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ABSTRACT: Mutations in the pyridoxal phosphate binding site of the tryptophan synthaseâ subunit (S377D
and S377E) alter cofactor chemistry [Jhee, K.-H., et al. (1998)J. Biol. Chem. 273, 11417-11422]. We
now report that the S377D, S377E, and S377Aâ2 subunits formR2â2 complexes with theR subunit and
activate theR subunit-catalyzed cleavage of indole 3-glycerol phosphate. The apparentKd for dissociation
of the R and â subunits is unaffected by the S377A mutation but is increased up to 500-fold by the
S377D and S377E mutations. Although the three mutantR2â2 complexes exhibit very low activities in
â elimination andâ replacement reactions catalyzed at theâ site in the presence of Na+, the activities
and spectroscopic properties of the S377AR2â2 complex are partially repaired by addition of Cs+. The
S377D and S377ER2â2 complexes, unlike the wild-type and S377AR2â2 complexes and the mutantâ2

subunits, undergo irreversible substrate-induced inactivation byL-serine or byâ-chloro-L-alanine. The
rates of inactivation (kinact) are similar to the rates of catalysis (kcat). The partition ratios are very low
(kcat/kinact ) 0.25-3) and are affected byR subunit ligands and monovalent cations. The inactivation
product released by alkali was shown by HPLC and by fluorescence, absorption, and mass spectroscopy
to be identical to a compound previously synthesized from pyridoxal phosphate and pyruvate. We suggest
that alterations in the cofactor chemistry that result from the engineered Asp377 in the active site of the
â subunit may promote the mechanism-based inactivation.

Our investigations of tryptophan synthase are aimed at
increasing the understanding of how the enzyme architecture
tailors its function. The bacterial tryptophan synthaseR2â2

complex (EC 4.2.1.20) catalyzes the last two steps in the
biosynthesis ofL-tryptophan. TheR subunit cleaves indole
3-glycerol phosphate reversibly toD-glyceraldehyde 3-phos-
phate and indole (R reaction). Indole is transferred through
a unique 25 Å tunnel to the active site of theâ subunit1

where it undergoes a pyridoxal phosphate (PLP2)-dependent
â replacement reaction withL-serine to formL-tryptophan
(â reaction).

The â2 subunit and theR2â2 complex also catalyzeâ replacement andâ elimination reactions with a variety of
other amino acids, includingâ-chloro-L-alanine. These
reactions involve a key, common intermediate, the external
aldimine of aminoacrylate (E-AA, Scheme 1 in Results).

It is important to understand how tryptophan synthase and
other PLP-dependent enzymes control their reaction and
substrate specificities. Sequence comparisons designed to
establish evolutionary relationships (1, 2) have resulted in
PLP-dependent enzymes being classified in at least four folds
(Table 1). The available crystal structures of enzymes within
each fold are structurally similar. The three-dimensional
structure of theâ subunit in the tryptophan synthaseR2â2

complex fromSalmonella typhimurium(3) has served as the
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1 The termâ2 subunit is used for the isolated enzyme in solution;â
subunit is used for the enzyme in theR2â2 complex, to describe a
specific residue in theâ subunit, or in titrations to determine subunit
interaction.

2 Abbreviations: PLP, pyridoxal phosphate; GP,DL-R-glycerol
3-phosphate; bicine,N,N-bis(2-hydroxyethyl)glycine; X, 4-[2-methyl-
3-hydroxy-5-(phosphooxymethyl)-4-pyridinyl]-2-oxo-3-butenoic acid;
MBP, morpholinopropanesulfonic acid/bicine/proline; TEA, triethano-
lamine; TFA, trifluoroacetic acid; FAB, fast atom bombardment.

R reaction: indole 3-glycerol-PT
indole+ D-glyceraldehyde 3-P

â reaction: L-serine+ indolef L-tryptophan+ H2O

Table 1: Families of PLP Enzymes

folda prototype
no. of

structures
N-1

(PLP)f

I L-aspartate aminotransferase 9b Asp
II tryptophan synthaseâ subunit 3c Ser
III alanine racemase 1d Arg
IV D-amino acid aminotransferase 2e Glu
a Folds of PLP enzymes as defined by ref2. b L-Aspartate ami-

notransferase (45), ω-amino acid:pyruvate aminotransferase (64),
dialkylglycine decarboxylase (65), ornithine aminotransferase (60),
prokaryotic ornithine decarboxylase (66), tyrosine phenol-lyase (67),
tryptophanase (68), glutamate-1-semialdehyde aminomutase (69), and
cystathionineâ-lyase (55). c Tryptophan synthaseâ subunit (3), threo-
nine deaminase (4), and L-cysteine synthase (5). d Alanine racemase
(6). e D-Amino acid aminotransferase (70) and branched-chainL-amino
acid aminotransferase (71). f Residue that interacts with N-1 of PLP in
enzymes in each fold.
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prototype for other PLP enzymes in fold II. Structures of
two other enzymes in this fold, threonine deaminase (4) and
O-acetylserine sulfhydrylase (L-cysteine synthase) (5), have
been determined recently.

One of the most important and best studied interactions
between the cofactor and the active site of all PLP enzymes
is that between the pyridine nitrogen of PLP and an amino
acid side chain (Table 1) (6). This interaction is a hydrogen
bond/salt bridge between the N-1 proton of PLP and a
negatively charged aspartate or glutamate side chain in
members of folds I or IV, respectively. The PLP-binding
site of the tryptophan synthaseâ subunit (fold II) has the
neutral hydroxyl of Ser377 interacting with PLP N-1 (Figure
1) (3, 7). Alanine racemase (EC 5.1.1.1) (fold III) is unique
in having a positively charged arginine near N-1 of PLP (6).

We have reported recently (8) that changing the tryptophan
synthaseâ subunit Ser377 to Asp (S377D) or Glu (S377E)
alters the effects of pH on the absorption spectra of the
enzymes and results in the accumulation of quinonoid
intermediates in the reactions with substrates. We proposed

that the engineered Asp or Glu residue changes the cofactor
chemistry by stabilizing the protonated pyridine nitrogen of
pyridoxal phosphate, reducing the pK of the internal aldimine
nitrogen, and promoting formation of quinonoid intermedi-
ates. We have also reported briefly (9) that mutation of
âSer377 to Ala, Asp, or Glu results in a>100-fold decrease
in the rate of conversion ofL-serine and indole to tryptophan.

In this paper, we examine the effects of mutational
alteration of Ser377 on the activities and spectroscopic
properties of theâ2 subunit andR2â2 complex. An important
finding is that the S377D and S377ER2â2 complexes undergo
irreversible substrate-induced inactivation by a mechanism
first elucidated by Metzler et al. (10, 11) and later found
with different mutant forms of the tryptophan synthaseR2â2

complex and with the wild-typeâ2 subunit (12, 13). This
inactivation results from displacement of aminoacrylate from
the key E-AA intermediate followed by reaction of ami-
noacrylate with the methylene carbon of enzyme-bound PLP
which forms a covalent adduct (E-I, Scheme 1). Alkali
treatment of E-I yields the PLP derivative, X. We suggest
that the altered cofactor chemistry may promote this inac-
tivation.

EXPERIMENTAL PROCEDURES

Chemicals and Buffers.Pyridoxal phosphate, pyridox-
amine phosphate,L-serine,DL-R-glycerol phosphate (GP),
â-chloro-L-alanine hydrochloride,D-glyceraldehyde-3-phos-
phate dehydrogenase, and lactate dehydrogenase were from
Sigma. Solutions ofâ-chloro-L-alanine hydrochloride were
freshly prepared and adjusted to pH 7.8 with sodium
hydroxide immediately before use. Indole 3-glycerol phos-
phate was prepared enzymatically (14). Oligonucleotides
were supplied by Integrated DNA Technologies. Na+/bicine
(50 mM, pH 7.8) (buffer B), Cs+/bicine (50 mM, pH 7.8),
TEA-bicine (50 mM, pH 7.8), and MBP (15) buffers were
used for spectroscopic studies with additional NaCl or CsCl
where indicated. MBP buffer contains 50 mM morpholi-
nopropanesulfonic acid, 50 mM bicine, and 50 mM proline.
The pH was raised with sodium hydroxide to 11.2; the

Scheme 1: Mechanisms ofâ Elimination andâ Replacement Reactions and of Mechanism-Based Inactivation

FIGURE 1: Active site of the tryptophan synthaseâ subunit, showing
residues that interact with the external aldimine between PLP and
L-serine. This structure was taken from theâK87T-Ser-IPP structure
in ref 7.
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solution was then back-titrated with HCl to pH 7.8. Com-
pound X [4-[2-methyl-3-hydroxy-5-(phosphooxymethyl)-4-
pyridinyl]-2-oxo-3-butenoic acid] (see Scheme 1 for struc-
ture) was synthesized by a modification of the method of
Schnackerz (16). Pyridoxal phosphate (1.5 mmol) and
sodium pyruvate (6 mmol) were dissolved in 2 mL of 0.5
M KOH. The solution was stirred for 24 h in the dark at
room temperature. The reddish reaction mixture was ad-
justed to pH 7.0 with 5 N HCl. X was subjected to HPLC
as described above to remove unreacted PLP and pyruvate.
X was also isolated from the inactivated enzyme. The
S377D â2 subunit (8 mg/mL) was incubated with theR
subunit (16 mg/mL, 3-fold excess) and 50 mML-serine in
the presence of 0.2 M NaCl for 4 h at 25°C in a total volume
of 4 mL. X was dissociated from the protein by addition of
NaOH to 0.5 N followed by addition of HCl to a final
concentration of 0.5 N to precipitate the protein. The
denatured protein was removed by centrifugation, and the
yellow supernatant solution containing X was lyophilized.
The lyophilized X was dissolved in 500µL of 0.1% TFA
and was subjected to HPLC as described below to remove
other compounds (L-serine, pyruvate, and PLP) and excess
salt. The eluted X was lyophilized, dissolved in 100µL of
0.1% TFA, and rechromatographed to remove residual salt.
After the final lyophilization, the dry sample was stored at
-20 °C. The lyophilized sample was dissolved in water just
prior to analysis for mass spectrometry or absorption
spectroscopy.

Bacterial Strains, Plasmids, and Enzymes.The plasmid
pEBA-10 (17) was used to express wild-type and mutantâ
subunit forms (S377A, S377D, and S377E) of theS.
typhimuriumtryptophan synthaseR2â2 complex inEscheri-
chia coli CB 149 (14), which lacks the trp operon. The
construction of two of the mutantâ subunit forms (S377D
and S377E) has been reported (8). The S377A mutant form
was constructed in an analogous way using the mutagenic
primer 5′-GTC-AAT-CTC-GCT-GGC-CGC-GGA-GT-3′,
where the base changes are underlined. The mutant enzyme
was expressed and purified to homogeneity in high yield (∼1
g/liter of culture) as theR2â2 complex by a method that
utilizes crystallization from crude extracts (18). The wild-
type, S377A, and S377Dâ2 subunits were obtained by heat
precipitation of theR subunit from theR2â2 complex (19).
The R subunit was purified as described previously (8).
Protein concentrations were determined from the specific
absorbance at 278 nm using anA1cm

1% of 6.0 for theR2â2

complex, anA1cm
1% of 6.5 for the holoâ2 subunit, and anA1cm

1%

of 4.4 for theR subunit (19).

Enzyme Assays.One unit of activity in any reaction is
the formation of 0.1µmol of product in 20 min at 37°C.
Activities of R2â2 complexes inâ replacement reactions
[reaction of indole (0.2 mM) andL-serine (40 mM) or
â-chloro-L-alanine (10 mM) to formL-tryptophan] were
determined by a spectrophotometric assay (19) in the
presence of a 3-fold molar excess of theR subunit. CsCl
(0.2 M) andDL-R-glycerol 3-phosphate (10 mM) were added
in assays where indicated. Activities inâ elimination
reactions withL-serine andâ-chloro-L-alanine were measured
by spectrophotometric assays coupled with lactate dehydro-
genase (20) with modified components (40 mML-serine or
10 mM â-chloro-L-alanine, 0.16 mM NADH, and excess

lactate dehydrogenase in buffer B). The rate of cleavage of
indole 3-glycerol phosphate in the presence or absence of
L-serine was measured by a spectrophotometric assay coupled
with D-glyceraldehyde 3-phosphate dehydrogenase (21). The
extent of formation of indole in reactions with indole
3-glycerol phosphate was determined by a colorimetric assay
with p-dimethylaminobenzaldehyde (22). Indole 3-glycerol
phosphate (0.6 mM) was incubated at 37°C in the presence
or absence of 50 mML-serine with the wild-typeR subunit
(10µM) and either a 3-fold excess of the wild-type or S377A
â subunit or a 10-fold excess of the S377D or S377Eâ
subunit. After 40 min, the indole reagent was added, and
the absorbance at 540 nm was determined after 5 min. The
amount of indole found is expressed as the percentage of
the initial amount of indole 3-glycerol phosphate added.

Spectroscopic Methods.Absorption spectra and assays of
enzyme activities at single wavelengths were made using a
Hewlett-Packard 8452 diode array spectrophotometer ther-
mostated at 25°C. Fluorescence measurements were made
using a Photon Technology International (PTI) dual excita-
tion spectrofluorimeter thermostated at 25°C. The change
of fluorescence emission at 510 nm (with excitation at 420
nm) due to formation of the external aldimine ofL-serine
(E-Ser) was measured as described previously (23-25).
Circular dichroism measurements (mean residue ellipticity
in deg cm2 dmol-1) were taken in a Jasco J-500C spectro-
photometer, equipped with a DP-500N data processor (Japan
Spectroscopic Co., Easton, MD) at 25°C. Mean residue
ellipticities were converted to molar ellipticities (θ) by
multiplication by the number of amino acids (e.g., 397 for
the â subunit and 665 for anRâ pair). Molar circular
dichroism values were calculated using the relationship∆ε

) θ/3298. Negative ion FAB spectra were obtained on a
JEOL SX102 mass spectrometer operated at an accelerating
voltage of-10 kV. Samples were desorbed from a magic
bullet matrix. Linked scan analyses were run on the parent
ion.3

Analysis of PyruVate Formation. The extent of pyruvate
formation was measured in the reaction of the S377Dâ
subunit (3 mg/mL, 70µM) in the presence of 5-fold excess
of theR subunit (10 mg/mL, 350µM) with 50 mM L-serine
in 50 mM Cs+/bicine (pH 7.8) containing 0.2 M CsCl or in
50 mM Na+/bicine (pH 7.8) containing 0.2 M NaCl and 10
mM DL-R-glycerol 3-phosphate. Reactions were terminated
at time intervals by addition of HCl to 0.5 N followed by
centrifugation to remove the precipitated protein. The
supernatants were adjusted to pH 7 by addition of NaOH,
and the amount of pyruvate formed was determined by an
assay with NADH and lactate dehydrogenase (20).

Analysis of PLP and PLP DeriVatiVes. The PLP content
of wild-type and mutant enzymes was determined by a
fluorometric method (26). PLP and its derivatives (PMP and
X) were also detected by an HPLC method. The reaction
of the S377DR2â2 complex withL-serine was carried out
as described above for measurement of the extent of pyruvate
formation. Aliquots of the reaction mixture (50µL) were
removed at time intervals, treated with NaOH (final con-
centration of 0.5 N) to dissociate X from the protein, and
acidified with HCl to 0.5 N to precipitate the protein.

3 We thank L. K. Pannell of NIDDK for these analyses.

Mechanism-Based Inactivation of Tryptophan Synthase Biochemistry, Vol. 37, No. 41, 199814593



Aliquots of the supernatants (50µL) obtained after centrifu-
gation were diluted with equal volumes of 0.1% TFA to give
a final pH of 2.3. Samples (60µL, corresponding to 2 nmol
of cofactor) were injected into a Waters Puresil C18 column
(4.6 mm× 150 mm), a reversed-phase silica gel column,
connected to an Altex (model 332) gradient liquid chro-
matograph HPLC control system. The eluent was 0.1% TFA
(pH 2.3), at a flow rate of 1.0 mL/min. The peak detector
(Kratos, Spectroflow 773) was set at 295 nm, and peaks were
integrated with a Shimadzu C-R1A Chromatopac. Under
these conditions, the retention times were 2.2 min for PMP,
4.1 min for PLP, and 7 min for X.

Data Analysis. Rate constants for the reactions of the
S377D R2â2 complex with L-serine (see Scheme 1) were
computed by direct fits of the data to eq 3 or 4 using a
nonlinear least-squares analysis computer program. Mea-
surements of the absorbance due to E-Q formation and
decay showed an initial rapid increase followed by a slow
decrease consistent with a two-step reaction:

Measurements of fluorescence at 384 nm due to E-I
formation showed a short lag, consistent with the two
reactions above. In the presence of serine at high concentra-
tions, these reactions will be irreversible and

The short lag time indicates thatk1 . k2; after 2 min, this
expression simplifies to eq 2

A linear term was added to eq 2, to account for a subsequent
slow increase in fluorescence.

Rate constants were estimated by nonlinear least-squares fit
of fluorescence changes or absorbance changes to eq 3.

Measurements of the decrease in the extent of pyruvate
formation or in PLP content or of the increase in the X
content did not exhibit a lag phase because fewer points were
analyzed at early times. These data were analyzed by direct
fits of the data to eq 4.

whereY is the concentration of PLP, X, or pyruvate,Ymax

(Ymin) is the maximum (minimum) value ofY of the
exponential phase,k2 is the rate constant of the fast phase,
m is a linear kinetic parameter, andc is a constant. Because
the semilogarithmic plot ofYversus time shows a fast phase
and a much slower phase, the slow phase can be ap-
proximated as the underlined part of eq 4. From the data
fitting to eq 4, the inactivation rate (kinact) was obtained as
k2 and thekcat was calculated from the initial rate.

The apparent dissociation constant for theR andâ subunits
Kd (Râ) was analyzed by measuring the rate of indole
3-glycerol phosphate cleavage in the presence or absence of
50 mM L-serine as a function ofâ subunit concentration or

by measuring the rate of formation of X as a function ofR
subunit concentration in the presence of 50 mML-serine.
The data were modeled assuming that theR andâ subunits
associate in a noncooperative fashion. Under this assump-
tion, theR-â interaction can be simply modeled according
to eq 5:

Kd(Râ) was obtained from eq 6 (8):

RESULTS

Wild-Type and Mutantâ Subunits Stimulate the ActiVity
of theR Subunit. Interaction of theR andâ subunits was
characterized by measuring the activity in theR reaction as
a function ofâ subunit concentration (Figure 2). The results
show clearly that interaction of the wild-typeR subunit with
wild-type and S377Aâ subunits is strong whereas interaction
with S377D and S377Eâ subunits is weak. Nonlinear least-
squares analysis of the data in Figure 2 as described in
Experimental Procedures gave the parameters compiled in
the inset. On the basis of these data, the apparent dissociation
constants,Kd(Râ), for the S377D and S377ER2â2 complexes
are ∼250- and 500-fold larger, respectively, than theKd-
(Râ) for the wild-type enzyme. The fully saturated S377A,
S377D, and S377ER2â2 complexes are 34, 40, and 16% as
active (Vmax) as the wild-typeR2â2 complex. The finding
that the mutantâ subunits all stimulate the intrinsic activity
of theR subunit provides partial evidence for the structural
integrity of the mutantâ subunits. However, changing

FIGURE 2: Titration of the wild-typeR subunit with wild-type and
mutantâ subunits. Activities of the wild-typeR subunit (10µg/
mL) in theR reaction were determined in the presence of increasing
amounts of the wild-type (b), S377A (O), S377D (0), and S377E
(9) â subunit as described in Experimental Procedures. Values of
Vmax, the maximal specific activity of the reconstitutedR2â2 complex
expressed in units per milligram ofR subunit, and ofKd(Râ), the
apparent dissociation constant of theR and â subunits, in the
presence or absence ofL-serine, were obtained as described in
Experimental Procedures. These results are given in the inset along
with additional data obtained from assays of the reaction in the
presence of 50 mML-serine.

Kd ) [R][â]/[Râ] (5)

Y ) Y0 + (Ymax - Y0) ×

([â]tot + fR[â]tot + Kd) - x([â]tot + fR[â]tot + Kd)
2 - 4fR[â]tot

2

2[â]tot
(6)

E-Serf
k1

E-Q f
k2

E-I

[E-I] ) {[E-Ser]0/(k2 - k1)}[k1 exp(-k2t) -
k2 exp(-k1t)] + [E-Ser]0 (1)

[E-I] ) [E-Ser]0[1 - exp(-k2t)] (2)

[E-I] ) [E-Ser]0[1 - exp(-k2t)] + mt (3)

Y ) (Ymax - Ymin) exp(-k2t) + mt + c (4)
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Ser377 to a negatively charged residue dramatically reduces
the strength of subunit interaction,Kd(Râ).

The wild-typeR2â2 complex reacts with indole 3-glycerol
phosphate in the presence ofL-serine to formD-glyceralde-
hyde 3-phosphate andL-tryptophan by theRâ reaction, which
is essentially the sum of theR andâ reactions and involves
sequential catalysis at theR andâ sites.

The rates of cleavage of indole 3-glycerol phosphate by the
R subunit in the presence ofL-serine were determined as a
function of â subunit concentration by titrations analogous
to those shown in Figure 2. The parameters obtained are
compiled in the inset in Figure 2. Addition ofL-serine
strongly stimulates the maximal rate of cleavage of indole
3-glycerol phosphate by the wild-typeR2â2 complex, as
observed previously, but has very small effects on the
maximal rates of the mutant enzymes.

Because the mutant enzymes have very low activities in
reactions catalyzed at theâ site (see the text and Table 2
below), we determined whether the product of the reactions
of indole 3-glycerol phosphate in the presence or absence
of L-serine was indole orL-tryptophan as described in
Experimental Procedures. In the absence ofL-serine, the
wild-type, S377A, S377D, and S377ER2â2 complexes all
accumulate an amount of indole equivalent to∼60% of the
amount of indole 3-glycerol phosphate initially added. In
the presence ofL-serine, the wild-type and S377AR2â2

complexes accumulate no indole whereas the S377D and
S377E R2â2 complexes accumulate an amount of indole
equivalent to 11 and 56%, respectively, of the amount of
indole 3-glycerol phosphate initially added. Thus, theâ site
activities of the wild-type and S377A enzymes are sufficient,
but theâ site activities of the S377D and S377E enzymes
insufficient, to convert all of the indole intermediate to
L-tryptophan in the presence ofL-serine. Nevertheless,
addition ofL-serine to each of the mutant enzymes decreases
theKd(Râ), as observed for the wild-typeR2â2 complex. This
result indicates that formation of an enzyme-substrate
intermediate at the active site of each of the three mutantâ
subunits promotes subunit association, as is well established
for the wild-typeâ subunit (27).

Effects of the Ser377 Mutations on Specific ActiVities of
Reactions Catalyzed at theâ Site. The wild-type R2â2

complex catalyzesâ replacement andâ elimination reactions
with L-serine (Scheme 1) and analogous reactions with

â-chloro-L-alanine. The specific activities are modulated by
DL-R-glycerol 3-phosphate, anR subunit ligand, and by
exchange of Cs+ for Na+ (Table 2). The three mutantR2â2

complexes exhibit very low activities (e0.3% of that of the
wild type) in the conversion ofL-serine toL-tryptophan in
the presence of Na+ (reaction 1). However, the specific
activities of the S377AR2â2 complex are significantly higher
in the presence ofDL-R-glycerol 3-phosphate (reaction 2)
or of Cs+ (reaction 3) and in reaction 4 withâ-chloro-L-
alanine and indole. In contrast, the S377D and S377E
complexes exhibit very low activities under most assay
conditions. The S377E complex shows low but significant
activity in the presence of Cs+.

Effects of the S377A Mutation on Spectroscopic Properties.
The absorption spectra of PLP bound to the S377Aâ2 subunit
andR2â2 complex (Figure 3B,D) are similar to the spectra
of the wild-type enzymes (Figure 3A,C). Substitution of Cs+

for Na+ has very small effects on the spectra. The reactions
of the wild-typeâ2 subunit and of the S377Aâ2 subunit with
L-serine in the presence of Na+ give a predominant inter-
mediate with maximum absorbance at 424 nm (Figure 3A,B),
which is ascribed to the external aldimine of PLP with
L-serine (E-Ser in Scheme 1). The reaction of the wild-type
R2â2 complex withL-serine in the presence of Na+ yields
an equilibrium mixture of E-Ser and of E-AA, the aldimine
of aminoacrylate, which has maximum absorbance at 340
nm (Figure 3C). In contrast, the S377AR2â2 complex forms
E-Ser predominantly under these conditions (Figure 3D).
Thus, the main effect of the S377A mutation is to shift the
equilibrium distribution ofL-serine intermediates formed by
theR2â2 complex in the presence of Na+ from predominantly
E-AA to predominantly E-Ser. Exchange of Cs+ for Na+

shifts the distribution ofL-serine intermediates formed by
the S377AR2â2 complex toward E-AA.

The E-Ser intermediate formed by the S377Aâ2 subunit
andR2â2 complex exhibits the same fluorescence properties
as the intermediate formed by the wild-typeâ2 subunit (23).
Fluorescence titrations of the S377Aâ2 subunit andR2â2

complex withL-serine in the presence of Na+ give values
for Kd(L-Ser) of 6.98 ( 0.29 and 1.81( 0.04 mM,
respectively; the value for the wild-typeâ2 subunit is 1.48
( 0.04 mM (data not shown).

The CD spectra of the wild-type and S377AR2â2

complexes are similar (Figure 3E,F) and exhibit positive
ellipticity bands at 336 and 412 nm due to bound PLP as
reported previously for the wild-type enzyme (28-31).
Addition of L-serine in the presence of Cs+ to the S377A
R2â2 complex results in a decrease in ellipticity at 420 nm

Table 2: Specific Activities of Wild-Type and MutantR2â2 Complexesa

specific activity (units/mg ofR2â2)

reaction addition
WT
R2â2

S377A
R2â2

S377D
R2â2

S377E
R2â2

(1) Ind + Serf Trp + H2O Na+ 883 (100%) 3 (0.3%) 2 (0.2%) 1 (0.1%)
(2) Ind + Serf Trp + H2O Na+/GP 364 (41%) 21 (2.4%) 2 (0.2%) <1 (<0.1%)
(3) Ind + Serf Trp + H2O Cs+ 907 (103%) 221 (25%) 4 (0.4%) 37 (4%)
(4) Ind + ClAla f Trp + HCl Na+ 171 (19%) 55 (6%) 3 (0.3%) 2 (0.2%)
(5) Serf Pyr + NH3 Na+ 12 (1%) 7 (1%) 1.5 (0.2%) 2.6 (0.3%)
(6) ClAla f Pyr + NH3 + HCl Na+ 30 (3%) 16 (2%) 1 (0.1%) 1 (0.1%)

a Specific activities were determined by assays as described in Experimental Procedures with the indicated additions: 0.2 M CsCl or NaCl, 10
mM DL-R-glycerol 3-phosphate, or 50 mML-serine. Values in parentheses show the activity of the mutantR2â2 complex as a percentage of the
activity of the wild-typeR2â2 complex in theâ reaction (Ind+ Serf Trp + H2O) in the presence of Na+.

Râ reaction: L-serine+ indole 3-glycerol phosphatef
L-tryptophan+ D-glyceraldehyde 3-phosphate+ H2O
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with formation of a strong negative ellipticity band at 330
nm as observed with the wild-typeR2â2 complex (31, 32).
Addition of L-serine to the S377AR2â2 complex in the
presence of Na+ results in smaller changes.

Molar circular dichroism values (∆ε) and molar absorp-
tivity values (ε) at λmax (412-424 nm) derived from the
spectra of the wild-type and S377A enzymes in Figure 3,
from CD spectra of the wild-typeâ2 subunit (spectra not
shown), and from the S377DR2â2 complex in Figure 4D
(see below) are compiled in Table 3. Ratios of∆ε/ε reflect
the asymmetric orientation of the bound PLP in different
enzymes and enzyme-substrate complexes (see Discussion).

Reactions of the S377DR2â2 Complex withL-Serine.
Figure 4 shows the spectroscopic changes observed upon
reaction of the S377DR2â2 complex with L-serine in the
presence of Na+ (A) or Cs+ (B). The reaction in the presence
of Na+ results in a rapid increase in absorbance at 416 nm
followed by a decrease at 416 nm concomitant with an
increase at 340 nm. The time courses at 416 and 340 nm
are shown in the inset. The reaction in the presence of Cs+

results in formation of a pronounced absorbance band at 498
nm (Emax ) 17.5 mM-1 cm-1) that can be attributed to the

quinonoid E-Q1 (Scheme 1) as reported previously (8). This
species decays with a concomitant increase at 340 nm (see
the inset). The reaction withL-serine and indole in the
presence of Na+ (Figure 4C) results in a rapid increase in
absorbance at 504 nm followed by a decrease concomitant
with an increase at 338 nm. The band at 504 nm can be
ascribed to E-Q2, the quinonoid ofL-tryptophan that is
formed by the reaction of indole with E-AA (see Scheme
1). A similar band was observed in the reaction of the
S377DR2â2 complex withL-tryptophan (8). The calculated
rates of change at specific wavelengths are compiled in Table
4. The CD spectrum of the S377DR2â2 complex (Figure
4D) exhibits a positive ellipticity band at 414 nm, whereas
the spectrum of the inactivated enzyme (E-I) exhibits a
positive ellipticity band at 340 nm. Derived values of∆ε

andε at 414 nm and ratios of∆ε/ε are compiled in Table 3.
Substrate-Induced InactiVation of the S377DR2â2 Com-

plex. To determine whether the S377DR2â2 complex is
inactivated by reaction withL-serine, we determined the
kinetics of pyruvate formation (Figure 5A) under the
conditions used in Figure 4A-C. The rate of pyruvate
formation decreases rapidly and stops after formation of 1.4
nmol of pyruvate/nmol ofâ site in the presence of Na+, 4

FIGURE 3: Effects of monovalent cations and ofL-serine on the absorption and CD spectra of wild-type and S377A enzymes. Absorption
spectra of the wild-type and the S377Aâ2 subunits (A and B) andR2â2 complexes (C and D) in 50 mM TEA-bicine buffer at pH 7.8 and
25 °C in the presence of 0.2 M CsCl or 0.2 NaCl and in the presence or absence of 50 mML-serine. CD spectra of the wild-typeR2â2
complexes (E) in MBP buffer (pH 8.1) containing 0.1 M Na+ or Cs+ and of the S377AR2â2 complex in Na+/bicine or Cs+/bicine buffer
(pH 7.8) containing 0.2 M NaCl or CsCl, respectively, and in the presence or absence of 50 mML-serine as described in Experimental
Procedures. All spectra were recorded on enzymes at 1 mg/mL; results are shown as millimolar absorptivity (ε in mM-1 cm-1) or as mean
residue ellipticity (θ in deg cm2 dmol-1).

14596 Biochemistry, Vol. 37, No. 41, 1998 Jhee et al.



nmol of pyruvate/nmol ofâ site in the presence of Cs+, and
after 0.5 nmol of pyruvate/nmol ofâ site in the presence of
Na+ and DL-R-glycerol 3-phosphate. The initial rates of
pyruvate formation (kcat) and rates of decrease in pyruvate

formation derived from analyses of these curves are compiled
in Table 4.

Detection of the Product of InactiVation of the S377DR2â2

Complex in the Reaction withL-Serine. Because the peak
at 340 nm observed in absorption spectra in Figure 4A,B
could result from pyruvate or from one of several possible
PLP derivatives or both, we sought a more sensitive and
specific way to detect and monitor formation of the product
of inactivation of the S377DR2â2 complex. Figure 5B shows
that the reaction of the S377DR2â2 complex withL-serine
in the presence of Na+ produces a new fluorescent species
with maximal emission at 384 nm upon excitation at 340
nm. Figure 5C shows the time course of formation of the
fluorescent product fromL-serine in the presence of Na+.
Addition of indole orâ-mercaptoethanol decreases the rates
of formation of the fluorescent species. No increase in
fluorescence is observed when 100 mM pyruvate is substi-
tuted forL-serine under these conditions (data not shown).
The rates of increase in fluorescence in the presence of
L-serine and Na+ or Cs+ closely parallel the rates of
disappearance of PLP under the same conditions (Figure 5D).
The calculated rates of these changes are compiled in Table
4.

Effects ofR Subunit and ofL-Serine Concentrations on
Rates of Formation of the Fluorescent Product. The rate of
formation of the fluorescent product depends on the con-
centration of theR subunit (Figure 6A,B). Nonlinear least-
squares analysis of the data in Figure 6B gives an apparent
dissociation constantKd(Râ) of 9.35( 1.13µM. The rate
of formation of the fluorescent product also depends on the
concentration ofL-serine (Figure 6C,D). Analysis of the data
in Figure 6D gives an apparent dissociation constantKd(L-
Ser) of 1.24( 0.09 mM.

Isolation and Identification of the Product of InactiVation
of the S377DR2â2 Complex withL-Serine. Several experi-
ments outlined in Scheme 2 provide evidence that the
inhibited form of the S377DR2â2 complex has the structure
E-I shown in Scheme 1 and demonstrate that the product
X is released by NaOH. The S377DR2â2 complex used for
these experiments (E-I) was prepared by reaction for 4 h
with L-serine in the presence of Na+ under the conditions
described in Figure 4A. The spectrum exhibited maximum
absorbance at 340 nm and was not altered by overnight
dialysis [Scheme 2 (A)]. Our finding that no chromophoric
material was released by acid precipitation of the protein
provides evidence that E-I contains a PLP derivative that
is covalently attached in an acid stable linkage [Scheme 2
(B)]. Addition of 5 M guanidine hydrochloride to dissolve
the acid protein precipitate followed by addition of NaOH
to pH 12 yielded a solution with maximum absorbance at
424 nm that can be ascribed to the release of X by NaOH
[Scheme 2 (B)]. Direct treatment of E-I with NaOH at pH
12 also gave a peak with maximum absorbance at 424 nm,
indicating release of X from the protein [Scheme 2 (C)]. The
stoichiometry of X formation relative to initial PLP content
was calculated to be 0.69 (Table 5). Similar results were
obtained after reactions withL-serine or withâ-chloro-L-
alanine in the presence of Na+, Cs+, or DL-R-glycerol
3-phosphate (Table 5). Treatment of E-I with sodium
borohydride followed by NaOH resulted in no increase in
absorbance at 424 nm [Scheme 2 (D)], indicating that E-I
was reduced by sodium borohydride to E-I′. HPLC analysis

FIGURE 4: Reactions of the S377DR2â2 complex withL-serine in
the presence of Na+ or Cs+ alter spectral properties. Absorption
spectra of the S377DR2â2 complex [7µM â subunit and 35µM R
subunit in 50 mM Na+/bicine (pH 7.8) containing 0.2 M NaCl (A)
or 50 mM Cs+/bicine (pH 7.8) containing 0.2 M CsCl (B)] were
recorded at 25°C before and at the indicated times after addition
of 50 mM L-serine. The insets show time courses at single
wavelengths. (C) Spectra as in panel A with the complex in the
presence of 50 mML-serine and 0.2 mM indole. (D) CD spectra
of the S377DR2â2 complex (1 mg/mL in Na+/bicine or Cs+/bicine
buffer containing 0.2 M NaCl or CsCl, respectively, and in the
absence ofL-serine or 2 h after addition of 50 mML-serine).
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of aliquots of the enzyme that were treated with NaOH before
(A) or 1 h after (B) reaction withL-serine (Figure 7)
demonstrates the conversion of PLP to X and the absence
of PMP formation. The spectra of X purified by HPLC after
isolation from the enzyme and from the synthetic compound
were identical at three pH values (data not shown) and were
closely similar to those reported for the three ionic forms of
X (11). Mass spectra were recorded as described in
Experimental Procedures on HPLC-purified samples of the
enzyme-derived X and of the synthetic compound. The
values for M- 1 were 316.0224 for the enzyme-derived
sample and 316.0228 for the synthetic compound; the
theoretical value for C11H11O8NP was 316.0222.3 The
fragmentation patterns for the two samples were identical.

DISCUSSION

The PLP binding sites of the tryptophan synthaseâ subunit
(Figure 1) and of other PLP enzymes in fold II of the known
structure (Table 1) have the neutral hydroxyl of a serine
residue interacting with N-1 of PLP. To investigate the
importance of this interaction, we have changed Ser377 of
the tryptophan synthaseâ subunit to Asp, the residue found
at the equivalent position in enzymes in fold I, or to Glu or
Ala. Although Asp and Glu are larger residues than Ser and
are not isosteric, modeling of the S377D and S377E
mutations indicates that either mutated residue could form a
hydrogen bond with PLP N-1. This modeling shows only
slightly unfavorable van der Waals interactions with nearby
residues, which might be relieved by small changes in the

conformation of the protein.4 It seems unlikely that ad-
ditional steric clashes would occur after formation of reaction
intermediates, because the position of the PLP N-1 is not
changed in reaction intermediates of known structure (7, 33).

Our finding that the S377AR2â2 complex has greatly
reduced activity in the presence of Na+ (Table 2), but much
higher activity in the presence of Cs+ (24% of that of the
wild type), indicates that the hydrogen bond between Ser377
and PLP N-1 is not necessary for enzymatic activity or for
stabilization of PLP in the correct orientation. It is possible
that the activity of the S377A enzyme results from “chemical
rescue” by a water molecule filling in for the missing serine
hydroxyl.

Substitution of Cs+ for Na+ also changes the equilibrium
distribution of intermediates in the reaction of the S377A
R2â2 complex withL-serine to that observed with the wild-
typeR2â2 complex (Figure 3D). In contrast, the S377DR2â2

complex is not significantly activated by Cs+ or by DL-R-
glycerol 3-phosphate. The occurrence of the partial repair
of activity by Cs+ ion (17, 34, 35), NH4

+ ion (20, 36, 37),
or DL-R-glycerol 3-phosphate (38-40) has been observed
with several other mutant forms of tryptophan synthase. We
have suggested that these ligands activate the mutant
enzymes by preferentially binding to and stabilizing a higher-
activity, closed conformer of the enzyme that is in equilib-
rium with a low-activity, open conformer of the enzyme (12,
34, 41). The repairable mutants investigated previously all
exhibited rather high activities in reactions withâ-chloro-

4 We thank S. Rhee of NIDDK for this analysis.

Table 3: Values of Molar Circular Dichroism (∆ε), Molar Absorptivity (ε), and Dissymmetry Factors (∆ε/ε) of PLP Bound to Wild-Type and
Mutant Forms of Tryptophan Synthase as Internal Aldimines (without Ser) or External Aldimines (with Ser)a

enzyme cation
ε without Ser
(M-1 cm-1)

ε with Ser
(M-1 cm-1)

∆ε without Ser
(M-1 cm-1)

∆ε with Ser
(M-1 cm-1)

∆ε/ε
without Ser

∆ε/ε
with Ser

WT â2 Na+ 4500 8090 11.5 10.6 0.0026 0.0013
Cs+ 4460 5250 12.4 7.88 0.0028 0.0015

WT R2â2 Na+ 5940 2880 17.9 3.64 0.0030 NA
Cs+ 5950 1450 20.0 0.30 0.0034 NA

S377AR2â2 Na+ 5230 8980 12.1 7.58 0.0023 0.0008
Cs+ 5320 2770 10.6 2.12 0.0020 NA

S377DR2â2 Na+ 2690 520 6.06 0.15 0.0023 NA
a Molar ellipticities (θ) and molar absorptivities (ε) were determined (see Experimental Procedures and Figures 3 and 4) in the absence of

L-serine for the wild-type (WT)â2 subunit andR2â2 complex at 412 nm, for the S377DR2â2 complex at 414 nm, for the S377AR2â2 complex at
416 nm, and for enzymes in the presence ofL-serine at 424 nm. Molar circular dichroism values were calculated using the relationship∆ε )
θ/3298. NA (not applicable) is given when E-Ser (see Scheme 1) is not the predominant species formed (see the text).

Table 4: Inactivation Parameters for the S377DR2â2 Complexesa

reaction rate (min-1)

rate monitored Figure Na+ Cs+ Na+/GP Na+/2-ME Na+/Ind

decrease inA416nm
b 4A-C 0.143( 0.003 0.107( 0.003 0.539( 0.013 0.024( 0.001 0.102( 0.002

increase inA340nm
c 4A-C 0.156( 0.002 0.083( 0.001 0.541( 0.014 0.023( 0.001 0.096( 0.001

decrease inA498nm
d 4A-C 0.094( 0.004 0.089( 0.002 0.422( 0.012 0.025( 0.001 0.152( 0.003

increase in fluorescence 5C,D 0.153( 0.004 0.060( 0.002 0.615( 0.044 0.019( 0.001 0.038( 0.001
decrease in pyruvate formation rate 5A 0.113( 0.016 0.046( 0.009 0.426( 0.061
decrease in PLP level 5D 0.153( 0.011 0.059( 0.012
increase in X level (HPLC) 7 0.150( 0.010 0.061( 0.014
averagekinact 0.137 0.072 0.509 0.023 0.097
kcat 5A 0.137 0.216 0.129
kcat/kinact 1.0 3.0 0.25

a Rates ofkcat andkinact were determined from results of experiments depicted in the indicated figures as described in Experimental Procedures.
b A value of 420 nm was used forâ-mercaptoethanol (2-ME)/Na+. c Values of 334 and 338 nm were used for 2-ME/Na+ and indole (IND)/Na+,
respectively.d Values of 508 and 504 nm were used for 2-ME/Na+ and indole (IND)/Na+, respectively.
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L-alanine and had approximately equal activities inâ
replacement andâ elimination reactions with this substrate.
That is, the activities in reactions 4 and 6 (described in Table
2) were∼50% of that of the activity of the wild-type enzyme
in reaction 1. In contrast, the activities of the S377AR2â2

complex in these two reactions are 6 and 2% of that of the
wild type, respectively (Table 2), whereas the activity in the
presence of Cs+ was higher (25% of that of the wild type).
These results suggest that Cs+ may repair the S377AR2â2

complex by a mechanism different than that postulated for
other mutant enzymes. A possible mechanism is discussed
below.

Effects of Ser377 on PLP Orientation.Formation of a
hydrogen bond between Ser377 and N-1 of PLP (Figure 1)
may stabilize the PLP ring in the optimal orientation for
catalysis. The absence of this interaction in the S377A
mutantR2â2 complex could result in an incorrect orientation
of the PLP ring or allow the ring to be more mobile.
Monovalent cations bind to a site in theâ subunit about 8 Å
from the phosphate of PLP (42). Exchange of Cs+ for Na+

at this site induces local and long-range changes in the
structure of the wild-typeR2â2 complex (42). We can
speculate that exchange of Cs+ for Na+ induces a confor-
mational change that stabilizes a more correct or more rigid
orientation of the PLP ring in the S377A mutant enzyme.
Alternatively, the repair by Cs+ may be related to binding
of Cs+ at a second site located in the interaction site between
the two â subunits (42). Ligand-induced conformational
changes have also been observed in the structure of a mutant
R2â2 complex (âK87T-Ser-GP) havingDL-R-glycerol 3-phos-
phate bound at theR site andL-serine bound to theâ site
(7). Fluorescence and phosphorescence studies provide
direct evidence thatR subunit ligands make the structure of
each subunit of the wild-typeR2â2 complex more rigid (43).
Thus,DL-R-glycerol 3-phosphate may stabilize a more rigid,
closed structure of the S377AR2â2 complex and thereby
partially overcome the destabilizing effects of the mutation.

Although free PLP is symmetrical and therefore an
optically inactive chromophore, enzyme-bound PLP usually
exhibits induced Cotton effects in the absorption bands of
the coenzyme (44). The induced optical activity is conve-
niently measured by the dissymmetry factor, which can be
expressed as the ratio (∆ε/ε) of the molar circular dichroism
(∆ε) to the molar absorptivity (ε) at a single wavelength.
The positive ellipticity band exhibited by the internal
aldimine of aspartate aminotransferase and the dissymmetry
factor of this band are greatly reduced upon cleavage of the
internal aldimine by reaction with substrates or substrate
analogues (reviewed in ref44). These observations provided
the first indication that conformational changes are associated
with catalysis by aspartate aminotransferase. Later crystal-
lographic studies revealed that formation of the external
aldimine is coupled with tilting of the PLP ring by∼30°
relative to its orientation in the internal aldimine, whereas
the position of the phosphorus atom remains unchanged (45).
Conformational changes in the active site of tryptophanase
have also been revealed by CD studies (46, 47).

The absorption and CD spectra of the wild-type and S377A
R2â2 enzymes (Figure 3 and Table 3) provide information
on the interaction of PLP with the active site of theâ subunit,
although it is difficult to interpret these effects unequivocally
(29, 30). The wild-typeR2â2 complex exhibits two ellipticity

FIGURE 5: Substrate-induced inactivation of the S377DR2â2
complex and formation of a fluorescent product of inactivation.
(A) The time course of pyruvate formation was determined by
analysis of the amount of pyruvate in aliquots of reaction mixtures
identical to those described panels A (Na+) and B (Cs+) of Figure
4 and also in the presence of Na+ andDL-R-glycerol 3-phosphate
(10 mM) (see Experimental Procedures). (B) Fluorescence emission
spectrum of the S377DR2â2 complex [3 mg/mLâ subunit and 10
mg/mL R subunit (5-fold molar excess) in 50 mM Na+/bicine (pH
7.8) containing 0.2 M NaCl] were recorded with excitation at 340
nm at 25°C before (control) and 4 h after addition of 50 mM
L-serine. The inset shows the fluorescence excitation spectrum with
emission at 384 nm under the same conditions. (C) Time course of
fluorescence emission at 384 nm upon excitation at 340 nm after
addition of 50 mML-serine under the conditions described in the
legend of in Figure 4A in the presence or absence of 50 mM
â-mercaptoethanol (2-ME) or 0.2 mM indole. No increase in
fluorescence is observed when 100 mM pyruvate is substituted for
L-serine under these conditions (data not shown). (D) The time
courses of changes in PLP content and of increases in fluorescence
were determined under the conditions used in the experiments
whose results are shown in Figure 4A,B.
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bands (Figure 3E) at 336 and 412 nm. The wild-typeâ2

subunit andR2â2 complex have absorptivity peaks at cor-
responding wavelengths (Figure 3A,C), which have been
attributed to enolimine and ketoenamine tautomers of the
internal aldimine, respectively (48, 49).

In the absence ofL-serine, exchange of Cs+ for Na+ has
little effect on absorptivity at 412 nm but increases the
ellipticity at 412 nm and the dissymmetry factor (∆ε/ε) of
both the wild-typeâ2 subunit and theR2â2 complex 1.1-
1.2-fold (i.e., 0.0028/0.0026 and 0.0034/0.0030 in Table 3).
These results imply that the two monovalent cations have
different effects on the environment of the bound PLP.
Exchange of Cs+ for Na+ also induces local and long-range

changes in the three-dimensional structure of the tryptophan
synthaseR2â2 complex (42). The dissymmetry factor (∆ε/
ε) for the wild-typeR2â2 complex is 1.2-fold greater than
that of the wild-typeâ2 subunit in the presence of either Na+

or Cs+ (i.e., 0.0030/0.0026 or 0.0034/0.0028 in Table 3),
suggesting that the orientation of PLP at the active site of
the â subunit is more asymmetric or more rigid in the

FIGURE 6: Effects of theR subunit andL-serine concentration on formation of the fluorescent product. (A) Time courses of fluorescence
emission at 384 nm of S377Dâ2 subunit [7µM in 50 mM Na+/bicine buffer (pH 7.8) containing 0.2 M NaCl and 50 mML-serine] were
determined at 25°C in the presence of the indicated molar ratio ofR subunit. (B) Plots of the rate of product formation vs theR/â ratio.
Data analysis gave a value forKd(Râ) of 9.35( 1.13µM. (C) Time courses of fluorescence emission at 384 nm of S377Dâ2 subunit [7
µM in 50 mM Na+/bicine buffer (pH 7.8) containing 0.2 M NaCl and 35µM R subunit] were determined at 25°C in the presence of the
indicated concentration ofL-serine. (D) Plots of the rate of product formation in the reaction withL-serine (see Experimental Procedures)
vs L-serine concentration. Data analysis gave a value forKd(L-Ser) of 1.24( 0.09 mM.

Scheme 2: Isolation and Identification of the Product of
Inactivation of the S377DR2â2 Complex withL-Serine

Table 5: PLP Content and Stoichiometry of Inactivation of the
S377DR2â2 Complexa

substrate addition PLP/â X/PLP

L-serine Na+ 0.85 0.69
L-serine Cs+ 0.83 0.69
L-serine Na+/GP 0.85 0.68
â-Cl-Ala Na+ 0.85 0.65
â-Cl-Ala Cs+ 0.83 0.62
â-Cl-Ala Na+/GP 0.85 0.60

a The S377DR2â2 complex was incubated for 4 h at 25°C and pH
7.8 with 50 mML-serine or 10 mMâ-chloro-L-alanine (â-Cl-Ala) as
described in the legend of Figure 4 in the presence of the indicated
additions: 0.2 M NaCl or CsCl and 10 mMDL-R-glycerol 3-phosphate
(GP). The enzyme was adjusted to pH 11.5 with NaOH after 4 h, and
the concentration of X was determined from the absorbance at 424 nm
using the relationshipE424nm) 8 mM-1 cm-1 (10, 11). The PLP content
before reaction was determined by the KCN method (26) or the
phenylhydrazine method (72) as described in Experimental Procedures.
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presence of theR subunit. Other evidence for reduced
flexibility of the â subunit in the presence of theR subunit
is provided by measurements of the lifetimes of fluorescence
decay and of phosphorescence decay of Trp177 in theR2â2

complex (50). The dissymmetry factor (∆ε/ε) for the S377A
R2â2 complex in the presence of Na+ or Cs+ is 77 or 60%
of that of the wild-typeR2â2 complex, respectively (i.e.,
0.0023/0.0030 or 0.0020/0.0034 in Table 3). These results
suggest that the absence of hydrogen bonding interaction
between Ser377 and N-1 of PLP reduces the asymmetry or
rigidity of the PLP internal aldimine. The molar absorptivity
and the molar circular dichroism of the S377DR2â2 complex
are both low compared to those of the wild-type and S377A
R2â2 complexes for unknown reasons. However, the dis-
symmetry factors for the two mutantR2â2 complexes are
similar, indicating that PLP has similar orientations in both
mutant enzymes.

The reactions ofL-serine with the wild-typeâ2 subunit
and S377AR2â2 complex result in the predominant ac-
cumulation of E-Ser. The dissymmetry factor (∆ε/ε) for
E-Ser is half that of the internal aldimine (E) for the wild-
type â2 subunit in the presence of Na+ (i.e., 0.0013/0.0026
in Table 3), suggesting that the environment of E-Ser is less
asymmetric or rigid than that of the internal aldimine. Recent
crystallographic studies of the tryptophan synthaseR2â2

complex revealed that formation of the E-Ser intermediate

by a mutantR2â2 complex (âK87T) is coupled with tilting
of the PLP ring by∼10° relative to its orientation in the
internal aldimine (7). The dissymmetry factor (∆ε/ε) for
E-Ser in the presence of Na+ is about1/3 of that of the internal
aldimine (E) for the S377AR2â2 complex (i.e., 0.0008/0.0023
in Table 3), indicating that the absence of the hydrogen
bonding interaction between Ser377 and N-1 of PLP reduces
the asymmetric orientation of PLP in the external aldimine.

Mechanism-Based InactiVation of the S377DR2â2 Com-
plex. Our results support a mechanism of inactivation shown
in Scheme 1 in which an enzyme substrate intermediate (E-
AA in Scheme 1) partitions between formation of products
(pyruvate and NH3) with a rate kcat and formation of a
covalently inactivated enzyme (E-I) with a ratekinact. This
mechanism was first elucidated by Metzler et al. (10, 11)
for the reactions of aspartate aminotransferase and glutamate
decarboxylase with a quasisubstrate,L-serine-O-sulfate. We
demonstrated this type of inactivation in the reactions of
several mutant tryptophan synthaseR2â2 complexes and of
the wild-typeâ2 subunit withâ-chloro-L-alanine (12, 13).
Inactivation results from displacement of aminoacrylate from
the key E-AA intermediate followed by nucleophilic attack
by the â-carbon of aminoacrylate on the internal aldimine
which forms a covalent adduct (E-I, Scheme 1). The
aminoacrylate formed need not leave the active site but may
simply rotate around the bond to the carboxylate group, the
latter remaining bound in the active site (11). Alkali
treatment of E-I yields the PLP derivative, X.

Our new results are of special interest because inactivation
takes place with the natural substrate,L-serine, and because
inactivation occurs with a very low partition ratio (kcat/kinact

) 0.25-3 in Table 4). The value ofkcat is determined from
the initial rate of pyruvate formation (Figure 5A). The value
of kinact (Table 4) is the average of rates determined for
changes in absorbance at certain wavelengths in Figure 4,
the increase in fluorescence of E-I (Figure 5C), the increase
in the amount of product X determined by HPLC (Figure
7), the decrease in PLP content (Figure 5D), and the decrease
in the extent of pyruvate formation (Figure 5A). The
reasonable agreement between these various rates indicates
that the various parameters measured all result from the same
inactivation event. Although the ratio of X/PLP obtained
in Table 5 ranges from 0.6 to 0.69 under different conditions
and is lower than the expected 1.0, the close parallel between
the rates of PLP disappearance and increase in fluorescence
in Figure 5D provides evidence that E-I is indeed the
primary product.

Since thiols readily react withRâ-unsaturated compounds
(51, 52), we addedâ-mercaptoethanol to the mixture for the
reaction of S377D withL-serine to determine whether this
thiol could trap free aminoacrylate and thereby decrease the
rate of inactivation (Figure 5C). Although the results show
that addition of eitherâ-mercaptoethanol or indole does
decrease the rate of increase in fluorescence (Figure 5C and
Table 4), absorption spectra recorded under the same
conditions reveal the transient formation of quinonoids with
maximum absorbance at 504 nm with indole (Figure 4C)
and at 510 nm withâ-mercaptoethanol as observed previ-
ously (8). These results indicate that indole orâ-mercap-
toethanol reacts with E-AA to form the quinonoid of
L-tryptophan (E-Q2 in Scheme 1) or ofS-(hydroxyethyl)-
L-cysteine (8). The quinonoid ofL-tryptophan is also formed

FIGURE 7: HPLC analysis of PLP and its derivatives from the
S377DR2â2 complex and its inactivation product. HPLC analysis
of aliquots of the S377DR2â2 complex that were treated with NaOH
before (A) or 1 h after reaction withL-serine (B). Standards of
PLP, PMP, and X are shown in panel C. The synthetic X and X
isolated from the enzyme elute identically.
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from L-tryptophan by the reverse reaction (8). We conclude
that â-mercaptoethanol acts as a cosubstrate, not as a
chemical trapping agent.

The ratio of the turnover number to the rate of inactivation
(kcat/kinact) is the partition ratio, that is, the catalytic turnovers
(conversion of substrate to product) per inactivation event
(conversion of E to E-I). The experimental determination
of the partition ratio for a mechanism-based inactivator is
useful both as a clue to the chemical nature of the partitioning
and as a key indicator of potential in vivo specificity and
utility (53). The low partition ratios determined here (0.25-3
in Table 4) result at least in part from the very low activity
of the S377DR2â2 complex (Tables 2 and 4 and Figure 5A).
Our prior finding that the S377DR2â2 complex accumulates
a quinonoid intermediate in the reaction ofL-serine in the
presence of Cs+ but not in the presence of Na+ indicates
that Cs+ stabilizes a somewhat different conformation of the
S377DR2â2 complex (8). This conformation may be more
active or may undergo inactivation less readily than the
conformation that is stabilized by Na+. Different cations
affect the extent of inactivation of the wild-typeâ2 subunit
by â-chloro-L-alanine (13). DL-R-Glycerol 3-phosphate may
reduce the rate of formation of pyruvate and NH3 by
stabilizing the closed conformation that disfavors theâ
elimination reaction (12, 34).

We now ask how the S377D mutation results in inactiva-
tion with a low partition ratio. One possibility is that the
mutation reduceskcat by hindering one of the steps in the
conversion of aminoacrylate to pyruvate and NH3 (Scheme
1): either the intramolecular transfer of the hydrogen from
C-R to C-â (54) or the subsequent addition of OH-. Another
possibility is that a changed conformation in the S377DR2â2

complex, as evidenced by the decreased dissymmetry factor
of E-Ser (Table 3), promotes release of aminoacrylate from
E-AA. It seems likely that the S377D mutation leads to
mechanism-based inactivation by both reducingkcat and
increasing the rate of release of aminoacrylate.

Comparisons of Different Modes of InactiVation of PLP
Enzymes.PLP enzymes have been prime targets for the
design and testing of inhibitors, which operate by several
different types of mechanism-based inhibition (53). The first
type of inhibition results in covalent modification of a protein
residue by a metabolite of the inhibitor. Crystallographic
proof for this sort of inhibition is provided by the structure
of trifluoroalanine-inactivated cystathionineâ-lyase (55).
Solution studies provide evidence that halovinyl glycines
inactivate tryptophan synthase (56) and alanine racemase (57)
by a covalent mechanism. A second type of inhibition results
in the formation of a stable PLP derivative without covalent
modification of the enzyme. Recent investigations include
those of the inactivation ofD-amino acid aminotransferase
by D-cycloserine (58), γ-aminobutyric acid aminotransferase
by L-cycloserine (59), human ornithine aminotransferase by
L-canaline and gabaculine (60), cystathionineâ-lyase by
L-aminoethoxyvinylglycine (61), and D-amino acid ami-
notransferase by its natural substrate,D-alanine (62). In the
third type of inactivation, PLP is alkylated by the three-
carbon suicide substrate (Scheme 1) (10, 11). In this case,
the PLP remains covalently linked to the protein via the lysyl
residue that forms the internal aldimine in the unmodified
enzyme. The identification of the product X released by
alkali in this report and in refs10-13 provides strong

evidence for the proposed mechanism. Unsettled points
include whether the attack is by aminoacrylate, as shown,
or by pyruvate, and whether the nitrogen from aminoacrylate
is present in E-I, as shown. Our results (see the text and
the legend of Figure 5C) show that the enzyme is not
inactivated by added pyruvate. It would be desirable to have
additional support for the identity of E-I and the borohydride
reduction product E-I′ (see Scheme 2) from crystallographic
or mass spectroscopic data. Unfortunately, we have been
unable to obtain suitable crystals of the S377DR2â2 complex.
Other mutant forms of the tryptophan synthaseR2â2 complex
(âE109A, âD305N, âF306A, andâE350A), which also
undergo inactivation by this mechanism (12), may prove
more suitable for crystallography.

The S377D Mutation Weakens Subunit Interaction. Why
do the S377D and S377E mutations dramatically reduce the
strength of interaction between theR andâ subunits whereas
the S377A mutation does not? The values ofKd(Râ)
obtained for the S377D and S377ER2â2 complexes from
measurements of activity in the cleavage of indole 3-glycerol
phosphate (R reaction) (15.6 and 30µM, respectively, in the
inset in Figure 2) are close to those obtained (7 and 32µM,
respectively) from measurements of the effect ofR subunit
concentration on the rate of formation of a tryptophan
quinonoid (8). The Kd(Râ) values of the two mutant
enzymes are 250-500 times greater than theKd(Râ) (0.062
µM) of the wild-type holoâ2 subunit and 5-9 times greater
than the value of 3.4µM5 of the apoâ2 subunit (63). The
Kd(Râ) value for the wild-type holoâ2 subunit obtained here
(0.062µM) is in close agreement with the value of 0.07µM5

from ref 63.
Three-dimensional structures of the tryptophan synthase

R2â2 complex reveal that PLP is located at the interface
between two structural domains of theâ subunit and interacts
with residues from each domain (3, 7). The carbonyl group
of PLP forms an internal aldimine with Lys87 in the N
domain, whereas the phosphate group of the coenzyme forms
hydrogen bonds with several residues in the C domain. The
N-1 of PLP also forms a hydrogen bond with Ser377 in the
C domain (Figure 1). Thus, PLP forms a bridge between
the two domains. Our proposal (63) that this interdomain
bridge stabilizes the interaction of theâ subunit with theR
subunit was supported by the results of investigations of a
mutantâ subunit (K87T) that is unable to form an internal
aldimine with Lys87. The observation that the S377A
mutation does not weaken interaction between theR andâ
subunits (Figure 2 and inset) indicates that hydrogen bonding
between the N-1 of PLP and Ser377 is not needed to stabilize
subunit interaction. Thus, the introduction of a negatively
charged group at position 377 must destabilize subunit
interaction. The finding that the absorption spectra of the
S377Dâ2 subunit andR2â2 complex undergo pH-dependent
changes provided evidence that the mutant enzymes do form
a hydrogen bond/salt bridge between the N-1 proton of PLP
and Asp377 that alters cofactor chemistry (8). This salt
bridge interaction may change the orientation of the PLP
and result in a conformation of theâ subunit that does not
interact well with theR subunit. However, comparisons of
the dissymmetry factors (∆ε/ε) (Table 3) discussed above

5 Values ofKd(Râ) were recalculated from the original data to fit
the model in eq 6.
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do not support a difference between the orientations of PLP
in the two mutant enzymes. Consequently, a negatively
charged residue at position 377 may have other effects on
the conformation of theâ subunit that weaken interaction
with theR subunit. This change in the conformation as well
as the altered cofactor chemistry may also promote mech-
anism-based inactivation by reducingkcat and promoting
release of aminoacrylate.

REFERENCES
1. Alexander, F. W., Sandmeier, E., Mehta, P. K., and Christen,

P. (1994)Eur. J. Biochem. 219, 953-960.
2. Grishin, N. V., Phillips, M. A., and Goldsmith, E. J. (1995)

Protein Sci. 4(7), 1291-1304.
3. Hyde, C. C., Ahmed, S. A., Padlan, E. A., Miles, E. W., and

Davies, D. R. (1988)J. Biol. Chem. 263(33), 17857-17871.
4. Gallagher, D. T., Gilliland, G. L., Xiao, G., Zondlo, J., Fisher,

K. E., Chinchilla, D., and Eisenstein, E. (1998)Structure 6
(4), 465-475.

5. Burkhard, P., Rao, G. S. J., Hohenester, E., Schnackerz, K.
D., Cook, P. F., and Jansonius, J. N. (1998)J. Mol. Biol. (in
press).

6. Shaw, J. P., Petsko, G. A., and Ringe, D. (1997)Biochemistry
36, 1329-1342.

7. Rhee, S., Parris, K. D., Hyde, C. C., Ahmed, S. A., Miles, E.
W., and Davies, D. R. (1997)Biochemistry 36(25), 7664-
7680.

8. Jhee, K.-H., Yang, L.-h., Ahmed, S. A., McPhie, P., Rowlett,
R., and Miles, E. W. (1998)J. Biol. Chem. 273(19), 11417-
11422.

9. Jhee, K.-H., Yang, L.-h., Ahmed, S. A., McPhie, P., Rowlett,
R., and Miles, E. W. (1997)Protein Sci. 6(Suppl. 2), 67.

10. Ueno, H., Likos, J. J., and Metzler, D. E. (1982)Biochemistry
21, 4387-4393.

11. Likos, J. J., Ueno, H., Feldhaus, R. W., and Metzler, D. E.
(1982)Biochemistry 21, 4377-4386.

12. Ahmed, S. A., Ruvinov, S. B., Kayastha, A. M., and Miles,
E. W. (1991)J. Biol. Chem. 266, 21540-21557.

13. Ahmed, S. A., and Miles, E. W. (1992)J. Biol. Chem. 267,
23309-23317.

14. Kawasaki, H., Bauerle, R., Zon, G., Ahmed, S. A., and Miles,
E. W. (1987)J. Biol. Chem. 262(22), 10678-10683.

15. Peracchi, A., Bettati, S., Mozzarelli, A., Rossi, G. L., Miles,
E. W., and Dunn, M. F. (1996)Biochemistry 35(6), 1872-
1880.

16. Schnackerz, K. D., Ehrlich, J. H., Giesemann, W., and Reed,
T. A. (1979)Biochemistry 18, 3557-3563.

17. Yang, L.-h., Ahmed, S. A., and Miles, E. W. (1996)Protein
Expression Purif. 8, 126-136.

18. Miles, E. W., Kawasaki, H., Ahmed, S. A., Morita, H., Morita,
H., and Nagata, S. (1989)J. Biol. Chem. 264(11), 6280-
6287.

19. Miles, E. W., Bauerle, R., and Ahmed, S. A. (1987)Methods
Enzymol. 142, 398-414.

20. Crawford, I. P., and Ito, J. (1964)Proc. Natl. Acad. Sci. U.S.A.
51, 390-397.

21. Creighton, T. E. (1970)Eur. J. Biochem. 13(1), 1-10.
22. Miles, E. W. (1970)J. Biol. Chem. 245 (22), 6016-6025.
23. Goldberg, M. E., York, S., and Stryer, L. (1968)Biochemistry

7 (10), 3662-3667.
24. Yang, X.-J., and Miles, E. W. (1992)J. Biol. Chem. 267,

7520-7528.
25. Kayastha, A. M., Sawa, Y., Nagata, S., and Miles, E. W. (1991)

J. Biol. Chem. 266, 7618-7625.
26. Adams, E. (1979)Methods Enzymol. 62, 407-410.
27. Creighton, T. E., and Yanofsky, C. (1966)J. Biol. Chem. 241

(4), 980-990.
28. Miles, E. W., and Moriguchi, M. (1977)J. Biol. Chem. 252

(19), 6594-6599.
29. Balk, H., Merkl, I., and Bartholmes, P. (1981)Biochemistry

20 (22), 6391-6395.
30. Lane, A. N., and Kirschner, K. (1983)Eur. J. Biochem. 129

(3), 571-582.

31. Kayastha, A. M., Sawa, Y., Nagata, S., Kanzaki, H., and Miles,
E. W. (1991)Ind. J. Biochem. Biophys. 28, 352-357.

32. Lane, A. N., and Kirschner, K. (1983)Eur. J. Biochem. 129
(3), 561-570.

33. Rhee, S., Miles, E. W., Mozzarelli, A., and Davies, D. R.
(1998)Biochemistry 37(30), 10653-10659.

34. Ruvinov, S. B., Ahmed, S. A., McPhie, P., and Miles, E. W.
(1995)J. Biol. Chem. 270, 17333-17338.

35. Yang, L.-h., Ahmed, S. A., Rhee, S., and Miles, E. W. (1997)
J. Biol. Chem. 272, 7859-7866.

36. Crawford, I. P., and Johnson, L. M. (1963)Genetics 48, 725-
736.

37. Zhao, G.-P., and Somerville, R. L. (1993)J. Biol. Chem. 268,
14921-14931.

38. Brzovic, P. S., Kayastha, A. M., Miles, E. W., and Dunn, M.
F. (1992)Biochemistry 31, 1180-1190.

39. Brzovic, P. S., Sawa, Y., Hyde, C. C., Miles, E. W., and Dunn,
M. F. (1992)J. Biol. Chem. 267, 13028-13038.

40. Yang, X.-J., and Miles, E. W. (1993)J. Biol. Chem. 268,
22269-22272.

41. Rowlett, R., Yang, L.-h., Ahmed, S. A., McPhie, P., Jhee, K.-
H., and Miles, E. W. (1998)Biochemistry 37, 2961-2968.

42. Rhee, S., Parris, K. D., Ahmed, S. A., Miles, E. W., and
Davies, D. R. (1996)Biochemistry 35(13), 4211-4221.

43. Strambini, G. B., Cioni, P., Peracchi, A., and Mozzarelli, A.
(1992)Biochemistry 31, 7535-7542.

44. Torchinsky, Y. M. (1986) inPyridoxal Phosphate and
DeriVatiVes (Dolphin, D., Poulson, R., and Avramovic, O.,
Eds.) Vol. Part B, pp 170-221, John Wiley and Sons, New
York.

45. Kirsch, J. F., Eichele, G., Ford, G. C., Vincent, M. G.,
Jansonius, J. N., Gehring, H., and Christen, P. (1984)J. Mol.
Biol. 174, 497-525.

46. Zakomirdina, L. N., Sakharova, I. S., and Torchinsky, Y. M.
(1989)Biochimie 71, 545-550.

47. Ben-Kasus, T., Markel, A., Gdalevsky, G. Y., Torchinsky, Y.
M., Phillips, R. S., and Paraola, A. H. (1996)Biochim. Biophys.
Acta 1294, 147-152.

48. Faeder, E. J., and Hammes, G. G. (1971)Biochemistry 10(6),
1041-1045.

49. Ahmed, S. A., McPhie, P., and Miles, E. W. (1996)J. Biol.
Chem. 271(15), 8612-8617.

50. Vaccari, S., Benci, S., Peracchi, A., and Mozzarelli, A. (1996)
Biophys. Chem. 61, 9-22.

51. Snow, J. T., Finley, J. W., and Friedman, M. (1976)Int. J.
Pept. Protein Res. 8(1), 57-64.

52. Manning, J. M., and Soper, T. S. (1978) inEnzyme-ActiVated
IrreVersible Inhibitors (Seiler, N., Jung, M. J., and Koch-
Weser, J., Eds.) Elsevier-North-Holland Biomedical Press,
Amsterdam.

53. Walsh, C. T. (1984)Annu. ReV. Biochem. 53, 493-535.
54. Tsai, M. D., Schleicher, E., Potts, R., Skye, G. E., and Floss,

H. G. (1978)J. Biol. Chem. 253(15), 5344-5349.
55. Clausen, T., Huber, R., Laber, B., Pohlenz, H.-D., and

Messerschmidt, A. (1996)J. Mol. Biol. 262, 202-224.
56. Xu, Y., and Abeles, R. H. (1993)Biochemistry 32, 806-811.
57. Thornberry, N. A., Bull, H. G., Taub, D., Wilson, K. E.,

Gimenez-Gallego, F., Rosegay, A., Soderman, D. D., and
Patchett, A. A. (1991)J. Biol. Chem. 232(15), 21657-21665.

58. Peisach, D., Chipman, D. M., Van Ophem, P. W., Manning,
J. M., and Ringe, D. (1998)J. Am. Chem. Soc. 120, 2268-
2274.

59. Olson, G. T., Fu, M., Lau, S., Rinehart, K. L., and Silverman,
R. B. (1998)J. Am. Chem. Soc. 120, 2256-2267.

60. Shah, S. A., Shen, B. W., and Brunger, A. T. (1997)Structure
5 (8), 1067-1075.

61. Clausen, T., Huber, R., Messerschmidt, A., Pohlenz, H.-D.,
and Laber, B. (1997)Biochemistry 36(41), 12633-12643.

62. van Ophem, P. W., Erickson, S. D., Martinez del Pozo, A.,
Haller, I., Chait, B. T., Yoshimura, R., Soda, K., Ringe, D.,
Petsko, G., and Manning, J. M. (1998)Biochemistry 37, 2879-
2888.

Mechanism-Based Inactivation of Tryptophan Synthase Biochemistry, Vol. 37, No. 41, 199814603



63. Banik, U., Ahmed, S. A., McPhie, P., and Miles, E. W. (1995)
J. Biol. Chem. 270, 7944-7949.

64. Watanabe, N., Sakabe, K., Sakabe, N., Higashi, T., Sasaki,
K., Aibara, S., Morita, Y., Yonaha, K., Toyama, S., and
Fukutani, H. (1989)J. Biochem. 105, 1-3.

65. Toney, M. D., Hohenester, E., Cowan, S. W., and Jansonius,
J. N. (1993)Science 261, 756-759.

66. Momany, C., Ghosh, R., and Hackert, M. L. (1995)Protein
Sci. 4(5), 849-854.

67. Antson, A. A., Demidkina, T. V., Gollnick, P., Dauter, Z.,
Von Tersch, R. L., Long, J., Berezhnoy, S. N., Phillips, R. S.,
Harutyunyan, E. H., and Wilson, K. S. (1993)Biochemistry
32, 4195-4206.

68. Isupov, M., Antson, A. A., Dodson, E. J., Dodson, G. G.,

Dementieva, I., Zakomirdina, L., Wilson, K. S., Dauter, Z.,
Lebedev, A. A., and Harytyunyan, E. G. (1998)J. Mol. Biol.
276, 603-623.

69. Hennig, M., Grimm, B., Contestibile, R., John, R. A., and
Jansonius, J. J. (1997)Proc. Natl. Acad. Sci. U.S.A. 94, 4866-
4871.

70. Sugio, S., Petsko, G. A., Manning, J. M., Soda, K., and Ringe,
D. (1995)Biochemistry 34, 9661-9669.

71. Okada, K., Hirotsu, K., Sato, M., Hayashi, H., and Kag-
amiyama, H. (1997)J. Biochem. (Tokyo) 121(5), 637-641.

72. Wada, H., and Snell, E. E. (1962)J. Biol. Chem. 237,
127-132.

BI981325J

14604 Biochemistry, Vol. 37, No. 41, 1998 Jhee et al.


