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Specificity’*
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ABSTRACT. The X-ray structure of tyrosine phenol-lyase (TPL) complexed with a substrate analdg, 3-(4
hydroxyphenyl)propionic acid, shows that Arg 381 is located in the substrate binding site, with the side-
chain NH 4.1 A from the 4-OH of the analog. The structure has been deduced at 2.5 A resolution using
crystals that belong to the2,2,2 space group witla = 135.07 A b = 143.91 A, ancc =59.80 A. To
evaluate the role of Arg 381 in TPL catalysis, we prepared mutant proteins replacing arginine with alanine
(R381A), with isoleucine (R381l), and with valine (R381V). Thelimination activity of R381A TPL

has been reduced by 18fold compared to wild type, whereas R3811 and R381V TPL exhibit no detectable
pB-elimination activity withL-tyrosine as substrate. However, R381A, R381l, and R381V TPL react with
S-(o-nitrophenyl)t-cysteine S-chloro+-alanine,O-benzoylt -serine, and&-methyl+i -cysteine and exhibit
keatandkeafKm values comparable to those of wild-type TPL. FurthermoreKkthalues for competitive
inhibition by L-tryptophan and-phenylalanine are similar for wild-type, R381A, and R381I TPL. Rapid-
scanning-stopped flow spectroscopic analyses also show that wild-type and mutant proteins can bind
L-tyrosine and form quinonoid complexes with similar rate constants. The binding 6hgdrbxyphenyl)-
propionic acid to wild-type TPL decreases at high pH values witKaqgb 8.4 and is thus dependent on

an acidic group, possibly Arg404, which forms an ion pair with the analog carboxylate, or the pyridoxal
5'-phosphate Schiff base. R381A TPL shows only a small decredsg/Ify, for tyrosine at lower pH,

in contrast to wild-type TPL, which shows two basikj with an average value of about 7.8. Thus, it

is possible that Arg 381 is one of the catalytic bases previously observed in the pH dependegt&.of

of TPL with L-tyrosine [Kiick, D. M., & Phillips. R. S. (1988Biochemistry 277333-7338], and hence

Arg 381 is at least partially responsible for the substrate specificity of TPL.

Tyrosine phenol-lyase (TPL, EC 4.1.99.8 a pyridoxal SB-elimination ofL-tyrosine to produce phenol and ammonium
5'-phosphate (PLP)-dependent enzyme that catalyzes thepyruvate (eq 1). In addition to-tyrosine,L- andb-serine,
o
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and P.G. TPL also catalyzes the reverse reactiongeélimination
* Crystallographic _coordinates have been deposited with the (Yamadaet al, 1972; Eneiet al, 1972a) and thg-replace-
Brookhaven Protein Data Bank under file name 2TPL. ment reaction between the substratesfFalimination and
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tryptophan indole-lyase [EC 4.1.99.1]; AspAT, aspartate aminotrans- The.mOIGCUIe of TPL consists of four.Chemlca"y identical
ferase; PLP, pyridoxal 'Ephosphate; HPPA, 3-(4ydroxyphenyl)- subunits (Kazakoet al,, 1987), each with molecular mass

propionic acid; SOPCS-(o-nitrophenyl)+-cysteine. of 51.4 kDa, and binds 4 mol of PLP per tetramer. This
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enzyme is found primarily in enterobacteria (Ergtial,

Biochemistry, Vol. 36, No. 21, 1996503

prepared as previously described by Cheal.(1995a). Site-

1972), although it has been reported to occur in some directed mutagenesis was performed by the method of

arthropods (Duffey & Blum, 1977; Duffegt al., 1977). We

have previously reported the X-ray crystal structure of apo-

TPL (Antsonet al, 1993). From comparison of the three-

Kunkel (1985) using a kit from Bio-Rad. The mutagenic
oligonucleotides were AGTATGGAGCCGGAATT for the
Arg to Ala mutation, AGTATGGARTCGGAATT for the

dimensional structures of AspAT and TPL, it appears that Arg to lle mutation, and AGTATGGAGTCGGAATT for

two arginine residues of TPL, Arg 381 and Arg 404, are
close to the position of the Arg 386 of AspAT, the
guanidinium group of which binds the-carboxyl group of
the substrate (Kirscht al, 1984). One of these, Arg 404,

the Arg to Val mutation. Mutated clones obtained after the
mutagenesis were screened by sequencing the gene in the
mutated region using an Applied Biosystems Model 373A
DNA sequencer operated in the Molecular Genetics Instru-

is conserved in the structure of tryptophan indole-lyase mentation Facility at the University of Georgia. The primer

(TRPase), a highly homologous enzyme (Antsemal,
1993). Arg 404 resides on one of thestrands of the small
domain -sheet, similar to the location of Arg 386 in the
AspAT structure (Jansonius & Vincent, 1987). Thus, Arg
404 of TPL is likely to be involved in binding the-carboxyl

of amino acid substrates (Antset al., 1993).

nucleotide prepared from 1681 to 1700 [as defined in Antson
et al. (1993)] was used for sequencing the region containing
the desired mutation. The resulting plasmid containing the
Arg 381 to Ala mutation was designated pTZTPL R381A,
the plasmid containing the Arg 381 to lle mutation was
designated pTZTPL R381l, and the plasmid containing the

The chemical mechanisms proposed for TPL and TRPaseArg 381 to Val mutation was designated pTZTPL R381V.

are very similar (Kiick & Phillips, 1988a,b; Faleest al.,

E. coli SVS370 cells were used as the host for the plasmid,

1988). However, these enzymes are specific for their since these cells arénaA~ and thus do not produce

respective physiological substrates. The elimination of a tryptophan indole-lyase, which would interfere with the use
carbon leaving group, in contrast to a heteroatom leaving of SOPC for assay in cell extracts. The cells were grown
group, would be expected to require general acid/baseand the enzymes were purified as previously described (Chen

catalysis for activation. Thus, the substrate specificity of et al, 1995a).

TPL should be controlled during thelimination step, by

Crystallization of TPL Complex with HPPACrystalliza-

the interactions of the phenol side chain with a catalytic base tion of the wild-type TPL holoenzymeinhibitor complex
within a hydrophobic pocket, rather than at the stage of was performed with monomethyl ether poly(ethylene glycol)
substrate binding. The chemical mechanism of TPL appearsS000 (Fluka) as precipitant using hanging drop vapor

to require two basic groups, one of whictKgxra. 7.6-7.8)
abstracts the proton from tlee-position of the substrate to
form a quinonoid intermediate, and the second of whidfy, (p
ca. 8.6-8.2), acting in concert with proton transfer from the
first group to C-1 of the phenolic ring, facilitates cyclohexa-

diffusion. Typically, 1uL of the protein solution (20 mg/
mL TPL and 50 mM HPPA in 50 mM triethanolamine buffer
with 1 mM DTT and 2x 104 M PLP) was half diluted
with a reservoir solution. The best crystals were obtained
with 30—45 % (w/v) monomethyl ether poly(ethylene glycol)

dienone formation and subsequent elimination of phenol 5000 in the presence of monovalent cations salts (9016

(Kiick & Phillips, 1988a; Faleeet al., 1988).

In the present work, we performed X-ray crystallographic

studies of TPL cocrystallized with the substrate analog'3-(4

hydroxyphenyl)propionic acid (HPPA). These results dem-
onstrate that the Arg 381 side chain is located in front of
the phenolic OH of the bound substrate analog, while Arg

404 forms an ion pair with the carboxylate. To determine
the role of Arg 381 in TPL catalysis, we mutated it to alanine,

M KCI or CsCl).

X-ray Data Collection. X-ray data from crystals of TPL

in complex with HPPA were collected at the Daresbury
synchrotron radiation source (Daresbury, U.K.) on station
9.5 operating at 0.918 A wavelength using a Marresearch
image plate scanner. The crystals belong tcRR£,2 space
group @ = 135.07 A )b = 143.91 A c = 59.80 A), with

two TPL subunits in the asymmetric part. Data collection

isoleucine, and valine by site-directed mutagenesis, andWas carried out at room temperature with “1dscillation
determined the activity of these mutant proteins with tyrosine P€r image. Three different crystals were used with about
and other substrates. The results suggest that Arg 381 is aBC° oscillation per crystal in total. X-ray data were processed

least partly responsible for the substrate specificity of TPL.

MATERIALS AND METHODS

Materials Lactate dehydrogenase from rabbit muscle,
PLP, and NADH were purchased from U.S. Biochemical
Corp. (USB), as were-tyrosine,L-tryptophan,S-benzyl+ -
cysteine, andS-ethyli-cysteine. g-Chloroi-alanine and
L-phenylalanine were obtained from Sigm&Methyl-L-
cysteine was a product of ICN BiochemicalS:(o-Nitro-
phenyl)t-cysteine (SOPC) and-benzoylt-serine were
prepared as previously described (Phillips, 1987; Philips
al., 1989). 3-(4Hydroxyphenyl)propionic acid (HPPA) was
obtained from Lancaster.

Site-Directed Mutagenesis Plasmid pTZTPL, which
contains thepl gene fromCitrobacter freundii(Antson et
al., 1993), was purified from its host celscherichia coli
SVS370, and used to transfor coli CJ236 (ut” ung’).
Uracil-containing single-stranded DNA of this plasmid was

using the program DENZO (Otwinowski, 1993) and pro-
grams SCALA and TRUNCATE from the CCP4 package
(Collaborative Computational Project Number 4, 1994). The
statistics of the data set are summarized in Table 1.

Structure Solution and Refinementhe starting model
for the refinement was the wild-type TPL holoenzyme
structure (Antsoret al, manuscript in preparation). All
computations were performed using the CCP4 program
package. Rebuilding of the atomic model was performed
using programs XFIT (T. Oldfield, University of York) and
QUANTA (Molecular Simulations) and Fourier maps with
coefficients In|F,] — DJ|F¢ (Murshudov et al., 1996).
Refinement of the model was performed using the maximum
likelihood approach as implemented in the program REF-
MAC (Murshudovet al, 1996). Throughout refinement
main-chain atoms were restrained by noncrystallographic
symmetry. In the later stages five water molecules were
added at the end of each two refinement cycles using the
program ARP (Lamzin & Wilson, 1993).
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Table 1: Statistics of the X-ray Data
resolution completeness
ranges 00 mo()O redundancy Rmerg (%)
15.0-7.80 2830 6.5 29 0.063 98.2
7.80-5.51 1491 7.6 2.9 0.084 98.1
551-450 2274 7.8 3.0 0.087 98.1 VK
4.50-3.90 2450 6.8 3.0 0.101 98.0 100
3.90-3.49 1879 5.2 29 0.133 96.7
3.49-3.18 1267 3.7 2.8 0.188 94.8
3.18-2.95 887 25 2.7 0.274 93.1
2.95-2.76 652 2.1 2.4 0.315 74.4
2.76-2.60 439 2.3 2.0 0.293 57.6 . . . A .
2.60-2.50 383 1.9 1.7 0.361 50.3 63 70 73 80 83 o0 o3
total 1528 4.7 2.7 0.139 81.0 pH
a Average number of observations of the same reflectidfalue Ficure 1: pH dependence of inhibition of TPL by HPPA. The
of the mergingR-factor between equivalent measurements of the same filled squares are the K/ values for the inhibitor at the given pH,
reflection,R = S|l — O3 and the line is calculated from eq 4 using a value of 8.4 for the

pKa and a pH-independent value of 1.25 mM #¢

Enzyme AssaysThe f-elimination reactions were meas- yas detected by UV absorbance at 278 nm, and the large
ured using the coupled assay with lactate dehydrogenase anfleak eluting at 17.3 min was collected. Mass spectra were
NADH, measured at 340 nni¢ = —6.22x 10° M~ cm™), then obtained on these samples using a PE SCIEX electro-
as previously described by Morino and Snell (1970) for gpray jonization mass spectrometer.

TRPase. Reaction mixtures contained, in a total volume of Spectra of Tyrosine Phenol-lyasebsorbance spectra
0.6 mL, 50 mM potassium phosphate, pH 8.0, 5 MM ere obtained on a Cary 1E UV/vis spectrophotometer, and
2-mercaptoethanol, 50M PLP, 0.2 mM NADH, 0.02mg  cp gpectra were obtained with a Jasco J-700 spectro-
of lactate dehydrogenase, and various amounts of amino ac'dpolarimeter. Enzyme samples were dialyzed overnight
substrate at 25C. The reaction was initiated by the addition against 0.05 M potassium phosphate buffer, pH 8.0, con-
of enzyme solution. Determination of the pH dependence taining 0.05 mM PLP and were passed through PD-10
of R381A TPL was carried out by measuring the activity at desalting columns equilibrated with 0.05 M potassium
high concentrations of enzyme<2 mg/mL) with varying  phosphate, pH 8.0, prior to measurement of the spectra.
[L-tyrosine] at different pH values from 6.2 to 8.6 using Stopped-Flow Measurementgrior to the rapid kinetic
potassium phosphate buffers. The final pH values of the experiments, the stock enzyme was incubated with 1 mM
reaction mixtures were measured after the kinetic measure-p| b or 1 h ’at 30°C and then separated from excess PLP
ments were completed. Enzyme activity during purification on a short desalting column (PD-10, Pharmacia) equilibrated
was routinely measured with 0.6 mB(o-nitrophenyl)t- with 50 mM potassium phosphate ’pH 8.0. Rapid-scanning
cysteine (SOPC) in 50 mM potassium phosphate, pH 8.0 atstopped-ﬂow kinetic data were ,obtained with an RSM
25°C (Phillips, 1987), following the decrease in ak.)sor_bance instrument from OLIS, Inc. This instrument has a dead time
at 370 nm QE = —1.86x 10°M* cm ). Determination of ca. 2 ms, and is capable of collecting spectra in the visible
.Of the kinetic para}meters for SOPC was performed &5 region from 300 to 600 nm at 1 kHz. The enzyme solutions
in 50 mM potassium phosphate, pH 8.0, 5 mM 2-mercap- i, ‘54 M potassium phosphate, pH 8.0, were mixed with 2
toethanol, ar_1d SﬂM PLP' with varying amounts of SOPC mM L-tyrosine, and the absorbance changes at 500 nm were
anq appropriate (.:illu.tlons (.)f wild-type and mutant TPL. A followed for eithe 1 s or 1min, in different experiments, in
unit of TPL activity is defined as the amount of enzyme order to observe both fast and slow processes. The rate
which Pro_dL_‘CES Limol of product/mm.. constants were then evaluated by exponential fitting using

.The inhibitory effects of phenylalanmg and tryptophan ON the LMFT or SIFIT programs provided by OLIS. The
wild-type and muta_mt TPL were dete_rm_ln_ed using SOPC as validity of the fitting was evaluated by the standard devi-
substrate as descrlb_ed_aboye. Th_e|nh|b|t0ry effect 01’-3_—(4 ation or the Durbir-Watson parameters. Typically, rate
hydroxyphenyl)propionic acid on wild-type TPL was studied onstants were estimated to a standard deviation of less than
with L-tyrosine as substrate. The reaction mixtures contained gy
50 mM triethanolamine hydrochloride, pH 6-8.8, or 50 Data Analysis. Steady-state kinetic values kfx andK

mM Bis-ris propane hydrochloride, pH 8:3.4, 2.5 mM a6 ohtained by fitting the data (initial velocity vs substrate
dithiothreitol, 50uM PLP, 0.2 mM NADH, 2 units of LDH, concentration) to the MichaetidMenten equation

and varying amounts of-tyrosine, and the reaction was
mmated_ by the ad_dltlc_)n of TPL_. _ V = K, [EIISV(K,, + [S]) 3)
Protein Determination. Protein was determined by the
method of Bradford (1976), with purified TPL as a standard.
The concentration of purified TPL was determined from the
absorbance at 278 nntEY{* = 8.37) (Muroet al.,, 1978)
assuming a subunit molecular mass of 51.4 kDa (Antton
al.,, 1993). The PLP content of mutant enzymes was
determined by measuring the spectrum of the enzyme in 0.1
N NaOH, assuming3® = 6600 M* cm™* (Peterson &
Sober, 1954). Samples for mass spectrometry were applie
to a Vydac 300 A C18 column (4.8 250 mm) equilibrated + N
with 0.1% trifluoroacetic acid/20% acetonitrile. The protein (K app= (WK)YHJ([H ] + Ky (4)

using a hyperbolic regression program (Hyper). Ineq 3, S
is the substrate, [E] is the total enzyme concentration, and
Km is the Michaelis constant. The enzyme concentrations
were calculated using a subunit molecular mass of 51 440
Da (Antsonet al., 1993). The pH dependence of inhibition
by HPPA was fit to eq 4 using the HBBELL Fortran program
OIof Cleland (1979):
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Ficure 2: Electron density maps around the HPPA calculated with coefficienS,2 — D|F.| (Murshudovet al., 1996). The final refined
model is shown with two water molecules near the substrate analog labeled as W1 and W2. For the PLP-bound Lys-25¢-amiythe
group is shown.

RESULTS

Inhibition of Tyrosine Phenol-lyase by 3%Hydroxy-
phenyl)propionic Acid.3-(4'-Hydroxyphenyl)propionic acid
(HPPA) acts as a competitive inhibitor aftyrosine (-
elimination. The pH dependence of tevalue shows that
HPPA binding decreases above pH 8 (Figure 1), and the data
fit well to a single (K, of 8.4+ 0.08, with a pH-independent
value ofK; of 1.25 mM. This suggests that an acidic group
in the enzyme active site with &g of 8.4 is critical for the
binding of HPPA. Addition of HPPA to solutions of wild-
type TPL results in a red shift of the visible absorbance peak
from 420 to 425 nm, and there is a small decrease in the
dissymetry factor of the CD spectra, from 6<410¢to0 5.6
x 107 (data not shown).

Structure of Complex of Tyrosine Phenol-lyase with'3-(4
Hydroxyphenyl)propionic AcidThe X-ray structure of this
complex was refined at 2.5 A resolution to a crystallographic ) ’ - F;
R-factor of 18.3% Ryee = 26.3%). The final electron density ;180 -135 90 45 0 45 90 135 130
in the region of the active-site cleft is shown in Figure 2. Phi (degrees)

The final model contains 7252 protein atoms and 253 water Figure 3: Ramachandrang( ) plot for the two TPL subunits
molecules. All residues have allowed main-chain confor- present in the asymmetric unit prepared using PROCHECK
mational angles (Figure 3). Summary statistics of the refined (Laskowskiet al., 1993).

model are given in Table 2.

HPPA was present in the crystallization medium at a HPPA Qu atom is located 4.6 A from the Lys 257¢Nind
concentration of 25 mM, i.e., about 12 times higher than 4.7 A from a water molecule, Figure 5. One possibility for
the inhibition constant. However, electron density maps the G proton abstraction is Lys 257, where Ritould be
indicate it is present in only one of the two independent released on the formation of the external aldimine. Another
subunits in the crystallographic asymmetric unit. In kinetic Possibility is the water molecule coordinated by the Tyr 71
studies, TPL has not been found to exhibit any significant and Tyr 291 phenol hydroxyls, by Ntof GIn 98 and NH
cooperativity between subunits (Kiick & Phillips, 1988a). of Arg 100, and also by the Lys 256<Nwhich itself is 4.2
The differences in substrate binding must be due to the A from the monovalent cation. Our modeling studies
different crystallographic environment around the two sub- indicate that the lysine side chain could be flexible with the
units, perhaps coupled with an increased dissociation constaniNe moving between the cation and the water molecule (W1
for the HPPA in the crystallization medium. in Figure 5). The monovalent cation may thus lower the

In one of the two subunits, the substrate analog binds with pKa for the lysine side-chain amino group, which may
its a-carboxyl, making a salt bridge with the Arg 404 abstract a proton from the water molecule and thus activate
guanidinium group (Figure 4). The HPPAuGatom is 4.3 it. The nascent hydroxide could act to abstract the proton
A from the C4 of the PLP, and in a geometry which would from the substrate € Another water molecule is 3.0 A
allow the amino group of the real substrate to interact with from the substrate £and is H-bonded to Arg 100 and Tyr
the C4 and form the external aldimine intermediate. Itis 71. The Tyr 71 phenol hydroxyl, H-bonded to this water
not evident which protein group would act to abstract proton molecule, is 3.7 A from the substrate analog @nd has
from the substrate €in the first stage of the reaction. The been confirmed by mutation to phenylalanine to be involved

Psi (degre
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Table 2: Refinement and Model Correlation

resolution (A) 2.5-15.0

no. of protein atoms 7252

no. of water molecules 253

no. of reflections used in refinement 32151

R-factor (%) 18.3

no. of reflections used fdRyee 957

ree® (%) 26.3

average atomiB-factor (A2) main chain 29.2
side chain 31.0
waters 29.4

Deviations from Ideal Geometty

bond distance (A) 0.014 (0.020)

angle distance (A) 0.046 (0.040)

planes (A) aromatic 0.012 (0.020)
peptide 0.043 (0.050)

torsion angles (deg) planar 7.0 (7.0)
staggered 20.7 (15.0)
orthonormal 29.5 (25.00)

B-factors correlation (4 main-chain bond 2.5(3.0)
main-chain angle 3.4 (4.0)
side-chain bond 9.6 (8.0)
side-chain angle 11.2 (10.0)

noncrystallographic symmetry main-chain bonds (&) 0.125 (0.100)
main-chairB-factors (&) 0.94 (1.0)

a CrystallographidR-factor, Riree) = Y ||Fol — |Fcll/Y |Fol. For Ryee calculation the sum was taken over 957 randomly chosen reflections (3.0%
of the total), which were excluded from refinement. All other reflections in the resolution range 5.8 were used in the refinemeftRms
deviation from the standard values are given with target values in parenthdsegrystallographic symmetry restraints were applied to the main-
chain atoms only. Rms deviations from the average position and from the a\@fagtor are given.

FiGure 4: Stereo plot of the TPL substrate binding site, prepared using MOLSCRIPT (Kraulis, 1991). The bound HPPA is shown with
bold lines. Residues from an adjacent subunit are marked by stars. The two water molecules near the HPPA are labeled as in Figure 2.

in donation of a proton to the substrater @Chenet al, presence of the desired mutation and the absence of other
1995). mutations was confirmed by automated DNA sequencing in
The phenolic hydroxyl of the substrate analog is 4.1 A the region of the expected mutation. In addition, the mass
from the Arg 381 side-chain Nfhtom. It is at an angle of  spectra of wild-type, R381A, R381l, and R381V TPL were
85° to the NH and 103 to the NH, atoms of Arg 381. obtained using electrospray ionization. Wild-type TPL
Although these angles are not energetically favorable for exhibited a molecular mass of 51 43404.3 Da, in good
potential H-bonding, the real substrate may well cause agreement with the calculated molecular mass of 51 440.9
conformational changes in the active site upon formation of Da from the amino acid sequence (Antsiral., 1993) using
the Schiff base with PLP and upon furtherGproton the average residue mass values of Biemann (1990). R381A,
abstraction. Other protein groups in contact with substrate R381l, and R381V TPL exhibited molecular masses of
phenol are the side chains of residues Thr 124, Met 288,51 351.9+ 7.1, 51398.8+ 9.9, and 51 381.4t 5.0,
and Phe 448. Of these, only Thr 124 has polar character,respectively, which are in excellent agreement with the
with the side-chain hydroxyl situated 4.9 A from the substrate expected masses of 51 355.7 Da for the Arg to Ala mutation,
hydroxyl. The Arg 381 side chain appears to be the closest51 397.9 Da for the Arg to Ile mutation, and 51 383.9 for
group with potential catalytic activity to the hydroxyl group the Arg to Val mutation. The PLP content of the mutant
of the substrate analog. proteins was found to be 1 mol/subunit, as was shown
Characterization of R381A, R381l, and R381V Tyrosine previously for wild-type TPL (Kazakoet al,, 1987). Thus,
Phenol-lyase.In order to determine the role of Arg 381 in  the mutations do not significantly affect the binding of PLP
the reaction of TPL, this arginine was mutated to alanine, to the protein. The visible spectrum of R381A TPL, with
isoleucine, and valine by site-directed mutagenesis. Thepeaks at 340 and 500 nm in addition to the expected internal
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Ficure 5: Stereo plot of the environment around the two water molecules that point toward the HPPA, prepared using MOLSCRIPT
(Kraulis, 1991). The monovalent Cgation is represented by a large sphere. HPPA is drawn with bold lines.

Table 3: Substrate Specificity of TPL and Mutant Forms

wild-type TPL R381A TPL R3811 TPL R381V TPL
Keat Keal Km Keat KealKm Keat KealKm Keat KealKm

substrate (s (M~tsT (s M~1s) (s M~1s) (s (M-ts)
SOPC 9.7 3.6< 10¢ 21 3.1x 10 0.46 2x 10t 9.7 1.0x 10°
L-ty 2.2 8.0x 10° 1.8x 10+ 0.48 <1.4x 105 <1.4x 103 <1.4x 10° <1.4x 103
SmethylL-Cys 0.9 2.8x 1 0.033 2.5x 10° 0.20 1.2x 1% 0.67 1.3x 10
S-ethylL-Cys 1.7 7.4x 17 0.017 2.4x 10° 0.19 24 0.61 6. 1C°
O-benzyli-Ser 3.9 3.3 16° 0.012 3.2x 10° 0.68 2.7x 10° 25 7.8x 1C¢°
O-benzoylt-Ser 8.3 2.9x 10 0.37 2.9x 1 0.95 3.0x 17 2.9 1.2x 1C°
p-chloroL-Ala 3.0 1.8x 10° 0.025 8.6x 10* 0.76 4.5x 10° 0.84 2.7x 10

aData from Cheret al. (1995).

aldimine band at 415 nm (Figure 6A), is distinct from that The k.o/Kn, values of R3811 TPL are smaller than those of
of wild-type TPL, which exhibits an internal aldimine either wild-type, R381A, or R381V TPL witts-alkyl-L-
absorbance peak at 420 nm. The visible spectra of R381Icysteines. Other known substrates of TRD;benzylt-
(Figure 6A) and R381V TPL (data not shown) also exhibit serine,O-benzoylt-serine, angb-chloro+-alanine, are rela-
peaks at 340 and 415 nm but do not show the 500 nm peak tively good substrates for all of these mutant enzymes (Table
The CD spectra of R381A and R381I TPL, shown in Figure 3).
6B, show positive bands for the 415 nm peaks, as was We then examined the effect of pH on the reaction of
previously observed for the 420 nm band of wild-type TPL R381A TPL withL-tyrosine. R381A TPL shows very similar
(Demidkina and Myagkikh, 1989; Chesat al, 1995b). In keat Values at pH 6.60, 7.70, and 8.36, with only a 3-fold
addition, the 340 nm peak is seen as a positive CD band fordecrease at the lowest pH (Table 4). Similarly, there is only
both mutant proteins, but the 500 nm absorbance peak ofabout a 3-fold decrease ka./Kn between pH 8.36 and 6.60
R381A TPL is absent from the CD spectrum. (Table 4). In contrast, we have previously shown that wild-
Catalytic Actwvity of TPL and Mutant Proteins The type TPL exhibits two basic s of about 7.8 in the pH
steady-state kinetic parameters of wild-type, R381A, R381l, profile of k../Kyn (Kiick & Phillips, 1988a; Chenet al.,
and R381V mutant TPL for six substrates are shown in Table 1995a) and thus would be expected to show about a 200-
3. Although R381l and R381V TPL have no detectable fold decrease irk.a/Km between pH 8.36 and 6.60. These
activity with tyrosine, R381A TPL has a very low, but readily results suggest that Arg 381 may be one of the catalytic bases
measurable, activity with tyrosine. THe, for L-tyrosine in wild-type TPL that contributes to the pH dependence.
has been decreased*¥0ld, and thek../Kn has been reduced Effect of Inhibitors The inhibition of wild-type, R381A,
by 5 x 10°fold for R381A TPL, compared to wild-type TPL. and R381l TPL by -tryptophan and.-phenylalanine was
Wild-type, R381A, R381l, and R381V TPL can all utilize studied, and the inhibitory constants fotryptophan and
SOPC as a substrate, with only modest effectkgrand L-phenylalanine are 2.9 mM and 2.5 mM, respectively, for
kea/Km, indicating that Arg 381 is not an essential residue wild-type TPL, 1.8 mM and 8.5 mM, respectively, for R381A
for the reaction of SOPC. All of these enzymes can also TPL, and 1.1 mM and 0.3 mM, respectively, for R3811 TPL
utilize S-alkylcysteines as substrates (Table 3). For R381A (Table 5). Thus, the mutation of Arg 381 to either alanine
TPL, these substrates exhilhity; values reduced by about or isoleucine does not significantly reduce the binding of
100-fold and k.o/Kn Vvalues increased by about 10-fold L-phenylalanine and-tryptophan to TPL. Indeed;phenyl-
compared to the reactions catalyzed by wild-type TPL (Table alanine binds about 10-fold more strongly to R3811 TPL than
3). This is due to the very low, values of R381A for to wild type (Table 5).
these substrates. In contrast, R381l and R381V TPL exhibit Rapid-Scanning Stopped-Flow Reactions of TPL with
keat Values larger than that of R381A TPL, but somewhat L-Tyrosine L-Tyrosine forms a steady-state quinonoid
smaller than that of wild-type TPL, witS-alkyl-L-cysteines. complex with wild-type TPL that exhibits a rather weak
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FIGURE 6: (A) Absorbance spectra of Arg 381 TPL mutant proteins.
Solid line, R381A TPL, 7 mg/mL. Dashed line, R3811 TPL, 12
mg/mL. (B) CD spectra of Arg 381 TPL mutant proteins. Solid 8
line, R381A TPL, 7 mg/mL. Dashed line, R381I TPL, 12 mg/mL. g
Q
=
Table 4: Effect of pH on TPL Activity <
R381A TPL wild-type TPE
pH kcat (Sil) kcalle (M -1 571) kcat (371) kca{Km (M -1 Sfl)
6.60 2.3x10* 0.46 35 6.53x 10 0.0
7.70 2.0x 104 0.46 35 4.56x 108 320 360 400 440 480 520 560 600
8.36 6.0x 10 1.80 35 1.30x 10¢ Wavelength (nm)
aData calculated from Cheet al. (1995). 04
,,,,, y b
Table 5: Effect of Mutation of Arg 381 on Binding of TPL 03
Inhibitors g
Ki (mM) S r e
inhibitor wild-type TPL R381A R381I é 02 | I
L-tryptophan 2.9 1.8 1.1 s F ,»,~’—'-—-:I-~~ ********************************
L-phenylalanine 25 8.5 0.3 3 A
<oy
- /
visible absorbance peak at about 500 nm (Mefral., 1978). .
| 1 | 1 I 1 | 1

L-Phenylalanine,-tryptophan-alanine, and-alanine form ool T v 1 v 111y
complexes with a similar, but more intense, peak at about ' 203 0405 06 07 0809
500 nm (Kumagagt al, 1970b; Faleeet al,, 1988; Chen

& Phillips, 1993), although they are not substrates of TPL FlGUFzE 7. /(A) Rapid-SC)anning Stoppr?d-ﬂow spectra of wild-type
for the B-elimination reaction. We examined the reactions TPL (1 mg/mL; 19.4uM) reaction with 2 mML-tyrosine. Spectra
p are displayed at 0.001, 0.005, 0.010, 0.020, 0.040, 0.080, 0.160, and

of Wlld'type’. R381A, and R381I TPL witb-tyrosine using 0.320 s after the start of the reaction. (B) Rapid-scanning stopped-
rapid-scanning stopped-flow spectrophotometry. The reac-fiow spectra of R381A TPL (1 mg/mL; 19.4M) reaction with 2

tion of wild-type TPL with 2 mML-tyrosine exhibits rapid mM L-tyrosine. Spectra are displayed at 0.001, 0.005, 0.020, 0.160,
formation of a quinonoid complex with a peak at 501 nm 0.320, 0.640, 1.1, 13.5, 38.5, and 57.7 s after start of the reaction.

i ; (C) Rapid-scanning stopped-flow spectra of R381l TPL (1 mg/mL;
(Figure 7A), as previously reported by Mueb al. (1978). 19.4 uM) reaction with 2 mMc-tyrosine. Spectra are displayed at

The reaction of R381A TPL witb-tyrosine is more complex, 4001, 0,005, 0.020, 0.040, 0.160, 0.320, 0.640, 1.39, 5.39, and 9.07
with a small rapid increase in the absorbance peak _at 500s after start of the reaction. (D) Time courses for reaction of TPL
nm, followed by a slow decrease at 500 nm with a and mutant proteins with 2 mN-tyrosine at 500 nm.

t (seconds)
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Scheme 1. Mechanism of Tyrosine Phenol-lyase
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concomitant increase at 420 nm and decrease at 340 nntyclohexadienone intermediate (Kiick & Phillips, 1988a;
(Figure 7B). The reaction of R381l TPL withtyrosine Faleevet al, 1988). In the present work, the structure of
shows a fast phase of absorbance increase at 501 nmthe complex of TPL with 3-(4hydroxyphenyl)propionic acid
followed by a very slow further increase over 10 s, with demonstrates that Arg 381 is the only group near the phenolic
concomitant decrease in the 340 nm peak (Figure 7C). TheOH of the substrate analog in a position to function as this
time courses for the reactions of wild-type (solid line), second catalytic base (Figure 3). In order to confirm this
R381A (dots and dashes), and R3811 TPL (dashes) at 500hypothesis, we have performed site-directed mutagenesis of
nm are shown in Figure 7D. All three enzymes show a rapid Arg 381 of TPL to alanine, isoleucine, and valine.

phase withasjmilar rate cons.tan_t'of about 79 'mdicating” R381A TPL has very low activity, while R381l and
that the mutations have not S|gnlflcqntly affecteq the ability R381V TPL have no detectable activity, for elimination of
of the_ enzymes to form quinonoid intermediates from phenol fromL-tyrosine (Table 3); however, the./Kn values
L-tyrosine. for SOPC are hardly affected by the mutations. It should
be noted that the leaving group of SORGhitrobenzenethiol,
DISCUSSION has a K, of 5.2 (Suelteret al,, 1976) and thus requires no
ThekefKm value for the reaction af-tyrosine or 3-fluoro- additional assistance from the enzyme beyond formation of
L-tyrosine with TPL decreases at acidic pH, showing a the quinonoid intermediate. Furthermore, the rapid-scanning
dependence on two basic groups with an averagevplue  Stopped-flow data (Figure 7) and the steady-state inhibitor
of 7.8, while the value ok is pH-independent (Kiick &  data (Table 5) indicate that the mutations of Arg 381 do not
Phillips, 1988a; Chert al, 1995a). The pH dependence reduce the ability of TPL to bind amino acids and to form
of keafKm reflects ionizations occurring on the free enzyme guinonoid intermediates. In contrast to wild-type TR/
and free substrate, while thoselgf; reflect ionizations on ~ Km of L-tyrosine for R381A TPL exhibits very little pH
the enzyme-substrate complex. Sinaetyrosine does not ~ dependence, as expected if Arg 381 is one of the basic groups
have a basic group with &g of 8, these basic groups seen contributing to the pH profile. The crystallographic results,
in the pH dependence &./Kn» must be catalytic residues taken together with the mutagenic and kinetic studies, provide
of TPL. In contrast toL-tyrosine, the reaction of S-  Strong evidence for the role of Arg 381 as a catalytic residue
methyl+.-cysteine with TPL exhibits only a singlekg of in TPL. The [K; of about 8 is rather low for the guanidine
7.6 in its pH dependence df./Km, suggesting that the functionality of an arginine, since the expected value in
reaction mechanism fop-elimination of this substrate ~ Solution is about 12.5. However, Arg 381 is located in a
requires only a single proton abstraction to form the hydrophobic pocket with few ionic or polar groups nearby,
quinonoid intermediate (Kiick & Phillips, 1988a). Hence, Which should destabilize a positive charge, thus decreasing
we concluded that the second basic group, withKa qf the K. Although not operative in this case, electr_ostatlc
about 8.0, is required to catalyze the elimination of the phenol €ffects have been shown to decrease the of lysine
moiety of tyrosine. A mechanism was proposed that residues in enzyme active sites by as much a&&umits
suggested that this second base interacts with the phenolidWestheimer, 1995).
OH of the tyrosine substrate and, by abstraction of the proton, In contrast to the reaction aftyrosine, the binding of
would facilitate the tautomerization of the phenol to the HPPA is dependent on acidic group rather than a basic
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group, as theK; for HPPA increases at higher pH with a Chen, H., Gollnick, P., & Phillips, R. S. (1995&ur. J. Biochem.
pK, of 8.4 (Figure 1). This is consistent with the structure, 229 540.

as the main contact of HPPA with the protein is the ion Ch;;,ll—;,ngmidkina, T.V., & Phillips, R. S. (1995BJochemistry

pairing with Arg 404 (Figure 4), which would be weakened cjgjand, w. W. (1979Methods Enzymol. 6303.
if Arg 404 is deprotonated. However, th&gpof 8.4 could Collaborative Computational Project, Number 4 (199%ta
also be due to ionization of the PLP Schiff base at high pH,  Crystallogr. D5Q 760.

since HPPA binding induces a red shift in the PLP spectrum. Bﬁf”?égkiga’;'Q/'éﬁ‘mMyﬁg'gk?i SI)? yﬁngle?:?gg?é%ﬁgim;e 5771 565.
In aromatic amino acid aminotransferase, the binding of Duffey,' S.'S.;‘Aldrich,j. R'.,8;Blum, M. S (197Don'1p'. Biochem.

phenylpropionic acid was shown to increase thg of the Physiol. 568 101.
PLP Schiff base (Iwasalégt al., 1994). Enei, H., Matsui, H., Yamashita, K., Okumura, S., & Yamada, H.
The reaction mechanism for TPL as currently understood _ (1972)Agric. Biol. Chem. 361861.

is presented in Scheme 1. The PLP is bound to the restingEngiib:"-éﬁgmazgizaés& Okumura, S., & Yamada, H. (19%gjic.
enzyme as a Schiff base. Binding oftyrosine to the Falee\}, N. G Lyubarév, A. E., Martinkova, N. S., & Belikov, V.

enzyme results in a transaldimination and forms the external . (1983) Enzyme Microb. Technol., 219.
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quinonoid intermediate. It is then necessary to form the jansonius, J. N., & Vincent, M. G. (1987) Biological Macro-
cyclohexadienone tautomer of the phenol, which requires molecules and Assemblighirnak, F. A, & McPherson, A., Eds.)
both general acid and general base catalysis, for elimination Vol. 3, pp 187-285, J. Wiley and Sons, New York.
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