Biochemistry2001,40, 7421-7432 7421

PD305A Mutant of Tryptophan Synthase Shows Strongly Perturbed Allosteric
Regulation and Substrate Specifidity
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ABSTRACT. Substrate channeling in the tryptophan synthase bienzyme is regulated by allosteric interactions.
Allosteric signals are transmitted via a scaffolding of structural elements that includes a monovalent cation-
binding site and salt-bridging interactions between the side chajfasyd 305,5Arg 141,5Lys 167, and

oAsp 56 that appear to modulate the interconversion between open and closed conforfiAspriz05

also interacts with the hydroxyl group of the substnatger in some structures. One possible functional
role for SAsp 305 is to ensure the allosteric transmission that triggers the switchimg-dfmeric units
between open and closed conformations of low and high activity. This work shows that substitution of
PAsp 305 with Ala BD305A) decreases the affinity of thfesite for the substrate-Ser, destabilizes the
enzyme-boundx-aminoacrylate, E(AA), and quinonoid species, E(Q), and changes the nucleophile
specificity of thef-reaction. The altered specificity provides a biosynthetic route for newino acids
derived from substrate analogu@®305A also shows an increased rate of formation of pyruvate upon
reaction withL-Ser relative to the wild-type enzyme. The formation of pyruvate is strongly inhibited by
the binding of benzimidazole to E(A). Upon reaction withL.-Ser and in the presence of tlhesite
substrate analogue.-glycerol phosphate, the Ndorm of SD305A undergoes inactivation via reaction

of nascenti-aminoacrylate with bound PLP. This work establishes important rolegAsp 305 both in

the conformational change between open and closed states that takes plagesitetdering the formation

of the E(A—A) and in substrate binding and recognition.

Substrate channeling in the tryptophan synthase bienzymemediates the condensation betweet$er and indole to
complex is regulated by allosteric interactions transmitted produceL-Trp (5-reaction, Scheme 1).
between thea- and S-sites. These allosteric signals are  The two sites are connected by a 25 A long hydrophobic
triggered by covalent bonding changes in the reacting tunnel 0) that provides the preferred route for the transfer
substrate at thg-site and ligand-binding interactions at the of the common intermediate, indole, from thesite to the
o-site (1—6). Signal transmission occurs via a scaffolding p site, preventing its escape into solutidr-@, 15, 21). The
of structural elements that includes the'&*/Cst mono- indole derived from IGP cleavage at thesite reacts with
valent cation (MVC)-binding site 7—12), a network of L-Ser at thes site to produce-Trp (o3-reaction).
interconnecting salt bridge&@—14), and the loops that fold

down over theo-site @, 15, 16). This signaling modulates IGP== G3P+ indole (-reaction) @
the activities of theo- and 5-subunits, and switches the Indole + L-Ser==L-Trp + H,O (3-reaction)  (2)
and f-sites between open and closed conformatidh(

14, 15). IGP + L-Ser==L-Trp + G3P+ H,O (a3-reaction) (3)

The bacterial tryptophan synthasef, complex is a
bifunctional enzyme that catalyzes the last two steps in the
biosynthesis ofL-tryptophan 17—19) (eqs +3). The
a-subunit catalytic site carries out the cleavage of IGP to L Abbrevial o, native | © trvotooh thase f
H _ : _ H : H reviations: ozp2, native 1orm or tryptopnan syntnase ifrom
indole and G3Pd reactlon). Tha@ subunit catalytlc site Salmonella typhimuriumg, thea subunit;, the 8 subunit;5D305A,

requires the cofactor pyridoxal’phosphate (PLP) that  the mutantin which aspartate 305 of the beta subunit has been replaced
by alanine; E(Ain), the internal aldimine (Schiff base); E(Aex
aldimine intermediates formed between the PLP cofactor and the

The overallog-reaction involves allosteric interactions that
accomplish the coupling of the- andf-reactions, ensuring
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Scheme 1. Reactants, Products, and Intermediates in the Reactig®eofand Indole (thg-Reaction) Catalyzed by the

Tryptophan Synthase Bienzyme Complex
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efficiency for the enzymel( 2, 4, 5, 6, 9—11, 22—27). This
coupling is achieved by a switching af5-subunit pairs from

charge-charge interactions contribute very little to the
energetics of the conformational transitiatB),

an open and less active conformation to a closed and more The available X-ray structures show that PR806

active conformation that prevents the escape of indole.

Formation of E(A-A) at theS-site activates the-site ~27-
fold, while formation of E(Aex) returns thea-site to the
low activity state 2—4). The binding of substrate or substrate
analogues to then-site also generates a change in the
p-reaction activity {—3). The binding of monovalent cations
(MVCs) to an allosteric site on th@g-subunit strongly

assumes different conformations that depend on the size of
the metal ion bound to the MVC site and the covalent state
of the 3-site. These conformational shifts in PA806 are
likely to alter the position ofD305. Both the geometry of
the active site and the ability of Ag805 to form salt bridges
with other residues would be affected.

To investigate the functional roles played by ASRO05,

modulates both the catalytic activity and the integrity of these herein this residue has been converted tala by site-

allosteric triggers&—11).

X-ray structures have been very helpful in the identifica-
tion of residues involved in the transmission of the allosteric
signals. Aspartat@305 is located adjacent to theactive
site and to the metal site. The carbonyl oxygern36B06
provides one of the MVC ligands for the N&*/Cs' site
(12, 16). Asp 3305 appears to occupy a pivotal position with

directed mutagenesis and the mutant enzyme has been
subjected to a detailed mechanistic investigation. It will be
shown that the smaller size and hydrophobic properties of
the Ala side chain cause drastic changes in the catalytic
behavior and substrate specificity of tryptophan synthase.

MATERIALS AND METHODS

respect to the conformational transition between open and Materials. L-Ser, benzimidazole, indole, and GP were

closed states. Depending on thsite ligation state, thg-site
covalent state, and the MVC bound to the'N&*/Cs" site,
the carboxylate gfD305 forms either a salt bridge (K167,

a H-bond to the hydroxyl of the E(Agkintermediate, a salt
bridge tofR141, or is exposed to solvent. The interaction
betweensD305 andfR141 appears to lock th&-subunit
into a conformation that blocks the entrance of theite
and, therefore, appears to play a critically important role in
regulating access to and from tfesite. Consequently, Asp
305 is part of the salt bridge-switching relay that involves
Aspa56—Lys 5167, Lysf3167—Asp 3305, and Asgp305—

Arg 141, This system of alternating salt bridges links the
oo andp sites, and is believed to form part of the scaffolding
that transmits the allosteric signal. Although the X-ray

purchased from Sigma. Phenylhydrazine, methoxylamine,
N-methylhydroxylamine, indoline, 2,3 diamino propionic
acid, and triethanolamine were purchased from Aldrich.
Aniline was purchased from Mallinckrodt and-fH]L-Ser
from Cambridge Isotope Laboratories. Indoline was purified
as previously describe®), IGP was synthesized as previ-
ously described28). After lyophylization, the remaining
NH4" ions were removed using an A-25 anion exchange
column in the H-form. Metal-free a-glycerol-phosphate
(GP) was prepared from the disodium salt by repetitively
running a solution of this compound over an ion-exchange
column in the H-form.

Purification of wild-type and mutant forms of the tryp-
tophan synthase fronsalmonella typhimuriunwas per-

structures show salt bridging among these residues, the facformed as previously describe@9). The SD305A mutant

that substitution of Asn for Asp g¢305 has minor effects
on the catalytic and regulatory propertiesogf, indicates
that the LyspB167—Asp 305 and AspB305—-Arg 141

was prepared using the expression vector pEBA-10 as the
template for quick and convenient mutagenesis by megaprim-
er PCR 80), using the D305A primer'8A CGC ATG CTG
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CGG CCC AAC GGA CGG GAA AGC GAG CCC GGC  ments were performed as previously described at 28 C
G-3 (which contains arSpH restriction site, GC ATG C) in 50 mM, pH 7.8, TEA buffer 3—37). In each RSSF
and the primer PE73Q) (which contains aBglll restriction experiment, a set of 25 scans was collected. Two different
site) for one round of PCR catalyzed by Pfu DNA poly- timing sequences were used. Timing sequence 1=@)54
merase. The PCR fragment was purified and blunt-end ms, (2)= 17.09 ms, (3= 25.63 ms, (4= 34.18 ms, (5=
inserted into the linearized pGEM-5zf] vector (Promega).  42.72 ms, (6)= 59.81 ms, (8= 93.98 ms, (10}~ 0.1282
The linearized pGEM-5zf() was prepared by digestion with s, (15)= 0.3845 s, (205 0.8544 s, (25} 1.7088 s. Timing
EcoRV to produce blunt-ends, and was dephosphorylatedsequence 2: (1¥ 8.54 ms, (2)= 17.09 ms, (3= 25.63
with alkaline phosphatase to suppress self-ligation and ms, (4)= 34.18 ms, (5= 42.72 ms, (6)= 76.90 ms, (8~
circularization. After confirmation of the mutation by DNA  0.1452 s, (10} 0.2136 s, (15 0.6408 s, (20)= 1.7088
sequencing, the inserted DNA fragment was liberated with s, (25)= 4.2720 s.

Bglll and Sph and then ligated into the original parent  The rapid formation and decay of E(A@was followed
plasmid (PEBA-10) which had also been digested gl by measuring the envelope of fluorescence emission provided
andSpH. Growth of theEscherichia colihost strain CB149 by cutoff filters ¢lex = 420 nm) B5). The fluorescence time
(28) harboring the mutant forms of plasmid pEBA-10 that courses were fitted by nonlinear least-squares regression

express thé& typhimuriuntryptophan synthase;, complex  analysis to a sum of exponentials according to the following
and purification of the mutant;8; complex were as  gq 38:

described 29—-31). Enzyme preparations were dialyzed

against metal-free TEA buffer at pH 7.8 to remove any _ =

monovalent metal ions and stored in the same buffer. All Fe=Fo + Zi R exp(tr)

the reactions were performed at 25 2° C in 50 mM _ . . .

triethanolamine (TEA) buffer adjusted to 7.8 with HCI. where F, is the fluorescence at timg F. is the final
UV—Vis Absorbance Measuremengtatic UV—vis ab- fluorescencek is the fluorescence due to tith relaxation,

sorbance spectra and activity measurements were performet‘]md 11.“ corresponds to the observed rate for the

on a Hewlett-Packard 8452A diode array spectrophotometer rélaxation.

at 25+ 2° C in 50 mM, pH 7.8, TEA buffer. To measure  Analysis of stopped-flow fluorescence and BVis ab-

the activity of thea-, 8-, andoS-reactions, the absorbance sorption time courses were performed using the software

at 290 nm was recorded after mixing the enzyme with the Peakfit (version 4, Jandel Scientific) and Sigmaplot (version

appropriate substrates and effectors. Theeaction was 4, SPSS).

followed measuring the decrease in absorbance due to the

cleavage of IGP to indole and G3RA{ = —1.39 mM RESULTS

cmY) (32). The f-reaction was followed measuring the

increase in absorbance due to the conversion of indole to S
L-Trp (Ae = 1.89 mM-t cmi-3). The overall3-reaction was spectroscopy and rapid kinetic measurements were performed
- o . to investigate the altered catalytic behavior of the mutant.
followed measuring the increase in absorbance due to the ; . : .
g Reactions at the- andj-sites with and without MVCs and

conversion of IGP ta-Trp (Ac = 0.56 mM * cm™). the a-subunit-specific ligand GP were compared with the
The S-activity for the reactions with the indole substrate behavior of the wild-type enzyme. Static and kinetic GV

analogues, indoline, and aniline, was measured by following vis spectroscopy was also utilized to monitor the reaction
th rban han t 302 nm using either= 1. ' . . .
e absorbance change at 30 using eitie " of SD305A with L-Ser and with various nucleophilic

mM ¥ cm* or Ae = 1.0 mM ¢ for the indoline and analogues of indole to produce newamino acids
aniline reactions, respectively. Corrections were made for 9 P '

the production of pyruvate by following the absorbance time ~ Static UV-Vis Absorbance Measurements. (i) Pyate
courses at both 340 and 350 nm. Formation.The reaction ofD305A with 40 mML-Ser was

UV—Vis Titration StudiesTitrations of the wild-type and followed for 20 m, either without allosteric effector or in
BD305A mutant enzymes with-Ser were performed to  the presence of 50 mM Nff or 100 mM Cs at pH 7.8.
determine the apparent dissociation constants for {8er Under these conditions, there is a large increase in absorbance
reaction. Measurements were carried out in the presence ofn the 320 nm region during reaction (Figure 1). These
benzimidazole (BZI) to inhibit the production of pyruvate Spectral changes result from a remarkably high rate of
(an unwanted side reaction) and also to stabilize -EAA production of pyruvate, the consequence of a well-known
as the complex with BZI at 2% 2° C in 50 mM pH TEA tryptophan synthase side reaction (see Scheme 2). The
buffer. The appearance of the E{AA) species was followed  corresponding reaction in the wild-type enzyme is 15-fold
at 350 nm. slower under the same conditions.

Plots of the titration data were fitted to the following (i) Covalent Inactvation. In the presence of GP alone,
equation: A = [L-Ser](A. — Ao)/(Kp,app+ [L-Ser]), whereA or with GP and MVCs, the mutant enzyme undergoes
is the observed absorbanc&, is the absorbance value inactivation and the PLP absorbance at 412 nm disappears
extrapolated to infinitel[-Ser], andA, is the absorbance at  (Figure 1). The same behavior, but on a slower time scale,
time zero. Since the appearance of E() involves both is seen in the presence of NaCl. At the end of the reaction,
binding and chemical steps, the measured values gaveshifting the pH to a value of 13, gives a spectrum with an
apparent dissociation constari{s,,,, The same method was absorption band at 424 nm. This spectral change is charac-
used to investigate MVC effects. teristic of a chemical reaction that was first proposed for

Rapid-Scanning Stopped-Flow and Singlez@langth the mechanism-based inactivation of aspartate aminotrans-
Stopped-Flow Measurement®SSF and SWSF measure- ferase and glutamate decarboxyla38, @0) (Scheme 2C).

To explore the effects of th8D305A mutation, UV-vis
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Scheme 2. Reaction Schemes Showing Proposed Mechanisms for the Formation of Pyruvate from-thel&gkmediate (A
and B), and the Proposed Pathway for the Covalent ReactionAvhinoacrylate with E(Ain) (C)
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Ficure 1: Spectra showing the changes that occur during the
reaction of 10uM SD305A (0;32) mutant enzyme with 40 mM
L-Ser (A), in the presence of 50 mM NdI (B); 100 mM NaCl

0.
350 400 450 500 550
Wavelength (nm)

350 400 450 500 550
Wavelength (nm)

(C); or 50 mM GP (D). Reaction was followed for 20 m with spectra  Figyre 2: Static UV-vis spectra comparing the reaction of wild-
recorded at 0, 1, 3, 5, 10, and 20 m. Spectra were measured at 23yne and3D305A mutant enzymes (eachuiM ayf,) with 40 mM
+ 2° Cin 50 mM, pH 7.8, TEA buffer. L-Ser (A, C) and 4.5 mM indoline (B, D). The reactions were
performed in the absence of effectors, and in the presence of 100
This type of inactivation has also been demonstrated for mM NaCl; 50 mM NH,CI; 50 mM GP; 100 mM NaCl and 50 mM
several mutant forms of tryptophan synthase including GP; or 100 mM CsCl, all at 2& 2° C in 50 mM, pH 7.8, TEA
SD305N andfS377D 61, 42). it;]ugﬁ%esrpectrumxzﬂz. 7 uM BD305A or wild-type mutant enzyme
(iii) Time-Resoded Spectra.In Figure 2 the spectral '
changes that occur with and without allosteric effector are of pyruvate,L-Ser was added at the last moment and spectra
shown, both in the reaction of tHi#>305A mutant with.-Ser were recorded within a few seconds after mixing. Figure 2
(panel C) and in the reaction withSer and indoline (panel  also shows the same reactions for the wild-type enzyme
D). To avoid absorbance contributions due to the formation (panels A and B).
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Table B
reaction activity (5%)
o s of oflo
effectors wild-type SD305A wild-type SD305A wild-type SD305A wild-type SD305A
none 0.3 0.44 1.6 0.88 0.3 0.3 1 0.7
Nat 0.1 0.30 7.4 0.40 3 0.04 30 0.1
K+ 0.1 0.28 11 0.80 2.6 0.28 26 1
NH4* 0.05 0.30 13 5.0 2 2.9 40 9
Cs' 0.07 0.30 14 7.8 3.8 31 54 10
GP 0.4 0.54
Na" + GP 2.9 0.56
NH,* + GP 1.4 1.6

aReaction conditions: [enzyme} 0.5 uM; a-reaction: [IGP]= 0.2 mM. S-reaction: [-Ser]= 40 mM, [indole]= 0.2 mM. a3-reaction:
[L-Ser]= 40 mM, [IGP]= 0.2 mM. Effector concentrations: [NaG# 100 mM; [KCI] = 100 mM; [NH,CI] = 50 mM; [CsCI]= 100 mM; [GP]
= 50 mM. All reactions were measured at 252° C in 50 mM, pH 7.8, TEA buffer. Error limits were estimated to £1&0%.

The distributions of intermediates formed at equilibrium & STa B 4C K'Y Nat
are significantly different from those of the wild-type §5 . Ka* K* [/ cet Na* K /,/"“‘—:A*—:‘
enzyme. In the wild-type system, the presence of, Gki,", g 4 AGLLY / E— @
GP, GP plus N, or without effectors drives the distribution & M” No NH&T [/ 7
in favor of E(A—A), while Na" gives comparable amounts g 2l “Nomve [ mvc 'NH4
of E(Aex) and E(A-A) (8—10, 13, 43). In the SD305A '00 01 02 0300 01 02 0300 01 02 03
mutant,L-Ser reacts in the presence of C8lH;*, GP, GP Time (s) Time (s) Time (s)

plus Na, or without effectors, to give a distribution
consisting of comparable amounts of E{A) and E(Aex),
while Na" shifts the equilibrium strongly in favor of E(Agx

The reaction of wild-type enzyme with-Ser and the
analogue indoline gives a quasi-stable quinonoid, E{£),
resulting from the nucleophilic attack of the indoline N-1
on thep-C of the E(A-A) intermediate. In the wild-type
system, this quinonoid is strongly stabilized by*Nar the
combination of Na and GP, while in the absence of MVCs,
in the presence of NH, or in the presence of MVC-free
GP, the predominating species is E{A) (9—11, 13). The
accumulation of E(Qoline IS greatly impaired in thD305A
mutant; only C$ gives a substantial amount of E{Qiine,
Na" gives no detectable amount of quinonoid, and all the
other effectors give only small amounts of the quinonoid.

Steady-State Actities for the Reactions Catalyzed by the
Wild-Type andSD305A Bienzyme ComplexeSable 1
summarizes the rates for the reactions of |@Pdaction),
L-Ser plus indole £ reaction) andL-Ser plus IGP ¢p
reaction) with the mutant and with the wild-type enzyme.
The rate of thex-subunit-catalyzed cleavage of IGP to indole
and G3P is slightly greater for the mutant than for the wild-

Ficure 3: Fluorescence stopped-flow time courses are shown for
the reactions of 1M o3, SD305A mutant in one syringe and
40 mM L-Ser (A); 40 mML-Ser and 0.5 mM indole (B); or 40
mM L-Ser and 0.5 mM IGP (C) in the other syringe. Conditions:
[NaCl] = 100 mM; [KCI] = 100 mM; [NH,CI] = 50 mM; [CsCI]

= 100 mM, at 25+ 2° C in 50 mM, pH 7.8, TEA buffer. Identical
MVC concentrations were loaded in each syringe.

The data in Table 1 show that both GP binding and the
combination of N& and GP suppress the activity of the
mutant enzyme. These activities likely are influenced by both
the allosteric effects of Naand GP and by the covalent
inactivation of the enzyme. The ratio of the/o activities
(Table 1) shows that-Ser bound to th@-site of the mutant
enzyme stimulates the rate of thereaction only in the
presence of Nkt and Cs. The MVC-free and the Naforms
exhibit a ratio of then to a activities @S/a) less than 1,
while the wild-type enzyme gives a value of27 (3, 4).

This ratio measures the activation of thesite by L-Ser
reaction at thes-site.

Stopped-Flow Fluorescence Measuremefitse E(Aex)
intermediate is the only species in the tryptophan synthase
pathway that gives a strong fluorescence signal. Using a 420

type enzyme, and the rates are essentially unaffected by thenm excitation wavelength, the fluorescence emission signal

MVCs.

The mutation does not affect the rate of @g-reaction
in the absence of effectors (Table 1).™Nstrongly inhibits
this reaction, whereas thetiéorm shows the same activity
seen in the MVC-free mutant (a value that is 10-fold less
than the activity of the wild-type Kform). Both NH," and
Cs' show a significant activation of the mutant enzyme
system that brings the rate of production_efrp to the level
of the wild-type enzyme reaction.

In the absence of MVCs and GP, tAectivity is 55% of
the wild-type form. Again, N& inhibits, Kt does not show
any remarkable effect, and NHor Cs" stimulate. These

provides an uncomplicated measure of the formation and
decay of E(Aex) (Figure 3). Table 2 shows the relaxation
rate constants and amplitudes for the formation and decay
of the E(Aex) species in the following reactions: stage | of
the -reaction (reaction of-Ser), theS-reaction (reaction

of L-Ser plus indole), the3-reaction (reaction af-Ser plus
IGP) both for the wild-type and for th8D305A mutant
forms of tryptophan synthase.

In the reaction with.-Ser in the presence of Nar K,
the SD305A system gives rates for the formation of E(Aex
that are much slower than those of the wild-type enzyme,
and unlike the wild-type system, no decay is detected.

data establish that, as the MVC size increases, the rate ofWithout MVCs and in the presence of WHor Cs', a slow

the S reaction also increases for both wild-type g#iaB05A
mutant enzymes.

decay phase is seen. hishows the fastest rate of E(Agx
formation, whereas Gsshows the fastest rate of decay.
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Table 2
Tryptophan Synthas¢ L-Serine (stage | of thg-reaction)
no MVCs Na K+ NH,* Cs"

1z (sY) WT SD305A WT SD305A WT SD305A WT BD305A WT SD305A
1/r1 (up) 200 60 900 60 660 60 420 240 250 100
1/t (up) 50-100
1/r3 (down) 21 1.7 7 20 90 7.6 70 8.0
Ad/Azor Ag 0.8 0.5 0.7 1.3 0.6 1.2

Tryptophan Synthas¢ L-Serine+ Indole (the OveralB-reaction)
no MVCs Na K+ NH4* Cs'

1 (sY WT SD305A WT SD305A WT SD305A WT SD305A WT SD305A
1/z1 (up) 210 46 900 53 600 70 350 250 200 120
1/, (up) 50-100
1/r3 (down) 0.5 30 100 30 85 20
Aq/Azor Az 1 0.6 0.8 5.2 0.8 7.4

Tryptophan Synthase L-Serine+ IGP (theo3-reaction)
no MVCs Na K+ NH* Cs"

1l (sh) WT SD305A WT BD305A WT SD305A WT SD305A WT SD305A
1/z1 (up) 250 52 650 64 680 80 480 260 350 120
1/, (down) 25 0.6 20 25 0.2 85 10 70 15
AJA 0.8 1.6 0.5 0.4 21 0.6 15 0.6 15

a Relaxation rate constants and amplitudes are taken from data collected under the conditions shown in Figure 3. Rates calculated from increasing

fluorescence are indicated as (up), rates calculated from decreasing fluorescence are indicated as (down). Error limits are estichat®d.to be

WhenL-Ser and indole are mixed with the enzyme, the Table 3: Primary Kinetic Isotope Effects for tifiereaction

rates for the formation of E(Aex are not affected by the

Activities of Wild-Type andSD305A Mutant Enzyme

presence of indole in either the mutant or the wild-type
enzyme. The presence of indole and Nidr Cs' increases
the decay rate by 3-fold. Without MVCs or in the presence

activities (s1)

of Na', no decay phase is seen for either fi¥805A mutant
or the wild-type enzyme.

In the reactions with.-Ser and IGP, again the rates of
E(Aex,) formation are very similar to the rates obtained with
L-Ser alone. The reaction of wild-type enzyme with IGP

wild-type SD305A
effectors L-Ser o-?H-L-Ser KIE L-Ser o-?H-L-Ser KIE
none 2.0 1.8 1.1 0.88 0.28 3.1
Na*© 8.0 1.5 53 0.40 0.08 5.0
K+ 12 4 3 0.80 0.14 5.7
NH4" 10.3 7.9 1.2 5.0 0.8 6.2
Cs™ 14 7.8 1.8 4.3

exhibits large amplitudes for the decay phase, both in the
presence of Naand in the absence of MVCs. Under the

same conditions, the mutant system does not show a decafn
process. With IGP, the Kform of the mutant enzyme shows

a Conditions for the reactions: [enzyme]0.5uM, [L-Ser ora-?H-

L-Ser]= 40 mM, [indole]= 0.2 mM. Effector concentrations: [NaCl]

100 mM; [KCI] = 100 mM; [NH,CI] = 50 mM; [CsCI] = 100
M; or [GP] = 50 mM, all at 25+ 2° C in 50 mM, pH 7.8, TEA

buffer. Error limits were estimated to kel0%.

a very slow decay phase that was not detected in the reaction
of the K form with eitherL-Ser or with.-Ser and indole.

smallest KIE (3.1), whereas the MVC-bound forms show

Rapid Scanning Stopped-Flow Studies (data not shown).larger isotopic effects ranging from 5.0 to 6.2. The wild-

The reaction 0ffD305A with L-Ser in the presence of NH
Cst, or without MVCs exhibits a rapid formation of E(Agx
With NH4*, the decay phase yields an equilibrium mixture
dominated by E(Aey and E(A-A). In the presence of K

K

type enzyme exhibits significant KIEs only with Nand

* (respectively 5.0 and 3.0).
Reaction of the D305A Mutant with Indole Analogues and

Other Nucleophiles in the Presence of Cs&lhce C$ was

the E(Aex) species is stabilized, and the system undergoesfound to give the largest effect, both on theactivity and

no further reaction.
Reaction of IGP with the Nkf-, Cs™-, and MVCs-free

on E(Q) stabilization in thggD305A mutant system, all of
the analogue investigations described below were performed

forms of the mutant enzyme gives time courses for the in the presence of 100 mM CsCI. Figure 4 shows-tks

formation and decay of E(Aekthat are unaffected by the
presence of substrate in thesite. K" stabilizes the E(Aey

spectra collected during the reactions of the wild-type and
the D305A mutant enzymes withrSer and with various

species. The RSSF spectra are in agreement with the resultaiucleophiles in the presence of 100 mM'Gsr a period of
obtained in the stopped-flow fluorescence measurements (se€0 m.

Figure 3).

Kinetic Isotopic Effects for @ Deprotonation Deuterium
isotope effects resulting from the substitution?bif for *H
at C-a of L-Ser in theg-reaction were determined for the
SD305A mutant enzyme. The results are summarized andE

(i) Benzimidazole (BZI)Reaction of this indole analogue

in the wild-type system has been previously studigd2(
44). This compound binds (and stabilizes) but does not react
covalently with the E(A-A) species. BZI also binds to the

(A—A) form of the D305A mutant. Formation of the BZI

compared with data for the wild-type enzyme in Table 3. In complex almost completely inhibits the production of pyru-
the mutant enzyme system, the MVC-free form has the vate (Figure 4, panels A and B).
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FiGUuRE 4: Spectra comparing the changes that occur during the
reaction of wild-type andD305A mutant enzymes with-Ser 40

mM and 5 mM benzimidazole (A, B); 5 mM methoxylamine (C,
D); 5 mM N-methylhydroxylamine (E, F); 5 mM phenylhydrazine
(G, H); 5 mM indoline (I, J), or 5 mM aniline (K, L) all in the
presence of 100 mM CsCl, all at 26 2° C in 50 mM, pH 7.8,
TEA buffer. Enzyme concentrations are 50 M. Reactions were
followed for 30 m. Spectra were taken at 0, 1, 3, 5, 10, and 30 m.

(ii) Indoline. The reaction of the wild-type enzyme with
L-Ser and indoline to produce the new amino acid, dihy-
droisot-tryptophan (DIT), has been extensively studiad (
13, 15, 21, 24, 44). DIT has a UV-vis spectrum that is
almost identical in shape to indoline but red shifted by 10
nm.

The reaction of -Ser and indoline both witfD305A and
with the wild-type enzyme in the presence oftf@wer a 30
m interval is shown in Figures 5, panels | and J. Upon
completion of reaction, DIT was purified as previously
described44). The UV—vis spectrum of the isolated product
was found to be identical to the DIT UWis spectrum
previously published44).

Reaction of 20 mM.-Ser, 2 mM indoline, and &AM a,02
D305A mutant enzyme in the presence of 100 mM @ises
a value for theS-activity of 1.4 st and a yield of~80%.
This activity is only 2.7-fold lower than the value found for

Biochemistry, Vol. 40, No. 25, 20017427

significant decay of the quinonoid. The half-life for decay
was found to be approximately 30 m (Figure 4, panels K
and L).

After reaction with the mutant enzyme was complete, the
product was purified using the same procedure utilized for
DIT. The isolated product gave a spectrum similar to the
spectrum of aniline, but red-shifted by 10. The mass spectrum
for the purified sample gave a value for M 1 = 181, a
value consistent with the molecular weight expectegbfdi-
anilino+-Ala, the anticipated product from the reaction
between.-Ser and aniline.

,COOH
NH—CH,—CH|
NH,

Reaction of 20 mM.-Ser with 1.5 mM aniline catalyzed
by 1 uM o3, D305A mutant enzyme in the presence of
100 mM Cs gave aB-activity of 0.15 s* and a yield of
~30%. Under the same conditions, the wild-type enzyme
does not produce detectable amountg-®f-anilino-L-Ala.

(iv) Methoxylamineln the presence af-Ser, methoxy-
lamine O-methylhydroxylamine) reacts with the wild-type
enzyme to produce a quinonoid species that is stable for at
least half an hour]( 21). With the 5)D305A mutant enzyme,
the amount of quinonoid that accumulates is smaller and this
transient species completely disappears after 30 m (Figure
4, panels C and D). To determine if a new amino acid is
produced in this reaction, separation of the products by thin-
layer chromatography (TLC) using silica gel plates detected
two ninhydrin-positive compounds. One corresponds to
unreacted.-Ser, and the other appears to be a new amino
acid obtained from the condensation.eSer and methoxy-
lamine.

(v) N-MethylhydroxylamineAgain, with the SD305A
mutant there is less accumulation of the quinonoid species
than with the wild-type enzyme, and the decay of this species
is almost complete after 30 m. In the wild-type system
(1, 21), the amount of quinonoid formed is almost twice that
in the mutant enzyme, and, after half an hour, only a small
amount of decay is seen (Figure 4, panels E and F). TLC
and ninhydrin staining also gave evidence for the presence
of a new amino acid.

(vi) Phenylhydrazine.This compound reacts with the
E(A—A) species of the wild-type enzyme to form a quinon-
oid species that is stable for 30 ri, 21). In the S/D305A
system, instead, there is a rapid decay of the quinonoid that
is complete in 30 m (Figure 4, panels G and H). The decay
of the quinonoid is accompanied by large spectral changes
in the region below 430 nm. Closer investigation of the
reaction shows that the spectral changes below 430 nm
primarily are due to the reaction of excess phenylhydrazine

the natural substrate, indole, under the same conditions. Inwith the pyruvate derived from the side reaction, giving the
contrast, the wild-type enzyme has an activity under the samephenylhydrazone of pyruvate. Because this reaction domi-

conditions that is 14-fold smaller (0.1%.

nates the UV-vis spectrum, we were unable to determine

(iiiy Aniline. The UV—vis spectra obtained for the reactions from difference spectra whether phenylhydrazine also reacts

of the wild-type and the D305A mutant enzymes witSer
and aniline in the presence of 100 mM'Gshow remarkably
different behavior. The wild-type enzyme reacts to produce

a quinonoid that is stable for greater than 30 m. The amount

of quinonoid formed with the mutant is comparable to the
wild-type enzyme but, in this case, the quinonoid is a
transient species; the spectrum takenrdfts already shows

to produce the corresponding amino acid. Evidence for a
new amino acid from TLC and ninhydrin staining was
inconclusive.

L-Ser Titration. Benzimidazole stabilizes the E{#A)
species in both wild-type and D305A mutant forms of
tryptophan synthasel(23) and almost completely inhibits
the production of pyruvate in the mutant enzyme. This
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Ficure 5: Comparison of the titrations of wild-type app305A
mutant enzymes (each 30M) with L-Ser in the presence of 100
mM CsCl and 5 mM benzimidazole (A) or 5 mM benzimidazole
only (B) at 25+ 2° C in 50 mM, pH 7.8, TEA buffer. The line
drawn through the data points is the best fit to the equatien
[L-SerAw — Ao)/(Kpapp + [L-Ser]), whereA is the observed
absorbance ané., and Ay are the absorbance values when the
[L-Ser] ise and 0, respectively.

Table 4: Apparent Dissociation Constaris, s, from the Titration
of Wild-Type andD305A Mutant Enzyme with.-Ser.

benzimidazole CsCl Kp,app

enzyme (mM) (mM) (mM)
wild-type 0.074
100 0.044

5 0.023
5 100 0.011

SD305A 5 0.80

5 100 0.18

@ Data were collected under the conditions showed in Figure 5. The
data were fitted to the equatidy—= [L-Ser](A. — Ao)/(Kp,app+ [L-Ser]),
whereA is the absorbance ard, andA, are the absorbance when the
[L-Ser] is« and 0, respectively.

inhibition of pyruvate formation made possible the titration
of D305A with L-Ser to give the benzimidazole complex of
E(A—A). Figure 5 shows the titration isotherms. TKg app
values reported in Table 4 were calculated by fitting the
titration curves with the equatioA = [L-Ser]A. — Ao)/
(Kp,appt [L-Ser]), whereA is the absorbance amd, andAg
are the absorbance values when theSgr] is « and O,
respectively. In the absence of MVCs, the appat&hiyp
for the D305A mutant is almost 40 times larger than for the
wild-type enzyme. After addition of 100 mM CstheKp app
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FIGURE 6: Spectra showing the changes that occur during the
reaction of wild-type (A) anggD305A mutant (B) enzymes (each
10uM oyf32) with 40 mM 2,3-diaminopropionic acid in the presence
of 100 mM CsCl, and reaction of 10M a,5, SD305A mutant
enzyme with 200 mM 2,3-diaminopropionic acid in the presence
of 100 mM CsCI (C) at 25 2° C in 50 mM, pH 7.8, TEA buffer.
Reaction was followed for 10 m. Spectra were recorded at 0, 1, 2,
5, and 10 m.

it appears that the affinity of the mutant enzyme for DAPA
is very low and the fraction of enzyme sites converted to
E(A—A) is small.

DISCUSSION

Intermediate Formation, Salt Bridging Interactions, and
Subunit ConformationThe X-ray structures of tryptophan
synthase are critically important for identifying residues with
potential roles in catalysis and allosteric regulation. These
structures show tha@iD305 is placed at the junction between
theS active site and the MVC site (Figure 7A). In the refined
structure of the Naform of E(Ain) (PDB file 1BKS), the
side chain offK167 is assigned two orientations, one gives
a salt bridge with3D305, the other witluD56. In the latter
conformation, the side chain ¢giD305 is rotated to an
alternative position where it makes no bonding interactions
with the protein, but, instead, is solvent exposed and

value for the wild-type enzyme decreased by 2-fold, and the _ponded to a water molecule. In the Kind Cs forms of

Kp.app fOr the mutant form decreased by 4-fold.

Reaction with the-Ser Analogue 2,8sL-Diaminopropi-
onic Acid (DAPA) Figure 6 shows the spectral changes that
occur over the first 10 m during the reactions of the wild-
type and D305A mutant enzymes with DAPA. Upon reaction
with 40 mM DAPA, the wild-type enzyme exhibits spectral
changes characteristic of E{AA) formation (a decrease in
the 412 nm band and an increase in the 350 nm band).

Under the same conditions, tF®305A mutant enzyme,

E(Ain), SK167 forms salt bridging interactions withD56,
and againsD305 is solvent exposed. The structure of the
Na" complex of E(Aex) formed with theSK87T mutant
(PDB file 1UBS) (16) reveals that the carboxylate D305

is located within H-bonding distance of the hydroxyl group
of the bound.-Ser moiety. Thes-site appears only partially
closed in this structure, while the-subunit has the open
conformation. In the structures of the Nforms of E(Aex)
with either IPP (file 2TRS) 16) or GP (PDB file 2TSY)

shows no spectral changes. The small increases in the(16) bound to thea-site, fD305 forms salt bridges with
absorbance at 36850 nm present in Figure 6B are due to SR141, and the conformations of tle and-subunits are

the free form of the -Ser analogue. When the concentration
of DAPA was increased from 40 to 200 mM, the 488650

closed. The Na form of E(Aex) (PDB file 2TYS) (16)
shows a salt bridge betwegtD305 andfR141, and the

nm region shows changes indicating some formation of 5-subunit conformation appears to be closed. Thus, formation
E(A—A), and the 320 nm region shows increased absorbanceof the SD3054R141 salt bridge blocks entry into tifesite
due to the slow formation of pyruvate. Since the absorbanceand appears critically important for the transition to the closed

at 412 nm characteristic of E(Ain) is essentially unchanged,

conformation.
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chain termini are oriented in opposite directions and separated
by 5.56 A (Figure 7A). In the K and Cg forms of E(Ain)
(PDB files 1TTQ and 1TTP)1?2), these side chains are
separated by 11.2 and 13.2 A, respectively, and the protein
has the open conformation. In structures where dkste

has a bound ligand and a closed conformation, ang-tiee

has an open conformation (PDB files 1A50, 1C29, 1C8V,
1C9D, 1CW?2) 45, 46), the D305 carboxylate and the
BR141 guanidium group are typically 5:8.45 A apart.
Thus, the formation of the salt bridge betweg&b305 and
PR141 appears to coincide with, and be obligatory for, the
conversion of thes-subunit from the open to the closed
conformation.

The carbonyl oxygen gfPhe 306, the residue following
BAsp 305, provides one of the ligands for the monovalent
. G , cation metal site{2). The flat hydrophobic surface of the
BPhe 306 . S aromatic ring of this side chain likely makes van der Waals

contact with the indole ring during the reaction of indole
with the E(A—A). As shown in Figure 7B, this interaction
occurs in the structure of the E(Agxntermediate formed
with the K87T mutant (PDB code 2TYS})?).

Mechanistic Implications of Pyuate Formation.In the
absence of MVCs and in the presence of Nldr Cs" (data
not shown), the reaction of th#D305A mutant withL-Ser
gives spectral changes that are dominated by the production
of pyruvate (Figure 1). In contrast, when the wild-type

enzyme reacts under the same conditions, only traces of
(C) pyruvate are detected.
BPhe 306 Na* PLP The formation of pyruvate has its origins in a tryptophan

synthase side reaction that involves deamination of the
o-aminoacrylate Schiff base to pyruvate and ammo#i& (
48). Scheme 2, mechanisms A and B, show two possible
mechanisms for pyruvate formation that are consistent with
PAsp 305 the finding of Tsai et al.47) that a hydrogen is stereospe-
cifically transferred to the C-3 of pyruvate in the tryptophan
synthases,-mediated conversion afSer to pyruvate. This
finding implies the proton transfer to the C-3 methyl group
PArg 141 occurs while it is still attached to the enzymé8). In
FIGURE 7: Comparison of3-site structural details for the internal mechanism A, water adds across the aminoacrylate double
aldimine (A), E(Ain), and the-Trp external aldimine (B), E(AeX bond to generate the methyl group and form a tetrahedral
formed with the8K87T mutant. The superimposed sites are shown zqquct at Ca. ThenpLys 87 attacks the Schiff base linkage

in (C). The structures shown in panels (A) and (B) consist of the .
pyridoxal phosphate ring system (PLP, in CPK colgissite amino of the tetrahedral adduct, the adduct is released, and then

acid residues 302306 and3Arg 141 (shown as ball-and-sticks in ~ converted to pyruvate and ammonia. In mechanisiilB's
CPK colors), and Na(yellow ball) bound to the monovalent cation 87 makes a nucleophilic attack on the E{A) Schiff base

site. The distances separating the carboxylatg@805 and the  linkage to form a gem diamine at C-ds a proton is added
guanidium group ofiR161 are also shown. Panel C presents the 1, .8 This pyruvate ketimine is then transformed to E(Ain)

superimposed structures with E(Ain) in thin black wireframe, L .
E(Aex) in thick black wireframe, and Naas a black ball. In the ~~ @nd the imine of pyruvate. Hydrolysis of the protonated

closed structure of E(AeX (B), BAsp 305 andBArg 141 form a pyruvate imine in solution then yields pyruvate and ammonia.
H-bonded salt bridge (black line), and the indole ring of E(ex  Assuming that thexD305A mutant behaves similarly, then
makes van der Waals contact with the ring/tithe 306. In the  the findings of Tsai et al47) rule out a mechanism involving
open structure of E(Ainf}Asp 305 aniArg 141 are too far apart  1he release ofi-aminoacrylate via the nucleophilic attack

to form a salt bridge. The superimposed structures (C) show that . .
the fPhe 306 ring is displaced upon formation of E(AexThe of fLys 87, followed by the nonenzymatic hydrolysis of

two structures were superimposed by aligning as closely as possiblec-aminoacrylate to pyruvate.
the Na" ions and thex-subunits (not shown) of the two structures. In the SD305A mutant, the Ala side chain methyl group

The E(Ain) structure was taken from PDB file 1BKS, the E(8ex  is unable to fulfill the requirements for salt bridge formation
structure was taken from PDB file 2TYS6). with eitherArg 141 orffLys167, and its smaller size makes
Salt bridging betweefiD305 and3R141 with H-bonding it very likely that theS-site in the mutant enzyme is always
between the Asp carboxylate and the Arg guanidinium group solvent accessible regardless of the protein conformation.
is found in essentially all of the structures with closed or The fact that, in the presence of BZI, pyruvate formation is
partially closeds-subunit conformations (Figure 7B). This almost completely inhibited implies that BZI binding stabi-
salt bridge does not occur in the Néorm of E(Ain) (the lizes aB-site conformation that provides steric protection of
open conformation, PDB file 1BKS), indeed, the two side the o-aminoacrylate Schiff base. Owing to the structural
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similarity of indole to BZI, it seems likely that the conforma- unfavorable reaction equilibrium in stage | for formation of
tion of the (BZI)E(A—A) complex is essentially identical to  E(A—A).

the reactive (indole)E(AA) complex, thus rendering the BZI BD305A Mutation Alterss-Site Substrate Specificities.
complex an obvious target for structure determination. Reaction with the.-Ser analogue DAPA and titrations with

Scheme 2C shows that freeaminoacrylate is the likely ~ L-Ser were investigated to explore the substrate specificity
reactant for inactivation of th8D305A mutant. The greater ~ Of the mutant enzyme for the natural substrate. Figure 6A
solvent accessibility of thé-site in the mutant enzyme may Shows the reaction of wild-type enzyme with DAPA in the
promote hydrolysis of the E-(AA) intermediate and lead ~ Presence of Cs The slow increase in absorbance at 350
to mechanism-based inactivation. The PLP absorbance bandiM concomitant with the decrease at 412 nm, are spectral
at 412 nm slowly disappears when the reaction witBer changes cha_racterlstl_c of a slow formation (_)f the EG9.
is performed in the presence of Nar GP (Figure 1). When In contrast with the wild-type enzyme, reaction of the"Cs
the pH of the solution is raised to 13, the 412 nm band is form of fD30SA with DAPA shows no spectral change
replaced by a broad peak at 424 na)((Scheme 2C). This (Figure 6B). When the concentration of DAPA is increased
behavior was first observed in studies of the mechanism- {0 200 mM (Figure 6C), the mutant shows spectral changes
based inactivation of aspartate aminotransferase and glutamat¥€"y Similar to those seen in the reaction of wild-type enzyme
decarboxylase39, 40). This type of inactivation has also  With 40 mM DAPA (Figure 6A).
been demonstrated for several mutant forms of tryptophan _1itration of wild-type enzyme with.-Ser shows &G app

synthase includingdD305N, andS377D @1, 42). of 0.074 mM. The presence of BZI or €dowers Kp app
C e . . but the effects are rather small (3.2- and 1.6-fold respectively,
Implications of E(Aey Stabilization and Impaired Quinon- and 6.7-fold when combined) (Table 4 and Figure 5). The

oid Formation in theSD305A MutantFigure 2 (panels A L-Ser titrations for thggD305A mutant enzyme show much

and C) compare UWvis static spectra for stage | of the lar : ;

. . gerKp appVvalues than those seen in the wild-type system.
p-reaction for the wild-type enzyme _and for tW@SOL—}A Both in the presence of BZI and in the presence of BZI plus
mutant. These spectra establish that in contrast to W|Id-typeCS+ the Ko ap values (0.80 and 0.18 mM, respectively) are

H ,app . . f
enzyme (panel A), t?e mutant (panel (r:]) favcxs the E_@\ex almost 20 times greater than those for the wild-type system.
sple0|e§ (opfen con ormgtlohn). ovr?r the EA) spedC|_es h Both the experiments with DAPA and the titrations with
(close cc;n IcIeratlpn)],cf ot InTr: € presence han rlfr; tNe L-Ser show that the apparent affinity of the mutant enzyme
absence of a E st?rlc € e;:_to_rs. ﬁ?se SDECtLa show that Na . o\ \hsrate is significantly lower than that of the wild-type
has a remar ?bhe stabilizing € ect hon 1 el more open enzyme. The stopped-flow fluorescence experiments (Figure
conformatlo_n of the E(Aep)_ species. The results Obt"?"”ed 3 and Table 2) show the rates for the formation and the decay
for the reaction of -Ser and indoline, with the mutant (Figure of the E(Aex) species in stage | of thé-reaction, in the
2, panels B and D) reflect the same behavior seen in stages_reaction and in the overailf-reaction, both for the mutant
| of the S-reaction. AS|gn|f|c.ant amount of E(oine (Amax and for the wild-type systems. In the presence of a
466 nm) only accumulates in the presence of.Gaurther- K*, or in the absence of MVCs, the rates for E(A)ex

more, the quinonoid formed with the mutant enzyme is not formation with JD305A are substantially lower than in the

very stable, and the absorbance at 466 nm ,Completelywild-type enzyme system, whereas the difference is smaller
disappeared after 30 m. The Nform greatly stabilizes the in the presence of NH or Cs". Again, the rate of E(Aey

E(A‘ixl) species. As found for the Ndorm, in the presence ¢ mation reflects a combination of the binding affinity for
of K¥, NH,", GP, or the combination of NF and GP, only  yhe sypstrate and the chemical steps, and, therefore, is not a
trace amounts of E(Qoine accumulate. direct probe of enzyme affinity far-Ser; however, the results
These experiments establish that the replacement ofare in qualitative agreement with those mentioned above.
BAsp305 by Ala affects the ability of the enzyme to undergo Together, these results and the X-ray structure studies (PDB
the chemical and conformational transitions that accompanyfile 1BEU) suggest a catalytic role for Asp 305 in the
interconversion of the E(Agx and E(A-A) species. Al- recognition of substrate, presumably via H-bonding to the
though a nearly wild-type-like steady-state kinetic behavior hydroxyl group of the.-Ser external aldimine. This interac-
is restored in the Csform of the mutant, the step in which  tion can be satisfied by the Nigroup of Asn in thg3D305N
the o-proton is extracted is not completely repaired by Cs mutant (3), but not by the methyl group of Ala in the
or by any of the other allosteric effectors. The isotope effects SD305A mutant.
resulting from replacement oftxf'H]L-Ser by p-?H]L-Ser In the reaction of.-Ser with indoline, the Naform of
show that abstraction of the-proton in the mutant enzyme  SD305A does not accumulate E(RJine in detectable
dominates the rate-limiting step (Table 3). These apparentamounts, but instead stabilizes the E(fespecies (Figure
KIEs range between 3.1 and 6.2. The wild-type enzyme 2D). Accumulation of E(Q)aoiine iS substantial for the Cs
exhibits a rather high KIE only in the presence of'N&.0) form, whereas the MVC-free form and the' KNH,", GP,
or K* (3.0). The rates for the formation and decay of E(dex and GP plus N& forms give only trace amounts. The
are very slow in comparison to the wild-type enzyme (Figure behavior of the wild-type enzyme is very different: the
3 and Table 2). The Naand K" forms of SD305A show p-sites are converted to E(Rpine in high yield in the
essentially no decay of the E(Ag»species. In the presence presence of Ng Na plus GP, or C§. However, GP or
of NH4" or Cs', or in the absence of MVCs, some decay is NH;" are less effective, and the MVC-free enzyme gives
seen but these relaxations ard0-fold slower than in the  only trace amounts. The spectral and kinetic data presented
wild-type system. The KIEs in Table 3 and the static spectra in Figure 2 and Table 2 indicate that the diminished ability
reported in Figure 2 indicate that the absence of a decayof the mutant to form E(Qloine iS primarily due to a
phase for the Naand K" forms is the consequence of an destabilization of the closed conformation of {hsite rather
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than to a shift in the relative rates for E(£Q)ine formation
and decay.

Studies with theBD305N mutant {3, 41, 49) and this
work establishes that the carboxylate of Asp 305 is not
strictly necessary for the formation of E{Qdine but
substitution with Ala strongly decreases its stability. The
X-ray structure of thggK87T mutant enzyme in the form of
E(Aex) (Figure 7, panels B and C) shows that the plane of
the indole ring of the-Trp aldimine is oriented perpendicular
to the ring ofPhe 306 and is in van der Waals contact with
it. This interaction strongly indicates that the ring #®he
306 imposes strict steric constraints for the attack of indole
on the E(A-A) species. Mutation of Asp 305 to Ala surely kcal/mol) that is not present in the indole quinonoid system
affects the position of the Phe 306 side chain, and this change(eq 4). If this H-bond must be broken before conversion to
in geometry consequently affects the stability of the quinon- the open structure of the corresponding external aldimine
oid species. Therefore, the carboxylate of Asp 305 does notcan occur, then this H-bond would create a substantial energy
play a critically important chemical bonding role in the barrier for conversion to the next intermediate. Accordingly,
catalytic mechanism, but rather functions in modulating the both the H-bonding interaction and the closed protein
conformational state of thg-active site. conformation associated with t®305—R141 salt-bridge

BD305A Mutation Alters Quinonoid Stabilitin the wild- would contribute stability to these quinonoids. Since the
type system, the quinonoids formed with indole, aniline, AD305A mutant cannot form the salt bridge fR141,
hydroxylamine N-methylhydroxylamine, and phenylhydra- sub_stltutlon of Asp with Ala destabmzes th_e closed confor-
zine are stable for at least half an hour, whereas in the Mmation of the mutant E(Q) species, allowing conversion
BD305A mutant these quinonoidal species completely disap- {© the new amino acids to occur.
pear under the same conditions (Figure 4). In the wild-type _ Structure-Function Relationships Realed by thgfD305A
system, indoline is the only known nitrogen-based nucleo- Mutation.The structures presented in Figure 7, panetsA
phile that turns over (albeit slowly) in the presence@er ~ SNOW the location of PLP, ligands, and residj#@82-306
to give detectable amounts of a new amino acid, while the ©f two different X-ray structures of tryptophan synthase, the

quinonoidal species formed with other nitrogen-based nu- E(AIn) an_d the ﬁKS?T. mutant of E(_Aeg). The open
cleophiles do not X, 44). The behavior of th3D305A conformation of the E(Ain) structure (Figure 7A) shows the

; . two orientations for the side chain of Asp 305 proposed by
mutant shows that the formation and decay of these quinon- s .
oids is due to conversion to new amino aci@snsequently, the crystallographers (Hyde, C. C., et al.; PDB file 1BKS).

; . o : . In one conformationgAsp 305 points towar@Arg 141 but
tgegﬁ'ggégf mg?sr{gﬁpt% n?}'g\?\lwz;lg i%’geai?jgr?lzsqug:gtne?lnds is too distant (5.56 A) to form a strong coulumbic interaction

) . and is solvent exposed; in the other, the carboxylate points
conformational origins

. . : towardAla 302 and makes a salt bridge gays 167 (not
Reaction Of.ﬂ DBOSA with L-Ser and BZI shows that this shown). In the structure of E(A€x(16), SAsp 305 is located
analogue (as in the wild-type system) fails to react covalently

) i g ) within H-bonding distance of the hydroxyl group of the
but, instead, stabilizes the E{AA) species through formation boundL-Ser subé:]trate. The structure %f E(g)eégigurrt)e 7B)

of_a noncovalent complex4). The inabiIiFy of BZI to react showspAsp 305 is H-bonded tgArg 141 in a salt bridge,
with E(A—A) 1S postulated to havg Its origins in the an interaction which appears to stabilize a closed conforma-
stereoelectronic control of nucleophilic attack imposed by 1ion that blocks access from solution into thesite. From
the site on the geometry of the EtA\) complex with BZI analysis of these structures, we conclude fifetp 305 plays
(1, 2, 44). _ i _ a role in the formation of E(Ae¥ via H-bonding to the-Ser
The behavior of thgsD305A mutant in the reactions hydroxyl as E(GD) is converted to E(A8x When the
betweenL-Ser and the nitrogen-based indole analogues hydroxyl group of E(Q) eliminates to form the E(AA),
provides a striking contrast with the wild-type system, where the H-bonding interaction between the reacting substrate and
only indoline turns over to produce detectable amount of a BAsp 305 is lost, angAsp 305 is free to rearrange in the
new amino acid, DIT. E(A—A) complex to make an H-bonded salt bridge with
An hypothesis that explains the high selectivity of tryp- SArg 141 as the closed conformation is formed, thereby
tophan synthase toward these nucleophiles may be found byprotecting the E(A-A) species by closing thg-site, and
considering the reaction mechanism with particular attention preventing access of water. According to mechanism A of
to the structure of the quinonoids formed with indole and Scheme 2, the exclusion of water prevents production of
the other nucleophiles. All of these nucleophiles form pyruvate from reaction of the E(AA) species with water
quinonoidal species with H-bonding capabilities not present and provides a nonaqueous environment for the conversion

C))

1

in E(Qs) (eq 4) to E(Aex). The Asp to Ala mutation gives an enzyme that
where R= aryl or alkyl and R = alkyl or H. is unable to make the salt bridge with Arg 141, thereby
These studies indicate that formation of #i2305-5R141 leaving the g-site always solvent accessible, with the

salt bridge is important for stabilization of the closed consequence of a high rate of pyruvate and ammonia
conformation of the quinonoidal intermediates. Suppose in formation. This hypothesis is in agreement with the “open-
the wild-type system that within the closed conformation, a closed” mechanism proposed for the regulation of catalysis
site residue forms a (catalytically inappropriate) H-bond of and channeling1—3, 5, 6, 9—11, 13, 23—25). A related

weak to moderate strength with these E(Q) speciesB(3  “open-closed” mechanism was first proposed by Ahmed et
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al. (41) to explain the elevated rate of pyruvate formation
and the mechanism-based inactivation observed with several

mutant forms of tryptophan synthase includjfig305N.
In summary, these studies of tiB305A mutant enzyme

provide new insights into the relationship between structure 5
and function for the tryptophan synthase bienzyme complex

and suggest new loci (e.g3Arg 141 in theS-subunit) for

detailed mechanism studies. Moreover the broadened speci-
ficity due to theSD305A mutation introduces the use of
tryptophan synthase mutants for the efficient production of

unusual new.-amino acid analogues ofTrp and/orL-Ser
from the reaction of nucleophiles with the E(A) inter-
mediate.
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