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ABSTRACT. Mutations in the pyridoxal phosphate binding site of the tryptophan synthaglunit (S377D

and S377E) alter cofactor chemistry [Jhee, K.-H., et al. (1998)iol. Chem. 2731141711422]. We

now report that the S377D, S377E, and S3BAsubunits formo,, complexes with thex subunit and
activate then subunit-catalyzed cleavage of indole 3-glycerol phosphate. The apparfamtdissociation

of the a and 8 subunits is unaffected by the S377A mutation but is increased up to 500-fold by the
S377D and S377E mutations. Although the three mutafit complexes exhibit very low activities in

p elimination ands replacement reactions catalyzed at fhsite in the presence of Nathe activities

and spectroscopic properties of the S37X#8, complex are partially repaired by addition of ‘CsThe

S377D and S377k,5, complexes, unlike the wild-type and S377%43, complexes and the mutagit
subunits, undergo irreversible substrate-induced inactivationrdsrine or byS-chloro+-alanine. The

rates of inactivationk(nac) are similar to the rates of catalysik{). The partition ratios are very low
(Keatkinact = 0.25—3) and are affected byt 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
S 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 synthasg,
complex (EC 4.2.1.20) catalyzes the last two steps in the
biosynthesis of -tryptophan. Thex subunit cleaves indole
3-glycerol phosphate reversibly teglyceraldehyde 3-phos-
phate and indoleo( reaction). Indole is transferred through
a unique 25 A tunnel to the active site of tfiesubunit
where it undergoes a pyridoxal phosphate (Bidependent

p replacement reaction with-serine to form.-tryptophan

(B reaction).

o reaction: indole 3-glycerol-P~
indole+ p-glyceraldehyde 3-P

p reaction: L-serine+ indole— L-tryptophant H,O

The S, subunit and theoys, complex also catalyzes
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1 The termp, subunit is used for the isolated enzyme in solutijén;
subunit is used for the enzyme in thes. complex, to describe a
specific residue in th@g subunit, or in titrations to determine subunit
interaction.

2 Abbreviations: PLP, pyridoxal phosphate; GB,-a-glycerol
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Table 1: Families of PLP Enzymes

no. of N-1

folda prototype structures  (PLPY
L-aspartate aminotransferase b9 Asp
1] tryptophan synthasg subunit 3 Ser
I alanine racemase a1 Arg
\% D-amino acid aminotransferase e2 Glu

aFolds of PLP enzymes as defined by 12f°L-Aspartate ami-
notransferase 46), w-amino acid:pyruvate aminotransferasé4)(
dialkylglycine decarboxylase6b), ornithine aminotransferases(),
prokaryotic ornithine decarboxylasé€), tyrosine phenol-lyasesy),
tryptophanase6@), glutamate-1-semialdehyde aminomute&®,(and
cystathionings-lyase 65). ¢ Tryptophan synthasg subunit @), threo-
nine deaminase4], andL-cysteine synthases). ¢ Alanine racemase
(6). ¢ p-Amino acid aminotransferasg@ and branched-chairamino
acid aminotransferas@Z). f Residue that interacts with N-1 of PLP in
enzymes in each fold.

replacement ang@ elimination reactions with a variety of
other amino acids, includingi-chloro+-alanine. These
reactions involve a key, common intermediate, the external
aldimine of aminoacrylate (E-AA, Scheme 1 in Results).
Itis important to understand how tryptophan synthase and
other PLP-dependent enzymes control their reaction and
substrate specificities. Sequence comparisons designed to
establish evolutionary relationships, @) 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 the3 subunit in the tryptophan synthasgf,
complex fromSalmonella typhimuriurB) has served as the
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Scheme 1: Mechanisms gfElimination ands Replacement Reactions and of Mechanism-Based Inactivation
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prototype for other PLP enzymes in fold Il. Structures of that the engineered Asp or Glu residue changes the cofactor
two other enzymes in this fold, threonine deaminaea(d chemistry by stabilizing the protonated pyridine nitrogen of
O-acetylserine sulfhydrylase-Cysteine synthasep), have pyridoxal phosphate, reducing thi pf the internal aldimine
been determined recently. nitrogen, and promoting formation of quinonoid intermedi-
One of the most important and best studied interactions ates. We have also reported briefl§) that mutation of
between the cofactor and the active site of all PLP enzymesSer377 to Ala, Asp, or Glu results in=a100-fold decrease
is that between the pyridine nitrogen of PLP and an amino in the rate of conversion afserine and indole to tryptophan.
acid side chain (Table 1B). This interaction is a hydrogen In this paper, we examine the effects of mutational
bond/salt bridge between the N-1 proton of PLP and a alteration of Ser377 on the activities and spectroscopic
negatively charged aspartate or glutamate side chain inproperties of thg8, subunit andx,3, complex. An important
members of folds | or IV, respectively. The PLP-binding finding is that the S377D and S37 %8, complexes undergo
site of the tryptophan synthagkesubunit (fold 1) has the  jrreversible substrate-induced inactivation by a mechanism
neutral hydroxyl of Ser377 interacting with PLP N-1 (Figure first elucidated by Metzler et al1Q, 11) and later found
1) (3, 7). Alanine racemase (EC 5.1.1.1) (fold Ill) is unique  with different mutant forms of the tryptophan synthas§,
in having a positively charged arginine near N-1 of PBR ( complex and with the wild-typg, subunit (2, 13). This
We have reported recentl)(that changing the tryptophan  inactivation results from displacement of aminoacrylate from
synthases subunit Ser377 to Asp (S377D) or Glu (S377E) the key E-AA intermediate followed by reaction of ami-
alters the effects of pH on the absorption spectra of the noacrylate with the methylene carbon of enzyme-bound PLP
enzymes and results in the accumulation of quinonoid which forms a covalent adduct g, Scheme 1). Alkali
intermediates in the reactions with substrates. We proposedreatment of E-1 yields the PLP derivative, X. We suggest
that the altered cofactor chemistry may promote this inac-

. . tivation.
‘@ n’ "

32
‘ £(32>)-—- EXPERIMENTAL PROCEDURES
@) oy P08
‘-.<341)_,_,f—'-? Chemicals and BuffersPyridoxal phosphate, pyridox-
OyH\ S s o 0 G amine phosphate,-serine,bL-a-glycerol phosphate (GP),
3% NH 28N pB-chloro+-alanine hydrochloridey-glyceraldehyde-3-phos-
0 G &) 4 Ho7” phate dehydrogenase, and lactate dehydrogenase were from
NH_}:‘?S?,-?E.;-,O;P’\ o Sigma. Solutions gB-chloro+-alanine hydrochloride were
’ e’ 40 v | freshly prepared and adjusted to pH 7.8 with sodium
& S hydroxide immediately before use. Indole 3-glycerol phos-
'("29)'- o l()zo) 1}{\30 CH, phate was prepared enzymaticallid). Oligonucleotides

. o were supplied by Integrated DNA Technologies. "Nécine
. (50 mM, pH 7.8) (buffer B), Csbicine (50 mM, pH 7.8),
* TEA-bicine (50 mM, pH 7.8), and MBP16) buffers were
Ficure 1: Active site of the tryptophan synthg8esubunit, showing used fqr Spectroscopic studies with qdditional NaCl or CS.CI
residues that interact with the external aldimine between PLP andWhere indicated. MBP buffer contains 50 mM morpholi-

L-serine. This structure was taken from €87 T-Ser-IPP structure  Nopropanesulfonic acid, 50 mM bicine, and 50 mM proline.
in ref 7. The pH was raised with sodium hydroxide to 11.2; the
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solution was then back-titrated with HCI to pH 7.8. Com- lactate dehydrogenase in buffer B). The rate of cleavage of
pound X [4-[2-methyl-3-hydroxy-5-(phosphooxymethyl)-4- indole 3-glycerol phosphate in the presence or absence of
pyridinyl]-2-oxo-3-butenoic acid] (see Scheme 1 for struc- L-serine was measured by a spectrophotometric assay coupled
ture) was synthesized by a modification of the method of with p-glyceraldehyde 3-phosphate dehydrogenage The
Schnackerz X6). Pyridoxal phosphate (1.5 mmol) and extent of formation of indole in reactions with indole
sodium pyruvate (6 mmol) were dissolved in 2 mL of 0.5 3-glycerol phosphate was determined by a colorimetric assay
M KOH. The solution was stirred for 24 h in the dark at with p-dimethylaminobenzaldehyd23). Indole 3-glycerol
room temperature. The reddish reaction mixture was ad- phosphate (0.6 mM) was incubated at°€7in the presence
justed to pH 7.0 wit 5 N HCI. X was subjected to HPLC  or absence of 50 mM-serine with the wild-typex subunit

as described above to remove unreacted PLP and pyruvate(10M) and either a 3-fold excess of the wild-type or S377A
X was also isolated from the inactivated enzyme. The [ subunit or a 10-fold excess of the S377D or S3FE
S377D f3; subunit (8 mg/mL) was incubated with the subunit. After 40 min, the indole reagent was added, and
subunit (16 mg/mL, 3-fold excess) and 50 mMserine in the absorbance at 540 nm was determined after 5 min. The
the presence of 0.2 M NaClifd h at 25°C in a total volume amount of indole found is expressed as the percentage of
of 4 mL. X was dissociated from the protein by addition of the initial amount of indole 3-glycerol phosphate added.
NaOH to 0.5 N followed by addition of HCI to a final Spectroscopic MethodsAbsorption spectra and assays of
concentration of 0.5 N to precipitate the protein. The enzyme activities at single wavelengths were made using a
denatured protein was removed by centrifugation, and the Hewlett-Packard 8452 diode array spectrophotometer ther-
yellow supernatant solution containing X was lyophilized. mostated at 28C. Fluorescence measurements were made
The lyophilized X was dissolved in 500L of 0.1% TFA using a Photon Technology International (PTI) dual excita-
and was subjected to HPLC as described below to removetion spectrofluorimeter thermostated at 5. The change
other compoundsi{serine, pyruvate, and PLP) and excess of fluorescence emission at 510 nm (with excitation at 420
salt. The eluted X was lyophilized, dissolved in 140 of nm) due to formation of the external aldimine B6&erine
0.1% TFA, and rechromatographed to remove residual salt.(E-Ser) was measured as described previougB-g5).
After the final lyophilization, the dry sample was stored at Circular dichroism measurements (mean residue ellipticity
—20°C. The lyophilized sample was dissolved in water just in deg cn? dmol') were taken in a Jasco J-500C spectro-
prior to analysis for mass spectrometry or absorption photometer, equipped with a DP-500N data processor (Japan
spectroscopy. Spectroscopic Co., Easton, MD) at 26. Mean residue

Bacterial Strains, Plasmids, and EnzymeEhe plasmid ~ €llipticities were converted to molar ellipticities)) by
pEBA-10 (17) was used to express wild-type and mutént multlpllcatlon_ by the number of amino acids (e.g:, 397 for
subunit forms (S377A, S377D, and S377E) of tee  the S subunit and 665 for amf pair). Molar circular
typhimuriumtryptophan synthase,3, complex inEscheri- dichroism values were calculated using the reIaﬂpnﬁnp
chia coli CB 149 (L4), which lacks the trp operon. The = 0/3298. Negative ion FAB spectra were obtained on a
construction of two of the mutarit subunit forms (S377D  JEOL SX102 mass spectrometer operated at an accelerating
and S377E) has been report&l (The S377A mutant form voltage offlo kV. Samples were desorbed from a magic
was constructed in an analogous way using the mutagenich”et matrix. Linked scan analyses were run on the parent
primer B-GTC-AAT-CTC-GCT-GGC-CGC-GGA-GT-3 ion.?
where the base changes are underlined. The mutant enzyme Analysis of Pyruate Formation. The extent of pyruvate
was expressed and purified to homogeneity in high yieltl ( formation was measured in the reaction of the S37/D
glliter of culture) as thex,3, complex by a method that  subunit (3 mg/mL, 7Q:M) in the presence of 5-fold excess
utilizes crystallization from crude extractsd). The wild- of the o subunit (10 mg/mL, 35@M) with 50 mM L-serine
type, S377A, and S377P, subunits were obtained by heat in 50 mM Cs'/bicine (pH 7.8) containing 0.2 M CsCl or in
precipitation of theo subunit from thex,5, complex (L9). 50 mM Na/bicine (pH 7.8) containing 0.2 M NaCl and 10
The a subunit was purified as described previous8§). ( mM bL-a-glycerol 3-phosphate. Reactions were terminated
Protein concentrations were determined from the specific at time intervals by addition of HCI to 0.5 N followed by

absorbance at 278 nm using Ane, of 6.0 for the auf, centrifugation to remove the precipitated protein. The
complex, amf’c/% of 6.5 for the holg3, subunit, and amis:/?n supernatants were adjusted to pH 7 by addition of NaOH,
of 4.4 for thea subunit (9). and the amount of pyruvate formed was determined by an

assay with NADH and lactate dehydrogena@).(

Analysis of PLP and PLP Deratives. The PLP content
of wild-type and mutant enzymes was determined by a
fluorometric methodZ6). PLP and its derivatives (PMP and
X) were also detected by an HPLC method. The reaction
of the S377Da,f3, complex withL-serine was carried out
as described above for measurement of the extent of pyruvate
formation. Aliquots of the reaction mixture (50.) were
removed at time intervals, treated with NaOH (final con-
centration of 0.5 N) to dissociate X from the protein, and
acidified with HCI to 0.5 N to precipitate the protein.

Enzyme AssaysOne unit of activity in any reaction is
the formation of 0.1umol of product in 20 min at 37C.
Activities of o3, complexes inf replacement reactions
[reaction of indole (0.2 mM) and-serine (40 mM) or
p-chloro+-alanine (10 mM) to forme-tryptophan] were
determined by a spectrophotometric assdy) (in the
presence of a 3-fold molar excess of tlesubunit. CsCl
(0.2 M) andbL-a-glycerol 3-phosphate (10 mM) were added
in assays where indicated. Activities if elimination
reactions with.-serine angB-chloro+-alanine were measured
by spectrophotometric assays coupled with lactate dehydro-
genaseZ0) with modified components (40 mi-serine or
10 mM g-chloroi-alanine, 0.16 mM NADH, and excess 3We thank L. K. Pannell of NIDDK for these analyses.
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Aliguots of the supernatants (20.) obtained after centrifu- 100

gation were diluted with equal volumes of 0.1% TFA to give WT

a final pH of 2.3. .ngples_, (6oL, correspondmg to 2 nmol 80 L T T Ve
of cofactor) were injected into a Waters Puresil C18 column Umgo) M Umgey
(4.6 mm x 150 mm), a reversed-phase silica gel column, wT 9% ooz 73 0018

60 S377A 33 0.024 40 0.017
S377D 39 15.6 61 4

15 30 27 5.6

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 0
S377D a2, complex withL-serine (see Scheme 1) were
computed by direct fits of the data to eq 3 or 4 using a

; _ ; FiIcure 2: Titration of the wild-typex subunit with wild-type and
nonlinear least-squares analysis computer program. Mea mutant$ subunits. Activities of the wild-typer subunit (10ug/

surements of the absorbance due te(Eformation and | )in the reaction were determined in the presence of increasing
decay showed an initial rapid increase followed by a slow amounts of the wild-type®), S377A ©), S377D (0), and S377E

40 T

Activity (U/mg o)

20

S377E

0 10 20 30 40 50
B/ o ratio

decrease consistent with a two-step reaction: (m) 5 subunit as described in Experimental Procedures. Values of
Vmax the maximal specific activity of the reconstitutegh, complex
ki ka expressed in units per milligram of subunit, and oKg(a3), the
E-Ser— E—Q— E—I apparent dissociation constant of theand S subunits, in the

presence or absence ofserine, were obtained as described in
Measurements of fluorescence at 384 nm due tel E  Experimental Procedures. These results are given in the inset along
formation showed a short lag, consistent with the two with additional data obtained from assays of the reaction in the
reactions above. In the presence of serine at high concentraPresence of 50 m-serine.

tions, these reactions will be irreversible and by measuring the rate of formation of X as a functionoof
E—I1 = {[E-Serl/(k. — k.M [k. exp(—k.t) — subunit concentration in the presence of 50 rodderine.
[E-11=A1 bk — kot k expCiel) The data were modeled assuming thatdhend3 subunits
ky exp(kyt)] + [E-Ser}, (1) associate in a noncooperative fashion. Under this assump-
tion, thea—p interaction can be simply modeled according

The short lag time indicates thkt > ky; after 2 min, this
expression simplifies to eq 2

[E—1] = [E-Ser}[1 — exp(—k;t)] 2) Ky = [allAlop] ®)

to eq 5:

A linear term was added to eq 2, to account for a subsequent<d(e3) was obtained from eq 6):
slow increase in fluorescence.
Y=Yy + (Y — Yo) X

[E—I] = [E-Ser}[1 — exp(—kyt)] + mt )

ax

([ﬂ]tot + fa[ﬁ]tot + Kd) - \/([ﬁ]tot + fa[ﬂ]tot + Kd)2 - 4fa[ﬁ]tot2

Rate constants were estimated by nonlinear least-squares fit 2[f]

of fluorescence changes or absorbance changes to eq 3. i (6)
Measurements of the decrease in the extent of pyruvate

formation or in PLP content or of the increase in the X RESULTS

content did not exhibit a lag phase because fewer points were

analyzed at early times. These data were analyzed by direct Wild-Type ar_1d Mutan,B_ Subunits Stimulate the_ Aoty
fits of the data to eq 4. of thea. Subunit Interaction of theot and 5 subunits was

characterized by measuring the activity in theeaction as
Y= (Ypax— Ymin) EXPEKt) + mt+c 4) a function off3 subunit concentration (Figure 2). The results
show clearly that interaction of the wild-typesubunit with
whereY is the concentration of PLP, X, or pyruvatéax wild-type and S37746 subunits is strong whereas interaction
(Ymin) is the maximum (minimum) value ofY of the with S377D and S377R subunits is weak. Nonlinear least-
exponential phasek, is the rate constant of the fast phase, squares analysis of the data in Figure 2 as described in
mis a linear kinetic parameter, aeds a constant. Because Experimental Procedures gave the parameters compiled in
the semilogarithmic plot of versus time shows a fast phase the inset. On the basis of these data, the apparent dissociation
and a much slower phase, the slow phase can be ap-constantsKq(op), for the S377D and S377é,3, complexes
proximated as the underlined part of eq 4. From the data are ~250- and 500-fold larger, respectively, than tke
fitting to eq 4, the inactivation ratekifs.) was obtained as  (a/3) for the wild-type enzyme. The fully saturated S377A,
k. and thek.os was calculated from the initial rate. S377D, and S377E,5, complexes are 34, 40, and 16% as
The apparent dissociation constant for thend/ subunits active Vmay as the wild-typea,5, complex. The finding
Ka (o) was analyzed by measuring the rate of indole that the mutang subunits all stimulate the intrinsic activity
3-glycerol phosphate cleavage in the presence or absence obf the a subunit provides partial evidence for the structural
50 mM L-serine as a function ¢f subunit concentration or  integrity of the mutants subunits. However, changing
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Table 2: Specific Activities of Wild-Type and Mutani5, Complexes

specific activity (units/mg ob32)

WT S377A S377D S377E
reaction addition 032 032 032 022

(1) Ind + Ser— Trp + H,0 Na* 883 (100%) 3(0.3%) 2 (0.2%) 1 (0.1%)
(2) Ind+ Ser— Trp + H,0 Na/GP 364 (41%) 21 (2.4%) 2 (0.2%) <1 (<0.1%)
(3) Ind+ Ser— Trp + H,0 Cs" 907 (103%) 221 (25%) 4 (0.4%) 37 (4%)
(4) Ind + ClAla— Trp + HCI Na* 171 (19%) 55 (6%) 3 (0.3%) 2 (0.2%)
(5) Ser— Pyr+ NHs Na" 12 (1%) 7 (1%) 1.5 (0.2%) 2.6 (0.3%)
(6) ClAla— Pyr+ NHs + HCI 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 pL-a-glycerol 3-phosphate, or 50 mMserine. Values in parentheses show the activity of the mutgiit complex as a percentage of the
activity of the wild-typea,3, complex in thes reaction (Ind+ Ser— Trp + H,0) in the presence of Na

Ser377 to a negatively charged residue dramatically reduces3-chloro+-alanine. The specific activities are modulated by

the strength of subunit interactiokg(o3). pL-a-glycerol 3-phosphate, an subunit ligand, and by
The wild-typea,3, complex reacts with indole 3-glycerol exchange of Csfor Na* (Table 2). The three mutani3,
phosphate in the presencews$erine to forno-glyceralde- complexes exhibit very low activities(0.3% of that of the

hyde 3-phosphate anetryptophan by thes reaction, which wild type) in the conversion of-serine toL-tryptophan in
is essentially the sum of the and3 reactions and involves  the presence of Na(reaction 1). However, the specific

sequential catalysis at teandp sites. activities of the S377Ax,3, complex are significantly higher
in the presence obL-a-glycerol 3-phosphate (reaction 2)
a3 reaction: L-serine+ indole 3-glycerol phosphate or of Cs™ (reaction 3) and in reaction 4 witf-chloro4 -

L-tryptophan+ p-glyceraldehyde 3-phosphateH,O alanine and indole. In contrast, the S377D and S377E
complexes exhibit very low activities under most assay

The rates of cleavage of indole 3-glycerol phosphate by the conditions. The S377E complex shows low but significant
a subunit in the presence ofserine were determined as a  activity in the presence of Cs
function of 8 subunit concentration by titrations analogous  Effects of the S377A Mutation on Spectroscopic Properties.
to those shown in Figure 2. The parameters obtained areThe absorption spectra of PLP bound to the S337subunit
compiled in the inset in Figure 2. Addition afserine and a3, complex (Figure 3B,D) are similar to the spectra
strongly stimulates the maximal rate of cleavage of indole of the wild-type enzymes (Figure 3A,C). Substitution of Cs
3-glycerol phosphate by the wild-type,8, complex, as  for Na™ has very small effects on the spectra. The reactions
observed previously, but has very small effects on the of the wild-typef, subunit and of the S3778, subunit with
maximal rates of the mutant enzymes. L-serine in the presence of Najive a predominant inter-

Because the mutant enzymes have very low activities in mediate with maximum absorbance at 424 nm (Figure 3A,B),
reactions catalyzed at th® site (see the text and Table 2 which is ascribed to the external aldimine of PLP with
below), we determined whether the product of the reactions L-serine (E-Ser in Scheme 1). The reaction of the wild-type
of indole 3-glycerol phosphate in the presence or absenceozf2 complex withL-serine in the presence of Ngields
of L-serine was indole or-tryptophan as described in an equilibrium mixture of E-Ser and of E-AA, the aldimine
Experimental Procedures. In the absence-skrine, the of aminoacrylate, which has maximum absorbance at 340
wild-type, S377A, S377D, and S377k5, complexes all nm (Figure 3C). In contrast, the S37043, complex forms
accumulate an amount of indole equivalentt60% of the E-Ser predominantly under these conditions (Figure 3D).
amount of indole 3-glycerol phosphate initially added. In Thus, the main effect of the S377A mutation is to shift the
the presence oi-serine, the wild-type and S3774;3, equilibrium distribution of_-serine intermediates formed by
complexes accumulate no indole whereas the S377D andthe a3, complex in the presence of Né&rom predominantly
S377E a8, complexes accumulate an amount of indole E-AA to predominantly E-Ser. Exchange of Ckor Na*
equivalent to 11 and 56%, respectively, of the amount of shifts the distribution oi-serine intermediates formed by
indole 3-glycerol phosphate initially added. Thus, fhaite the S377Aa,3, complex toward E-AA.
activities of the wild-type and S377A enzymes are sufficient, The E-Ser intermediate formed by the S37FAsubunit
but thef site activities of the S377D and S377E enzymes andoyf, complex exhibits the same fluorescence properties
insufficient, to convert all of the indole intermediate to as the intermediate formed by the wild-tyfesubunit 3).
L-tryptophan in the presence afserine. Nevertheless, Fluorescence titrations of the S377A subunit ando,f-
addition ofL-serine to each of the mutant enzymes decreasescomplex withL-serine in the presence of Naive values
theKq(a5), as observed for the wild-type,5, complex. This for Ky(L-Ser) of 6.98 + 0.29 and 1.81+ 0.04 mM,
result indicates that formation of an enzynsubstrate respectively; the value for the wild-typ® subunit is 1.48
intermediate at the active site of each of the three mytant + 0.04 mM (data not shown).
subunits promotes subunit association, as is well established The CD spectra of the wild-type and S3774y53
for the wild-typeg subunit @7). complexes are similar (Figure 3E,F) and exhibit positive

Effects of the Ser377 Mutations on Specific 4t#s of ellipticity bands at 336 and 412 nm due to bound PLP as
Reactions Catalyzed at th@ Site The wild-type o032 reported previously for the wild-type enzym@8(31).
complex catalyzeg replacement and elimination reactions ~ Addition of L-serine in the presence of Cso the S377A
with L-serine (Scheme 1) and analogous reactions with o3, complex results in a decrease in ellipticity at 420 nm
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WT  S377A
B Al | b, B

Na + Ser

10

Na + Ser

Cs + Ser ]

Cs + Ser T g 4 Ser

300 340 380 420 460 500 300 340 380 420 460 500
Wavelength (nm) Wavelength (nm)

Ficure 3: Effects of monovalent cations and iokerine on the absorption and CD spectra of wild-type and S377A enzymes. Absorption
spectra of the wild-type and the S377A subunits (A and B) andj3, 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 G0serihe. CD spectra of the wild-type,3,
complexes (E) in MBP buffer (pH 8.1) containing 0.1 M Nar Cs" and of the S377Ax,3, complex in N&/bicine or Cs/bicine buffer

(pH 7.8) containing 0.2 M NaCl or CsCl, respectively, and in the presence or absence of %0serMe as described in Experimental
Procedures. All spectra were recorded on enzymes at 1 mg/mL; results are shown as millimolar abserjstivityl {* cm~) or as mean
residue ellipticity @ in deg cn? dmol1).

with formation of a strong negative ellipticity band at 330 quinonoid E-Q1 (Scheme 1) as reported previousy. (This

nm as observed with the wild-type,5, complex @1, 32). species decays with a concomitant increase at 340 nm (see
Addition of L-serine to the S377Ax,3, complex in the the inset). The reaction with-serine and indole in the
presence of Naresults in smaller changes. presence of Na(Figure 4C) results in a rapid increase in

Molar circular dichroism valuesAe) and molar absorp- absorbance at 504 nm followed by a decrease concomitant
tivity values €) at Amax (412—424 nm) derived from the W|th_an increase at 338 nm. T_he band at 504 nm can be
ascribed to EQ2, the quinonoid of_-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
S377Da,f2 complex withL-tryptophan 8). The calculated
: . ) o rates of change at specific wavelengths are compiled in Table
B oy o (oo oscuneon. 4 The CD Specrum of re Sa77ys compe (Fure
" 4D) exhibits a positive ellipticity band at 414 nm, whereas
Reactions of the S3775, Complex withL-Serine the spectrum of the inactivated enzyme—(fE exhibits a
Figure 4 shows the spectroscopic changes observed upomositive ellipticity band at 340 nm. Derived values /¢
reaction of the S377,;8, complex withL-serine in the  ande at 414 nm and ratios afe/e are compiled in Table 3.
presence of Na(A) or Cs" (B). The reaction in the presence  Substrate-Induced Inactition of the S377Dx,5, Com-
of Na* results in a rapid increase in absorbance at 416 nmplex To determine whether the S377@3, complex is
followed by a decrease at 416 nm concomitant with an inactivated by reaction with-serine, we determined the
increase at 340 nm. The time courses at 416 and 340 nmkinetics of pyruvate formation (Figure 5A) under the
are shown in the inset. The reaction in the presence 6f Cs conditions used in Figure 4AC. The rate of pyruvate
results in formation of a pronounced absorbance band at 498ormation decreases rapidly and stops after formation of 1.4
nNM (Emax = 17.5 mM* cm™) that can be attributed to the  nmol of pyruvate/nmol of3 site in the presence of Na4

spectra of the wild-type and S377A enzymes in Figure 3,
from CD spectra of the wild-typ#, subunit (spectra not
shown), and from the S377B,3, complex in Figure 4D
(see below) are compiled in Table 3. Ratios\efe reflect
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FiGure 4: Reactions of the S377&,5, complex withL-serine in

the presence of Naor Cs' alter spectral properties. Absorption

spectra of the S377D,(, complex [7uM f subunit and 3xM o
subunit in 50 mM Néa/bicine (pH 7.8) containing 0.2 M NaCl (A)

or 50 mM C¢/bicine (pH 7.8) containing 0.2 M CsClI (B)] were
recorded at 25C 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 mM-serine and 0.2 mM indole. (D) CD spectra

of the S377Du,3, complex (1 mg/mL in N&/bicine or Cs/bicine

buffer containing 0.2 M NaCl or CsCl, respectively, and in the

absence of -serine @ 2 h after addition of 50 mM.-serine).

nmol of pyruvate/nmol of site in the presence of €sand

after 0.5 nmol of pyruvate/nmol ¢f site in the presence of
Na" and pL-a-glycerol 3-phosphate. The initial rates of
pyruvate formationK..) and rates of decrease in pyruvate
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formation derived from analyses of these curves are compiled
in Table 4.

Detection of the Product of Inacttion of the S377,5,
Complex in the Reaction withSerine 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 S377,5, complex. Figure 5B shows
that the reaction of the S377&,3, complex withL-serine
in the presence of Naproduces 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 from-serine in the presence of Na
Addition of indole org-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 N&a 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 ofo. Subunit and of-Serine Concentrations on
Rates of Formation of the Fluorescent Produdihe rate of
formation of the fluorescent product depends on the con-
centration of thex subunit (Figure 6A,B). Nonlinear least-
squares analysis of the data in Figure 6B gives an apparent
dissociation constariy(a3) of 9.35+ 1.13uM. The rate
of formation of the fluorescent product also depends on the
concentration of-serine (Figure 6C,D). Analysis of the data
in Figure 6D gives an apparent dissociation conskaft-

Ser) of 1.24+ 0.09 mM.

Isolation and Identification of the Product of Inagdition
of the S377Du,5, Complex with.-Serine Several experi-
ments outlined in Scheme 2 provide evidence that the
inhibited form of the S377,3, complex has the structure
E—I shown in Scheme 1 and demonstrate that the product
Xis released by NaOH. The S37#3, complex used for
these experiments (H) was prepared by reaction for 4 h
with L-serine in the presence of Nainder 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-H 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-# 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 with-serine or with/3-chloro4.-
alanine in the presence of NaCs', or pL-a-glycerol
3-phosphate (Table 5). Treatment of~-Ewith sodium
borohydride followed by NaOH resulted in no increase in
absorbance at 424 nm [Scheme 2 (D)], indicating that E
was reduced by sodium borohydride te E HPLC analysis
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Table 3: Values of Molar Circular Dichroismi\¢), Molar Absorptivity €), and Dissymmetry Factora\¢/e) of PLP Bound to Wild-Type and
Mutant Forms of Tryptophan Synthase as Internal Aldimines (without Ser) or External Aldimines (with Ser)

€ without Ser € with Ser Ae without Ser Ae with Ser Acle Acle
enzyme cation (M~tcm™) (M~tcm™) (M~tcm™) (M~tcm™) without Ser with Ser
WT (2 Na* 4500 8090 115 10.6 0.0026 0.0013
Cs* 4460 5250 12.4 7.88 0.0028 0.0015
WT o232 Na* 5940 2880 17.9 3.64 0.0030 NA
Cs" 5950 1450 20.0 0.30 0.0034 NA
S377Aa;02 Na" 5230 8980 12.1 7.58 0.0023 0.0008
Cs* 5320 2770 10.6 212 0.0020 NA
S377Dayf2 Na" 2690 520 6.06 0.15 0.0023 NA

aMolar ellipticities @) and molar absorptivitiesc) were determined (see Experimental Procedures and Figures 3 and 4) in the absence of
L-serine for the wild-type (WT), subunit andx,3, complex at 412 nm, for the S377@5, complex at 414 nm, for the S377dy, complex at
416 nm, and for enzymes in the presence.-@erine at 424 nm. Molar circular dichroism values were calculated using the relatiahship
6/3298. 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 S37df, Complexe3

reaction rate (mint)

rate monitored Figure Na Cs" Na"/GP Na/2-ME Nat/Ind
decrease id\16nn? 4A—-C 0.143+ 0.003 0.107A 0.003 0.539+ 0.013 0.024+ 0.001 0.102+ 0.002
increase iMgaonn® 4A—-C 0.156+ 0.002 0.083+ 0.001 0.544 0.014 0.023t+ 0.001 0.096+ 0.001
decrease ifognn! 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 0.153.004 0.060Q+ 0.002 0.615+ 0.044 0.019+ 0.001 0.038+ 0.001
decrease in pyruvate formation rate 0.18.016 0.046+ 0.009 0.426+ 0.061
decrease in PLP level 5D 0.1530.011 0.059t 0.012
increase in X level (HPLC) 7 0.156 0.010 0.06H 0.014
averageinact 0.137 0.072 0.509 0.023 0.097
Keat 5A 0.137 0.216 0.129
KealKinact 1.0 3.0 0.25

a Rates ofkca: 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 fgi-mercaptoethanol (2-ME)/Na* Values of 334 and 338 nm were used for 2-ME/Nand indole (IND)/N4,
respectivelyd Values of 508 and 504 nm were used for 2-ME/Nand indole (IND)/Nd, respectively.

of aliquots of the enzyme that were treated with NaOH before conformation of the proteifi. It seems unlikely that ad-
(A) or 1 h after (B) reaction withL-serine (Figure 7)  ditional steric clashes would occur after formation of reaction
demonstrates the conversion of PLP to X and the absencentermediates, because the position of the PLP N-1 is not
of PMP formation. The spectra of X purified by HPLC after changed in reaction intermediates of known structidr8g).
isolation from the enzyme and from the synthetic compound Our finding that the S377Ax,3, complex has greatly
were identical at three pH values (data not shown) and werereduced activity in the presence of N@able 2), but much
closely similar to those reported for the three ionic forms of higher activity in the presence of €$24% of that of the

X (11). Mass spectra were recorded as described in wild type), indicates that the hydrogen bond between Ser377
Experimental Procedures on HPLC-purified samples of the and PLP N-1 is not necessary for enzymatic activity or for
enzyme-derived X and of the synthetic compound. The stabilization of PLP in the correct orientation. It is possible
values for M— 1 were 316.0224 for the enzyme-derived that the activity of the S377A enzyme results from “chemical
sample and 316.0228 for the synthetic compound; the rescue” by a water molecule filling in for the missing serine
theoretical value for GH1:.0sNP was 316.0222. The hydroxyl.

fragmentation patterns for the two samples were identical. ~Substitution of C$ for Na* also changes the equilibrium
distribution of intermediates in the reaction of the S377A

032 complex withL-serine to that observed with the wild-
type a5, complex (Figure 3D). In contrast, the S37@gp5,

The PLP binding sites of the tryptophan synthaseibunit complex is not significantly activated by Csr by pL-a-
(Figure 1) and of other PLP enzymes in fold Il of the known glycerol 3-phosphate. The occurrence of the partial repair
structure (Table 1) have the neutral hydroxyl of a serine of activity by Cs" ion (17, 34, 35), NH4*" ion (20, 36, 37),
residue interacting with N-1 of PLP. To investigate the or pL-a-glycerol 3-phosphate38—40) has been observed
importance of this interaction, we have changed Ser377 of with several other mutant forms of tryptophan synthase. We
the tryptophan synthagisubunit to Asp, the residue found have suggested that these ligands activate the mutant
at the equivalent position in enzymes in fold I, or to Glu or €nzymes by preferentially binding to and stabilizing a higher-
Ala. Although Asp and Glu are larger residues than Ser and activity, closed conformer of the enzyme that is in equilib-
are not isosteric, modeling of the S377D and S377E fium with alow-activity, open conformer of the enzynie(
mutations indicates that either mutated residue could form a34 41). The repairable mutants investigated previously all
hydrogen bond with PLP N-1. This modeling shows only exhibited rather high activities in reactions wijghchloro-
slightly unfavorable van der Waals interactions with nearby
residues, which might be relieved by small changes in the

DISCUSSION

4We thank S. Rhee of NIDDK for this analysis.
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5 L-alanine and had approximately equal activities /in
%‘ A replacement and elimination reactions with this substrate.
g 4 Cs 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
2 3 in reaction 1. In contrast, the activities of the S37d46,
E ) complex in these two reactions are 6 and 2% of that of the
2 wild type, respectively (Table 2), whereas the activity in the
B presence of Cswas higher (25% of that of the wild type).
§ These results suggest that'Gway repair the S377A,3,
od complex by a mechanism different than that postulated for
. other mutant enzymes. A possible mechanism is discussed
% Min below.
B Effects of Ser377 on PLP Orientatiorf-ormation of a
40 4 hr 40 4 hr ] hydrogen bond between Ser377 and N-1 of PLP (Figure 1)
30 may stabilize the PLP ring in the optimal orientation for
30 20 catalysis. The absence of this interaction in the S377A
[, 10 Control mutanto,3- Co_mplex could result i_n an incorrect orientat_ion
20 | 80 300 320 30 350 3k0 of the PLP ring or fi”OW the_ ring to be more mobile.
Monovalent cations bind to a site in tfesubunit about 8 A
10 from the phosphate of PLR?). Exchange of Csfor Na*
Control ~_° at this site induces local and long-range changes in the
0350 400 430 500 550 600 structure of the wild-typen,s, complex @2). We can
Wavelength (nm) speculate that exchange of ‘Ckor Na' induces a confor-
50 . ‘ , mational change that stabilizes a more correct or more rigid
+IndoleC orientation of the PLP ring in the S377A mutant enzyme.
40} -ZME _fndole o Alternatively, the repair by Csmay be related to binding
+2-ME of Cs" at a second site located in the interaction site between
30} the two 8 subunits 42). Ligand-induced conformational
- 20| changes have also been observed in the structure of a mutant
032 complex BK87T-Ser-GP) havingL-a-glycerol 3-phos-
10l phate bound at the. site andL-serine bound to thg site
(7). Fluorescence and phosphorescence studies provide
0 direct evidence that subunit ligands make the structure of
100 each subunit of the wild-type,3, complex more rigid43).
Thus,bL-a-glycerol 3-phosphate may stabilize a more rigid,
8 closed structure of the S3778,5, complex and thereby
l 60 partially overcome the destabilizing effects of the mutation.
R Although free PLP is symmetrical and therefore an
Ay 40 optically inactive chromophore, enzyme-bound PLP usually
;ﬂ exhibits induced Cotton effects in the absorption bands of
20 | the coenzyme44). The induced optical activity is conve-
. niently measured by the dissymmetry factor, which can be
0

expressed as the ratid{/¢) of the molar circular dichroism
(A€) to the molar absorptivitye) at a single wavelength.

| qf i ¢ o fl t product of actveti The positive ellipticity band exhibited by the internal
<(:Ao)m_|[:_)heex el %y?uvgtoer e s S e;g?r%i'r‘]’:d'ogy aldimine of aspartate aminotransferase and the dissymmetry
analysis of the amount of pyruvate in aliquots of reaction mixtures factor of this band are greatly reduced upon cleavage of the
identical to those described panels A (Nand B (Cs) of Figure internal aldimine by reaction with substrates or substrate
4 and also in the presence of NandoL-a-glycerol 3-phosphate  analogues (reviewed in réf}). These observations provided
(10 mM) (see Experimental Procedures). (B) Fluorescence emissionhe first indication that conformational changes are associated

spectrum of the S3770,8, complex [3 mg/mLA subunit and 10 . . :
rT?g/mLon subunit (5_f0|d25n§0|ar epxces[s) ingsoLr'ﬁM Niaicine (pH with catalysis by aspartate aminotransferase. Later crystal-

7.8) containing 0.2 M NaCl] were recorded with excitation at 340 lographic studies revealed that formation of the external
nm at 25°C before (control) ath 4 h after addition of 50 mM aldimine is coupled with tilting of the PLP ring by30°
L-serine. The inset shows the fluorescence excitation spectrum withre|ative to its orientation in the internal aldimine, whereas
emission at 384 nm under the same conditions. (C) Time course Ofthe position of the phosphorus atom remains uncharg@d (

fluorescence emission at 384 nm upon excitation at 340 nm afterC f . | ch in th . . f h
addition of 50 mML-serine under the conditions described in the CONformational changes in the active site of tryptophanase

legend of in Figure 4A in the presence or absence of 50 mM have also been revealed by CD studiés, @7).
p-mercaptoethanol (2-ME) or 0.2 mM indole. No increase in  The absorption and CD spectra of the wild-type and S377A
fluorescence is observed when 100 mM pyruvate is substituted for .8, enzymes (Figure 3 and Table 3) provide information

L-serine under these conditions (data not shown). (D) The time ; ; . . . .
courses of changes in PLP content and of increases in quorescencé’n the interaction of PLP with the active site of fsubunit,

were determined under the conditions used in the experimentsalthough itis difficult to interpret these effects unequivocally
whose results are shown in Figure 4A,B. (29, 30). The wild-typea,, complex exhibits two ellipticity

0 20 40 60 80 100
) 1}1/[111 _
FiIGURE 5: Substrate-induced inactivation of the S377033,
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Ficure 6: Effects of theat subunit and.-serine concentration on formation of the fluorescent product. (A) Time courses of fluorescence
emission at 384 nm of S377B, subunit [74M in 50 mM Na'/bicine buffer (pH 7.8) containing 0.2 M NaCl and 50 mMserine] were
determined at 25C in the presence of the indicated molar ratioco$ubunit. (B) Plots of the rate of product formation vs t ratio.

Data analysis gave a value fig(a3) of 9.35+ 1.13uM. (C) Time courses of fluorescence emission at 384 nm of S37x78ubunit [7

#M in 50 mM Nat/bicine buffer (pH 7.8) containing 0.2 M NaCl and 88 o subunit] were determined at 2& in the presence of the
indicated concentration afserine. (D) Plots of the rate of product formation in the reaction wiierine (see Experimental Procedures)

vs L-serine concentration. Data analysis gave a valu&fr-Ser) of 1.24+ 0.09 mM.

Scheme 2: Isolation and Identification of the Product of

L . . Table 5: PLP Content and Stoichiometry of Inactivation of the
Inactivation of the S377;3, Complex withL-Serine S377D 0B, Complex i

(D) E-T <NaOH ﬂE-I _ NaOH E + X (C), (Table 5) substrate addition PLB/ X/PLP
wa o 240nm 424 nm L-serine N& 0.85 0.69
/ L-serine Cs 0.83 0.69
E Dialysis L-serine Na/GP 0.85 0.68
~ppt . B-Cl-Ala Na* 0.85 0.65
HCl
f‘ﬁﬁ)}/ HPLC (Fig. 7) B-Cl-Ala Cs' 0.83 0.62
i p-Cl-Ala Nat*/GP 0.85 0.60
E + X (B) E-1(A) Spectra aThe S377Doyf, complex was incubated f@ h at 25°C and pH
424 nm 340 nm

7.8 with 50 mMc-serine or 10 mM3-chloro+-alanine ($-Cl-Ala) as
described in the legend of Figure 4 in the presence of the indicated
bands (Figure 3E) at 336 and 412 nm. The wild-tyhe additions: 0.2 M NaCl or CsCl and 10 mM.-a-glycerol 3-phosphate

bunit ando lex h b tivit ks at (GP). The enzyme was adjusted to pH 11.5 with NaOH after 4 h, and
subuni _an 2132 complex a_ve apsorpuvity Pea S at cor- the concentration of X was determined from the absorbance at 424 nm
responding wavelengths (Figure 3A,C), which have been ysing the relationshifszsm= 8 MM~ cm (10, 11). The PLP content

attributed to enolimine and ketoenamine tautomers of the before reaction was determined by the KCN method (26) or the

internal aldimine, respectivelyt8, 49). phenylhydrazine method (72) as described in Experimental Procedures.
In the absence af-serine, exchange of Cdor Na™ has

little effect on absorptivity at 412 nm but increases the changes in the three-dimensional structure of the tryptophan

ellipticity at 412 nm and the dissymmetry factake(e) of synthasen,;32 complex @2). The dissymmetry factorAe/

both the wild-typeS, subunit and thex,3, complex 1.+ €) for the wild-type a8, complex is 1.2-fold greater than

1.2-fold (i.e., 0.0028/0.0026 and 0.0034/0.0030 in Table 3). that of the wild-typ&3, subunit in the presence of either Na

These results imply that the two monovalent cations have or Cs" (i.e., 0.0030/0.0026 or 0.0034/0.0028 in Table 3),

different effects on the environment of the bound PLP. suggesting that the orientation of PLP at the active site of

Exchange of Csfor Na* also induces local and long-range the 8 subunit is more asymmetric or more rigid in the
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P ' A by a mutanta,, complex $K87T) is coupled with tilting
] of the PLP ring by~10° relative to its orientation in the
internal aldimine 7). The dissymmetry factorAe/e) for
E-Ser in the presence of N& aboutY/; of that of the internal
aldimine (E) for the S377A,3, 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 Inactition of the S377,5, 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 NR) with a rate k., and formation of a
covalently inactivated enzyme {H) with a ratekinaet  This
mechanism was first elucidated by Metzler et 4l0,(11)
for the reactions of aspartate aminotransferase and glutamate
decarboxylase with a quasisubstratserine©-sulfate. We
demonstrated this type of inactivation in the reactions of
several mutant tryptophan synthasg8, complexes and of
PMP ‘ C the wild-type 3, subunit with 8-chloroi-alanine (2, 13).
Inactivation results from displacement of aminoacrylate from
the key E-AA intermediate followed by nucleophilic attack
by the -carbon of aminoacrylate on the internal aldimine
which forms a covalent adduct {H, Scheme 1). The

i N ] 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 sitd1f. Alkali

4 6 8 1

A295

A295

treatment of E-1 yields the PLP derivative, X.

Our new results are of special interest because inactivation
takes place with the natural substrateserine, and because
FiGUrRe 7: HPLC analysis of PLP and its derivatives from the inactivation occurs with a very low partition rati@c§/Kinact
S377Da,B, complex and its inactivation product. HPLC analysis _ 0.25-3 in Table 4). The value dé.is determined from

of aliquots of the S3771a,5, complex that were treated with NaOH N - .
befoge (A) @ 1 h after ?ggctionpwith-serine (B). Standards of the initial rate of pyruvate formation (Figure 5A). The value

PLP, PMP, and X are shown in panel C. The synthetic X and X Of knact (Table 4) is the average of rates determined for
isolated from the enzyme elute identically. changes in absorbance at certain wavelengths in Figure 4,

the increase in fluorescence of-E(Figure 5C), the increase

presence of thex subunit. Other evidence for reduced in the amount of product X determined by HPLC (Figure
flexibility of the g subunit in the presence of tlesubunit 7), the decrease in PLP content (Figure 5D), and the decrease
is provided by measurements of the lifetimes of fluorescencein the extent of pyruvate formation (Figure 5A). The
decay and of phosphorescence decay of Trpl77 inufie reasonable agreement between these various rates indicates
complex 60). The dissymmetry factorNe/€) for the S377A that the various parameters measured all result from the same
o3, complex in the presence of Nar Cs™ is 77 or 60% inactivation event. Although the ratio of X/PLP obtained
of that of the wild-typea,B. complex, respectively (i.e., in Table 5 ranges from 0.6 to 0.69 under different conditions
0.0023/0.0030 or 0.0020/0.0034 in Table 3). These resultsand is lower than the expected 1.0, the close parallel between
suggest that the absence of hydrogen bonding interactionthe rates of PLP disappearance and increase in fluorescence
between Ser377 and N-1 of PLP reduces the asymmetry orin Figure 5D provides evidence that—E is indeed the
rigidity of the PLP internal aldimine. The molar absorptivity primary product.
and the molar circular dichroism of the S37d@k8, complex Since thiols readily react with3-unsaturated compounds
are both low compared to those of the wild-type and S377A (51, 52), we addegB-mercaptoethanol to the mixture for the
azf32 complexes for unknown reasons. However, the dis- reaction of S377D with.-serine to determine whether this
symmetry factors for the two mutawt;3, complexes are  thiol could trap free aminoacrylate and thereby decrease the
similar, indicating that PLP has similar orientations in both rate of inactivation (Figure 5C). Although the results show
mutant enzymes. that addition of eitheis-mercaptoethanol or indole does

The reactions of -serine with the wild-types, subunit decrease the rate of increase in fluorescence (Figure 5C and
and S377Aa,3, complex result in the predominant ac- Table 4), absorption spectra recorded under the same
cumulation of E-Ser. The dissymmetry factake(e) for conditions reveal the transient formation of quinonoids with
E-Ser is half that of the internal aldimine (E) for the wild- maximum absorbance at 504 nm with indole (Figure 4C)
type 32 subunit in the presence of Ndi.e., 0.0013/0.0026  and at 510 nm with3-mercaptoethanol as observed previ-
in Table 3), suggesting that the environment of E-Ser is lessously @). These results indicate that indole mercap-
asymmetric or rigid than that of the internal aldimine. Recent toethanol reacts with E-AA to form the quinonoid of
crystallographic studies of the tryptophan synthasg, L-tryptophan (E-Q2 in Scheme 1) or o&-(hydroxyethyl)-
complex revealed that formation of the E-Ser intermediate L-cysteine 8). The quinonoid of -tryptophan is also formed

0
Time (min)
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from L-tryptophan by the reverse reactid@).( We conclude evidence for the proposed mechanism. Unsettled points
that S-mercaptoethanol acts as a cosubstrate, not as anclude whether the attack is by aminoacrylate, as shown,
chemical trapping agent. or by pyruvate, and whether the nitrogen from aminoacrylate
The ratio of the turnover number to the rate of inactivation is present in EI, as shown. Our results (see the text and
(keafkinacy) is the partition ratio, that is, the catalytic turnovers the legend of Figure 5C) show that the enzyme is not
(conversion of substrate to product) per inactivation event inactivated by added pyruvate. It would be desirable to have
(conversion of E to El). The experimental determination  additional support for the identity of-H and the borohydride
of the partition ratio for a mechanism-based inactivator is reduction product El' (see Scheme 2) from crystallographic
useful both as a clue to the chemical nature of the partitioning or mass spectroscopic data. Unfortunately, we have been
and as a key indicator of potential in vivo specificity and unable to obtain suitable crystals of the S3%ZB, complex.
utility (53). The low partition ratios determined here (0-25 Other mutant forms of the tryptophan synthasg, complex
in Table 4) result at least in part from the very low activity (BE109A, SD305N, SF306A, andE350A), which also
of the S377Dn,5, complex (Tables 2 and 4 and Figure 5A). undergo inactivation by this mechanish2), may prove
Our prior finding that the S377,3, complex accumulates  more suitable for crystallography.
a quinonoid intermediate in the reaction e6erine in the The S377D Mutation Weakens Subunit Interactidvihy
presence of Csbut not in the presence of Nandicates do the S377D and S377E mutations dramatically reduce the
that Cs stabilizes a somewhat different conformation of the strength of interaction between theand3 subunits whereas
S377DayfB, complex @). This conformation may be more the S377A mutation does not? The values Kif(o5)
active or may undergo inactivation less readily than the obtained for the S377D and S37%g3. complexes from
conformation that is stabilized by Na Different cations measurements of activity in the cleavage of indole 3-glycerol
affect the extent of inactivation of the wild-tyg subunit phosphated reaction) (15.6 and 30M, respectively, in the
by g-chloro+i-alanine (3). pL-a-Glycerol 3-phosphate may inset in Figure 2) are close to those obtained (7 andN2

reduce the rate of formation of pyruvate and NHBy respectively) from measurements of the effecteagubunit
stabilizing the closed conformation that disfavors {he  concentration on the rate of formation of a tryptophan
elimination reaction12, 34). quinonoid B). The Ky(a3) values of the two mutant

We now ask how the S377D mutation results in inactiva- enzymes are 2560500 times greater than th&(o3) (0.062
tion with a low partition ratio. One possibility is that the M) of the wild-type holoS, subunit and 59 times greater
mutation reduces.y by hindering one of the steps in the than the value of 3.4M> of the apoj; subunit 63). The
conversion of aminoacrylate to pyruvate and {NBcheme Ka(a3) value for the wild-type holg, subunit obtained here
1): either the intramolecular transfer of the hydrogen from (0.062uM) is in close agreement with the value of 0,0W°
C-a.to C43 (54) or the subsequent addition of OHAnother from ref 63.
possibility is that a changed conformation in the S362B, Three-dimensional structures of the tryptophan synthase
complex, as evidenced by the decreased dissymmetry factori,/3, complex reveal that PLP is located at the interface
of E-Ser (Table 3), promotes release of aminoacrylate from between two structural domains of theubunit and interacts
E-AA. It seems likely that the S377D mutation leads to with residues from each domai8, (7). The carbonyl group
mechanism-based inactivation by both reduckg and of PLP forms an internal aldimine with Lys87 in the N
increasing the rate of release of aminoacrylate. domain, whereas the phosphate group of the coenzyme forms

Comparisons of Different Modes of Inagition of PLP hydrogen bonds with several residues in the C domain. The
Enzymes.PLP enzymes have been prime targets for the N-1 of PLP also forms a hydrogen bond with Ser377 in the
design and testing of inhibitors, which operate by several C domain (Figure 1). Thus, PLP forms a bridge between
different types of mechanism-based inhibiti®3); The first the two domains. Our proposa&3) that this interdomain
type of inhibition results in covalent modification of a protein bridge stabilizes the interaction of tifesubunit with thea
residue by a metabolite of the inhibitor. Crystallographic subunit was supported by the results of investigations of a
proof for this sort of inhibition is provided by the structure mutants subunit (K87T) that is unable to form an internal

of trifluoroalanine-inactivated cystathioninglyase 65). aldimine with Lys87. The observation that the S377A
Solution studies provide evidence that halovinyl glycines mutation does not weaken interaction betweencthend
inactivate tryptophan synthasetj and alanine racemasg?j subunits (Figure 2 and inset) indicates that hydrogen bonding

by a covalent mechanism. A second type of inhibition results between the N-1 of PLP and Ser377 is not needed to stabilize
in the formation of a stable PLP derivative without covalent subunit interaction. Thus, the introduction of a negatively
modification of the enzyme. Recent investigations include charged group at position 377 must destabilize subunit
those of the inactivation af-amino acid aminotransferase interaction. The finding that the absorption spectra of the
by b-cycloserine §8), y-aminobutyric acid aminotransferase S377Df, subunit andx,, complex undergo pH-dependent
by L-cycloserine §9), human ornithine aminotransferase by changes provided evidence that the mutant enzymes do form
L-canaline and gabaculiné(@), cystathionines-lyase by a hydrogen bond/salt bridge between the N-1 proton of PLP
L-aminoethoxyvinylglycine 1), and p-amino acid ami- and Asp377 that alters cofactor chemist8).( This salt
notransferase by its natural substrat@lanine 62). In the bridge interaction may change the orientation of the PLP
third type of inactivation, PLP is alkylated by the three- and result in a conformation of th# subunit that does not
carbon suicide substrate (Scheme 10, (L1). In this case, interact well with theot subunit. However, comparisons of
the PLP remains covalently linked to the protein via the lysyl the dissymmetry factorsA/e) (Table 3) discussed above
residue that forms the internal aldimine in the unmodified

enzyme. The identification of the product X released by  svajues ofks(ap) were recalculated from the original data to fit
alkali in this report and in refsl0—13 provides strong  the model in eq 6.
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do not support a difference between the orientations of PLP 31. Kayastha, A. M., Sawa, Y., Nagata, S., Kanzaki, H., and Miles,
in the two mutant enzymes. Consequently, a negatively

the

conformation of thg8 subunit that weaken interaction

with thea subunit. This change in the conformation as well

as the altered cofactor chemistry may also promote mech- 34,

anism-based inactivation by reducirkg, and promoting
release of aminoacrylate.
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