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ABSTRACT: Escherichia colitryptophan indole-lyase (Trpase) is a bacterial pyridoxal 5′-phosphate (PLP)-
dependent enzyme which catalyzes the reversibleâ-elimination ofL-Trp to give indole and ammonium
pyruvate. H463F mutantE. coli Trpase (H463F Trpase) has very low activity withL-Trp, but it has near
wild-type activity with other in vitro substrates, such asS-ethyl-L-cysteine andS-(o-nitrophenyl)-L-cysteine
[Phillips, R. S., Johnson, N., and Kamath, A. V. (2002) Formationin Vitro of Hybrid Dimers of H463F
and Y74F MutantEscherichia coli Tryptophan Indole-lyase Rescues Activity withL-Tryptophan,
Biochemistry 41, 4012-4019]. The interaction of H463F Trpase withL-Trp andL-Met, a competitive
inhibitor, has been investigated by rapid-scanning stopped-flow, high-pressure, and pressure jump
spectrophotometry. BothL-Trp andL-Met bind to H463F Trpase to form equilibrating mixtures of external
aldimine and quinonoid intermediates, absorbing at∼420 and∼505 nm, respectively. The apparent rate
constant for quinonoid intermediate formation exhibits a hyperbolic dependence onL-Trp and L-Met
concentration. The rate constant for quinonoid intermediate formation fromL-Trp is ∼10-fold lower for
H463F Trpase than for wild-type Trpase, but the rate constant for reaction ofL-Met is similar for H463F
Trpase and wild-type Trpase. The temperature dependence of the rate constants for quinonoid intermediate
formation reveals that bothL-Trp andL-Met have similar values of∆Hq, but L-Met has a more negative
value of ∆Sq. Hydrostatic pressure perturbs the spectra of the H463FL-Trp andL-Met complexes, by
shifting the position of the equilibria between different quinonoid and external aldimine complexes. Pressure-
jump experiments show relaxations at 500 nm after rapid pressure changes of 100-400 bar with both
L-Trp andL-Met. The apparent rate constants for relaxation ofL-Trp, but notL-Met, show a significant
increase with pressure. From these data, the value of∆Vq for quinonoid intermediate formation from the
external aldimine ofL-Trp can be estimated to be-26.5 mL/mol, a larger than expected negative value
for a proton transfer. These results suggest that there may be a contribution to the deprotonation reaction
either from quantum mechanical tunneling or from a mechanical coupling of protein motion and proton
transfer associated with the reaction ofL-Trp, but not withL-Met.

Quinonoid intermediates play a critical role in the reactions
catalyzed by pyridoxal 5′-phosphate-dependent enzymes. The
quinonoidR-carbanionic intermediate is stabilized by reso-
nance with the electron-withdrawing pyridinium ring of the
PLP1 cofactor, and exhibits an intense (ε ∼ 4 × 104 M-1

cm-1) visible absorption peak with aλmax near 500 nm (1,
2). These anionic intermediates can be formed in various
reactions, by removal of theR-proton of the external aldimine
of an amino acid by an active site base, by Michael addition

of a nucleophile to an aminoacrylate, byR-decarboxylation,
or by a retro-aldol reaction with cleavage of the CR-Câ bond,
as in the reaction of serine hydroxymethyltransferase. Tryp-
tophan indole-lyase (Trpase, EC 4.1.99.1) is a PLP-dependent
enzyme which catalyzes a reversible hydrolyticâ-elimination
reaction ofL-Trp to form indole and ammonium pyruvate
(eq 1).

This enzyme is found in a wide variety of enteric bacteria,
including Escherichia coli(3), ProteusVulgaris (4), Hae-
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mophilus influenzae(5), andVibrio cholera(6). It has been
shown that the presence of thetnaA gene, encoding Trpase,
is necessary for virulence inH. influenzae(5). Recently, data
have shown that Trpase plays an important role in regulation
of biofilm formation in E. coli and other bacteria (7, 8). In
addition to the physiological reaction shown in eq 1, Trpase
can also catalyze theâ-elimination reactions in vitro of a
wide range of amino acids with good leaving groups on the
â-carbon, includingS-(o-nitrophenyl)-L-cysteine (SOPC) (9),
S-alkyl-L-cysteines (10), â-chloro-L-alanine (10), L-serine
(10), andO-acyl-L-serines (11). Trpase fromE. coli exhibits
a spectrum in the steady state of the reaction withL-Trp
consistent with a mixture of an external aldimine, absorbing
at 425 nm, and a quinonoid intermediate, exhibiting an
absorption peak at 505 nm, as shown in Scheme 1 (12-17).
Trpase also forms equilibrating mixtures of quinonoid and
external aldimine intermediates with a number of quasi-
substrates without leaving groups on theâ-carbon, and which
do not undergo turnover, such asL-Ala and L-Met (1, 2),
but with considerably slower rate constants. H463F mutant
Trpase was examined previously and found to have very low
activity with L-Trp, but near wild-type activity with SOPC
and S-ethyl-L-cysteine (18). His-463 was proposed to be
involved in hydrogen bonding interactions with the indolic
NH group of theL-Trp substrate which are critical for the
â-elimination of indole, but which are less important for
external aldimine and quinonoid intermediate formation (18,
19). Hence, because of the low elimination activity, H463F
Trpase forms a quasi-equilibrium mixture of external aldi-
mine and quinonoid intermediates withL-Trp (Scheme 1)
which resembles that of the steady state formed by wild-
type Trpase (18). Thus, this mutant is useful in studying the
mechanism ofL-Trp binding and of quinonoid intermediate
formation with Trpase. In this study, we have examined the
effects of temperature and hydrostatic pressure on the
equilibria and rate constants for quinonoid intermediate
formation fromL-Trp andL-Met with H463F Trpase.

EXPERIMENTAL PROCEDURES

Materials. S-(o-Nitrophenyl)-L-cysteine (SOPC) was pre-
pared as previously described (20). Lactate dehydrogenase
(LDH) from rabbit muscle,L-Tryptophan,S-ethyl-L-cysteine,
PLP,L-methionine, and NADH were purchased from United
States Biochemical Corp.

Enzyme Purification.The H463F mutant Trpase was
purified by hydrophobic chromatography on a column of CL-
Sepharose 4B, as described previously for wild-type Trpase
(21), except that a gradient of (NH4)2SO4 from 40 to 20%
saturation was used for elution, rather than a stepwise elution.
The amount of protein was determined in crude extracts by
the method of Bradford (22), with purified wild-type Trpase

as a standard. The concentration of purified wild-type and
H463F mutant Trpase was determined from the absorbance
at 278 nm (A1% ) 9.19) (21). Enzyme activity during
purification was routinely measured with 0.6 mM SOPC in
50 mM potassium phosphate at pH 8.0 and 25°C (9),
following the decrease in absorbance at 370 nm (∆ε ) -1.86
× 103 M-1 cm-1) using a Cary 1E UV-vis spectrophotom-
eter equipped with a 6× 6 Peltier temperature-controlled
cell compartment.

Stopped-Flow Reactions.Stopped-flow experiments were
carried out using an RSM-1000 instrument from OLIS, Inc.
(Bogart, GA), equipped with a stopped-flow mixing chamber,
as described previously (12, 13). The stopped-flow mixer
has a 10 mm path length and a dead time of<2 ms.
Absorbance spectra were collected over the wavelength range
from 240 to 800 nm at a rate of 1000 scans/s. Enzymes for
stopped-flow measurements were preincubated with excess
PLP for 30 min, and then passed through a PD-10 gel
filtration column equilibrated with 0.1 M triethanolamine
hydrochloride (pH 8.0) and 0.1 M KCl, to remove excess
PLP.

The concentration dependence experiments were per-
formed with a final concentration of 1 mg/mL (18.3µM
active sites) H463F or wild-type Trpase, and varying
concentrations of eitherL-Trp or L-Met, in 0.1 M triethano-
lamine hydrochloride (pH 8.0) and 0.1 M KCl at 20°C. The
L-Trp concentrations were 0.5, 1.0, 2.0, 4.0, 8.0, 16.0, and
20.0 mM. TheL-Met concentrations were 4, 8, 16, 32, 64,
and 100 mM. The temperature of the reactions was controlled
by circulating water from a Lauda water bath through the
stopped-flow apparatus. Temperatures were measured in the
stopped-flow mixer with a thermometer and did not vary
more than 0.5°C during the collection of the data. The
temperature dependence experiments were performed with
1 mg/mL (18.3µM active sites) H463F Trpase and either
16 mM L-Trp or 100 mML-Met, in 0.1 M triethanolamine
hydrochloride (pH 8.0) and 0.1 M KCl.

Absorption Spectra under Hydrostatic Pressure. The
effects of hydrostatic pressure on the absorption spectra were
measured using a Cary 14 UV-vis spectrophotometer
modified by OLIS, Inc., to contain a high-pressure cell from
ISS (Champaign, IL), equipped with a manual pressure
pump. The cell was maintained at 25°C with an external
circulating water bath. The enzyme solutions were contained
in 1 mL quartz bottles with a 9 mmpath length, capped with
Teflon tubing and immersed in spectroscopic-grade ethanol
as the pressurizing fluid. A buffer blank at 1 bar was used
to obtain a baseline reading. The buffer, triethanolamine
hydrochloride (pH 8.0), was chosen since the pKa is 7.88
and the ∆Vo for ionization is 4.5( 0.3 mL/mol (23);
therefore, the pressure change will not significantly change
the pH. The enzyme solutions were scanned at 1 bar, and
immediately after the increase in pressure to 400 bar. The
difference spectra were calculated by subtraction of the 1
bar spectra from the 400 bar spectra.

Pressure-Jump Experiments. These experiments were
carried out in a home-built pressure-jump (p-jump) instru-
ment described previously (24, 25). The pressure perturba-
tions that were applied ranged from 100 to 400 bar in 50
bar steps. A pre-pressure of approximately 10 bar was applied
to the sample. The pressure change was monitored by a
transducer; the pressure increase was 90% complete within

Scheme 1
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100 µs, and the decrease was 90% complete within 50µs.
Typically, 20-100 transients were collected and averaged,
with collection of 1000 data points for 1 s following the
pressure increase, a short delay (1-2 s) between the end of
data collection and the pressure release, and collection of
1000 data points for 1 s following the pressure decrease.
The temperature of the sample was measured by a Pt 100
sensor in contact with the cell and controlled by a circulating
water bath at 25.0°C.

Data Analysis.The rapid-scanning stopped-flow data were
analyzed by global analysis of all spectra at all wavelengths
using the Globalworks program provided by OLIS (26). The
spectra were fitted to the minimum number of species and
exponential processes to adequately describe the data based
on residuals and standard deviation, using eq 2, whereAt is
the absorbance at a wavelength at timet, Ai is the absorbance
at that wavelength for each phase,ki is the rate constant for
each phase, andA∞ is the final absorbance at that wavelength
of the reaction mixture. The pressure-jump single-wavelength
data were also analyzed by fitting to eq 2 using the software
obtained from OLIS, Inc. The rate constants obtained at
variousL-Trp or L-Met concentrations were fit to eq 3 (27),
wherekf is the rate constant in the forward direction,kr is
the rate constant for the reverse reaction, andKd is the
apparent binding constant for ligand, L.

Effects of Temperature and Pressure. The effect of
temperature on a rate constant is given by eq 4, the Eyring
equation, wherekB is the Boltzman constant andh is Planck’s
constant. In logarithmic form, eq 4 gives eq 5, which can be
rearranged to eq 6. Thus, the slope of a plot of lnk - ln
kBT/h against 1/T is ∆Hq/R, and the intercept is∆Sq/R. The
effect of pressure on rate constants is given by eq 7, which
is analogous to the Eyring equation, wherekP is the rate
constant at pressureP, k0 is the rate constant at 1 bar, and
∆Vq is the activation volume.

RESULTS

Rapid-Scanning Stopped-Flow Reaction of H463F Trpase
with L-Trp and L-Met. The reaction of H463F Trpase with
L-Trp was followed by rapid-scanning stopped-flow spec-
trophotometry (Figure 1). In the first phase of the reaction,
there is a rapid increase in absorbance to form a quinonoid
intermediate, withλmax at 501 nm, and a corresponding
decrease in absorbance of the external aldimine at 414 nm
(Figure 1A). In the second phase, there is an additional
increase in the intensity of the absorbance at 501 nm. The
two phases are clearly seen in the spectra (Figure 1A) and

time courses at 501 and 414 nm (Figure 1B). The reaction
of H463F Trpase withL-Met also exhibits the formation of
external aldimine and quinonoid intermediates (Figure 2A).
As with L-Trp, the reaction requires two exponentials to
obtain a good fit of the data. The first phase shows a decrease
in absorbance at 415 nm for the external aldimine and an
increase in the absorbance of the quinonoid band at 501 nm,
while the second phase is associated with an increase in the
501 nm absorbance (Figure 2B).

The apparent rate constant for the fast phases of the
reactions exhibits a hyperbolic dependence onL-Trp and
L-Met concentration (Figure 3), while the rate constants of
the slow phases are independent of ligand concentration (data
not shown). Fitting of the concentration dependence of the
fast phase of the data with H463F Trpase to eq 3 gives an
apparentKd of 3.04( 0.57 mM, akf of 37.4( 1.3 s-1, and
a kr of 17.0 ( 1.6 s-1 for L-Trp and aKd of 40.5 ( 12.8
mM, a kf of 14.3 ( 1.2 s-1, and akr of 1.1 ( 0.6 s-1 for
L-Met, at 20°C. The slow phases with bothL-Trp andL-Met

At ) ∑Ai exp(-kit) + A∞ (2)

kobs) (kf[L])/( Kd + [L]) + kr (3)

k ) (kBT/h) exp(-∆Gq/RT) )

(kBT/h) exp(-∆Hq/RT+ ∆Sq/R) (4)

ln k ) ln(kBT/h) - ∆Hq/RT+ ∆Sq/R (5)

ln k - ln(kBT/h) ) ∆Sq/R - ∆Hq/RT (6)

kP ) ko exp(-P∆Vq/RT) (7)

FIGURE 1: Rapid-scanning stopped-flow spectra of the reaction of
H463F Trpase withL-Trp. The reaction mixture contained 18.3µM
H463F Trpase and 20 mML-Trp in 0.1 M triethanolamine
hydrochloride (pH 8.0) and 0.1 M KCl. (A) The scans are shown
(1) 0.002, (2) 0.010, (3) 0.023, (4) 0.090, (5) 0.360, and (6) 0.900
s after mixing. (B) Time courses for the reaction at 414 and 505
nm.

FIGURE 2: Rapid-scanning stopped-flow spectra of the reaction of
H463F Trpase withL-Met. The reaction mixture contained 18.3
µM H463F Trpase and 100 mML-Met in 0.1 M triethanolamine
hydrochloride (pH 8.0) and 0.1 M KCl. (A) The scans are shown
(1) 0.002, (2) 0.041, (3) 0.092, (4) 0.273, (5) 0.580, and (6) 0.900
s after mixing. (B) Time courses for the reaction at 414 and 501
nm.
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exhibit similar rate constants,∼2-3 s-1. The rate constant
for quinonoid intermediate formation fromL-Trp by H463F
Trpase is∼10-fold lower than that of wild-type Trpase (1,
2, 12, 13, 17), while the rate constant for quinonoid
intermediate formation ofL-Met by H463F Trpase is very
similar that of wild-type Trpase (Figure 3), which has aKd

of 43.8( 21.6 mM, akf of 21.0( 3.9 s-1, and akr of 0.46
( 0.98 s-1. The temperature dependence of the apparent rate
constants for quinonoid intermediate formation for H463F
Trpase at 16 mML-Trp and 100 mML-Met is shown in
Figure 4. From these plots, the values of∆Hq and∆Sq for
quinonoid intermediate formation fromL-Trp andL-Met for
H463F Trpase can be obtained with eq 6. The values of∆Hq

are 47.3( 1.6 kJ/mol forL-Trp and 45.0( 3.5 kJ/mol for
L-Met; the values of∆Sq are -51.0 ( 1.4 J mol-1 K-1

(-T∆Sq ) 15.2 kJ/mol at 298 K) forL-Trp and-69.7 (
4.6 J mol-1 K-1 (-T∆Sq ) 20.8 kJ/mol at 298 K) forL-Met.

Effects of Pressure on Spectra of H463F Trpase withL-Trp
andL-Met. When solutions of H463F Trpase complexed with
L-Trp or L-Met are subjected to increased hydrostatic
pressure, changes in the absorption spectra of the PLP-
amino acid complexes are observed. The difference spectra
between solutions at 400 and 1 bar are shown in Figure 5.

The complex of H463F Trpase withL-Trp shows an increase
in the magnitude of the quinonoid absorption band at∼505
nm, and a corresponding decrease in the absorbance at 430
nm for the external aldimine, when the pressure is increased
to 400 bar (Figure 5, solid line). The difference spectra for
the complex of H463F Trpase withL-Met show a slight red
shift in the absorption maximum from 505 to 508 nm when
the pressure is increased to 400 bar, without any significant
change in the spectrum from 300 to 460 nm (Figure 5, dashed
line). The red shift of the absorption maximum is evident
from the derivative shape of the difference spectrum with
L-Met.

Pressure Jump of H463F Trpase withL-Trp and L-Met.
When the solutions of H463F Trpase withL-Trp andL-Met
were subjected to rapid pressure changes of 100-400 bar
in a pressure-jump instrument, relaxations at 500 nm are
observed (Figure 6). The time courses of the relaxations
change withL-Trp concentration. At lowL-Trp concentra-
tions, there is a rapid relaxation of low amplitude with
increasing absorbance, followed by a biphasic decay with a
larger amplitude, withkobs values of∼30 s-1 (1/τ2) and 3

FIGURE 3: Concentration dependence of the fast rate constant for
quinonoid intermediate formation fromL-Trp and L-Met: (O)
H463F withL-Trp, (0) H463F withL-Met, and (]) wild type with
L-Met. The lines are the fitted curves to eq 3.

FIGURE 4: Temperature dependence of the apparent rate constants
for quinonoid intermediate formation fromL-Trp andL-Met. The
rate constants were measured at 16 mML-Trp and 100 mML-Met:
(b) L-Trp and (O) L-Met. The lines are the result of regression
analysis of the data.

FIGURE 5: Difference spectra of the H463F Trpase complex with
L-Trp andL-Met. The solutions contained 29µM H463F Trpase
and 20 mML-Trp or 100 mM L-Met in 0.1 M triethanolamine
hydrochloride (pH 8.0) and 0.1 M KCl: (solid line) difference
spectrum between 400 and 1 bar forL-Trp and (dashed line)
difference spectrum between 400 and 1 bar forL-Met.

FIGURE 6: Relaxations after a pressure jump for the complex of
H463F Trpase with various concentrations ofL-Trp. The reaction
mixtures contained 74.4µM H463F Trpase and the indicatedL-Trp
concentration in 0.1 M triethanolamine hydrochloride (pH 8.0) and
0.1 M KCl. The pressure change was 400 bar.

14292 Biochemistry, Vol. 44, No. 43, 2005 Phillips and Holtermann



s-1 (1/τ3) (Figure 6). However, at>8 mM L-Trp, there is a
rapid relaxation with a relatively large increase in absorbance
(1/τ1), followed by a single-exponential decay of low
amplitude, with akobs of ∼3 s-1. The rate constant of the
fast relaxation, 1/τ1, increases with an increase in pressure
(Figure 7A, upward-pointing triangles), ranging from 84 to
114 s-1 over the pressure range from 100 to 400 bar. The
corresponding apparent rate constant for the formation of
the quinonoid species from stopped-flow experiments at 25
°C is 71 s-1, in good agreement with the intercept value of
75 s-1 in Figure 7. The average value of the rate constant
measured after the release of pressure back to 10 bar is 79.9
s-1 (Figure 7A, downward-pointing triangles). From fitting
of the data in Figure 7A to eq 7,∆Vq can be determined to
be -26.5 ( 1.2 mL/mol. The intermediate relaxation, 1/τ2

(Figure 7B), and the slow relaxation, 1/τ3 (Figure 7C),
processes also show significant increases in rate constant with
pressure, with∆Vq values of-24.6( 6.2 and-22.3( 9.2
mL/mol, respectively.

When solutions of H463F and wild-type Trpase withL-Met
are exposed to a rapid pressure change of 100-400 bar in
the pressure-jump instrument, relaxations at 500 nm are also
observed (Figure 8), which are biphasic. As expected from

the difference spectra shown in Figure 6, the absorbance at
500 nm decreases in the relaxations. In contrast to the data
obtained with H463F Trpase andL-Trp, with L-Met and either
wild-type or H463F mutant Trpase, there is no significant
change in the observed rate constants with pressure over the
range from 100 to 400 bar (Figure 9).

DISCUSSION

H463F Trpase is a mutant enzyme which catalyzes rapid
â-elimination reactions with nonphysiological substrates such
as S-ethyl-L-Cys and SOPC, but has a very slow rate of

FIGURE 7: Dependence ofkapp for the relaxation with pressure for
L-Trp: (2) relaxation after the push to high pressure and (1)
relaxation after the release to 10 bar. The error bars show the
standard errors obtained from curve fitting. (A) Rate constants for
relaxation of the fast phase (1/τ1) of increasing absorbance for data
collected with 20 mML-Trp. The curve through the upward-pointing
triangles is the calculated curve for the fit to eq 7. The line through
the downward-pointing triangles is the average of the values. (B)
Rate constants for relaxation of the intermediate phase (1/τ2) of
decreasing absorbance for data collected at 1 mML-Trp. The curve
through the upward-pointing triangles is the calculated curve for
the fit to eq 7. The line through the downward-pointing triangles
is the average of the values. (C) Rate constants for relaxation of
the slow phase (1/τ3) of decreasing absorbance for data collected
at 1 mM L-Trp. The curve through the upward-pointing triangles
is the calculated curve for the fit to eq 7. The line through the
downward-pointing triangles is the average of the values.

FIGURE 8: Relaxations after the pressure jump for the complex of
wild-type and H463F Trpase withL-Met. The reaction mixtures
contained 74.4µM wild-type or H463F Trpase and 100 mML-Met
in 0.1 M triethanolamine hydrochloride (pH 8.0) and 0.1 M KCl.
The pressure change was 400 bar. At the left is the relaxation after
the pressure increase. At the right is the relaxation after the pressure
release to 10 bar.

FIGURE 9: Dependence ofkapp for the relaxation with pressure for
L-Met: (upward-pointing triangles) relaxation after the push to the
indicated pressure and (downward-pointing triangles) relaxation
after the release from the indicated pressure to 10 bar. The error
bars show the standard errors obtained from curve fitting. (A) Rate
constants for relaxation of the fast phase (1/τ1) of decreasing
absorbance for data collected with 100 mML-Met. The solid line
through the empty downward-pointing triangles is the average of
the values for wild-type Trpase, and the dashed line through the
filled downward-pointing triangles is the average of the values for
H463F Trpase. (B) Rate constants for relaxation of the slow phase
(1/τ2) of decreasing absorbance for data collected at 100 mML-Met.
The solid line through the empty downward-pointing triangles is
the average of the values for wild-type Trpase, and the dashed line
through the filled downward-pointing triangles is the average of
the values for H463F Trpase.
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turnover (<0.1% of the wild-type rate) withL-Trp (18).
However, H463F Trpase forms a quasi-equilibrium complex
with L-Trp which exhibits a visible spectrum that closely
resembles that seen in the steady state of the reaction of wild-
type Trpase (Figure 1). Thus, the effect of the H463F
mutation on activity is primarily on the step of elimination
of indole in the reaction ofL-Trp, and hence, the H463F
mutant Trpase is a useful model for studying the mechanism
of L-Trp binding and quinonoid intermediate formation by
Trpase.

The calculated rate constant for formation of the quinonoid
intermediate ofL-Trp is 71 s-1 at 25°C, compared to 760-
900 s-1 for wild-type Trpase at 25°C (12-17). Thus, there
is an∼10-fold reduction in the rate constant for quinonoid
intermediate formation resulting from the mutation. In
contrast, the rate constant for quinonoid intermediate forma-
tion from L-Met by H463F Trpase is very similar to that
with L-Met and wild-type Trpase (Figure 2) and with that
reported for the reaction of the wild-type enzyme and
L-ethionine (1). These results are consistent with earlier
studies that found the indole NH group on the substrate side
chain is important for rapid quinonoid intermediate formation
by wild-type Trpase (17), most likely because of hydrogen
bonding of the side chain indole NH group with a catalytic
base with a pKa of ∼6 previously seen in the pH dependence
of kcat/Km for L-Trp (28). Since His-463 may be the proposed
catalytic base, or be associated with it (18, 19), the
elimination of the hydrogen bond between the indole ring
and the protein, by removal of either the substrate NH donor
or the protein acceptor, would be expected to have a similar
effect on the rate constant for quinonoid intermediate
formation. The temperature dependence of the rate constant
for quinonoid intermediate formation shows a similar value
of ∆Hq for both L-Trp and L-Met (Figure 4), but a
significantly larger negative value of∆Sq for L-Met. The
main reason for the approximate 3-fold difference in the rate
constants for quinonoid intermediate formation ofL-Trp and
L-Met is thus entropic in origin. This suggests that there is
a larger amount of active site reorganization required to reach
the transition state for quinonoid intermediate formation in
the reaction ofL-Met than that ofL-Trp.

When the complexes of H463F Trpase withL-Trp and
L-Met are subjected to increased hydrostatic pressure, there
are distinct changes in the absorption spectra, which are more
easily seen in the difference spectra (Figure 5). For theL-Trp
complex, the difference spectrum between 400 and 1 bar
exhibits an increase in absorbance of the 505 nm band, and
a decrease in absorbance centered around 425 nm, indicating
that pressure affects the internal equilibrium between the
external aldimine and quinonoid intermediates in the direc-
tion of the quinonoid species (Figure 5, solid line). Thus,
the quinonoid form of the enzyme has a smaller net volume
than the external aldimine. As expected from the data in
Figure 5, when the equilibrium mixtures of H463F Trpase
andL-Trp are subjected to rapid pressure changes of 100-
400 bar in the pressure-jump instrument, relaxations result.
The time courses of the relaxations withL-Trp are strongly
concentration dependent (Figure 6). At higherL-Trp con-
centrations,g8 mM, where the binding equilibrium is nearly
saturated, there is a large amplitude fast relaxation, 1/τ1, of
increasing absorbance, which exhibits a rate constant com-
parable to that seen for quinonoid intermediate formation in

the stopped-flow experiments. Thus, this relaxation corre-
sponds to the interconversion of external aldimine and
quinonoid intermediates (k1 + k-1), and it exhibits a
significant pressure dependence, with the rate increasing with
pressure, as can be seen in Figure 7A, with an apparent∆Vq

of -26.5 mL/mol.
At 0.5 and 1 mML-Trp, well below theKd of 3 mM for

L-Trp, the fast relaxation is observed; however, it is very
small in amplitude, and it is followed by a slower absorbance
decrease, with a much larger amplitude, which is biphasic
(Figure 6). The decrease in absorbance at 500 nm in the
intermediate phase, 1/τ2, at lowL-Trp concentrations implies
that pressure negatively affects theL-Trp binding equilibrium,
resulting in a decreased level of binding at high pressure,
and the quinonoid intermediate will thus decay to reach the
new equilibrium. The effect of pressure on the binding
equilibrium is likely the result of solvation differences
between the free enzyme andL-Trp complex. IfL-Trp binding
results in the release of bound active site water, as well as
water associated with solvation of the amino acid in solution,
to the bulk solvent, there will be a net increase in system
volume, which will be opposed by pressure. The simplest
model which can explain the stopped-flow results as well
as the fast and intermediate relaxations observed in the pres-
sure jump withL-Trp is shown in eq 8. The corresponding
rate equations for the relaxations at high and lowL-Trp con-
centrations are given by eqs 9 and 10, respectively. There is
good agreement of the rate constant for the intermediate
relaxation from Figure 7B (18 s-1) with the intercept value
in Figure 3 (17 s-1), which is the rate constant for repro-
tonation of the quinonoid species. Since this relaxation is
dominated by the reprotonation term,k-1, when [L-Trp] <
Kd in eq 10, this is expected. The rate constant for this process
also exhibits a significant dependence on pressure, increasing
as the pressure is increased (Figure 7B). Fitting the data for
1/τ2 to eq 7 gives an apparent∆Vq of -24.6 mL/mol, very
similar to that of the fast phase. If the equilibrium constant
for a process is close to 1, the activation volume will be the
same in both directions. On the basis of the stopped-flow
data shown in Figure 3, the equilibrium constant for the
external aldimine-quinonoid interconversion is 2.2.

The slowest phase of the relaxation withL-Trp, 1/τ3, also
exhibits a dependence of rate constant on pressure (Figure
7C). This relaxation also corresponds to the slow phase
observed in the stopped-flow experiments. This slow process
exhibits an activation volume similar to those of other phases,
with an apparent∆Vq of -22.3 mL/mol. The similar pressure
dependence of the slow rate constant to the fast and
intermediate phases suggests that this step involves a
deprotonation reaction, rather than an isomerization of the
preformed quinonoid intermediate. Thus, the slowest relax-
ation appears to be coming from a second quinonoid complex
which forms from an external aldimine. Previous stopped-
flow studies of wild-type Trpase withL-methionine found

E + L-Trp y\z
Kd

E-TrpEA y\z
k1

k-1
E-TrpEQ (8)

kobs) 1/τ1 ) k1 + k-1 (9)

kobs) 1/τ1 ) k1[Trp]/(Kd + [Trp]) + k-1 (10)
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biphasic kinetics for quinonoid intermediate formation, and
the authors concluded that there are two different enzyme
forms with different reactivities that are slowly interconverted
(1). A similar result was seen in the reaction of tyrosine
phenol-lyase, where biphasic kinetics of quinonoid interme-
diate formation fromL-tyrosine were proposed to be due to
high- and low-activity forms of the enzyme (29). The
interconversion of the high- and low-activity forms of
tyrosine phenol-lyase is much slower, at a rate of∼0.3 s-1,
than formation of the external aldimine and quinonoid
complex (29). The equilibrium between high- and low-
activity forms of Trpase and TPL is affected by monovalent
cations, particularly K+ and NH4

+ (1, 29-31).
In contrast, the difference spectra for the H463F Trpase-

L-Met complex between 1 and 400 bar show a change in
the absorbance of the quinonoid intermediate, due to a 3 nm
red shift of λmax, and no change in absorbance in the 425
nm region (Figure 5, dashed line). This result suggests that
hydrostatic pressure primarily affects the equilibrium between
different quinonoid complexes ofL-Met, rather than between
the external aldimine and quinonoid intermediates. In this
case, the two quinonoid species must have different absorp-
tion maxima and different reaction volumes. When theL-Met
complex of either H463F or wild-type Trpase is subjected
to pressure jumps of 100-400 bar, relaxations are observed,
which are also biphasic (Figure 8). The biphasic reaction is
likely due to the high- and low-activity forms of the enzyme,
as discussed above. There is good agreement about the rate
constants for the fast phase of the reaction of H463F Trpase
with 100 mML-Met obtained by stopped-flow (12 s-1) and
pressure-jump (15 s-1) methods. In contrast to the data with
L-Trp, neither of the apparent rate constants for the relax-
ations withL-Met shows any significant pressure dependence
for either wild-type or H463F Trpase (Figure 9). This
suggests that∆Vq is significantly reduced for the reaction
of L-Met, likely approximately-10 mL/mol or less.

The formation of the quinonoid intermediates ofL-Trp and
L-Met with Trpase involves the abstraction of a proton by a
base from theR-C-H bond of the amino acid, bound as a
Schiff base to the PLP. The∆Vq for formation of the
quinonoid complex ofL-Trp with H463F Trpase is-26.5
mL/mol. In contrast, the∆Vq for a proton transfer is normally
expected to lie in the range from-5 to -15 mL/mol (32),
in the absence of solvation of the resultant ion pair, which
results in electrostriction. It is highly unlikely that the
chemically reactive quinonoid intermediates formed in PLP-
dependent enzyme reactions are solvent-exposed, so a
contribution to the∆Vq due to electrostriction can be ruled
out. What, then, is the physical basis of the large negative
∆Vq observed for the reaction of H463F Trpase withL-Trp?
Isaacs reviewed the effects of pressure on isotope effects
for a number of chemical reactions which involve hydrogen
transfer (proton, hydrogen atom, and hydride), and several
of them which are suspected of exhibiting quantum mechan-
ical hydrogen tunneling exhibit anomalously large negative
∆Vq values. For example, the base-catalyzed iodination
reaction of 2-nitropropane, which exhibits rate-determining
proton abstraction, shows a large primary kinetic deuterium
isotope effect,kH/kD, of 16-20; ∆Vq is -31 mL/mol for the
protio substrate and-40 mL/mol for the deuterio substrate
(32). Thus, it is possible that the large negative∆Vq that we
observe for the reaction ofL-Trp is due to a contribution of

tunneling to the proton transfer reaction. While the formation
of the quinonoid intermediate ofL-Trp by wild-type Trpase
exhibits a deuterium isotope effect of 3.6 (15), primary
deuterium isotope effects greater than the semiclassical limit
of 7-8 are not always a requirement for tunneling. Quantum
mechanical tunneling has been shown to contribute to
catalysis in a number of enzymatic reactions which involve
hydrogen transfer, including proton transfer in bovine serum
amine oxidase (33), hydride transfer in horse liver alcohol
dehydrogenase (34) and dihydrofolate reductase (35), and
hydrogen atom transfer in soybean lipoxygenase (36).
However, despite that fact that many PLP-dependent en-
zymes normally deprotonate C-H bonds in their reactions,
there have been few previous reports of hydrogen tunneling
in these reactions. Cook et al. (37) proposed that an increase
in the primary kinetic isotope effect observed in the
â-elimination reaction ofO-acetylserine sulfhydrylase sub-
stituted with a cofactor analogue may be due to an increase
in the extent of hydrogen tunneling.

While it is generally agreed that large negative activation
volumes and decreasing kinetic isotope effects with increas-
ing pressure for hydrogen transfers are characteristic of
quantum mechanical tunneling in chemical reactions (38, 39),
there have been only a few reports of these phenomena in
enzymatic reactions. Northrop and Cho (40) and Park et al.
(41) measured the effects of hydrostatic pressure on the
deuterium isotope effect in the reaction of yeast alcohol
dehydrogenase with benzyl alcohol and 2-propanol, and they
observed large negative∆Vq values of-39.9 ( 1.0 and
-29.6( 2.0, respectively, for the hydride transfer. The∆Vq

values were found to be even more negative for the
deuterated substrates of yeast alcohol dehydrogenase, so the
kinetic isotope effects decrease at high pressures. They
concluded that the primary deuterium isotope effect in that
reaction is due solely to a transition state phenomenon,
without any significant semiclassical contribution from zero-
point energy differences. Northrop and Cho (40) and Park
et al. (41) suggested that the isotope effect in yeast alcohol
dehydrogenase may arise from a mechanical mechanism
which couples protein motion to the hydrogen transfer. This
may be an alternative explanation for our results withL-Trp.
In contrast, Quirk and Northrop found that formate dehy-
drogenase exhibits a relatively small negative∆Vq of -9.7
( 1.0 mL/mol, and it exhibits an increase in the kinetic
isotope effect at high pressures (42).

Why is there such a difference in the magnitude of∆Vq

for the quinonoid intermediate formation ofL-Trp andL-Met
external aldimines by H463F Trpase, even though both
reactions exhibit similar values of∆Hq? Both amino acids
form equilibrating mixtures of external aldimine and quinon-
oid intermediates with the enzyme; however, the equilibrium
position lies much farther in the direction of the quinonoid
form for theL-Met complex. TheL-Met quinonoid complex
is also a dead end, since there is no suitableâ-leaving group
for elimination to proceed. The side chain ofL-Met can
provide relatively little binding energy, besides van der Waals
interactions, that can assist in the deprotonation reaction. The
indole ring in the side chain of theL-Trp substrate must make
additional contacts with the enzyme, due to electrostatics,
hydrogen bonding, andπ-stacking, that can be used to
preorganize the active site base and the external aldimine in
the ground state, as shown by the lower activation entropy.
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Furthermore, the interactions of theL-Trp side chain with
the active site clearly must contribute to the reaction to
increase the∆Vq, either by changing the width of the energy
barrier to facilitate quantum mechanical tunneling or by
enhancing the mechanical coupling of protein motion with
proton transfer. If this interpretation is correct, it predicts
that the kinetic isotope effect for quinonoid intermediate
formation fromL-Trp, but notL-Met, should show a decrease
with an increase in pressure. These experiments are now in
progress.

CONCLUSIONS

Since Trpase forms external aldimine and quinonoid
complexes with substrates as well as with quasi-substrates
such asL-Ala andL-Met, it has often been assumed that these
quasi-substrates react in the same way as substrates, except
that they do not contain aâ-substituent that is a leav-
ing group, and are thus suitable models for studying the
mechanism of substrate binding and quinonoid intermediate
formation. In this study, we have found thatL-Trp andL-Met
exhibit a number of subtle but significant differences in their
interactions with H463F Trpase. First, there is a 3-fold differ-
ence in the rate constant for quinonoid intermediate forma-
tion. Although ∆Hq values are similar for bothL-Trp and
L-Met, ∆Sq is significantly more negative forL-Met, suggest-
ing that the reaction ofL-Trp requires less organization to
reach the transition state. The effects of pressure on the spec-
tra of the equilibrium mixtures are different as well, with the
L-Met quinonoid complex showing a 3 nm redshift in the
quinonoid absorption peak under pressure, while theL-Trp
complex increases in intensity at 500 nm, without a red shift.
Finally, the pressure dependence of the rate constants for
quinonoid intermediate formation is much stronger forL-Trp
than L-Met, with a negative activation volume, suggesting
that there may be hydrogen tunneling or motion of the protein
coupled with the quinonoid intermediate formation of L-Trp,
but not for the reaction ofL-Met.
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