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ABSTRACT: Tyrosine phenol-lyase (TPL) fromCitrobacter freundiiis a pyridoxal 5′-phosphate (PLP)-
dependent enzyme that catalyzes the reversible hydrolytic cleavage ofL-Tyr to give phenol and ammonium
pyruvate. The proposed reaction mechanism for TPL involves formation of an external aldimine of the
substrate, followed by deprotonation of theR-carbon to give a quinonoid intermediate. Elimination of
phenol then has been proposed to give anR-aminoacrylate Schiff base, which releases iminopyruvate
that ultimately undergoes hydrolysis to yield ammonium pyruvate. Previous stopped-flow kinetic
experiments have provided direct spectroscopic evidence for the formation of the external aldimine and
quinonoid intermediates in the reactions of substrates and inhibitors; however, the predictedR-aminoacrylate
intermediate has not been previously observed. We have found that 4-hydroxypyridine, a non-nucleophilic
analogue of phenol, selectively binds and stabilizes aminoacrylate intermediates in reactions of TPL with
S-alkyl-L-cysteines,L-tyrosine, and 3-fluoro-L-tyrosine. In the presence of 4-hydroxypyridine, a new
absorption band at 338 nm, assigned to theR-aminoacrylate, is observed with these substrates. Formation
of the 338 nm peaks is concomitant with the decay of the quinonoid intermediates, with good isosbestic
points at∼365 nm. The value of the rate constant for aminoacrylate formation is similar tokcat, suggesting
that leaving group elimination is at least partially rate limiting in TPL reactions. In the reaction ofS-ethyl-
L-cysteine in the presence of 4-hydroxypyridine, a subsequent slow reaction of theR-aminoacrylate is
observed, which may be due to iminopyruvate formation. BothL-tyrosine and 3-fluoro-L-tyrosine exhibit
kinetic isotope effects of∼2-3 onR-aminoacrylate formation when theR-2H-labeled substrates are used,
consistent with the previously reported internal return of theR-proton to the phenol product. These results
are the first direct spectroscopic observation ofR-aminoacrylate intermediates in the reactions of TPL.

Tyrosine phenol-lyase (TPL,1 EC 4.1.99.2) is a pyridoxal
5′-phosphate (PLP)-dependent enzyme that catalyzes the
hydrolytic cleavage ofL-tyrosine to yield phenol and
ammonium pyruvate (eq 1).

This enzymaticâ-elimination of a carbon leaving group
is mechanistically interesting, since the elimination cleaves
a carbon-carbon bond, and hence, the phenol ring should

undergo tautomerization for the elimination reaction to
proceed (1, 2). In addition to the physiological reaction, TPL
also efficiently catalyzes theâ-elimination of a number of
â-substituted amino acids with good leaving groups, such
as S-methyl-L-cysteine (3), â-chloroalanine (3), and S-(o-
nitrophenyl)-L-cysteine (SOPC) (4). Moreover, TPL has been
shown to catalyze the racemization of alanine, but at a rate
much slower than the rate ofâ-elimination reactions (5, 6).

A generally accepted chemical mechanism for theâ-
elimination reactions is shown in Scheme 1. The sequence
includes the initial formation of an external aldimine, with
a CdN bond between the PLP carbonyl group and the
substrate amino group,R-proton abstraction to form a
quinonoid intermediate, followed byâ-elimination, which
results in the formation of anR-aminoacrylate derivative,
and, finally, release of this intermediate to form ammonium
pyruvate. However, there have been only a few kinetic
studies of TPL to support the postulated mechanism.
Spectroscopic investigations have demonstrated the formation
of external aldimine and quinonoid intermediates with
substrates and inhibitors. Stopped-flow kinetic studies of TPL
(7) have demonstrated two relaxation processes upon addition
of inhibitors (L-alanine,D-alanine, andL-m-tyrosine) to TPL
and three relaxation processes upon addition of the substrate,
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L-tyrosine. The isotope effect and pH-dependent kinetic
studies of TPL (8) have shown that TPL appears to require
two bases, one of which (pKa ) 7.6-7.8) abstracts the proton
from the R-position of the substrate to form a quinonoid
intermediate and the second of which (pKa ) 8.0-8.2)
abstracts the proton from the substrate hydroxyl group to
facilitate cyclohexadienone formation and subsequent elimi-
nation of phenol. The structure of the complex of TPL with
an inhibitor, 3-(4-hydroxyphenyl)propionic acid, demon-
strated that Arg-381 may be the basic residue (9). We have
studied the steady-state and pre-steady-state kinetics of the
alanine racemization catalyzed by TPL and the effects of
phenol and analogues on this reaction (6). The results
demonstrated that there are two distinct quinonoid intermedi-
ates formed from eitherD- or L-alanine and suggested that
the interconversion of quinonoid intermediates is rate-limiting
in the racemization of alanine. Thus, although external
aldimine and quinonoid intermediates have been observed
in the reaction of TPL with substrates and inhibitors, the
postulatedR-aminoacrylate intermediate shown in Scheme
1 has not been observed previously.

Tryptophan indole-lyase (tryptophanase or Trpase) is also
a â-eliminating carbon-carbon lyase. Trpase fromEscheri-
chia coli is substantially homologous in sequence (ca. 40%
identical residues) withCitrobacter freundii TPL (10).
Crystallographic studies of Trpase fromProteusVulgaris
have revealed that the three-dimensional structure of Trpase
is virtually identical with that of TPL (11). Moreover, the
proposed chemical mechanisms for TPL and Trpase are very
similar (8, 12). In previous studies, we have examined the
effects of indole and benzimidazole on the pre-steady-state
kinetics ofâ-elimination reactions catalyzed by Trpase (13-
15). These results demonstrated the first direct measurement
of the formation of anR-aminoacrylate intermediate from
the breakdown of the quinonoid intermediates in the reaction
of substrates with Trpase. In this study, we have studied the
effects of 4-hydroxypyridine (4-HP), an analogue of phenol,
on the reactions of TPL. These results provide the first direct

spectroscopic evidence of transientR-aminoacrylate inter-
mediates in theâ-elimination reaction catalyzed by TPL.

MATERIALS AND METHODS

Materials. Lactate dehydrogenase (LDH) from rabbit
muscle, PLP, NADH,L-tyrosine, 3-iodo-L-tyrosine,S-benzyl-
L-cysteine, andS-ethyl-L-cysteine were obtained from USB
Corp.S-Methyl-L-cysteine was a product of ICN Biochemi-
cals. 4-Hydroxypyridine (4-HP) was obtained from Aldrich.
S-(o-Nitrophenyl)-L-cysteine (SOPC) (16) and 3-fluoro-L-
tyrosine (17) were prepared as previously described. [R-2H]-
L-Tyrosine and [R-2H]-3-fluoro-L-tyrosine were prepared by
performing the enzymatic synthesis reaction in 99%2H2O,
with phenol and 2-fluorophenol, respectively, as previously
described for [R-2H]-L-tyrosine (6, 8). TheR-2H content was
determined to be>98% by 1H NMR for both deuterated
compounds. 3-Chloro-L-tyrosine hydrochloride was obtained
from Sigma. 3-Bromo-L-tyrosine was prepared in our labora-
tory by a new procedure (R. S. Phillips, unpublished results).
All other reagents and chemicals obtained from commercially
available sources were of the highest available quality.

Enzyme and Assays.Tyrosine phenol-lyase was purified
from E. coli SVS370 cells containing pTZTPL as described
previously (18). Enzyme concentrations were estimated from
theA278

1% of 8.37 (7) assuming a subunit molecular weight
of 51 000 (10). Enzyme activity was routinely measured with
0.6 mM SOPC in 50 mM potassium phosphate (pH 8.0) at
25 °C (4) following the absorbance decrease at 370 nm (∆ε

) -1.86× 103 M-1 cm-1). A unit of activity is defined as
the amount of enzyme which produces 1µmol of product/
min at 25°C. The activity of other substrates was measured
using the coupled assay with lactate dehydrogenase and
NADH, measured at 340 nm (∆ε ) -6.22× 103 M-1 cm-1),
as described by Morino et al. for Trpase (19). All the steady-
state kinetic measurements were obtained on a Gilford
Response or a Cary 1 UV-visible spectrophotometer
equipped with a thermoelectric block. The inhibition constant

Scheme 1
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for 4-HP was determined with the FORTRAN programs of
Cleland (20).

Rapid Reactions. Rapid-scanning stopped-flow experi-
ments were performed on an OLIS RSM-1000 instrument,
equipped with a stopped-flow mixer with a 1 cmpath length.
The dead time of the stopped-flow mixer is∼2 ms. Single-
wavelength stopped-flow experiments were performed with
a Kinetics Instruments stopped-flow mixer with a modified
Cary 14 UV-visible spectrophotometer from OLIS for the
light source. Prior to performing the rapid kinetic experi-
ments, we incubated the stock enzyme with 0.5 mM PLP
for 1 h at 30°C and then separated from excess PLP on a
short desalting column (PD-10, Pharmacia) equilibrated with
50 mM potassium phosphate buffer (pH 8.0). The rapid-
scanning stopped-flow kinetic measurements were performed
at room temperature, which was approximately 20°C, while
the single-wavelength stopped-flow kinetic measurements
were performed at 25°C, controlled by a circulating water
bath. The difference in rate constants due to the temperature
difference should be a factor of<1.5, assuming an average
activation energy of 15 kcal/mol. The rapid-scanning stopped-
flow data were analyzed with GlobalWorks supplied by OLIS
(21) to obtain the reported rate constants. Single-wavelength
transients were analyzed by fitting with SIFIT (OLIS), which
can fit up to three exponentials and an offset. The quality of
the fit was judged by analysis of the residuals and by the
Durbin-Watson value (22). Isotope effects for the reaction
of deuterated substrates were determined by comparison of
the rate constants for the protio and deuterio substrates.
Identical isotope effects, within experimental error, were
obtained using the method of Fisher (23), which uses the
initial rates of transients rather than fitted rate constants. The
concentration dependence of relaxations was fit to either eq
2 for first-order reactions preceded by a rapid binding
equilibrium exhibiting a hyperbolic concentration dependence
(24) or eq 3 for first-order reactions followed by a rapid
binding equilibrium exhibiting an inverted hyperbolic con-
centration dependence.

wherekf is the rate constant for the forward reaction,kr is
the rate constant for the reverse reaction, andKd is the
equilibrium constant for the binding step.

RESULTS

Rapid-Scanning Stopped-Flow Kinetic Studies of S-Alkyl-
L-cysteines.The formation of quinonoid intermediates in
â-elimination reactions catalyzed by TPL can be observed
by stopped-flow spectrophotometry (6, 7, 25). When TPL
is mixed with 40 mMS-ethyl-L-Cys, the external aldimine
is formed in the dead time of the instrument, which can be
seen in the absorbance increase and slight blue shift of the
peak of spectrum 1 in Figure 1A compared to the internal
aldimine (dotted line). There is a subsequent absorbance
decrease at 425 nm, and a concomitant increase at 504 nm
(Figure 1A). The absorbance at 504 nm reaches a maximum
value at∼50 ms and then decreases in a subsequent slow
phase, which is concomitant with formation of a small
shoulder at∼340 nm (Figure 1B). We have also performed

comparable rapid-scanning stopped-flow experiments with
S-benzyl-L-Cys andS-methyl-L-Cys, and similar results were
obtained (data not shown).

Single-wavelength stopped-flow kinetic experiments were
performed at 504 nm at various concentrations ofS-ethyl-
L-Cys. As expected from the data in Figure 1, the time
courses require a minimum of two exponentials to obtain
adequate fits. The rate constant for the fast phase, with an
increasing absorbance, was found to increase with a hyper-
bolic dependence on the concentration ofS-ethyl-L-Cys
(Figure 2A). Fitting the data in Figure 2A to eq 2 gives the
following: kf ) 59.4( 1.8 s-1, kr ) 3.9 ( 0.7 s-1, andKeq

) 4.9 ( 0.7 mM. It could not be determined if there is a
concentration dependence of the second phase, with a
decreasing absorbance, because the amplitude is less than
10% of the amplitude of the first phase. The formation of
quinonoid intermediates in the reactions of TPL with
S-methyl-L-cysteine andS-benzyl-L-cysteine was also found

1/τ ) kf[L]/( Kd + [L]) + kr (2)

1/τ ) kf + krKd/(Kd + [L]) (3)

FIGURE 1: Rapid-scanning stopped-flow spectra of the reaction of
TPL with S-ethyl-L-Cys. (A) Reaction of TPL with 40 mMS-ethyl-
L-Cys in 0.05 M potassium phosphate (pH 8). The scans are shown
at (1) 0.002, (2) 0.013, (3) 0.025, (4) 0.120, (5) 0.420, and (6) 0.920
s. (B) Time courses for the reaction shown in panel A at 340, 420,
and 506 nm. (C) Reaction of TPL with 40 mMS-ethyl-L-Cys and
5 mM 4-HP in 0.05 M potassium phosphate (pH 8). The scans are
shown at (1) 0.002, (2) 0.012, (3) 0.050, (4) 0.119, (5) 0.460, and
(6) 0.920 s. (D) Time courses for the reaction shown in panel C at
340, 420, and 506 nm.

FIGURE 2: (A) Concentration dependence of the rate constant for
quinonoid intermediate formation from TPL andS-ethyl-L-cysteine.
(B) Concentration dependence of the rate constants for quinonoid
intermediate decay in the reaction of TPL withS-ethyl-L-Cys in
the presence of 4-HP: (b) fast phase and (O) slow phase.
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to exhibit a hyperbolic dependence on concentration, similar
to that in Figure 2. The rate constants for deprotonation (kf)
and reprotonation (kr) and the dissociation constants (Keq)
were determined by fitting the concentration-dependent data
to eq 2. The results are listed in Table 1.

In previous work, we demonstrated that 4-hydroxypyridine
(4-HP) can bind to the quinonoid complexes ofL-alanine or
D-alanine with TPL, resulting in changes in the absorption
intensity (6). Rapid-scanning studies of the reaction of TPL
with S-ethyl-L-Cys in the presence of 4-HP show that the
quinonoid peak forms rapidly, which was seen without 4-HP,
but subsequently slowly decays to a much lower absorbance
value (Figure 1C,D). Formation of a peak absorbing at 338
nm is concomitant with the slow decay of the 504 nm peak,
with a good isosbestic point at∼366 nm. The reaction of
S-ethyl-L-Cys in the presence of 4-HP is triphasic (Figure
1D). The rate constant for the fast phase, with an increasing
absorbance at 504 nm, is independent of 4-HP concentration
but shows a dependence onS-ethyl-L-Cys concentration,
which was seen in Figure 2A. The rate constant for the
second phase, with a decreasing absorbance at 504 nm and
an increasing absorbance at 338 nm, decreases with an
increase in 4-HP concentration in an inverted hyperbola
[Figure 2B (b)]. The rate constant for the slowest phase,
with a decreasing absorbance at 504 nm, increases with 4-HP
concentration in a hyperbolic manner [Figure 2B (O)]. The
amplitude of this slowest phase is low, and it was not possible
to fit the data for 4-HP concentration above 2 mM. Rapid-
scanning stopped-flow studies of the reaction of TPL with
S-methyl-L-Cys andS-benzyl-L-Cys in the presence of 4-HP
show results similar to those observed in the reaction of
S-ethyl-L-Cys (data not shown).

Rapid-Scanning Stopped-Flow Kinetic Studies of Tyrosine
and 3-Fluorotyrosine. We have also examined the reactions
of L-Tyr and 3-fluoro-L-Tyr in the absence and presence of
4-HP by rapid-scanning stopped-flow spectrophotometry.
The results for the reaction of TPL withL-Tyr are shown in
Figure 3A. There is rapid formation of a low-intensity
quinonoid band at 502 nm, which is concomitant with a
decrease in the external aldimine band at 418 nm, and a low-
intensity absorbance increase is seen at∼338 nm (Figure
3B). These data were fit by global analysis, and a minimum
of at least three exponentials is required to obtain an adequate
fit of these data. The three-exponential fit is consistent with
the individual single-wavelength data, which exhibit a single
exponential for the absorbance increase at 502 nm, biphasic
kinetics at 418 nm, the fastest of which agrees with the rate
constant at 502 nm, and biphasic kinetics at 338 nm, the
fast phase matching the slow phase at 418 nm. The fastest
phase corresponds to a decrease in the magnitude of the
external aldimine band at 418 nm and an increase in the
magnitude of the quinonoid band at 502 nm, with akobs of
∼70 ( 5 s-1. This is in good agreement with our previous
results (25). In the second phase, there is little change in the

502 nm band, but there is a decrease at 418 nm, which is
concomitant with an increase at 338 nm, with akobs of 12 (
2 s-1. The slowest phase results in an increase in the
magnitude of the quinonoid absorption band at 502 nm, with
a rate constant of 1( 0.1 s-1. The reaction of [R-2H]-L-Tyr
is similar to that ofL-Tyr (Figure 3C), but the amplitudes
and rates for formation of intermediates are dramatically
reduced. The small amplitudes (Figure 3D) make it difficult
to obtain the rate constants for the reaction with accuracy.
The rate constant for quinonoid intermediate formation from
[R-2H]-L-Tyr is 20( 5 s-1, so there is an apparent primary
kinetic isotope effect of∼3.5 for the removal of theR-proton.

When 4-HP is included in the reaction ofL-Tyr, in addition
to absorption bands with maxima at 502 and 418 nm, there
is also a more prominent peak at 338 nm (Figure 4A). As
described above withL-Tyr, the reaction requires a minimum
of three exponential processes to obtain a reasonable fit. The
SVD spectra for the reaction of TPL withL-Tyr and 4-HP
obtained from global fitting are shown in Figure 5A.
Comparison of the residuals from the fits with two or three
exponentials clearly shows that three exponentials are
required to fit that data (compare the solid line and dashed
line in Figure 5B). The fast phase exhibits an increase in
absorbance at 502 nm and a decrease at 418 nm (Figure 5A,
dotted line), with akobs of 64 ( 10 s-1. The second phase
exhibits a decrease in absorbance at 418 nm, an absorbance
increase at 340 nm, and only a small change at 502 nm
(Figure 5A, dashed line), with akobs of 7.3 ( 1 s-1. The
third phase is associated with an absorbance decrease at both
502 and 418 nm and a further absorbance increase at 338
nm (Figure 5A, dashed and dotted line), with akobsof 1.2(
0.2 s-1. There is a good isosbestic point at 363 nm during
the conversion of the 502 nm intermediate to the 338 nm
species (Figure 4A). The reaction of [R-2H]-L-Tyr in the
presence of 4-HP also shows the formation of the 338 nm
species (Figure 4C). Because of the low amplitude of the
reaction at 502 nm, it is very difficult to obtain accurate rate
constants for the first and second phases of the reaction. The
rate constant for the third phase is 0.5( 0.1 s-1. Thus, there

Table 1: Pre-Steady-State Kinetic Parameters for the Formation of
Quinonoid Intermediates in the Reactions of TPL with
S-Alkyl- L-cysteines

substrate kf (s-1) kr (s-1) Keq (mM) Kd (mM)

S-methyl-L-Cys 28.1( 2.0 1.4( 0.8 21.6( 5.3 1.1
S-ethyl-L-Cys 59.4( 1.8 3.9( 0.7 4.9( 0.7 0.3
S-benzyl-L-Cys 41.1( 1.6 4.2( 0.5 1.8( 0.2 0.2

FIGURE 3: Rapid-scanning stopped-flow spectra of the reaction of
TPL with L-Tyr. (A) Reaction of TPL with 2 mML-Tyr in 0.05 M
potassium phosphate (pH 8). The scans are shown at (1) 0.002, (2)
0.007, (3) 0.023, (4) 0.045, (5) 0.358, and (6) 0.803 s. (B) Time
courses for the reaction shown in panel A at 338, 418, and 502
nm. (C) Reaction of TPL with 2 mM [R-2H]-L-Tyr in 0.05 M
potassium phosphate (pH 8). The scans are shown at (1) 0.002, (2)
0.292, (3) 0.582, (4) 0.872, (5) 1.452, and (6) 2.612 s. (D) Time
courses for the reaction shown in panel C at 338, 418, and 502
nm.
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is a kinetic isotope effect of∼2.4 on the formation of the
338 nm intermediate from [R-2H]-L-Tyr.

In the reaction of TPL with 3-fluoro-L-Tyr and other
3-halotyrosines, the spectra are similar to those obtained with
tyrosine, but a more intense absorption peak is formed at
505 nm (data not shown). The rate constants for quinonoid
intermediate formation are decreased for 3-Cl-, 3-Br-, and
3-I-substitutedL-Tyrs, compared to those forL-Tyr and 3-F-
L-Tyr (Table 2). As observed withL-Tyr, addition of 4-HP
to reactions of 3-F-L-Tyr results in the formation of a new
band at 338 nm (Figure 6A). In contrast to the reaction of
L-Tyr, which has three phases, the reaction of 3-F-L-Tyr in
the presence of 4-HP requires at least four exponential
processes. This is due to the biphasic nature of the absorbance
increase at 502 nm for 3-F-L-Tyr, in contrast to the
monophasic course of the absorbance increase at 502 nm
for L-Tyr. The corresponding SVD spectra for the reaction
of TPL with 3-F-L-Tyr and 4-HP are shown in Figure 5C.

In this case, the residuals are similar for three- and four-
exponential fits (Figure 5D). However, the overall standard
deviation is lower for the fit to four exponentials, and the
single-wavelength data at 502 nm require two exponentials
to fit the increasing absorbance phase, as mentioned above.
Thus, the four-exponential fit is most consistent with all the
data. The fastest phase of the reaction, which exhibits an
absorbance increase at 505 nm (Figure 5C, dotted line), has
a kobs of 140( 20 s-1, in good agreement with our previous
results (18). The second phase of the reaction has a smaller
amplitude but results in an additional absorbance increase
at 505 nm (Figure 5C, dashed line), with akobs of 20 ( 4
s-1. The third phase of the reaction shows an absorbance
decrease at 420 nm and an increase at 338 nm, without much
change at 505 nm (Figure 5C, dashed and dotted line), with
a kobs of 4 ( 1 s-1. The slowest phase of the reaction is
associated with an absorbance decrease at 505 and 420 nm
and an absorbance increase at 338 nm (Figure 5C, dashed
and double dotted line), with akobs of 1.4 ( 0.4 s-1. When
[R-2H]-3-F-L-Tyr is used in the reaction with TPL and 4-HP,
the rates and amplitudes are markedly decreased (Figure 6C).
The fast phase has akobs of 48 ( 10 s-1, so there is an
apparent kinetic isotope effect of 2.9 on the fast phase of
formation of the quinonoid intermediate. Previously, we
reported an isotope effect of 6.0 on the intrinsic rate constant
for quinonoid intermediate formation from 3-F-L-Tyr (18).
The second phase of quinonoid intermediate formation
exhibits akobsof 8.8( 1 s-1, so there is also a kinetic isotope
effect of 2.3 on this process. The third phase of the reaction

FIGURE 4: Rapid-scanning stopped-flow spectra of the reaction of
TPL with L-Tyr in the presence of 4-HP. (A) Reaction of TPL with
2 mM L-Tyr and 5 mM 4-HP in 0.05 M potassium phosphate (pH
8). The scans are shown at (1) 0.002, (2) 0.095, (3) 0.292, (4) 0.582,
(5) 0.872, and (6) 2.03 s. (B) Time courses for the reactions shown
in panel A at 338, 418, and 502 nm. (C) Reaction of [R-2H]-L-Tyr
with 2 mM L-Tyr and 5 mM 4-HP in 0.05 M potassium phosphate
(pH 8). The scans are shown at (1) 0.002, (2) 0.289, (3) 0.867, (4)
1.445, (5) 2.023, and (6) 2.60 s. (D) Time courses for the reactions
shown in panel C at 338, 418, and 502 nm.

FIGURE 5: SVD spectra for the reactions of TPL withL-Tyr and
3-F-L-Tyr together with 4-HP. (A) Reaction ofL-Tyr. (B) Residuals
from global fits of the spectra. The solid line is for three
exponentials and the dashed line for two exponentials. (C) Reaction
of 3-F-Tyr. (D) Residuals from global fits of the spectra. The solid
line is for four exponentials and the dashed line for three
exponentials.

Table 2: Rate Constants for Quinonoid Intermediate Formation
from 3-Halo-L-tyrosines

3-halo-L-Tyr Kd (mM) kf (s-1) kr (s-1) kf + kr

fluoro 0.8a,b 139.7a,b 6.9a,b 20.0c

chloro 0.23( 0.04 5.7( 0.2 4.4( 0.3 10.1
bromo 0.62( 0.18 6.7( 0.5 5.1( 0.5 11.8
iodo 0.65( 0.1 5.2( 0.2 5.4( 0.1 10.6

a Data taken from ref18. b Fast phase.c Slow phase.

FIGURE 6: Rapid-scanning stopped-flow spectra of the reaction of
TPL with 3-F-L-Tyr in the presence of 4-HP. (A) Reaction of TPL
with 10 mM 3-F-L-Tyr and 5 mM 4-HP in 0.05 M potassium
phosphate (pH 8). The scans are shown at (1) 0.002, (2) 0.012, (3)
0.174, (4) 0.528, (5) 1.13, and (6) 1.71 s. (B) Time courses for the
reactions shown in panel A at 338, 418, and 502 nm. (C) Reaction
of TPL with 10 mM [R-2H]-3-F-L-Tyr and 5 mM 4-HP in 0.05 M
potassium phosphate (pH 8). The scans are shown at (1) 0.002, (2)
0.204, (3) 0.570, (4) 1.15, (5) 1.53, and (6) 1.92 s. (D) Time courses
for the reactions shown in panel C at 338, 418, and 502 nm.
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has akobs of 3.6 ( 0.7 s-1, so it does not appear to be
influenced by the deuterium substitution. The slowest phase
of the reaction of [R-2H]-3-F-L-Tyr has akobs of 0.60( 0.1
s-1, so it exhibits a kinetic isotope effect of 2.3. The rate
constants for the reactions ofL-Tyr and 3-F-L-Tyr are
summarized in Table 3.

DISCUSSION

R-Aminoacrylate intermediates are often proposed as
intermediates in the reactions of PLP-dependent enzymes.
These structures, bound as Schiff bases to the PLP cofactor,
can serve as intermediates in eitherâ-elimination orâ-sub-
stitution reactions catalyzed by these enzymes.R-Amino-
acrylates have been observed spectroscopically in the reac-
tions of tryptophan synthase (26-30) and O-acetylserine
sulfhydrylase (31-34), both of which catalyzeâ-substitution
reactions. In the latter enzymes, theR-aminoacrylate struc-
tures are relatively stable in the absence of a nucleophilic
substrate. In contrast, in the reaction of Trpase, which
performs a â-elimination reaction, anR-aminoacrylate
intermediate could be observed only in the presence of
benzimidazole, an analogue of indole which is an uncom-
petitive inhibitor that binds to theR-aminoacrylate and
inhibits its hydrolysis (35). TPL is highly homologous to
Trpase and catalyzes a similarâ-elimination reaction, which
is also expected to proceed via anR-aminoacrylate species.
However, there has been no previous direct observation of
anR-aminoacrylate intermediate in the reaction of TPL. We
postulated that a non-nucleophilic analogue of phenol, one
of the products of TPL, would bind to theR-aminoacrylate
and allow for its direct observation by rapid-scanning
stopped-flow spectrophotometry.

Previously, we examined the binding of phenol and
analogues, pyridine-N-oxide and 4-HP, to TPL complexes
of L-alanine andD-alanine (6). While phenol selectively binds
to the external aldimine complexes ofL-alanine andD-
alanine, both pyridineN-oxide and 4-HP were found to bind
selectively to the quinonoid intermediates ofL-alanine and
D-alanine (6). Thus, we thought that 4-HP, a non-nucleophilic
analogue of phenol, may bind preferentially to theR-amino-
acrylate intermediate of TPL and stabilize it to allow for its
observation. Rapid-scanning stopped-flow spectrophoto-
metric studies of the reaction of TPL withS-ethyl-L-cysteine
in the presence of 4-HP confirmed our expectation (Figure
1C). A new absorption peak, with a maximum at 338 nm, is
observed when 5 mM 4-HP is added to the reaction mixture.
R-Aminoacrylate intermediates seen in the reactions of
tryptophan synthase (26-30) andO-acetyl-L-serine sulfhy-
drylase (31-34) exhibit absorption peaks at∼350 and∼460
nm. The protonation state of theR-aminoacrylate Schiff base
nitrogen appears to affect the position of the absorption
maximum. The peak at∼350 nm in the spectrum of

tryptophan synthase complexes withL-Ser was proposed to
be theR-aminoacrylate, unprotonated on the Schiff base
nitrogen, and the 460 nm peak was assigned to the protonated
form (36). Like TPL, Trpase fromE. coli forms an
R-aminoacrylate with a maximum at 345 nm (35), suggesting
that both TPL and Trpase preferentially form the unpro-
tonatedR-aminoacrylate.

The decay of the quinonoid intermediate fromS-ethyl-L-
cysteine to form theR-aminoacrylate in the presence of 4-HP
was found to be biphasic. The fast phase shows a hyperbolic
decrease in rate with 4-HP concentration, while the slow
phase shows a hyperbolic increase in rate with 4-HP
concentration (Figure 2). These data are consistent with a
mechanism involving rapid binding of 4-HP to the amino-
acrylate intermediate, followed by a slower relaxation, as
shown in Scheme 2. In this mechanism, the first step is
formation of the external aldimine ofS-ethyl-L-Cys (EAL),
followed by formation of the quinonoid intermediate (EQ).
The rate constant for the first step is given by eq 4.

The rate constant for this relaxation is independent of 4-HP
concentration, as predicted by eq 4. Thus, 4-HP does not
appear to bind directly to the quinonoid intermediate, in
contrast to our earlier work with alanine, or if it binds, it
does not affect the kinetics. The second phase of the reaction
results from the relaxation between the quinonoid intermedi-
ate (EQ in Scheme 2) and the aminoacrylate intermediate
(EAA). The rate constant for this phase, based on Scheme 2,
is given by eq 5.

Fitting the data in Figure 2B (b) to eq 5 gives the following
constants for 4-HP:k3 ) 4.0 ( 0.7 s-1, k-3 ) 18.2 ( 2.1
s-1, andK4 ) 0.9 ( 0.4 mM. The third phase results from
the relaxation between EAA‚4-HP and another complex, EX‚4-
HP. The apparent rate constant for this phase is given by eq
6.

The rate constants and binding constant for this reaction were
determined by fitting the concentration-dependent data
[Figure 2B (O)] to eq 6. The result of the fit gives the
following constants for 4-HP:k5 ) 2.6 ( 0.2 s-1, k-5 )
0.3 ( 0.04 s-1, andK4 ) 1.1 ( 0.2 mM. The values ofK4

obtained by fitting the data from the second and third phases
are in good agreement.

The progress curves of the reaction ofS-methyl-L-Cys at
505 nm also require three exponentials to produce a good
fit. As with S-ethyl-L-Cys, the rate constant for the first phase,
which is formation of the quinonoid intermediate, is inde-
pendent of 4-HP concentration. However, in contrast to the
results obtained withS-ethyl-L-cysteine, the rate constant for
the second phase shows no significant change with an
increase in 4-HP concentration. These data imply that the

Table 3: Pre-Steady-State Kinetic Parameters for the Reaction of
L-Tyr and 3-F-L-Tyr with TPL

substrate 1/τ1 (s-1) 1/τ2 (s-1) 1/τ3 (s-1) 1/τ4 (s-1)

L-Tyr 64 ( 10 - 7.3( 1 1.2( 0.2
[R-2H]-L-Tyr nda - nda 0.5( 0.1 (2.4)
3-F-L-Tyr 140( 20 20( 4 4 ( 1 1.4( 0.4
[R-2H]-3-F-L-Tyr 48 ( 10 (2.9) 8.8( 1 (2.3) 3.6( 0.7 0.6( 0.1 (2.3)

a Not determined.

Scheme 2

kobs) 1/τ1 ) k2[S-ethyl-L-Cys]/

(K1 + [S-ethyl-L-Cys]) + k-2 (4)

kobs) 1/τ2 ) k-3K4/(K4 + [4-HP]) + k3 (5)

kobs) 1/τ3 ) k5[4-HP]/(K4 + [4-HP]) + k-5 (6)
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reaction between EQ and EAA is not readily reversible (i.e.,
k-3 ≈ 0) with methanethiol as the leaving group or nucleo-
phile, possibly because of weak binding of methanethiol. As
with S-ethyl-L-cysteine, the rate constant for the third phase
exhibits an increase with a hyperbolic dependence on 4-HP
concentration.

What is the structure of EX? This species is formed from
the R-aminoacrylate with a rate constant similar tokcat for
the steady-state reaction. However, it is possible that 4-HP
affects the rate constant for EX formation. In theâ-elimination
reaction,R-aminoacrylate is an intermediate, which results
in the formation of ammonium pyruvate. It has been shown
that the pyruvate is formed stereospecifically and that
protonation of theâ-carbon of theR-aminoacrylate occurs
from the same face as the elimination (2). Thus, it is possible
that EX is an iminopyruvate complex, possibly bound as a
gem-diamine (Scheme 1). Agem-diamine PLP complex
would be expected to exhibit aλmax at 325-330 nm, which
would overlap with the spectrum of theR-aminoacrylate
intermediate. It is also possible that EX is a dead-end species
not in the reaction path.

L-Tyr and 3-F-L-Tyr also form intermediates absorbing at
338 nm in the presence of 4-HP (Figures 4 and 6). Thus, an
R-aminoacrylate Schiff base with PLP is also an intermediate
in the reaction ofL-Tyr and 3-F-L-Tyr. The rate constant for
the formation of theseR-aminoacrylates is quite slow and
comparable to the values ofkcat for these substrates,∼1-2
s-1 (18). Thus, it is likely that the elimination reaction is at
least partially rate-limiting in the steady state forL-Tyr and
3-F-L-Tyr. For the reactions of theR-deuterated substrates,
there is a substantial isotope effect on the rate constant of
formation of the quinonoid intermediates, as expected. We
found an intrinsic primary isotope effect of 6.0 on quinonoid
intermediate formation of 3-F-L-Tyr in previous studies (18).
However, there are also significant kinetic isotope effects
of ∼2-3 on the formation of theR-aminoacrylates from
L-Tyr and 3-F-L-Tyr whenR-deuterated substrates are used
in the reaction (Table 3). This result is consistent with the
internal return of theR-proton to the phenol leaving group.
This was reported by Faleev et al. (1) and Palcic et al. (2),
who found deuterium in the phenol produced from the
reaction of [R-2H]-L-Tyr. A similar result was found in
previous work with Trpase, where there is a kinetic isotope
effect of 3.0 on the formation of the aminoacrylate inter-
mediate from [R-2H]-L-Trp (14, 15), and there is internal
return of theR-proton to the indole leaving group (37). In
previous work, we assessed the exchange of theR-proton
of L-Phe andL-Met in D2O and we found that the wash out
is slow, with a rate of<3.1 s-1 (38), comparable to the
observed rate constants forR-aminoacrylate formation, so
it is reasonable that internal return of theR-proton to the
phenol leaving group can occur. Previous steady-state kinetic
studies found primary kinetic isotope effects onkcat andkcat/
Km of ∼3 for bothL-Tyr and 3-F-L-Tyr (8, 18). In light of
these results, these isotope effects are likely to be a reflection
of the isotope effect on the slow elimination step, rather than
the much faster formation of the quinonoid intermediate. The
observation that the isotope effect is observed forR-amino-
acrylate intermediate formation suggests that Câ-C1 bond
cleavage is concerted with protonation. Multiple isotope
effect studies with Trpase provided evidence for a similar
concerted SE2 mechanism in the elimination of indole (15).

Alternatively, the proton transfer to C1 is slow and Câ-C1

bond cleavage fast, if the mechanism is stepwise.
S-Alkyl- L-cysteines,L-Tyr, and 3-F-L-Tyr form low con-

centrations of intermediates absorbing at∼340 nm without
4-HP present (Figures 1A and 3A). WithS-ethyl-L-Cys,
formation of this intermediate is concomitant with a decrease
in the absorbance at 504 nm (Figure 1B). Furthermore, the
rate constant for the formation of the 340 nm peak is identical
to that of the decrease in the 504 nm peak. These results
suggest that this intermediate is in fact anR-aminoacrylate.
In contrast, in the reactions ofL-Tyr and 3-F-L-Tyr, the
magnitude of the external aldimine band at 420 nm decreases,
while there is little change in the quinonoid band at 502 nm
(Figure 3A). Also, there does not seem to be an isotope effect
on the formation of this intermediate from theR-2H-labeled
substrate for 3-F-L-Tyr (Table 3). Thus, it seems unlikely
that this species is theR-aminoacrylate resulting from the
elimination in the case ofL-Tyr and 3-F-L-Tyr. It is possible
that this 340 nm absorption arises from a ketimine complex
resulting from protonation of the quinonoid intermediate at
C-4′. The abortive transamination of amino acids by TPL
has been described previously (39). Alternatively, the 340
nm species could be an enolimine tautomer of the external
aldimine, formed by a change in the polarity of the active
site with expulsion of water.

It is also interesting that the formation of the quinonoid
intermediate from 3-F-L-Tyr is biphasic, while that from
L-Tyr is a single exponential. Both phases of the reaction
with 3-F-L-Tyr are sensitive to isotopic substitution at the
R-carbon, so both of them appear to be due to abstraction
of the R-proton. Under experimental conditions, at pH 8.0,
L-Tyr exists predominantly in a normal zwitterion form, while
with 3-F-Tyr, which has a lower pKa value for the phenol
(8.7, compared to 10.0), significant amounts of the zwitter-
ionic and phenolate anionic forms are present in the reaction
mixture. We have shown previously (40) that for ring-
substituted tyrosines, both zwitterionic and anionic forms of
substrates can be bound and catalytically transformed by
TPL. Hence, it seemed possible that the two phases might
result from reaction of the different ionic forms of 3-F-L-
Tyr. On the other hand, we have previously reported data
consistent with steric effects in the interactions of TPL and
Trpase with fluorotyrosines (41), and thus, a steric effect of
F is possible. Rotamers of the fluorophenol ring of 3-F-L-
Tyr oriented differently in the active site might react with
different rates. To shed light on these questions, we examined
the interaction of TPL with 3-Cl-, 3-Br-, and 3-I-tyrosines.
For these substrates, comparable amounts of zwitterionic and
phenolate anionic forms should be present (the pKas are 8.5,
8.4, and 8.5, respectively), while the steric parameters of
these ring substituents are much greater than those of F,
increasing in the following order: Cl< Br < I. In constrast
to 3-F-L-Tyr, we have found that for all three halotyrosine
substrates the formation of quinonoid intermediates is
monophasic, with the concentration dependencies described
by eq 2. The respective kinetic parameters are listed in Table
2. We may conclude, therefore, that the two phases observed
for the reaction of 3-F-Tyr probably are not associated with
different ionic forms of the substrate. Thus, it is likely that
the two rates observed with 3-F-L-Tyr result from reaction
of different rotamers of the fluorophenol ring, which orient
the fluorine substituent in a different location. On the other
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hand, the kinetic parameters observed for 3-Cl-, 3-Br-, and
3-I-L-tyrosines are very similar (Table 2), despite very
different steric parameters for these substituents. It seems
likely that the situation in the active site is such that,
depending on the orientation of the phenol ring, one rotamer
can readily accommodate F, but not larger halogens, whereas
the other rotamer allows F or much larger Cl, Br, and I
substituents to be accommodated, but with a slower reaction
rate. In addition, the fast phase of quinonoid intermediate
formation with 3-F-L-Tyr is considerably faster than that with
L-Tyr (Table 3). Since hydrogen bonding by aryl fluorine is
unlikely, this difference likely is due to favorable van der
Waals interactions. The phenol ring of the substrate would
have to undergo considerable movement as the quinonoid
intermediate is formed since there is rehybridization of the
R-carbon from sp3 to sp2 (41), and thus, it is reasonable to
expect ring substituents to affect the transition state for
R-deprotonation. The observed effects of substituents should
reflect, consequently, the decrease in the number of possible
rotamers with the increase in the steric parameters of the
substituents. The monotonic decrease in theR-proton lability
in the following order agrees with this interpretation: 64
s-1 (Tyr) > 20 s-1 (slow phase for 3-F-Tyr reaction)> 10-
12 (kf + kr for 3-Cl-, 3-Br-, and 3-I-L-tyrosines).

Conclusions. R-Aminoacrylate intermediates do not ac-
cumulate to a significant extent in the steady state of TPL
reactions. 4-HP binds to and stabilizesR-aminoacrylates of
TPL and allows for their detection in the reactions ofS-alkyl-
L-Cys, L-Tyr, and 3-F-L-Tyr. Elimination and pyruvate
formation are at least partially rate liming in the reactions
catalyzed by TPL.
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