxypterin with the iron would
be disturbed. This would greatly decrease the rate of oxygen
transfer to the iron, while allowing the unproductive break-
down of the peroxypterin to still occur. Thus, the effects of
this mutation on both binding and catalysis are consistent
with altered binding of tetrahydropterin in the mutant protein.

Dickson et al. §) have described the effects of altering
the residue in PheH corresponding to glutamate 332 to
alanine. They reported that thg value for tetrahydropterin
was increased some 70-fold, while the rate of phenylalanine
hydroxylation was decreased 200-fold. The effect on the rate
of dihydropterin production was not determined in that case.
The results presented here with TyrH agree qualitatively with
these results.

Goodwill et al. have recently described the structure of
the catalytic domain of rat tyrosine hydroxylase with
dihydrobiopterin bound3g). The side chain of the pterin is
4 A from the carboxylate of glutamate 332, too far for a
direct interaction. In the structure of the catalytic domain of
human phenylalanine hydroxylase, the corresponding glutamate
residue forms a hydrogen bond with a water ligand to the
iron (10). Thus, the available structural data suggest that any
interaction between glutamate 332 and the pterin is indirect.
However, it must be kept in mind that the TyrH structure
was determined with dihydropterin instead of tetrahydro-
pterin. In addition, a conformational change must occur after
tyrosine binds, so the available structures may not reflect
accurately the final positions of these residues.

The results of the studies described here indicate that all
of the conserved charged residues located in the active site
of TyrH contribute to catalysis to some extent. Arginine 316
and aspartate 328 are critical for binding of tyrosine, while
glutamate 332 is required for tight binding of tetrahydro-
pterin. The relatively minor effects of mutating glutamate
326 suggest that it is required to maintain the active site
structure. The present results also provide strong support for
the kinetic mechanism depicted in Scheme 2, in which the
rate-limiting step is the formation of a highly reactive
hydroxylating intermediate.
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