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ABSTRACT. Tyrosine and phenylalanine hydroxylases contain homologous catalytic domains and dissimilar
regulatory domains. To determine the effects of the regulatory domains upon the substrate specificities,
truncated and chimeric mutants of tyrosine and phenylalanine hydroxylase were constALI&RAH,

the C-terminal 336 amino acid residues of phenylalanine hydroxylatB5TYH, the C-terminal 343

amino acid residues of tyrosine hydroxylase; and 2 chimeric proteins, 1 containing the C-terminal 331
residues of phenylalanine hydroxylase and the N-terminal 168 residues of tyrosine hydroxylase, and a
second containing the C-terminal 330 residues of tyrosine hydroxylase and the 122 N-terminal residues
of phenylalanine hydroxylase. Steady-state kinetic parameters with tyrosine and phenylalanine as substrate

and the need for pretreatment with phenylalanine for full activity were determined. The truncated proteins
showed low binding specificity for either amino acid. Attachment of either regulatory domain greatly
increased the specificity, but the specificity was determined by the catalytic domain in the chimeric proteins.
All three proteins containing the catalytic domain of phenylalanine hydroxylase were unable to hydroxylate
tyrosine. Only wild-type phenylalanine hydroxylase required pretreatment with phenylalanine for full

activity with tetrahydrobiopterin as substrate.

Tyrosine hydroxylase (TYH)and phenylalanine hydroxy-
lase (PAH), along with the less-studied tryptophan hydroxy-

and 160 for TYH 6, 8,9)]. TYH and PAH are 75% identical
in their amino acid sequences in the 330 C-terminal region,

lase (TRPH), are members of a group of enzymes which and all three proteins are 60% identical in this regidf)(

hydroxylate aromatic amino acidd)( They all utilize

In the N-terminal domain, the three display little identity.

tetrahydrobiopterin and molecular oxygen as substrates, andBacterial forms of PAH have been isolated; one from
each contains a single non-heme iron atom per subunit. All Chromobacteriumiolaceumcontains 315 amino acids and

three are rate-limiting catalysts for important metabolic path-

ways: TYH, catecholamine biosynthesis; PAH, phenylala-
nine catabolism; and TRPH, serotonin biosynthesis.

is 30% identical to the C-terminal domain of rat PAH (
11). These observations suggest that eukaryotic PAH and

In TYH are derived from the same ancestral gene and that the

addition to the functional similarities, these enzymes are 5 €nds arose via recruitment of exons from unrelated genes

similar in structure. They are multimers of a single subunit

(12); the bacterial PAH would be a form which did not

(2—5) which appears to consist of at least two domains. One acquire an N-terminal regulatory (R) domain.

domain (C domain) constitutes a catalytic unit and is

composed of approximately 330 amino acids at the C-

Given that the eukaryotic hydroxylases are composed of
one domain that is very similar and one domain that is very

terminus of the subunit. The other (R domain) serves different, ithas been proposed that the functional differences

regulatory functionsg, 7) and is made up of the N-terminus
of the protein [about 90 residues for TRPH, 120 for PAH,
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are due to the specific regulatory domait0(13). The
principal such difference between the two more heavily
studied hydroxylases, the tyrosine and phenylalanine hy-
droxylases, is their substrate specificities. Tyrosine hydroxy-
lase is able to hydroxylate phenylalanine, but this is an
inefficient process, in that more tetrahydropterin is consumed
than tyrosine is produced4, 15). In contrast, phenylalanine
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1 Abbreviations: DOPA, dihydroxyphenylalanine; PEI, polyethyl-
enimine; TYH, tyrosine hydroxylase; PAH, phenylalanine hydroxylase;
nP-TYH, the chimeric protein containing the N-terminal domain of
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(2). Another phenomenon which distinguishes PAH from
TYH is substrate activation. Phenylalanine hydroxylase is
activated by incubation with phenylalanine; without such
treatment, initial rates of tyrosine formation show pronounced
lags so that plots of activity versus phenylalanine concentra-
tion are sigmoidal rather than hyperboli6(17). Tyrosine
hydroxylase does not require activation by tyrosihg)(

We describe in this paper the construction of chimeric
mutants of TYH and PAH in which the R domain of each
enzyme is attached to the C domain of the other. Using

S0006-2960(97)01113-6 CCC: $14.00 © 1997 American Chemical Society



Chimeric Pterin-Dependent Hydroxylases Biochemistry, Vol. 36, No. 39, 19971575

Table 1: Oligonucleotides Used To Introduce or Remove Restriction Sites

enzyme oligonucleotide designation oligonucleotide sequence effect of mutagenesis
PAH PHNEWNCO 5-ctgag agcca geatg geccat ggcag ctgtt dtc-3 introducedNcd site at start codon of cDNA
PAH PHANCO 5-tacaa ctacc gccac ggcca gecca tecet-3 removed existingNcd site at position 519
PAH PHNEWSAC 5-gtgcc ctggt tcceg cggac cattc agy-3 introducedSadl site at position 367
PAH PHNCO6 B-aagga aaaga acacc atggc ctggt tccca aggac c-3ntroducedNcd site at position 349
TYH THNEWNCO 5-cacca gcttg cccca tggcece acccc cageég-3 introducedNcd site at start codon of cDNA
TYH THNEWSAC 5-gtccc ctggt tccecg cggaa agtgt cgg-3 introducedSadl site at position 505

a Positions are relative to A of start codon of native gene.

these chimeric mutants, as well as truncated mutants lackingposition 505 in pTH11; the new plasmid (pTH16) was
their N-terminal R domains, and the wild-type enzymes, we detected bysadl digestion and gel electrophoresis. Plasmids
have studies the roles of the amino-terminal domains in pTH16 and pET23d were digested witd and BanHl;
defining the amino acid substrate specificity of these pET23d and the fragment from pTH16 which codes for TYH
enzymes. We have focused on three properties: (1) thewere purified and ligated. Correct plasmids were identified
effects of the N-termini of TYH and PAH oKy values for by agarose gel separation of fragments after restriction
amino acid substrates and &« values for catalysis; (2) enzyme digestion wittlBanmHI alone, Ncd alone, BanHl
whether the N-terminus of PAH alone is sufficient for andNcd togetherEcdRl alone, andPst alone. The correct
substrate activation, and (3) the effect of the N-termini on plasmid was named pETYHS.

the extent of the coupling of amino acid hydroxylation and A vector containing the cDNA for rat PAH was a generous

tetrahydropterin oxidation. gift from Dr. lan Jennings. The cDNA was removed from
this vector and inserted into tHecoRI site of pTZ18R by

EXPERIMENTAL PROCEDURES restriction enzyme digestion, fragment isolation, and ligation,

Materials. Oligonucleotides were custom-synthesized on 9iving plasmid ptzRPH1. The cDNA for PAH contained
an Applied Biosystems Model 380B DNA synthesizer by One internalNcd site which was removed by site-directed
the Gene Technology Laboratory of the Biology Department Mutagenesis, altering one base in the site, but leaving the
of Texas A&M University. Tritiated tyrosine was from amino acid sequence unchanged. This plasmid was called
Amersham. 6-Methyltetrahydropterin was synthesized as PtZRPH2. A uniqueNcd site was introduced at the Bnd
described previously1Q). (6R)-Tetrahydrobiopterin was of the cDNA. Detectlpn of plasmids with mutations was
purchased from Calbiochem. Plasmid pTZ18R and helper @ccomplished by looking for the correBamHl and Ncad
phage M13KO7 were from Pharmacia. Plasmid pET23d was "éstriction fragments on agarose gels. A uni@al site
from Novagen. Restriction and DNA modification enzymes Was introduced at position 367, giving plasmid ptzRPHA4.
were purchased from New England Biolabs and Promega. Plasmids ptzRPH4 and pET23d were digested Witdl and
Plasmids were purified using the Wizard mini-prep kit of BamHl; pET23d and the fragment from ptzRPH4 which
Promega. Catalase was obtained from Boehringer Mann-codes for PAH were combined as described above. Correct

heim. Agarose (SeaKem) was from FMC. Chromatography "€combinants were identified by restriction enzyme analysis
resins were as follows: Procion Red (Amicon Red A), With BanHl alone,Ncd alone,BarHl and Ncd together,
Amicon; phenyl-Sepharose Fast Flow, Q-Sepharose FastECORIalone, andPst alone. The correct plasmid was named
Flow, and Sephacryl S-300, Pharmacia; ceramic hydroxy- PERPHS.
apatite, BioRad.E. colistrains BL21(DE3) and BL21(DE3)- Plasmids pERPH5, pETYHS, ptzRPH4, and pTH16 were
pLysS were obtained from Novagen; these strains were useddigested withSadl and BanHI. The digested DNA was
for protein expressionE. colistrain XL1-Blue was obtained  separated on an agarose gel, and four fragments were isolated
from Stratagene and was used during DNA subcloning as described above. The fragment coding for the C-terminus
protocaols. E. colistrain CJ236 was obtained from Invitrogen of TYH (from pTH16) and the fragment containing pET23d
and was used for the production of single-stranded uridine- plus the 5end of the cDNA for PAH (from pERPH5) were
containing DNA. DNA sequencing was done by the Gene combined. Likewise, the fragment coding for the C-terminus
Technology Laboratory of the Biology Department of Texas of PAH (from ptzRPH4) and the fragment containing
A&M University. pET23d plus the '5end of the TYH cDNA (from pETYHS)
Construction of Vectors for Enzyme Expressidl site- were combined. Ligation was carried out as before. Plas-
directed mutagenesis was carried out according to themids were detected by restriction digestion and agarose gel
protocol of Kunkel et al. Z0). The sequences of the electrophoresis, usinBanHI, Ncd, EcoRl, Hindlll, and
oligonucleotides used for mutagenesis appear in Table 1.Pst. Correct recombinants were given the following
Isolation of DNA fragments from agarose gels was carried hames: vector with the' ®nd of the TYH cDNA and the'3
out using QIA-Quick kit components from Qiagen. Ligation end of the PAH cDNA, pPCTN2; vector with the &nd of
of DNA fragments was carried out with Promega T4 DNA the PAH cDNA and the 'nd of the TYH cDNA, pTCPN2.
ligase at room temperature for 1 h. Plasmid pETO155, which codes for a truncated form
Plasmid pTH6, which contains the cDNA for rat TYH of TYH lacking its 155 amino-terminal residues, has already
inserted into thdanHl| site of pTZ18R, with a uniquéldd been described9). To obtain a truncated form of PAH
site at the position coding for methionine 1, has been lacking its N-terminus, further mutagenesis was performed
previously described?(l). The Ndd site was changed to a  on plasmid ptzRPH2. Acd site was introduced into the
Ncd site by site-directed mutagenesis, giving plasmid sequence coding for residues 117 and 118, causing a start
pTH11. A uniqueSadl recognition site was introduced at codon to substitute for valine 118. This plasmid was called
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ptzRPH5. Plasmids ptzRPH5 and pET23d were digestedand 10Qug/mL phenylmethanesulfonyl fluoride, pH 7.1. The

with Ncd andBanHl; the 1618 bp fragment containing the
3 end of the PAH cDNA and the cut pET23d were isolated,

suspension was passed through an 18 gauge needle 3 times
and sonicated with 6 bursts of 30 s at 45 W with 3 min

combined, and ligated. The proper plasmid was detectedintervals. The resulting solution was centrifuged at 2¢00

by electrophoretic separation of restriction fragments from
Ncd, BanHl, Bglll, Hindlll, and Pst digestion. It was
called pERPIA117.

The coding regions of all expression plasmids were

for 30 min. The resulting supernatant was brought to 0.008%
polyethylenimine (PEI) by the addition of a 0.5% stock in
20 mM Tris-HCI, pH 7.0, stirred for 20 min, and centrifuged
at 2700@ for 30 min. The PEI supernatant was treated with

sequenced to check for unexpected mutations. All expressionammonium sulfate; proteins precipitating between 32 and

plasmids were introduced into compet&ntcoli of the strain
BL21(DE3) already containing the lysozyme-encoding
pPACYC-based plasmid pLysS.

Bacterial Cell Growth. Bacterial growth was carried out
at 37 °C for pERPHA117, pPCTN2, pETYH8, and
pETOHA155 and at 30°C for pERPH5 and pTCPN2.
Bacteria were grown in LB medium containing either 100
ug/mL ampicillin and 5Q:g/mL chloramphenicol (LB-amp-
chlor) or 100ug/mL carbenicillin and 5Q:g/mL chloram-
phenicol (LB-carb-chlor). One isolated colony of BL21-
(DE3) containing the plasmid of interest was picked from
LB-agar plates (plates contained 1@§mL carbenicillin and
50 ug/mL chloramphenicol) no longer than 1 week after

48% saturation were collected and dissolved in an 8-fold
volume (with respect to the initial weight of cells) of 50 mM
Tris-HCI, 100uM EDTA, 1 uM leupeptin, 1uM pepstatin,
and 10% glycerol, pH 7.1. The sample was applied to a
Q-Sepharose Fast Flow column (1.5 cm10 cm) equili-
brated with 50 mM Tris-HCI, 100uM EDTA, 1 uM
leupeptin, uM pepstatin, and 10% glycerol, pH 7.1. After
loading, the resin was washed with the same buffer until
the Az7g value of the filtrate was 0.03 or less. The enzyme
was eluted with a gradient from @ Lt M NacCl in 50 mM
Tris-HCI, 100uM EDTA, 1 uM leupeptin, 1uM pepstatin,
and 10% glycerol, pH 7.1, with a total volume of 320 mL.
The enzyme eluted at approximately 0.40 M NaCl. Fractions

transformation. One colony was used to inoculate 50 mL displaying approximately equal specific activities across the

of LB-carb-chlor, and the culture was incubated overnight.
The overnight cultures were used to inocalatL cultures

of LB-amp-chlor at a ratio of 10 mL/L for 37C growth
and 17.5 mL for 30°C growth. Two liters of culture were
grown for each enzyme preparation. When #g, value

of a culture reached 0.8, isoprogb-thioglucanopyranoside

peak were pooled.

The Q-Sepharose pool was frozen -a70 °C in five
aliquots of equal volume. One aliquot at a time was
subjected to further purification no more than 2 weeks prior
to use in kinetic analyses. An aliquot was diluted 3-fold
with 50 mM Tris-HCI, 100uM EDTA, 1 uM leupeptin, 1

was added to a final concentration of 0.5 mM. For growth uM pepstatin, and 15% glycerol, pH 7.1, and was applied

at 37°C, incubation continued for 3 h; for 3, 5 h. Cells
were harvested by centrifugation at 9g0@r 30 min and
stored at—20 °C overnight.

Protein Purification. All protein isolation steps were
performed at £C, with the exception of the 25 incubation
step in the purification of wild-type PAH2j. Samples at

to a 3 mLcolumn of Procion-Red-linked agarose (Amicon
Red). The column was washed after loading with 15 mL of
50 mM Tris-HCI, 100uM EDTA, 1 uM leupeptin, 1uM
pepstatin, and 15% glycerol, pH 7.1, and then with 40 mL
of 0.15 M NaCl, 50 mM Tris-HCI, 10«M EDTA, 1 uM
leupeptin, 1uM pepstatin, and 15% glycerol, pH 7.1. The

every step were analyzed by activity assay and denaturingenzyme was eluted with 1.3 M NaCl, 50 mM Tris-HCI, 100
polyacrylamide gel electrophoresis. Protein concentrationsuM EDTA, 1 uM leupeptin, 1uM pepstatin, and 15%

were determined using the BioRad protein assay kit until

after the first chromatography step of each preparation,
following which absorbance at 278 nm was used. Extinction

glycerol, pH 7.1. The final specific activity was 0.@2nol
of DOPA/(mirrmg).
(E) A155TYH. Lysis, sonication, and PEI precipitation

coefficients were calculated from the amino acid contents were carried out as described above for nP-TYH. The

of the individual proteins using the method of Pace et al.
(22).
(A) Phenylalanine HydroxylasePhenylalanine hydroxy-

proteins precipitating between 30 and 50% ammonium
sulfate saturation were dissolved in an 8-fold volume (with
respect to the cell pellet weight) of 50 mM Tris-HCI, 75

lase was purified according to the protocol of Shiman et al. uM EDTA, 1 uM leupeptin, 1uM pepstatin, and 10%

Q).

This protocol consists of cell lysis followed by

glycerol, pH 7.0, and applied to a Q-Sepharose Fast Flow

chromatography on phenyl-Sepharose. The final specific column (1.5 cmx 15 cm). After loading, the resin was

activity was 7.2umol of Tyr/(min-mg).

(B) Tyrosine Hydroxylase.Tyrosine hydroxylase was
purified as previously described?l). The purification
protocol consists of cell lysis, ammonium sulfate precipitation
(30—42% saturation), and heparitsepharose chromatog-
raphy). The final specific activity was 24mol of DOPA/
(min-mg).

(C) nT-PAH. nT-PAH was purified using the same
protocol as wild-type TYH, except that the ammonium
sulfate fractionation step isolated proteins precipitating
between 30 and 45% saturation. The final specific activity
was 4.9umol of Tyr/(min-mg).

(D) nP-TYH. The cell pellet was suspended in an 8-fold
excess (with respect to the initial weight of cells) of 50 mM
Tris-HCI, 100uM EDTA, 1 uM leupeptin, 1uM pepstatin,

washed with the same buffer until thzs value of the
effluent was below 0.03. The enzyme was eluted with a
gradient from 0® 1 M NaCl in 50 mM Tris-HCI, 75uM
EDTA, 1 uM leupeptin, 1uM pepstatin, and 15% glycerol,
pH 7.0, with a total volume of 240 mL. The enzyme eluted
at approximately 0.38 M NaCl. Fractions displaying ap-
proximately equal specific activities across the peak were
pooled.

The Q-Sepharose pool was concentrated in an Amicon
ultrafiltration cell using a PM30 membrane to approximately
10 mg/mL protein. It was loaded onto a column of Sephacryl
S-300 (2.5 cmx 35 cm) equilibrated with 50 mM Tris-HCI,

75 uM EDTA, 150 mM NaCl, and 10% glycerol, pH 7.0,
and eluted with the same buffer. Fractions displaying
approximately equal specific activities across the peak were
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pooled, and leupeptin and pepstatin were added to a final R domain C domain

concentration of kM each. The final specific activity was N 1-168 169-498

2.7 umol of DOPA/(mirmg). R domain_C domain rat TYH
(F) A117PAH. Lysis, sonication, and PEI precipitation N

were carried out as described for nP-TYH. Ammonium rat PAH

sulfate fractionation isolated proteins precipitating between C domain

30 and 55% saturation. The ammonium sulfate pellet was N nP-TYH

dissolved in an 8-fold volume (with respect to the initial R domain C domain

weight of cells) of 50 mM Tris-HCI, 10&M EDTA, 1 uM N

leupeptin, LuM pepstatin, and 10% glycerol, pH 7.1, and C domain nT-PAH

applied to a Q-Sepharose Fast Flow column (1.5>crh5 i

cm). The enzyme did not bind to Q-Sepharose under these C domain A155TYH

conditions. The filtrate fractions which contained PAH S —

activity were pooled and concentrated by precipitation at 55% A117PAH

ammonium sulfate saturation. The precipitate was dissolvedFigure 1: Schematic representation of the aromatic amino acid
in an 8-fold volume (with respect to the cell pellet weight) hydroxylases in the study. Each protein is identified by a name
of 75 mM sodium phosphate, &M leupeptin, 1 uM below and to the right. Regulatory (R) domains and catalytic (C)

; ; :.domains are indicated. Amino termini are indicated with the single
0
pepstatin, and 10% glycerol, pH 7.1, and applied to a CeramlcIetter N and carboxy termini with the single letter C. Dark-shaded

hydroxyapatite column (1.5 cnx 10 cm). After loading,  gsegments represent polypeptide segences from rat tyrosine hy-
the resin was washed with the same buffer until fags droxylase, and lighter segments sequences from rat phenylalanine
value of the effluent was less than 0.1. The enzyme was hydroxylase. The numbers underneath the R domains of the wild-
eluted with a gradient from 50 to 350 mM sodium phosphate tyPe _enzyrrr:.ei define th? exaclt) polztionsdof the protﬁins tr?/ res.iI((:ijue
in 1M Ieupeptin, 1uM pepstatin, and 10% glycerol,pH _ POS1on e were eplace by the R doman ofthe otfer
7.1, with a total volume of 500 mL. The enzyme eluted at

approximately 160 mM sodium phosphate. Fractions dis- Scheme 1: Alignment of Amino Acid Sequences of Rat
playing approximately equal specific activities across the Tyrosine Hydroxylase and Rat Phenylalanine Hydroxylase

peak were pooled and concentrated by ammonium sulfate ™ v a4 v » s 4 » s P ¢ P Kk 6 F R R A Vs B 2
precipitation. The pellet was dissolved in 50 MM Tris-HCl, ™ e » 4 x @ 4 8 o v T s P R P I G R R QS 4
100uM EDTA, 1 uM leupeptin, 1uM pepstatin, and 10% LT EDARKEREAMAAMLEANEAY D
g:cy_lc_srr/(z:”,n?nHm?S. The final specific activity was 13.6nol ™A S S E P GNP L EAYVYEEERDGSN
Assays. Two éssays for the hydroxylation of tyrosine to mif S LT FS T RkEEVSALAKRYDIRLD W
form dihydroxyphenylalanine (DOPA) were used. The mi ¢ & ¢ v 5 1 N L T B 1 E S 5 p s R LNGSK 71
release of tritium from 3,5%H]tyrosine, as previously @~ m™ir » L a6 s P w L B Y F VY RFEV P S G I
. . . PAH D E Y E F F T Y L D K R T K P V L G § 1 94
described 23), in 50 mM HEPES-tetraethylammonium ., o . . . L L s s v = R v s b b v & s A R 160
hydroxide, pH 7.0, at 30C, was used for standard assays. ™ ' * & L ® N D 1 6 A T v H E L § R D X & 14
. . . H H L 180

The second assay was a colorimetric assay whichmeasureds x ~ T v ¢ w ¥ r R T 1 o E L D R F A N G 13
directly the amount of DOPA forme@4). Thiswascarried ™ v t x ¢ > p b L b L b H# p GF s D oV ¥ 200
out in 80 mM HEPES NaOH, 60ug/mL catalase, pH 7.1, NHR 0 R R K L 1 A E I AF oY KHGE P I 20
R A R R K Q F A DI A Y N Y R HG Q P I 174

at 25°C. i
; ; : aThe residues in bold indicate identity between the two sequences;
Ty.ros.me formation from phenylalanine was measured by the sequence VPWFPR is where the Ryand C domains wereqswitched
monltor!ng absorb_ance changes at 275 nm due to theto produce the chimeric enzymes nT-PAH and nP-TYH. Relative
production of tyrosine 7). The assays contained-800 identity (75% over the 330 C-terminal residues) continues to within
uM phenylalanine and £0400uM 6-methyltetrahydropterin 20 residues of the carboxy termini of the proteins. Sequences have not
in 80 mM HEPES-NaOH, 5 mM DTT, and 6Qug/mL been recorded in full here in order to save space.
catalase, pH 7.1, at 2%C. ] ) o )
Rates of tetrahydropterin oxidation were determined using ©" Without phenylalanine at 28C for 15 min just prior to
a coupled assay with dihydropterin reductase, monitoring the @SSay; such assays contained tetrahydrobiopterin or 6-
decrease in absorbance at 340 nm due to NADH oxidation Methyltetrahydropterin as indicated in Table 3. Assay
(25. The assays contained-B0O uM phenylalanine or conditions were 80 mM HEPE—S\laOH, 60ug/mL catalfase,
1-300 uM tyrosine in addition to 125M tetrahydrobio- ~ 2004M NADH, 600 uM phenylalanine, and 0.05 unit/mL
pterin or 15QuM 6-methyltetrahydropterin, 80 mM HEPES ~ Sheep dihydropterin reductase, pH 7.1, at’@5
NaOH, 60ug/mL catalase, 20@M NADH, and 0.05 unit/ RESULTS
mL sheep dihydropterin reductase, pH 7.1, af@5 Some
assays were repeated with 3 times as much dihydropterin  Overexpression and Purification of Mutant Proteinghe
reductase to ensure that it was present in excess. Steadyproteins utilized in this study are portrayed in Figure 1. Based
state kinetic data were fit directly to eq 1 using the program upon the amino acid sequences of tyrosine and phenylalanine

KinetAsyst (IntelliKinetics, State College, PA). hydroxylase (Scheme 1) and several studies of deletion
mutants 9, 26—28), the conserved sequence VPWFPR was
v=VS([Ky+9 (1) taken as the beginning of the catalytic domains of these

proteins. This valine is amino acid residue 164 of rat tyrosine
When measuring activation by phenylalanine, enzymes hydroxylase and residue 118 of rat phenylalanine hydroxy-
(6.7—17.2uM) were preincubated with 1 mM phenylalanine lase. The chimeric protein nP-TYH contains the N-terminal
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Table 2: Summaries of Protein Purifications 1 23456

wet weight of cell pellet protein  specific activity
enzyme from2Lofmedium(g) (mg) [«mol/(min-mg)]

TYH 13 12 2.7

PAH 11 9 7.2 -
nP-TYH 38 9 0.82

nT-PAH 8 13 4.9 .-
A155TYH 16 60 2.7

AL17PAH 8 33 13 o '.
122 amino acid residues of PAH fused to the C-terminal

330 residues of TYH. The protein nT-PAH similarly .
contains the N-terminal 168 residues of TYH fused to the .

C-terminal 331 residues of PAH. In additioh117PAH, a
phenylalanine hydroxylase which lacks the N-terminal 117
amino acid residues, and wild-type PAH were expressed and
purified. We have previously described expression and
characterization of the wild-type TYH and &f155TYH, a
mutant protein lacking the N-terminal 155 amino acid
residues of TYH 9, 21). il

Table 2 summarizes the final mass of protein and activities g ure 2: Photograph of a denaturing 12% polyacrylamide gel
obtained for each enzyme studied. The chimeric proteins, containing all six proteins of this study. The proteins are: lane 1,
A117PAH, and wild-type PAH were all readily overex- nP-TYH; lane 2, TYH; lane 3A155TYH; lane 4, PAH; lane 5,
pressed using the pET system in strain BL21(DE3). It was ST'spAH? ?”d lane GAT1&7FE)AH. Eaﬁh 'afl‘%lcon;ai”eq apPrgTimatek']y
!"Otice.d that I.OSS of large quantities OT protein to_ insolublle bottoprtlgoc:‘ tﬁgzgglq;ethe tgp é?mgpgeﬁ?ginc?uedgg?rg Itshe\znslhosogtr;pﬁ.
inclusion bodies hampered the production of proteins bearing
the R domain of PAH. Bacteria producing the two such
enzymes, wild-type PAH and nP-TYH, were grown at a

Table 3: Activation of Mutant Hydroxylases by Phenylalafine

activation with activation with
'OWer temperature to decrease_the problem, although losses enzyme MePH, as substrate tetrahydrobiopterin as substrate
still occurred. These two proteins were also the least stable 0.9 09
of the six and suffered losses of activity with each freeze 12 11.0
thaw cycle. In contrast, the N—terminus of TYH appeared p.TYH 11 1.0
to render foreign proteins especially easy to overproduce nT-PAH 0.9 1.0
with the pET system. Tyrosine hydroxylase and nT-PAH Ali%x: %)% %-3

constituted approximately 35% of the total protein after a
single ammonium sulfate fractionation. These two enzymes ®Enzymes were incubated for 15 min at Z5in the presence of 1

mM phenylalanine or buffer lacking phenylalanine before measuring
miﬁirzso most stable upon storage and repeated freeze the rate of tetrahydropterin oxidation. Shown is the ratio of the rate of

. . . enzyme incubated with phenylalanine to the rate of enzyme incubated
We have previously shown that the N-terminal domain of in buffer. ® The concentrations of tetrahydropterin used wer8 fimes

TYH binds heparin §, 28). Consistent with this, both  greater than th&y values.
proteins containing the R domain of TYH, wild-type TYH
and nT-PAH, could be purified with a single hepatin  phenylalanine (11-fold). As has been previously nofsd (
Sepharose column. Alternative purification procedures were the effect was only significant with tetrahydrobiopterin as
developed for the previously undescribed proteins nP-TYH substrate; no significant effect of preincubation with phen-
and A117PAH. Although bothA155TYH andA117PAH ylalanine was seen when 6-methyltetrahydropterin was used.
contain only the homologous portions of the two hydroxy- Moreover, wild-type PAH which had not been preincubated
lases, neither could be purified by the technique which with phenylalanine had the san.x value with 6-meth-
worked well for the other; this provided an early suggestion yltetrahydropterin as substrate as the preincubated enzyme
that the catalytic domains of TYH and PAH are distinctly had with tetrahydrobiopterin. Thus, only in the presence of
different proteins. the physiological pterin cofactor is the preincubation by
All six enzymes were judged to be 999% pure by substrate an important activating mechanism.
denaturing polyacrylamide gel electrophoresis. Figure 2  Substrate Specificities Steady-state kinetic parameters
shows a photograph of a gel containing all six proteins.  were determined with tyrosine and phenylalanine as sub-
Activation by Phenylalanine.Wild-type phenylalanine  strates for each of the six proteins. 6-Methyltetrahydropterin
hydroxylase exhibits nonlinear rates and sigmoidal kinetics was used as the pterin substrate to avoid the necessity for
unless the enzyme is first activated with phenylalan#$.( pretreatment with phenylalanine. The Michaelis constant for
The sensitivity of each enzyme to activation by phenylalanine 6-methyltetrahydropterin did not vary significantly among
was determined. Table 3 contains the extent of activation the six proteins; it was in the B0 uM range in all
for all six proteins after incubation at 2& in the presence  cases (data not shown). The concentration of the pterin was
of 1 mM phenylalanine over incubation in the absence of kept at least 8-fold higher than it&y value when the
phenylalanine. Assays were performed with either tetrahy- concentrations of amino acids were varied. With both amino
drobiopterin or 6-methyltetrahydropterin. Only wild-type acid substrates, initial rates were determined in two ways.
PAH was significantly activated by preincubation with With phenylalanine as substrate, the rate of tyrosine forma-
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Table 4: Steady-State Kinetic Parameters of Mutant Hydroxylases with Phenylalanine as Substrate

Vmaxfor MePH, V/Kpne for MePH, Vmax for Tyr coupling (Tyr formed/
enzyme Kphe (uM) oxidatior? (min—2) oxidatior? («uM~* min~Y) formatiort (min—2) MePH, oxidized)

TYH 91+ 2% 349+ 31 3.2 96+ 12 0.3+ 0.05
109+ 2¢°

PAH 309+ 322 281+ 29 0.98 373t 21 1.3+ 0.15
288+ 59

nP-TYH 76+ 15 113+ 2 2.2 56+ 5 0.5+ 0.04
524+ 17°

nT-PAH 98+ 22 240+ 4 3.3 273+ 27 1.1+0.11
73+ 1%

A155TYH 15+ 6° 158+ 11 23 80+ 7 0.5+ 0.06
6.8+ 1°

A117PAH 145+ 28 409+ 48 22 502+ 57 1.2+0.2

1824+ 3%

a Rate of tyrosine formation, determined with 80 mM HEPES, 5 mM dithiothreitoB@ uM phenylalanine, 6@:g/mL catalase, and 15M
6-methyltetrahydropterin, pH 7.1, 2. ® Determined from rate of 6-methyltetrahydropterin oxidation in 80 mM HEPES®uM phenylalanine,
60 ug/mL catalase, 15QM 6-methyltetrahydropterin, 200M NADH, and 50 milliunits of DHPR, pH 7.1, 25C ¢ Vmax from tyrosine formation/
Vmax for tetrahydropterin oxidation.

Table 5: Steady-State Kinetic Parameters of Mutant Hydroxylases with Tyrosine as Substrate

Vmaxfor MePH, V/Kyy: for MePH; Vmaxfor DOPA coupling (DOPA formed/

enzyme Ky (uM) oxidatiort (min—2) oxidatiort (uM~t min™1) formatior? (min—1) MePH, oxidized)
TYH 16+3 165+ 11 10.3 150G+ 14 0.91+0.10
PAH <100 15+ 1 >0.15 nd 0
nP-TYH 43+1 64+ 1 14.9 444+ 5.2 0.69+ 0.08
nT-PAH 82+ 8 23+ 0.1 0.28 nd 0
A155TYH 7.0+ 1 89+ 1 12.7 104+ 9 1.2+ 0.10
A117PAH 42+ 6 38+ 2 0.90 nd 0

aDetermined from the rate of 6-methyltetrahydropterin oxidation with 80 mM HEPES06 uM tyrosine, 60ug/mL catalase, 15&M
6-methyltetrahydropterin, 20@M NADH, and 50 milliunits of DHPR, pH 7.1, 25C_ " Determined from the rate of DOPA formation in 80 mM
HEPES, 5-300 uM tyrosine, 60ug/mL catalase, and 150M 6-methyltetrahydropterin, pH 7.1, 2%. ¢ Vihax from tyrosine formationVmax for
tetrahydropterin oxidatiorf Not detectable.

tion was determined directly, following the increase in of TYH show significant uncoupling of 6-methyltetrahy-
absorbance at 275 nm. In addition, the rate of 6-methyltet- dropterin oxidation and tyrosine formation.

rahydropterin oxidation was measured using a coupled assay Steady-state kinetic parameters were also determined with
with dihydropterin reductase. With tyrosine as substrate, the tyrosine as substrate; the results are summarized in Table 5.
rate of DOPA formation was determined directly, and the The Ky, value was measured by monitoring 6-methyltet-
coupled assay was used to measure 6-methyltetrahydropterimahydropterin oxidation. The value for PAH could not be
oxidation. measured due to extremely low activity; since the initial rates

The results obtained with phenylalanine as substrate areWith this enzyme were constant above a tyrosine concentra-
given in Table 4. TheKyne values were highest for PAH  tion of 2004M, an upper limit of 10QuM can be placed on
andA117PAH and lowest foA155TYH. In contrasttothe  this value. The other proteins showig; values from 4 to
Ku values, thé/max values obtained depended upon whether 80 #M.  The Viax values for 6-methyltetrahydropterin
rates of tyrosine formation or of 6-methyltetrahydropterin ©Xidation in the presence of tyrosine were highest for the
formation were highest for the proteins with the C domain Only the enzymes with the C domain of TYH were able to
of PAH. With these three proteins, the results obtained with hydroxylate tyrosine to form DOPA. For these enzymes,
the two assays were indistinguishable. This was not the caseh€ Vmax values obtained with the two assays agreed reason-
for the three proteins containing the C domain of TYH. For ably well. The Viay values for 6-methyltetrahydropterin
these proteins, the rates of 6-methyltetrahydropterin oxidation ©Xidation and tyrosine hydroxylation were used to calculate
were severalfold greater than the rates of tyrosine formation. the coupling of the two partial reactions for each protein
Indeed, theVmax values for 6-methyltetrahydropterin oxida-  (Table 5).
tion differed by less than 4-fold among all six proteins. The
Vmax Values for 6-methyltetrahydropterin oxidation in the DISCUSSION
presence of phenylalanine were highest for TYH and the In order to probe the contributions of the regulatory
proteins with the C domain of PAH; nP-TYH adl55TYH domains of tyrosine and phenylalanine hydroxylase to
had lower values. The ratio of thénax values for the two  substrate specificities, we have constructed one protein
assays can be used to calculate the stoichiometry of 6-containing the R domain of TYH and the C domain of PAH
methyltetrahydropterin oxidation and phenylalanine hydroxy- and another containing the C domain of TYH and the R
lation for the individual proteins. The values for the coupling domain of PAH (Figure 1). We have compared these
of the two reactions are given in Table 4. The three proteins enzymes with the wild-type enzymes and with truncated
which contain the C domain of PAH show stoichiometries proteins which lack the R domains completely. In character-
of 1, while the three proteins which contain the C domain izing the effects of the R domains on the substrate specifici-
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than with tyrosine. Moreover, whilA117PAH does con-

Table 6: Substrate Specificities of Mutant Hydroxyldses ik .
sume tetrahydropterin in the presence of tyrosine, no DOPA

enzyme KondKye VinaxionefVinasto)  (VIKpnd (V) is formed (Table 5).A155TYH is about twice as active with
TYH 6.8+1.8 2.1£02 0.31 tyrosine as a substrate A417PAH if rates of 6-methyltet-
Eﬁ_"T'YH >1?é.1i 48 1?:& 8:84 <%_515 rahydropterin oxidation are comparem155TYH is al:.)Ie._
nT-PAH 0.89+ 0.20 10.4+ 0.18 11.8 to hydroxylate phenylalanine to form tyrosine, but a signifi-
A155TYH 0.974+0.20 1.8+ 0.13 1.8 cant fraction of the tetrahydropterin is consumed unproduc-
A117PAH ~ 4.331.0 105+1.4 2.4 tively (Table 4). Thus, the ability to hydroxylate tyrosine

2 Determined from the rate of 6-methyltetrahydropterin oxidation serves as a clear criterion for defining the substrate specificity
with 80 mM HEPES, 5—300#M tyrosine, 60ug/mL cat_al_asg, 150 of these enzymes.
*5’;{"Peémeg‘ﬂti"gg@mpte””’ 202M NADH, and 50 milliunits of Published data for th€. violaceumPAH compare well
P : with those reported here fak117PAH (7). The bacterial

enzyme, which is homologous to the C-terminal amino acids
ties of PAH and TYH, we have focused on three aspects of of rat PAH, has &phe vValue of 176uM and aViax value of

the interactions with amino acid substrates. These are theahout 400 minl. This agreement suggests thet17PAH
steady-state kinetic parameters with phenylalanine and ty-does indeed represent a minimal PAH.
rosine as substrates, the need for activation by phenylalanine, Comparison of the properties of wild-type PAH and TYH
and the coupling of tetrahydropterin oxidation and amino ith those ofA117PAH andA155TYH shows that attach-
acid hydroxylation. In the following paragraphs, we will ment of the R domain does indeed affect the substrate
describe in detail the data which led to these main conclu- specificity of these enzymes. The effect is primarily on
sions: (1) the substrate specificity for each C domain is hinding specificity rather than on the rate of catalysis. Both
determined by the C domain; (2) attachment of either R the Kphe and theV/Kghe values for TYH are an order of
domain to either C domain enhances the substrate specificitymagnitude different from the respective valuesAdi55TYH,
determined by the C domain; and (3) only if the R domain while theVi.,values change less than 2-fold. The formation
of PAH is attached to the C domain of PAH does the of tyrosine is slightly less coupled to 6-methyltetrahydro-
hydroxylase require pretreatment with phenylalanine for full pterin oxidation with the wild-type enzyme than with the
activity with the physiological cofactor. isolated C domain. There are also small increases in the
Scheme 1 shows an alignment of the amino acid sequencekinetic parameters with tyrosine as substrate. The effect of
of the amino-terminal halves of rat PAH and TYH. Based the R domain on PAH, reflected in the differences between
on the frequency of conserved residues, there is a clear regiorPAH andA117PAH, is less striking, but the latter enzyme
of homology which begins at valine 164 of TYH and valine already shows a preference for phenylalanine. Vhe
118 of PAH. The homology continues until the last 20 value with tyrosine as substrate decreases about 2-fold, but
amino acids of these proteins. We selected the conservedhe kinetic parameters with phenylalanine as substrate show
sequence VPWFPR which contains this valine residue as thethat the wild-type enzyme is also slightly less effective at
junction between the two domains. In addition to the tyrosine formation. The primary effect of attachment of the
sequence homology, the selection of this junction point is R domain to PAH is that the enzyme now requires treatment
supported by studies of deletion mutants of these two with phenylalanine for high activity when tetrahydrobiopterin
enzymes. Mutants of rat TYH from which up to 165 amino is used as a substrate (Table 3). The need for such
acids have been removed from the N-terminus retain somepretreatment of PAH has been well document@ 82). It
catalytic activity @, 26, 30), while up to 142 residues can appears to involve a significant conformational change with
be deleted from rat PAH without complete loss of activity no significant change in the environment of the active site
(27). These results would place the N-terminus of the C iron (5). The interaction between the two domains in wild-
domain within a 23 amino acid region, within which type PAH has been described as inhibitory based upon the

VPWEFPR is the most conserved sequence. need for pretreatmen88), but the data presented here show
It is easiest to begin discussion with the two proteins which that characterization to be oversimplified.
lack the R domains completelp117PAH andA155TYH. The chimeric proteins nP-TYH and nT-PAH were con-

Surprisingly, it would be difficult to defineA155TYH as structed and characterized to ascertain whether the R domain
either a phenylalanine or a tyrosine hydroxylase simply basedof one hydroxylase could change the properties of the other.
on the relativeKy, V/IK, or Vinax values for the two amino By the primary criteria of specificity defined above, the
acids (Table 6). In fact, th&p,e and Ky, values for this ability to hydroxylate tyrosine to form DOPA, the answer is
enzyme are indistinguishable, while the relati/& andVpax clearly negative. This is consistent with the ability to carry
values when 6-methyltetrahydropterin oxidation is measured out this hydroxylation being a fundamental property of the
show a slight preference for phenylalanine as substrate. Theactive site within the C domain. Similarly, attachment of
other truncateA117PAH, shows a preference for phenyl- the R domain of PAH to the C domain of TYH does not
alanine over tyrosine of only 4.3- or 2.4-fold, depending on confer on the resulting protein nP-TYH a requirement for
whether Ky values orV/K values are compared. Thus, pretreatment with phenylalanine. A reasonable explanation
neither truncate shows strong preference for tyrosine or for this is that the interactions between these two domain in
phenylalanine by criteria which should primarily reflect PAH involve amino acid residues from both the C and the
binding specificity. R domains of the protein. In other words, a minimal model
A clear substrate specificity becomes apparent only whenin which the two C domains are equivalent in their ability
one compares the ability to carry out the hydroxylation of to interact with the R domains is ruled out.
amino acids. Thé/na value for 6-methyltetrahydropterin Still, there are some effects of attachment of the R
oxidation byA117PAH is 10-fold greater with phenylalanine domains, in that the chimeric proteins are significantly
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different from isolated C domains. Attachment of the R
domain of TYH to the C domain of PAH to make nT-PAH
actually increases the specificity of this enzyme for phenyl-
alanine, as reflected in the changes both in relativeand

in V/IK values (Table 6). This effect is due to a combination
of increasey, values and decreaség. values. Indeed,
nT-PAH is the most specific phenylalanine hydroxylase
among the six proteins examined. Attachment of the R
domain of TYH to PAH appears to result in a more restricted
active site, generating an enzyme which can better distinguish
between its substrate and its product. The effect is clearly
less than that of attaching the R domain of PAH to the C
domain of PAH, since this chimera still does not require
activation by phenylalanine and is more active with tyrosine
as substrate than wild-type PAH. The chimeric PAH does
not require pretreatment with phenylalanine, which is not
surprising, but it also has a low&py,e value than the wild-
type enzyme. This may again reflect a general loss of
flexibility in the active site.

Attachment of the R domain of PAH to the C domain of
TYH to make the chimeric protein nP-TYH similarly
increases the specificity of that enzyme for tyrosine. This
is clearly reflected in the change in the relatkig andV/K
values for these two substrates upon going ftedb5TYH
to nP-TYH. Again, attachment of the R domain from the
other protein appears to result in a less flexible active site,
even though the requirement for treatment with phenylalanine
is not transferred.

The three-dimensional structureA155TYH has recently
been determined3d). In general, the protein is composed
of loosely packed helices, suggesting a great deal of
conformational flexibility. The active site is a deep cleft
lined by four helices. The N-terminus is located near the
open face of the cleft, so that the regulatory domain is likely
to be positioned near the active site in the native protein. In
addtion, there are two loops which guard the active site; these
may close down to protect the active site from solvent during
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clearly distinguished based upon their abilities to hydroxylate
tyrosine and phenylalanine. However, the R domains clearly
influence the substrate specificities of PAH and TYH by
affecting the relative affinities for the two substrates. The
ability of either R domain to increase the substrate specificity
of either hydroxylase was unexpected. Possible explanations
for this phenomenon are that there is a significant structural
similarity between the portions of the R domains which
influence substrate specificity or that the increase in specific-
ity is due to a general loss of conformational flexibility in
the wild-type enzymes compared to the isolated C domains.
The inability of the R domain of PAH to transfer the need
for pretreatment with phenylalanine for full activity with
tetrahydrobiopterin establishes that this phenomenon involves
unique interactions involving both domains of PAH.

Both TYH and PAH are activated by phosphorylation at
serine residues in the R domain. The mechanism of this
activation in TYH is known; catecholamine inhibitors bind
to the iron in the active site of TYH, and phosphorylation
prevents this inhibition Z1). Phosphorylation of PAH is
thought to decrease the levels of phenylalanine needed for
activation @2). Our plans for future study include work on
the mechanisms of phosphorylation using these chimeric
mutants.
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