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ABSTRACT: Tryptophanase has an absorption maximum at 338 nm at high pH and 422 nm at low pH.
The 422-nm absorption species has been considered to be the catalytically competent ketoenamine form
of the Schiff base of pyridoxal 5′-phosphate with a lysine residue. The 338-nm absorption band showed
an intense fluorescence band at 390 nm and not around 500 nm, indicating that the 338-nm absorption
species is the substituted aldamine rather than an enolimine form of the Schiff base which has been
suggested previously. To explore the mechanism of the enzyme that can exert its catalytic ability at high
pH where most of its coenzyme exists as the catalytically incompetent aldamine structure, the reaction of
tryptophanase with 3-indolepropionate, a substrate analogue that stops the reaction at the step of the
Michaelis complex, was studied at various pH values and analogue concentrations. Kinetic analysis was
done based on a scheme involving eight forms of the enzyme, i.e., the liganded and unliganded forms of
the ketoenamine, the substituted aldamine structures, and their protonated and deprotonated forms. Kinetic
parameters were obtained for each interconversion step. The results showed that the binding of
3-indolepropionate to tryptophanase shifts the equilibrium from the substituted aldamine to the ketoenamine
structure over the entire pH region studied. This implies that in the reaction of tryptophanase with
tryptophan at high pH, where the enzyme shows maximum activity, the binding of the substrate to the
enzyme converts the inactive aldamine form of the coenzyme to the active ketoenamine form. Mechanisms
for the activation process, in which a nucleophile is expelled from the aldamine either by steric hindrance
of the nucleophile with the ligand or by the negative charge of the ligandR-carboxylate group that stabilizes
the aldimine structure, were discussed.

Tryptophanase (L-tryptophan indole-lyase)1 [EC4.1.99.1]
is a microbial pyridoxal 5′-phosphate (PLP2)-dependent
enzyme which catalyzes the hydrolytic cleavage ofL-
tryptophan to indole, ammonia, and pyruvate. This enzyme
also catalyzes the synthesis of tryptophan from indole,
pyruvate, and ammonia, as well asR,â-elimination,â-re-
placement, andR-hydrogen exchange reactions with various
L-amino acids as substrates (1, 2). Tryptophanase is a
tetrameric enzyme composed of identical subunits (Mr =
52000), each containing one molecule of PLP (3). In theE.
coli tryptophanase, PLP forms an internal Schiff base with
the side chain of Lys270 (4). The overproduction of
tryptophanase inE. coli cells and the crystallization of the
enzyme have been reported (5). The X-ray analysis of the

ProteusVulgaris enzyme is currently in progress (6), and a
preliminary study of the crystals has been reported for the
E. coli enzyme (7).

The general aspects of the reaction mechanism of tryp-
tophanase have been reviewed (8-10). Briefly, the catalytic
cycle of tryptophanase consists of the following steps: (1)
association of the amino acid substrate with the enzyme to
form the Michaelis complex; (2) formation of the external
aldimine (transaldimination); (3) quinonoid formation by
R-proton abstraction from the external aldimine; (4) tau-
tomerization of the indolyl group; (5) elimination of indole
and formation of the aminoacrylate Schiff base intermediate;
(6) restoration of the internal aldimine (transaldimination);
(7) release of aminoacrylate and decomposition to pyruvate
and ammonia. This reaction mechanism of tryptophanase
has been established by preparation of stable complexes of
the enzyme with substrates or their analogues and detailed
analysis of their spectroscopic properties (11, 12). Espe-
cially, with regard to steps 3 to 7, rigorous studies have been
carried out by Phillips and co-workers. Using rapid-scanning
stopped-flow spectrophotometry, transient intermediates for
these steps have been detected, analyzed, and discussed (13-
15). However, insufficient analyses have been performed
for steps 1 and 2. As in the cases of the other PLP-dependent
enzymes, the reactions catalyzed by tryptophanase are
promoted by the electron-withdrawing ability of the pyridine

† This work was supported by Grants-in-Aid (06680628 to H.H. and
14454160 to H.K.) from the Ministry of Education, Science, Sports,
and Culture of Japan, and by a Research Grant (JSPS-RFTF 96L00506)
from the Japan Society for the Promotion of Science (“Research for
the Future” Program).
* To whom correspondence should be addressed. Tel.:+81-726-

83-1221, ext 2645; FAX:+81-726-84-6516, E-mail: med001@art.osaka-
med.ac.jp.

‡ Osaka Medical College.
§ Tottori University.
1 L-Tryptophan indole-lyase [EC 4.1.99.1] is more commonly known

by the trivial name of “tryptophanase”.
2 Abbreviations: PLP, pyridoxal 5′-phosphate; SOPC,S-(o-nitro-

phenyl)-L-cysteine.

3043Biochemistry1998,37, 3043-3052

S0006-2960(97)01995-8 CCC: $15.00 © 1998 American Chemical Society
Published on Web 02/13/1998



ring of PLP in the PLP-substrate Schiff base (external
aldimine). Therefore, the formation of the external aldimine
from the Michaelis complex by transaldimination is a
prerequisite step of the tryptophanase reaction.
Tryptophanase displays characteristic absorption spectra

with maxima at 422 and 338 nm (3). The relative intensities
of these bands change with pH and with binding of substrates
or substrate analogues (3, 16). The absorbance at 422 nm
has been attributed to the ketoenamine form of the Schiff
base. However, the structure for the absorption at 338 nm
has been unclear and several structures, such as a dipolar
ionic form of aldimine, a substituted aldamine, and an
enolimine tautomer have been proposed (3, 11, 17). It is
well-known that tryptophanase is catalytically more com-
petent at alkaline pH, where the 338-nm absorbing form is
the major species (3). However, the stopped-flow studies
on the quinonoid formation with the inhibitor,L-ethionine,
showed that the 422-nm species is the active form that reacts
with the substrate (11). This indicates that tryptophanase
must change its coenzyme structure to the active form to
metabolize a substrate. Therefore, it is interesting to know
how tryptophanase converts its coenzyme structure from the
338-nm absorbing form to the 422-nm absorbing form in
the early step of the reaction cycle. To analyze the molecular
mechanism, we first studied the structure of the 338-nm
species using fluorescent spectroscopy. Next, we analyzed
the binding of 3-indolepropionate, a substrate analogue,
which mimics the Michaelis complex of tryptophanase with
tryptophan. The equilibrium and the transition process of
the binding of the substrate analogue to the enzyme were
studied using static and stopped-flow spectroscopic measure-
ments. In this work, we examine the structure of the
coenzyme and its involvement in catalysis using four kinds
of enzyme species in their liganded and unliganded forms,
with relation to the early steps of the reaction sequence
catalyzed by tryptophanase.

MATERIALS AND METHODS

Chemicals. L-Tryptophan and 3-indolepropionate were
obtained from Nacalai Tesque (Kyoto, Japan). 3-Indolepro-
pionic acid was recrystallized from chloroform before use.
S-(o-Nitrophenyl)-L-cysteine (SOPC2) for enzyme assays was
synthesized fromL-cysteine and 2-fluoronitrobenzene as
previously described (18). All other chemicals were of the
best commercially available grade.
Expression of the Enzyme.TheBamHI-HindIII fragment

of the plasmid pMD6B (5) containing thetnaA gene was
ligated to theBamHI-HindIII site of pUC118. The resultant
plasmid, named pUC118-tnaA, was used to transformE. coli
MD55 which lacks tryptophanase. The transformedE. coli
cells were grown in media containing 0.5% yeast extract
(Oriental Yeast, Tokyo, Japan), 1.0% Polypepton (Nihon
Pharmaceutical, Tokyo, Japan), and 1.0% NaCl for 24 h,
and the cells were harvested in the stationary phase. From
a 1-L culture, 3.0 g of the bacterial cells were collected. The
MD55/pUC118-tnaA cells expressed about 30 times more
tryptophanase than JM109 cells that had been cultured
similarly.
Assay of the Enzyme ActiVity. Routine activity assays were

performed with SOPC in 100 mM potassium phosphate
buffer (pH 8.0) at 25°C, by following the absorbance
decrease at 370 nm (∆ε ) -1860 M-1 cm-1) (19).

Purification of the Enzyme.The purification of tryptopha-
nase was performed as follows. All preparation procedures
were performed at 4°C. All buffers used in the purification
procedures contained 0.1 mM EDTA, 5 mM 2-mercaptoet-
hanol, and 20µM pyridoxal phosphate. The cells (3.0 g
wet weight) were suspended in 100 mL of 100 mM
potassium phosphate buffer (pH 7.5) and disrupted sonically
(Branson Sonic Power Co., Sonifier model 350, 20 kHz) for
9 min. The intact cells and debris were removed by
centrifugation (10000g, 30 min). After the addition of
ammonium sulfate (final concentration, 30% saturation) and
centrifugation (10000g, 60 min), the supernatant solution was
applied to a Phenyl Sepharose CL-4B column (2.5× 20 cm)
equilibrated with 20 mM potassium phosphate buffer (pH
7.5) containing 30% ammonium sulfate. The proteins were
eluted with 1 L of linearly decreasing ammonium sulfate
(30 to 0%) and potassium phosphate (20 to 1 mM)
concentrations. The pooled active fractions were applied to
a DEAE-Toyopearl 650M column (2.5× 20 cm) equilibrated
with 5 mM potassium phosphate buffer (pH 7.5). The
enzymes were eluted with a 1-L linear gradient from 0 to
200 mM KCl in 5 mM potassium phosphate buffer (pH 7.5).
The active fractions were collected and applied to a hy-
droxyapatite column (2.5× 20 cm) equilibrated with 10 mM
potassium phosphate buffer (pH 7.5). The enzyme was
eluted with a 1-L linear gradient formed with 10 and 100
mM potassium phosphate buffer (pH 7.5).
Spectrophotometric Measurements.Absorption and fluo-

rescence spectra of tryptophanase were recorded with a
Hitachi spectrophotometer U-3300 and a Hitachi spectrof-
luorometer Model 850, respectively, at 25°C. The buffer
solution for the absorption measurements contained 100 mM
potassium phosphate and 0.1 mM EDTA. Tryptophanase
was equilibrated with the above buffer by gel filtration using
a PD-10 (Sephadex G-25) column (Pharmacia Biotech,
Uppsala, Sweden) prior to the measurement. Protein con-
centrations were generally 1-2 mg/mL. Spectrophotometric
titrations of tryptophanase with 3-indolepropionate were
performed under the same conditions used for the measure-
ments of the absorption spectra. The pH was measured
before and after each spectroscopic measurement.
Stopped-flow spectrophotometry was performed using the

Applied Photophysics (Leatherhead, UK) SX.17MV system.
The dead time for this system was generally 2.0 ms under a
pressure of 500 kPa. The reaction of tryptophanase with
3-indolepropionate was analyzed by monitoring the absorp-
tion change at 338 or 422 nm. The exponential absorption
changes were analyzed with the program provided with the
SX.17MV stopped-flow spectrophotometer. The apparent
rate constants obtained were then analyzed for their depen-
dency on the substrate concentration, and kinetic parameters
were obtained by nonlinear regression with the software Igor
Pro (ver. 2.04, WaveMetrics, Lake Oswego, OR).
pH-Jump Experiments.To measure the rates over a broad

range of the final pH values, several initial pHs were used.
For measurements at low final pH, the initial pH of a buffered
enzyme solution was adjusted to pH 9.0. The initial pH was
7.0 for a high final pH. Tryptophanase (20 mg/mL) was
equilibrated with a 100 mM potassium phosphate buffer
containing 1 mM EDTA by gel filtration using a PD-10
column. The enzyme was diluted with the same buffer to a
concentration of 4.0 mg/mL prior to the experiment. This
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solution was pushed against 100 mM potassium phosphate
buffer containing 1 mM EDTA to give final pH values of
6.59, 6.77, 6.89, 7.02, 7.19, 7.49, 7.85, 8.15, 8.30, 8.57, and
8.64.
Other Methods.pH values were determined with a Horiba

Model F-23 digital pH/Ion meter (Horiba, Kyoto, Japan) at
25 °C. Protein concentration was determined with a BCA
protein assay kit (Pierce Chemical, Rockford, IL) using
bovine serum albumin as a standard. SDS-electrophoresis
was carried out with an SDS-Tris system using 10.0%
polyacrylamide gel according to the procedure described by
Laemmli (20).

RESULTS

OVerproduction and Purification of Tryptophanase.The
overproduction of tryptophanase has been already reported
(5). To improve the expression level, we constructed a high-
copy plasmid harboring thetnaA gene by ligating the
BamHI-HindIII fragment of pMD6B (5) to theBamHI-
HindIII site of pUC118. The resultant plasmid was used to
transform theE. coliMD55 cells. The MD55/pUC118-tnaA
cells expressed about twice as much tryptophanase as the
MD55/pMD6B cells when they were cultured similarly. The
holo form of tryptophanase was purified using three kinds
of chromatography without the heat treatment or the am-
monium sulfate precipitation. About 300 mg of protein could
be obtained from 3 g of cells used as a starting material in
70% yield. As shown in Figure 1, the expressed tryptopha-
nase was the major component of the bacterial proteins. The
purified tryptophanase was homogeneous as judged by the
criteria of SDS-polyacrylamide gel electrophoresis. Table
1 summarizes the purification of the enzyme. It could be
stored at 4°C in sterile capped vials for up to 1 month in a

100 mM potassium phosphate buffer (pH 7.5) containing 0.1
mM EDTA and 20µM PLP without evident deterioration.

Absorption and Fluorescence Spectra of Tryptophanase.
The absorption spectra of tryptophanase in the pH range
between 6.5 and 9.5 are shown in Figure 2A. Tryptophanase
showed absorption maxima at 422 nm in the acidic pH region
and at 338 nm in the alkaline pH region without a clear
isosbestic point. This observation was already reported by
several groups using various buffer systems (3, 11, 13, 17,
21). Our observation using potassium phosphate buffer
confirmed those results. Figure 2B shows the plot of the
apparent molar extinction coefficient of each spectral band
as a function of pH. The apparent pKa value of the coenzyme
chromophore (pKa

E) was found to be 7.60. Tryptophanase
emitted fluorescence at 385 and 512 nm upon excitation at
338 and 422 nm, respectively (Figure 3). When the
fluorescence was monitored at 385 and 512 nm, the excitation
spectra exhibited maxima at 338 and 422 nm, respectively,
corresponding to the absorption maxima of tryptophanase.
Fluorescence intensity was much higher at 385 nm than at
512 nm in the alkaline pH region, although the peak height
at 512 nm increased and that at 385 nm decreased with
decreasing pH. Isom and DeMoss (22) also observed a
similar pH effect on the fluorescence emission spectra of
tryptophanase fromBacillus alVei. It is known that a
substituted aldamine (Scheme 1c) gives a maximum emission
wavelength at around 390 nm when excited at around 330
nm, whereas the enolimine structure (Scheme 1b) emits
fluorescence with a maximum intensity at around 510 nm
(23, 24). When tryptophanase was treated with phenylhy-
drazine, the absorption bands at both 338 and 422 nm were
lost, and the resultant apo-tryptophanase lacked the fluores-
cence bands at 385 and 515 nm (data not shown).

pH-Jump Study of Tryptophanase.As tryptophanase
shows protonated and deprotonated structures involving the
coenzyme, the catalytic mechanism of the enzyme is
considered to be closely related to the protonation/deproto-
nation events. Therefore, we analyzed the pH-induced

FIGURE1: SDS-polyacrylamide gel electrophoresis of crude extracts
and purified tryptophanase. Samples were treated with 2% SDS in
63 mM Tris-HCl buffer (pH 6.8) containing 5% 2-mercaptoethanol,
10% glycerol, and 0.01% bromophenol blue at 90°C for 3 min.
The prepared samples (5µL) were analyzed by SDS-polyacrylamide
gel electrophoresis on a 10% gel and stained with Coomassie blue.
Prestained Protein Marker, Broad Range, from New England
Biolabs was used as the molecular mass standard.

Table 1: Purification of Tryptophanase fromE. coli
MD55/pUC118-tnaA

steps

total
activitya
(µmol/min)

total
protein
(mg)

specific activity
(µmol/min/mg)

yield
(%)

crude extract 17100 903 18.9 100
phenyl sepharose CL-4B 13200 507 26.0 77
DEAE-toyopearl 650M 12500 328 38.1 73
hydroxyapatite 11600 276 42.0 68

a Activity is expressed asµmol of SOPC cleaved per min at 25°C
in 100 mM potassium phosphate buffer, pH 8.0.

Scheme 1: Structures of the Ketoenamine Form (a), the
Enolimine Form (b), and the Substituted Aldamine Form (c)
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spectral change of tryptophanase by the pH-jump method.
When the pH of a solution containing tryptophanase was
rapidly changed from 9.2 to low pH values, an increase in
the absorbance at 422 nm and a concomitant decrease in the

absorbance at 338 nm were observed over a period of several
seconds. When the pH of an enzyme solution was rapidly
increased from low values, an increase in the 338-nm
absorption and a concomitant decrease in the 422-nm

FIGURE 2: pH-dependent absorption changes of tryptophanase at 25°C. (A) Absorption spectra at pH 6.5 (curve 1), 7.0 (2), 7.5 (3), 8.0 (4),
8.5 (5), 9.0 (6), and 9.5 (7). Curves 6 and 7 are almost superimposable. (B) Titration curves of the apparent molar extinction coefficients
at 422 nm (O) and 338 nm (2) for tryptophanase. The solid line represents the theoretical curve using eq 8. The spectra were taken in 100
mM potassium phosphate buffer containing 0.1 mM EDTA at a protein concentration of 1 mg/mL in a 1-cm cell.

FIGURE 3: Fluorescence spectra of tryptophanase at 25°C. (A) Fluorescence emission spectra at pH 6.5 (curve 1), 7.0 (2), 7.5 (3), 8.0 (4),
8.5 (5), 9.0 (6), and 9.5 (7) upon excitation at 338 nm. (B) Fluorescence emission spectra at pH 6.5 (curve 1), 7.0 (2), 7.5 (3), 8.0 (4), 8.5
(5), 9.0 (6), 9.5 (7) upon excitation at 422 nm. (C) Fluorescence excitation spectra at pH 6.5 (curve 1), 7.0 (2), 7.5 (3), 8.0 (4), 8.5 (5), 9.0
(6), and 9.5 (7) with emission wavelength of 385 nm. (D) Fluorescence excitation spectra at pH 6.5 (curve 1), 7.0 (2), 7.5 (3), 8.0 (4), 8.5
(5), 9.0 (6), and 9.5 (7) with emission wavelength of 512 nm. The spectra were taken by the method described in the legend of Figure 2.
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absorption were observed. Under most conditions these
changes followed first-order kinetics. The apparent rate
constant (kappH) calculated from the absorbance change at
422 nm was equal to that at 338 nm. The value ofkappH

was dependent only on the final pH but independent of the
initial pH and the enzyme concentration. ThekappH value
was plotted against the final pH value (Figure 4). The result
can be rationalized as shown in Scheme 2, in which the
interconversion of the absorption bands at 422 and 338 nm
reflects the structural change of the internal Schiff base;
ketoenamine form (â form3) and substituted aldamine form
(γ form), and the protonation-deprotonation equilibrium of
each form of the enzyme is assumed (Eâ, EâH+, Eγ, and EγH+

in Scheme 3). The solid line shown in Figure 4 was drawn
theoretically using eq 10 described in Appendix. The pKa

values of each enzyme form were obtained as pKa
â ) 9.87

and pKa
γ ) 6.27. The rate constants for interconversion

between Eâ and Eγ, and that between EâH+ and EγH+, were
also obtained. These kinetic parameters are summarized in
Scheme 3.
Binding of 3-Indolepropionate at Various pHs.3-In-

dolepropionate binds noncovalently to the active site of
tryptophanase, because it has no amino group to form an
external Schiff base with PLP in the active site (16, 25). So
the complexes of tryptophanase with 3-indolepropionate are
considered to mimic the Michaelis complexes of tryptopha-
nase with the substrate and the binding of 3-indolepropionate
to tryptophanase appears to be a good model for investigation
of structural changes in the enzyme upon formation of the
Michaelis complex. The addition of 3-indolepropionate to
tryptophanase gave rise to an intense absorption band at 422
nm and a less intense band at 338 nm (Figure 5A), indicating
that the aldamine form of the PLP-Lys Schiff base (γ form)

3 With regard to the naming of the species of tryptophanase, we
followed that used by June et al. (11) in which theR form was the
inactive holoenzyme predominant in the absence of monovalent cations,
theâ form was the 422-nm absorbing species, and theγ form was the
338-nm absorbing species. The present study is conducted in a 100
mM potassium phosphate buffer system; therefore, the enzyme is
considered to be either inâ or in γ form (3).

FIGURE4: The apparent rate constant (kappH) for the spectral change
at 422 (O) and 338 nm (2) in the pH-jump experiments plotted as
a function of the final pH. Data are means for the three separate
determinations, and vertical bars denote SDs. The solid line
represents the theoretical curve obtained using eq 10 as described
in Appendix with the rate constant values ofk1 ) 76.7 s-1, k2 )
0.397 s-1, k5 ) 0.605 s-1, andk6 ) 12.4 s-1. These values were
obtained by nonlinear regression (see Appendix).

Scheme 2: Structures of the Coenzyme in Tryptophanase

Scheme 3: Interconversion between the Enzyme Species
with Different Protonation, Liganded, and Coenzyme
Structuresa

a E, H+ and L represent tryptophanase, proton and 3-indolepropi-
onate, respectively.â and γ mean that the PLP-Lys Schiff base of
tryptophanase is in a ketoenamine (Scheme 1a;â form) and in a
substituted aldamine form (Scheme 1c;γ form), respectively.Ka

x and
Ka

xL are the acid dissociation constant for the free and the 3-indolepro-
pionate bound x-form of the enzyme (Ex and ExH), respectively.Kd

x

andKd
xH are the dissociation constant for 3-indolepropionate of the

unprotonated and the protonated x-form of the enzyme, respectively.
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changed to the ketoenamine form (â form). These observed
spectral changes showed a hyperbolic dependency on the
analogue concentration (Figure 5B), and from this plot the
apparent dissociation constant,Kd

app, for 3-indolepropionate
was determined by monitoring the spectral changes. The
apparent molar extinction coefficients of the two spectral
bands in the fully 3-indolepropionate-bound enzyme were
obtained by extrapolation to a saturating amount of 3-in-
dolepropionate and were plotted against the pH (Figure 5C).
The apparent pKa value of the analogue-bound enzyme
(pKa

EL) was found to be 9.48, showing that the apparent pKa

of tryptophanase increased from 7.60 to 9.48 upon binding
of 3-indolepropionate. The shift in the enzyme pKa upon
binding of ligands and the pH dependency of the ligand’s
Kd

appvalues are closely related events, which can be analyzed
by assuming a thermodynamic cycle shown in Scheme 3.
The log(Kd

app) value is dependent on pH, as expressed by
eq 14 described in Appendix. The plots of log(Kd

app) against
pH are shown in Figure 6, and the theoretical curves fitted
well to the experimental data.

The time-dependent changes in the absorbance at 422 and
338 nm of tryptophanase on reaction with 3-indolepropionate
at various pHs were studied in a stopped-flow spectropho-
tometer. Upon mixing the enzyme with various concentra-
tions of 3-indolepropionate, a rapid increase in the absorbance
at 422 nm and a concomitant rapid decrease at 338 nm were
observed. These absorbance changes proceeded exponen-
tially, and the apparent rate constants (kappL) were obtained
from these reaction curves. The values ofkappL were varied
with the concentration of the ligand and with the pH value
and showed a nonlinear relationship with ligand concentra-
tion as shown in Figure 7. The experimental data were fitted
well to the theoretical curves drawn according to eq 18 where
k3, k4, k7, andk8 are adjustable parameters. Using eqs 2-5,
15, and 16,Kd values and the rate constants were obtained
and are summarized in Scheme 3. The values ofkappL at
higher pH were much smaller than those at lower pH, and
the saturation was not detected in the range of the tested
analogue concentration. This is because of the highKd

γ value

(146 mM) compared to theKd
γH (1.08 mM), and the small

k4 value (3.01 s-1) compared tok8 (46.3 s-1).

DISCUSSION

Tryptophanase shows absorption maxima at 338 and 422
nm. Morino and Snell (3) ascribed the 338-nm species to a
dipolar ionic form of the internal PLP-lysine aldimine or to
a substituted aldamine in which a second ligand has been
added across the double bond of the aldimine. On the basis
of the inactivation of enzyme by borohydride reduction, they
concluded the structure of the 338-nm species of tryptopha-
nase to be a dipolar ionic form of the aldimine. However,
the dipolar ionic form absorbs at about 360 nm in aspartate
aminotransferase and in the model systems containing Schiff
bases ofN-methylated PLP (26). In some PLP-dependent
enzymes, the nature of the 338-nm-absorbing species has
been suggested to be either the enolimine tautomer of the

FIGURE 5: Binding of 3-indolepropionate to tryptophanase. (A) Absorption spectra of tryptophanase in the absence (curve 1) and presence
of 0.50 (2), 1.48 (3), 2.91 (4), 4.76 (5), 6.98 (6), 9.50 (7), 13.4 (8), 20.3 (9), and 28.8 mM (10) 3-indolepropionate at pH 9.25 at 25°C.
(B) Plot of the apparent molar extinction coefficients at 422 nm for tryptophanase against the concentration of 3-indolepropionate. The
solid line represents the best-fit curve with an apparent dissociation constant ofKd

app ) 5.05 mM. (C) The apparent molar extinction
coefficients at 422 nm (O) and 338 nm (4) in the presence of a saturating amount of 3-indolepropionate were extrapolated and plotted
against pH. The data were fit to the theoretical curves with pKa

EL ) 9.48. The dotted lines are the titration curves in the absence of
3-indolepropionate shown in Figure 2B. The experiments were performed in the buffer solutions as described in the legend of Figure 2.

FIGURE 6: Effect of pH on log(Kd
app) of tryptophanase for

3-indolepropionate.Kd
app is expressed in mM. The solid line

represents the theoretical curve drawn according to eq 14. The
experiments were performed in the buffer solutions as described
in the legend of Figure 2.
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protonated PLP-lysine aldimine (23, 27, 28) or the substituted
aldamine (24, 29, 30). In the case of tryptophanase, it has
been unclear as to which structure, the enolimine tautomer
or the substituted aldamine, can account for the 338-nm
absorption. These two species can be distinguished by
fluorescence spectroscopy (27, 28, 31). The enolimine
tautomer should show fluorescence at around 500 nm but
not at around 390 nm upon excitation at around 330 nm.
Because there are no double bonds conjugated with the
pyridine ring, the substituted aldamines and other phospho-
pyridoxyl derivatives show fluorescence at around 390 nm
with excitation at 330 nm. The fluorescence spectra of
tryptophanase showed an emission band at 385 nm with
excitation at 338 nm (Figure 3). All these observations agree
with the conclusion that the 338-nm absorption of tryptopha-
nase should be attributed to the substituted aldamine
structure. The structure of the adduct will be discussed
below.

In acid-base titration experiments (Figure 2), the obtained
value of apparent pKa

E was 7.60. Morino and Snell (3)
originally reported the acid-base titration of tryptophanase
in imidazole and carbonate buffers as a simple curve with a
single pKa value of 7.2. A single pKa value of either 7.4
(21) or 7.5 (13) also has been reported using potassium
phosphate buffer. Some difference in the pKa values may
be due to the variation in the buffer system.4 June et al.

(11) obtained a value of 8.1 from the spectral changes on
pH-jump using the buffers TES and Bicine. Metzler et al.
(17) reported that the titration of tryptophanase in potassium
phosphate buffer was described most simply as resulting from
two consecutive proton dissociations with pKa values of about
7.36 and 7.76. The latter two groups proposed the ketoe-
namine and the enolimine structures to be responsible for
the absorption species at 422 and 338 nm, respectively, and
that each species has a conformational manifold differing
only in the state of protonation at the pyridinium nitrogen.
In both aspartate aminotransferase and tyrosine phenol-lyase,
an active site aspartate residue (Asp222 and Asp214,
respectively) is located near the pyridinium nitrogen of PLP
and is thought to increase the pKa value of the nitrogen (32-
34). The corresponding conserved residue, Asp227, of
tryptophanase is thought to be located at this site and also
to stabilize the protonated pyridinium nitrogen of PLP. It
is therefore difficult to consider the deprotonation at this part
of PLP. Based on the observation that the 338-nm absorption
species is most probably the substituted aldamine (see above),
we propose another model shown in Scheme 2. The scheme
involves two enzyme speciesâ andγ. â is the ketoenamine
form andγ is the substituted-aldamine form.5 Both EâH+

and Eâ show an absorption maximum at 422 nm, while EγH+

and Eγ absorb at 338 nm. A group (XH) was considered to
form an adduct with the imino group of the Schiff base. The
k5/k6 value of 0.05 indicates that the equilibrium between
EâH+ and EγH+ shifts to EâH+, and thek1/k2 value of 192
indicates that the equilibrium between Eâ and Eγ shifts to
the Eγ. As a result, EâH+ and Eγ are the dominant species
in the acidic and the alkaline region, respectively. This
equilibrium shift can be reasonably explained by the
structures shown in Scheme 2, since the deprotonated form
of the group (X-) is considered to be more favorable for
forming the adduct. The substituted aldamine (γ) form of
tryptophanase is enzymatically inactive because of the sp3

hybridization structure at C-4′ of PLP.
Scheme 2 differs from the scheme presented by June et

al. (11) only in that protonation/deprotonation occurs at a
group beside the coenzyme rather than the pyridine nitrogen
of the coenzyme and that the 338-nm absorbing structure is
the substituted aldamine rather than the enolimine structure.
Therefore, it appears that the kinetic results presented in this
paper may also be explained by the scheme of June et al.
(11). There is no remarkable difference between pKa

â and
pKa

âL, whereas there is a large difference between pKa
γ and

pKa
γL by about 2.0 units. If we take the scheme of June et

al. (11), the binding of indolepropionate increases the pKa

of the pyridine nitrogen of the enolimine structure without
altering that of the ketoenamine structure. It is, however,
difficult to explain how the carboxylate group of indolepro-
pionate has an electrostatic effect on the enolimine structure
and not on the ketoenamine structure. We, therefore, tried
to discuss based in Scheme 2 the effect of the ligand binding
on the shift in equilibrium between the four species.

4 The absorption band at 422 nm nearly completely disappears at
alkaline pH in a potassium phosphate buffer system, while significant
absorption at 422 nm remains at alkaline pH in other buffer systems,
such as Good’s buffers, carbonate, and pyrophosphate. This residual
absorption may be partly ascribed to the binding of the buffer anions
to the active site which electrostatically increase the fraction of the
protonated aldimine forms (Scheme 2), although the reason for the fact
that phosphate ion is inert is not known at present.

5 Although the presence of the dipolar ionic form of aldimine with
maximum absorption at around 360 nm has been reported (11, 17), we
ignored the 360-nm absorbing species in this analysis because of its
minor population. The presence of the 360-nm species may be one
reason for the lack of a clear isosbestic point in the acid-base titration
of tryptophanase.

FIGURE 7: Effects of the concentration of 3-indolepropionate on
the rate of binding of 3-indolepropionate to tryptophanase. The
apparent rate constants (kappL) for the spectral change at 422 nm in
the stopped-flow experiments were plotted as a function of
3-indolepropionate concentration. Data are means of five separate
determinations, and vertical bars denote SDs. Each solid line
represents the theoretical curve constructed according to Scheme
3 (see Appendix for details). The experiments were performed in
the buffer solutions as described in the legend under Figure 2 at
pH 7.00 (b), 7.25 (O), 7.50 (2), 7.75 (4), 8.00 (9), 8.25 (0), 8.50
(1), 9.00 (3), and 9.50 ([).
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As the three-dimensional structure of the active site ofE.
coli tryptophanase has not been fully elucidated except for
the monovalent-cation-binding site (35), we have no struc-
tural information about the structure of XH that is supposed
to form an adduct with the PLP-Lys270 aldimine. On the
other hand, detailed crystallographic structures have been
reported for theCitrobacter freundiityrosine phenol-lyase
(34). Considering the close similarity of the primary
structures of the two enzymes, with almost complete
conservation of the active site residues of theC. freundii
tyrosine phenol-lyase in theE. coli tryptophanase, we can
anticipate that the structural data ofC. freundii tyrosine
phenol-lyase can be used for the discussion of the active
site structure of tryptophanase. The structure around the
PLP-Lys257 aldimine of tyrosine phenol-lyase shows that
Lys256, corresponding to Lys269 of tryptophanase, interacts
with the monovalent cation via a water molecule. The size
of the monovalent cation affects the conformation of the PLP-
Lys257 aldimine and hence the activity of tyrosine phenol-
lyase, through the side chain of Lys256 and the 256-257
main chain (35). Tryptophanase and tyrosine phenol-lyase
are activated by monovalent cations, such as K+ and NH4+,
in a similar way. This strongly suggests that the correspond-
ing residue, Lys269, of tryptophanase has a similar role of
connecting the cation binding site and the PLP-Lys270
aldimine. This indicates that the side chain of Lys269
interacting with the cation-binding site cannot form an adduct
with the PLP-Lys270 aldimine. That XH is less likely the
amino group of Lys269 is further supported by a brief
chemical consideration as follows. If we consider X- to be
a free amino group and XH an ammonium group, there is
no direct interconversion between EâH+ and EγH+, because
an ammonium group cannot attack an imine bond nor can it
be formed directly from a substituted aldamine. As a result,
k5 andk6 are zero, and we cannot fit the experimental result
of Figure 4 to eq 10.

Careful investigation of the active site structure of tyrosine
phenol-lyase shows that there are no other residues, the side
chain of which can interact with the PLP aldimine. 3-(4-
Hydroxyphenyl)propionate, which is a substrate analogue
corresponding to 3-indolepropionate in this study, binds to
only one subunit of the dimer in the crystal (34). Compari-
son of the two subunits showed that in the unliganded subunit
a hydrogen-bonding network is formed from the guanidinium
group of Arg404, the substrate-carboxylate-binding residue,
to the hydroxy group of Tyr71 via three water molecules,
Wat154, Wat194, and Wa195. These water molecules exist
at there face of the aldimine, and Wat195 is 4.42 Å from
C4′ of PLP. In the liganded subunit, these water molecules
are replaced by 3-(4-hydroxyphenyl)propionate. Therefore,
we can consider that, in tryptophanase, a water molecule
which may locate at there face of the aldimine is XH. The
hydroxy group of the adduct formed between the aldimine
and the water molecule would interact unfavorably with the
substrate analogue 3-indolepropionate. When 3-indolepro-
pionate binds to either EâH+ or Eâ, the released water
molecule or the hydroxide ion can be easily expelled by the
ligand. This can explain the equilibrium shift from EγH+L
(EγL) to EâH+L (EâL), as indicated by the kinetic datak3/k4
) 0.12 andk7/k8 ) 0.01, and the higher value ofKd

γ

compared with those ofKd
â andKd

âH. Compensation of the
positive charge of the protonated nitrogen of the aldamine
(EγH+) by the carboxylate group of 3-indolepropionate can
be considered to increase the pKa value of the aldamine
(pKa

γL ) 8.40 versus pKa
γ ) 6.27). The binding of

indolepropionate displaces the water molecule in EâH+ and
the hydroxide ion in Eâ, both of which are considered to
remain in the vicinity of the active site but are away from
indolepropionate.6 Therefore, the electrostatic effect of
indolepropionate on the water molecule (XH) is not so large
as to change its pKa value (pKa

âL ) 9.53 versus pKa
â ) 9.87).

The removal of the nucleophilic group from the adduct on
the ligand binding can be also explained by electrostatic
interaction of the coenzyme with the ligand. Because the
negative charge of 3-indolepropionate stabilizes the positive
charge at the coenzyme, EâH+L, EâL, and EγH+L become
dominant by the binding of the analog to the enzyme. As a
result, the values ofKd

âH, Kd
â, and Kd

γH are quite small
compared with that ofKd

γ. The complicated configuration
around C-4′ of PLP of EγH+ may be the reason for the
relatively high value ofKd

γH compared withKd
â andKd

âH.
Another possibility to be considered for the reason behind

the shift in equilibrium between the four enzyme forms on
ligand binding is the ligand-induced conformational change
of the enzyme protein. The 3-(4-hydroxyphenyl)propionate-
liganded and unliganded subunits of tyrosine phenol-lyase
(34; PDB entry code 2TPL) can be almost completely
superimposed, with a root-mean-square deviation of the
backbone atoms of only 0.16 Å. Although the possibility
that this results from the crystal packing force cannot be ruled
out, this suggests that tyrosine phenol-lyase and its closely
related enzyme tryptophanase undergo little domain move-
ment on binding of ligands. We therefore consider that the
interaction between the ligand and the aldamine, most
probably the adduct formed between the aldimine and a water
molecule, is the main driving force that converts the aldamine
structure of the coenzyme (γ form) to the ketoenamine
structure (â form).
Our results well account for the fact that tryptophanase

can be catalytically active in alkaline pH even though the
inactive form of the free enzyme is the major species in this
pH region. That is, the binding of the substrate to the
enzyme, like indolepropionate, converts theγ form to theâ
form. The resultant Eâ (or EâH+) can undergo transaldimi-
nation with the substrate amino group to form the external
aldimine, which is the prerequisite structure for subsequent
catalysis. The nature of XH is still speculative, and it is
important to identify the group. To verify the PLP structure
proposed by us and to fully understand the reaction mech-
anism of tryptophanase, the information about the three-
dimensional structure of this enzyme, especially at high pH,
is required. The crystallization and X-ray diffraction studies
of the holotryptophanase fromE. coli are in progress.

6 If the water molecule and the hydroxide ion are removed from the
active site, EâH+L and EâL should be treated as a single species
(EâH+L). In such a case, the equations that describe the ligand binding
are derived from eq 18 by 1/Kd

â f 0, k3/Kd
â f (k3°/Kd

âH)([H+]/Ka
â),

and k4 f k4°[H+], where k3° and k4° are the rate constants for the
interconversion between EâH+L and EγL. However, the data of Figure
7 did not fit well to eq 18 obtained in this way. From this, we consider
that the water molecule and the hydroxide ion still remain in the active
site.
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APPENDIX

Analysis of the InterconVersion among the Different Ionic
and Liganded Species of theâ andγ Form of Tryptophanase.
According to Scheme 3,Ka

γ, Kd
γ, Kd

γH, Ka
âL, andKa

γL are
expressed as follows:

(1) Analysis of pH-Dependent Spectral Change.The
apparent acid dissociation constants are expressed by the
following equations:

where Ka
E and Ka

EL are the apparent acid dissociation
constants for the free and the 3-indolepropionate bound
enzyme, respectively, and the overlines indicate the equi-
librium concentrations. The apparent absorption coefficients
for the free and the liganded enzymes as functions of pH
are expressed as follows:

(2) Kinetics on pH-Jump Experiment.The apparent rate
constant of the interconversion of absorbance at 338 and 422
nm induced by the pH-jump,kappH, is expressed as follows:

Using eqs 1 and 6, the above equation can be solved as
follows:

The rate constantsk1, k2, k5, andk6 are obtained by fitting
eq 10 to the experimental results.Ka

â and Ka
γ are then

calculated using eqs 1 and 6.
(3) Analysis of Apparent Dissociation Constant for 3-In-

dolepropionate. The apparent dissociation constant,Kd
app

is expressed as follows:

Using eqs 6 and 7, 1/Kd
âH and [H+]/Ka

â can be written as
follows:

Using eqs 12 and 13, eq 11 is solved as follows:

or

Fitting of theKd
app-pH plot to eq 14 yields the values of

Ka
E, Ka

EL, (1+ k1/k2)Kd
â/(1 + k3/k4), and (1+ k5/k6)Kd

âH/(1
+ k7/k8). Sincek1, k2, k5, k6 are known from the pH-jump
study, the values ofKd

â/(1 + k3/k4) andKd
âH/(1 + k7/k8) are

determined. Defining these values asA andB, respectively,
we obtain

(4)Kinetics of Substrate Analogue Binding.The apparent
rate constant of the interconversion of absorbance at 338 and

Ka
γ )

k6
k5

k1
k2
Ka

â (1)

Kd
γ )

k1
k2

k4
k3
Kd

â (2)

Kd
γH )

k5
k6

k8
k7
Kd

âH (3)

Ka
âL )

Kd
âH

Kd
â
Ka

â (4)

Ka
γL )

k3
k4

k8
k7

Kd
âH

Kd
â
Ka

â (5)

Ka
E )

([Eâ] + [Eγ])[H
+]

[EâH
+] + [EγH

+]
)
1+ k1/k2
1+ k5/k6

Ka
â (6)

Ka
EL )

([EâL] + [EγL])[H
+]

[EâH
+L] + [EγH

+L]
)
1+ k3/k4
1+ k7/k8

Kd
âH

Kd
â
Ka

â (7)

εapp
E )

εEH[H
+] + εEKa

E

[H+] + Ka
E

(8)

εapp
EL )

εEHL[H
+] + εELKa

EL

[H+] + Ka
EL

(9)

kapp
H )

[Eâ]

[EâH
+] + [Eâ]

k1 +
[EâH

+]

[EâH
+] + [Eâ]

k5 +

[Eγ]

[EγH
+] + [Eγ]

k2 +
[EγH

+]

[EγH
+] + [Eγ]

k6

kapp
H )

k1k2(k5 + k6)Ka
E + k5k6(k1 + k2)[H

+]

k2(k5 + k6)Ka
E + k6(k1 + k2)[H+]

+

k1k2(k5 + k6)Ka
E + k5k6(k1 + k2)[H

+]

k1(k5 + k6)Ka
E + k5(k1 + k2)[H

+]
(10)

Kd
app)

([Eâ] + [Eγ] + [EâH
+] + [EγH

+])[Lh]

[EâL] + [EγL] + [EâH
+L] + [EγH

+L]
)

(1+ k1/k2) + (1+ k5/k6)([H
+]/Ka

â)

(1+ k3/k4)/Kd
â + (1+ k7/k8)([H

+]/Ka
â)/Kd

âH
(11)

1

Kd
âH

)
1+ k3/k4
1+ k7/k8

Ka
â

Ka
EL

1

Kd
â

(12)

[H+]

Ka
â

)
1+ k1/k2
1+ k5/k6

[H+]

Ka
E

(13)

Kd
app)

1+ k1/k2
1+ k3/k4

1+ [H+]/Ka
E

1+ [H+]/Ka
EL
Kd

â

Kd
app)

1+ k5/k6
1+ k7/k8

1+ Ka
E/[H+]

1+ Ka
EL/[H+]

Kd
âH (14)

Kd
â ) (1+ k3/k4)A (15)

Kd
âH ) (1+ k7/k8)B (16)
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422 nm induced by 3-indolepropionate binding,kappL is expressed as follows:

which is solved using eqs 15 and 16 to be:

The kinetic parametersk3, k4, k7, andk8 are obtained by
fitting eq 18 to the experimental points (Figure 7).Kd

â and
Kd

âH are obtained from eq 15 and eq 16, respectively, and
Kd

γ, Kd
γH, Ka

âL, andKa
γL are from eqs 2-5.
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BI971995+

kapp
L )

[Eâ]

[E*â]
k1 +

[EâL]

[E*â]
k3 +

[EâH
+]

[E*â]
k5 +

[EâH
+L]

[E*â]
k7 +

[Eγ]

[E*γ]
k2 +

[EγL]

[E*γ]
k4 +

[EγH
+]

[E*γ]
k6 +

[EγH
+L]

[E*γ]
k8 (17)

[E*â] ) [Eâ] + [EâL] + [EâH
+] + [EâH

+L]

[E*γ] ) [Eγ] + [EγL] + [EγH
+] + [EγH

+L]

kapp
L )

k1 + ([H+]/Ka
â)k5 + [k3/(A(1 + k3/k4)) + k7([H

+]/Ka
â)/(B(1+ k7/k8))][L]

1+ ([H+]/Ka
â) + [1/(A(1+ k3/k4)) + ([H+]/Ka

â)/(B(1+ k7/k8))][L]
+

k2 + ([H+]/Ka
γ)k6 + [(k2/k1)k4/(A(1+ k4/k3)) + ((k6/k5)k8([H

+]/Ka
γ))/(B(1+ k8/k7))][L]

1+ ([H+]/Ka
γ) + [(k2/k1)/(A(1+ k4/k3)) + ((k6/k5)([H

+]/Ka
γ))/(B(1+ k8/k7))][L]

(18)
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