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ABSTRACT: In the tryptophan synthase bienzyme complex, indole produced by substrate cleavage at the
a-site is channeled to thé-site via a 25 A long tunnel. Within thg-site, indole and.-Ser react with
pyridoxal B-phosphate in a two-stage reaction to givérp. In stage IL-Ser forms an external aldimine,
E(Aexy), which converts to thei-aminoacrylate aldimine, E(AA). Formation of E(A-A) at the3-site
activates ther-site >30-fold. In stage I, indole reacts with E(AA) to give L-Trp. The binding ofo-site
ligands (ASLs) exerts strong allosteric effects on the reaction of substrates/asitee the distribution

of intermediates formed in stage | is shifted in favor of E(A), and the binding of ASLs triggers a
conformational change in th&site to a state with an increased affinity foSer. Here, we compare the
behavior of new ASLs as allosteric effectors of stage | with the behavior of the natural product,
D-glyceraldehyde 3-phosphate. Rapid kinetics and kinetic isotope effects show these ASLs bind with
affinities ranging from micro- to millimolar, and the rate-determining step for conversion of E\A@x
E(A—A) is increased by 810-fold. To derive a structure-based mechanism for stage |, X-ray structures
of both the E(Aex) and E(A—A) states complexed with the different ASLs were determined and compared
with structures of the ASL complexes with the internal aldimine [Ngo, H., Harris, R., Kimmich, N.,
Casino, P., Niks, D., Blumenstein, L., Barends, T. R., Kulik, V., Weyand, M., Schlichting, I., and Dunn,
M. F. (2007)Biochemistry 467713-7727].

The allosteric regulation of substrate channeling in the while Leja et al. §) demonstrated that deactivation of the
tryptophan synthase bienzyme complex provides an impor- a-site occurs when the-Trp quinonoid species, EQ is

tant paradigm for understanding structdfenction relation- converted to the-Trp external aldimine, E(AeX (Scheme
ships of molecular processes at the substrate/effector level).
in metabolic pathways1( 2). A key component in the Binding studies 10, 11) and kinetic experiments$(5, 6,

allosteric regulation of channeling in the tryptophan synthase g 12—24) have shown that the binding ofsite substrates
system concerns the switching afi-dimeric units of the  andj/ora-site ligands (ASLs) exerts the following effects:
enzyme between open states of low activity and closed states

of high activity (Schemes -13). In previous work, we . . )
proposed that this modulation of conformation and activity , _/Abbreviations: axf,, native form of tryptophan synthase fran

. . . typhimurium a, a-subunit; 8, f-subunit; E(Ain), internal aldimine
synchronizes the catalytic cycles of the and-subunits  (Schiff base) intermediate; E(Agx external aldimine intermediate

such that cleavage of IGRt theo-site occurs in phase with  formed between the PLP cofactor aneSer; E(GD), gem diamine
formation of thea-aminoacrylate intermediate at tfiesite, species; E(A-A), a-aminoacrylate Schiff base; E(faL-Ser quinonoid

. . . : intermediate; E(Q), quinonoid intermediate that accumulates during
thereby renderlng efficient the conversion of IGP to indole " 1eaction between E(AA) and indole; E(Aey), L-Trp external
for the synthesis of-Trp (Schemes 2 and 3)J,(3—6). It aldimine intermediate; PLS, serine pyridoxal phosphate Schiff base;

has been known for many years that the reaction-8er PLP, pyridoxal phosphate; IGP, 3-indajeglycerol 3-phosphate; IPP,
with the S-subunit activates the-subunit for cleavage of ~ indole-3-propanolphosphate; IAG, indole-3-acetylglycine; Gi,L-

. glycerol phosphate; G3P-glyceraldehyde 3-phosphate; ASi;site
IGP (3, 7—9). Anderson et al.§) proposed and Brzovic et jigand; F6 N-(4-trifluoromethoxybenzoyl)-2-aminoethyl phosphate; F9,

al. (3) demonstrated that this activation is triggered by the N-(4'-trifluoromethoxybenzenesulfonyl)-2-aminoethyl phosphate; F12,
formation of theo-aminoacrylate intermediate, E(A), N-(4'-trifluoromethylphenyl)N'-(2-phosphoryloxyethyl)thiourea; F19,
N-(naphthalene-2sulfonyl)-2-aminoethyl phosphate; F24;(4'-fluo-
robenzenesulfonyl)-2-aminoethyl phosphate; ANS, 8-anilino-1-naph-
T Supported by NIH Grant GM5574 (M.F.D.) and Deutsche For- thalene sulfonate; TEA, triethanolamine; MVC, monovalent catiaR; 1/

schungsgemeinschaft (I.S.). apparent first-order rate constant of thi& relaxation;A,, amplitude
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Scheme 1: (A) Organic Chemistry of the andj3-Reactions and (B) Comparison of the StructuresteBite Substrates with
the a-Site Ligands Used in This Study
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(a) a strong perturbation of the binding of substrate and can significantly accelerate the rate-determining step for stage
substrate analogues to thesite of E(Ain), (b) alteration of | of the -reaction. The implications of this activation for
the distribution of intermediates formed in stage | of the the regulation of substrate channeling are discussed.
p-reaction [the reaction af-Ser with the internal aldimine,

E(Ain)] (Scheme 1A), and (c) perturbation of the kinetics MATERIALS AND METHODS
of the p-reaction. However, the implications of these Materials. L-Ser, the diethylacetal ob-glyceraldehyde
interactions for the regulation of catalysis and/or channeling 3-phosphate (G3P), amgL-glycerol 3-phosphate (GP) were
remain an open question. In this work, we employ solution purchased from Sigma as the highest-purity materials avail-
kinetic studies of complexes formed withglyceraldehyde  able and used without further purification. The diethylacetal
3-phosphate (G3Pp,L-glycerol 3-phosphate (GP), and four of G3P was converted to G3P according to the manufactur-
new IGP analogues, F6, F9, F12, and F19 (SchemeZ®) (  er’s instructions. The procedures for the synthesis and
and we have determined the structures of four of these purification of F6, F9, F12, and F19 are described elsewhere
complexes by X-ray diffraction as part of a detailed (23). The samples ofd-?H]-L-Ser used in the measurement
investigation into the roles played by the binding of ASLs of kinetic isotope effects were prepared as previously
during stage | of th@-reaction. This work includes the first  described%). Purification of wild-type tryptophan synthase
reported structure of the native enzyme, in the form of the from Salmonella typhimuriunwvas performed as previously
(GP)E(A—A) complex, with both thex- and s-subunits in described %, 25—27). All solution studies were carried out
the closed conformations. It will be shown that ASL binding in the presence of 100 mM NaCl to keep the enzyme in the
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Scheme 2: Dependence of the Activity of teSite on the with XDS (30). The indole-3-propanolphosphate (IPP)
Covalent State of thg-Subunit complex with E(Ain) (PDB entry 1QOP) was used as a
- starting model for structure determination. To reduce model
bias, the coordinates of loopd.2 andal6, IPP, PLP, the
sodium ion, and all water molecules were omitted. For each
structure, the initial model was divided into three parts
[o-subunit, COMM domain 49), and the core of the
SB-subunit] that were subjected to rigid body and simulated
annealing refinement via CNS 1.0 or 131). Clear electron
density was observed for F6, F9, F19, and the serine
pyridoxal phosphate Schiff base (PLS) as well as for GP
and theo-aminoacrylate after the first cycle of simulated

w
(=]

a-Site Fold Activity
s S
T T

0 E

E(S) E(GD,)E(Aex;) E(Q,) E(A-A) E(Q,) E(Q,)E(Aex,)E(GD,) EP)  E annealing refinement. Thus, these parts of the structure were
| Stage | 11 Stage Il | included in the subsequent refinement steps. The same was
- - true for loopsal2 and alL6 in the (FO/F19)E(AeR and
B-Reaction Cycle Covalent Intermediates (GP)E(A—A) complexes. In contrast to these structures, poor
2 Redrawn from refl. density was observed in the F6 complex édr6, and this

loop was therefore not included in the refinement. In the
case of the (GP)E(AA) complex, there was electron density
for three DMSO molecules that reside at solvent-exposed
regions that are most likely irrelevant to the enzymatic
function. Although the soaking solution contained indole,
an attempt to generate a quinonoid complex, there was no
electron density accounting for an indole moiety. Most water
molecules were placed automatically using the CNS Water-
pick routine. Structures were superimposed witt3@) @nd

Xfit (33) using all G, atoms for each pair of structures except
for those belonging to loopL2, loopal6, and the COMM
domain.

Na'-activated form 28), and unless otherwise stated, all of RESULTS

the reactions were conducted at5in 50 mM TEA buffer

(pH 7.8). Characterization of the Effects of-Site Ligands on the
Static and Stopped-Flow Kinetic U\Wis Absorbance and ~ Equilibrium Distribution of Intermediates in the Reaction

Fluorescence Measuremen#shsorbance and fluorescence Of L-Ser with Tryptophan Synthasgtage | of thgs-reaction

Spectra, Stopped-ﬂow kinetic measurements, and activity has been the SUbjeCt of extensive investigation via equilib-

measurements were performed as previously descried ( rum measurements, rapid mixing stopped-flow studies, and

6). Kinetic time courses were fitted by nonlinear least-squares Pressure jump relaxatiord,(8, 16, 28, 34—38). At pH 7.8

regression analysis using Peakfit (version 4, Jandel Scientificyand 25°C, the reaction ofi.-Ser with theays, form of

Scheme 3: Cartoon Depicting Conformational Equilibria for
the Switching between Open and Closed Sfatéghe o
Dimeric Unit

to a sum of exponentials according to eq 1 tryptophan synthase (stage | of tifiereaction) gives an
equilibrium distribution of species dominated by comparable
=0, + Zgi expt/t) 1) amounts of the external aldimine intermediatg.f = 425
|

nm) and thex-aminoacrylate intermediaté {.x = 350 and
460 nm) (Figure 1) 35, 37, 39). The distribution of these

where @ is the absorbance or fluorescence at tim@. is intermediates is influenced by pH, temperature, pressure,
the final value of the absorbance or fluorescenceis@he monovalent cation binding, and ASL binding(Q({ 11, 22,
absorbance or fluorescence due toitheelaxation, and i{ 23, 28, 36, 38, 40—42). In these kinetic studies, the Na
corresponds to the observed rate for tterelaxation. activated form of the enzyme is used throughout. It is well-

Crystallization, Complex Formation, Diffraction Data established that the binding of structural analogues of IGP
Collection, and Refinementryptophan synthase was puri- and/or G3P causes a redistribution of the intermediates
fied and crystallized as previously describ@8)( Complex formed in stage | of th@-reaction in favor of E(A-A) (5,
formation was achieved by soaking native crystals for 10 6, 8, 10, 11, 13, 16, 23, 28, 36, 43). The UV—vis absorption
min in a solution containing 90 mM Bis-Tris-Propane (pH spectra presented in Figure 1 show that the ASLs used in
7.8), 150 mM NacCl, 15% (w/v) PEG 8000, 20% glycerol, this study are effective in mediating this redistribution. These
200 mM Na-L-Ser, and 10 mM F6, F9, or F19. For the a-site ligands cause an increase in the intensities of the
formation of the E(A-A) complex, crystals were soaked in  spectral bands at 350 and 460 nm assigned to the-BjA
100 mM MES (pH 6.5), 200 mM CsCl, 15% (w/v) PEG intermediate and a diminution of the intensity of the 425
8000, 20% glycerol, 200 mM NaL-Ser, 100 mM GP, and  nm band of the E(Aey intermediate. Of the ASLs that were
100 mM indole dissolved in DMSO. Diffraction data were examined, F9 is the most effective in driving this redistribu-
collected at the European Synchrotron Radiation Facility tion.

(ESRF, Grenoble, France) or the Swiss Light Source (SLS, Influence of ASLs and Substitution?f for H at the G,
Paul-Scherrer Institute, Villingen, Switzerland) with the of L-Ser on the Kinetics of E(AgxFormation and Decay.
crystals kept at 100 K (Table 1). The data were processedIn the absence of an ASL, the kinetics of stage | (see Scheme
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Table 1: Crystal Parameters, Data Collection, and Refinement Statistics

(F6)E(Aex) (F9)E(Aex) (F19)E(Aex) (GP)E(A-A)
PDB entry 2CLM 2CLL 2CLO 2J9X
crystal parameters
space group c2 c2 Cc2 c2

unit cell dimensions

a b, c(A) 182.5,59.4,67.7 182.5,59.8,67.3 182.7,60.1, 67.5 183.2,60.8,67.4
S (deg) 94.84 94.61 94.66 94.63
data collection
beamline 14-4 14-1 X10SA 14-1
X-ray source ESRF ESRF SLS ESRF
wavelength (A) 1.040 0.931 0.905 0.934
data statistics
resolution (A) 26-1.5 19.4-15 20-1.45 20-1.7
no. of observations 293946 229734 163 195251
no. of unique reflections 102736 116340 124324 74159
completeness (total/high) (%) 88.6/49.6 81.8/90.2 96.1/94.5 91.0/95.5
/(1) total/highy 12.4/2.4 17.3/3.7 6.5/1.7 10.1/2.0
Reym (total/high® 5.4/35.1 4.3/38.9 13.8/63.1 8.5/49.3
refinement statistics
resolution range (A) 2015 20-1.6 10-15 20-1.9
refinement program CNS 1.1 CNS 1.0 CNS 1.1 CNS 1.1
included amino acids A1178 A1-184 A1-184 A 1-189
A 194—267 A 194-267 A 194-268 A 193-267
B 2—393 B 2-394 B 2-391 B 2-395
no. of protein atoms 4874 4855 4899 4881
no. of waters 642 522 568 418
no. of ligand atoms 43 44 43 43
no. of Na ions 1 1 1 -
no. of Cg ions - - - 3
Ruork (%0)/Riree (%0)° 21.8/23.9 21.7/124.5 23.2/24.9 21.5/24.0
rms deviation for bonds (A) 0.006 0.015 0.006 0.0011
rms deviation for angles (deg) 1.29 1.62 1.27 1.54

a CompletenessRsym and/o(l)Tare given for all data and for the highest-resolution shell. Resolution shells are as followst.@ A (F6),
1.6-1.7 A (F9), 1.55-1.65 A (F9), and 2.861.9 A (GP).  Rym = Y|l — OIVYI. ®Ruork = Y|Fobd — KIFcad/Y|Fond. Five percent of randomly
chosen reflections were used for the calculatiorR@f.

0.20 observed using rapid mixing methods by exploitation of the
strong fluorescence emission of this specigs € 425 nm,
0 018 andAem ~ 500 nm) @4, 35). Other intermediates along the
e (b) reaction path exhibit very little fluorescence arising from
g 0.10 (@) ) excitation at 425 nm34). The time course for formation of
e E(Aexy) in the absence of an ASL (Figure 2A,D, trace a) is
< 005 dominated by a single exponential (the phase of increasing
fluorescence emissiom;). The decay process (of decreasing
0.00 fluorescence) to give the E[A) species is more compli-

300 350 400 450 500 550

Wavelength (nm) cated and consists of a dominating relaxatiog) followed

by two slower relaxationst§ andt,), each with relatively

Ficure 1: Static UV~vis spectra showing the influence afsite small amplitudes and slow rate, 84, 35). Relaxationsrs

ligands on the absorption spectrum of tryptophan synthase following
reaction with 40 mML-Ser in stage | of thei-reacion (Scheme andr, have been proposed to represent processes that result

1): (a) no ASL, (b) 4 mM G3P, and (c) 20M F9. The absorption in small readjustments of' the distribu.tion of.E(A)_Dand
bands for the PLP intermediates have been previously identified E(A—A) (35) and to the interconversion of inactive and
as the internal aldimine specieénfx = 412 nm), the external  active forms of E(A-A) (34, 35, 38) and were not investi-
aldimine speciesifnax= 425 nm), and the-aminoacrylate species  gated further in this work.
(Amax = 350 nm). Thedlmax ~ 460 nm shoulder is also due to the . . .
a-aminoacrylate species%, 39, 59). In good agreement with e_arller V\_/ork using _GP as an IGP
or G3P analogue3( 13—15), inspection of the time courses
in panels A and D of Figure 2 shows that the relaxation rates
1) consist of a rapid process in which E(Aptransiently  both for the formation (I4ASt) and for the decay (4*S})
accumulates and then decays to an equilibrium mixture of E(Aex,) are significantly affected by the binding of ASLs.
dominated by E(Ae® and E(A—A) (34, 35). The Michaelis For each of the ASLs that were studied, ASL binding
complex, E(Ain)(-Ser), is formed within the mixing dead decreases 1{ and increases 4. These time courses can
time of the stopped-flow apparatus, and there is no significant be fitted well to the general kinetic expression given in eq
buildup of theL-Ser gem diamine species, E(@DrheL-Ser 1. Depending on the time scale observed and the concentra-
quinonoid intermediate, E() can be detected as a transient tion of L-Ser used, as many as four exponentials are needed
species; however, the amount that accumulates is very smalto fit the data, where E(Agxis formed in the first relaxation
(35). The appearance and decay of E(fexre conveniently  (1/z/"St) and decays to an equilibrium distribution of E(Apx
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Ficure 2: Effects of ASLs on the stopped-flow fluorescence time course for the formation and decay of the)Effezmediate in stage
| of the 3-reaction. Panels A and D show typical fluorescence time courses comparing the reaction of-&enhh the absence (trace a)
of any ASL and in the presence of either G3P (A) or F9 (D): (A) 100, 500, 2000, 3000, anduBO@RBP for traces bf, respectively,

and (D) 20, 50, 100, 200, and 501 F9 for traces b-f, respectively. Panels B, C, E, and F compare the dependencies of the relaxation
rates for the appearancerzi/and decay, b, of the external aldimine species on ASL concentration: G3P for panels B and C and F9 for
panels E and F.

Table 2: Summary of Relaxation Rates, Kinetic Isotope Effects, and ASL Activation Ratios Obtained from Analysis of the Fluorescence Time
Courses for the Reaction afSer with E(Ain) in the Presence of an ASL

H 1/ (s7Y) H 1, (s 2H 1o (s™) (0-"H L/r)/(a-2H 1/ry) ASL activatior? ASL activatior?
ASL (8 mM L-Ser) (50 mM L-Ser) (50 mM L-Ser) KIE o-H L-Ser o-?H L-Ser
no ASL 430 5.7 2.0 2.9 0.0 0.0
500uM F6 340 50 12.5 4.0 8.8 6.3
500uM F9 110 55 9.8 5.6 9.7 4.9
500uM F12 350 40 10.0 4.0 6.9 5.0
500uM F19 86 26 9.6 2.7 4.6 4.8
17 mM G3P 330 41 16.0 2.6 7.2 8.0
100 mM GP 140 47 11.7 4.0 8.2 5.9

aTime courses were measured by monitoring the fluorescence emission from the,)EfAemmediate (see Figures 2 and 3). Experimental
errors typically were less thaft10% for the reported rate constants; KIEs were less thah%, and the activation ratios were less thatb%.

b Activation ratios were calculated as the ratio of the rate measured in the absence of an ASL divided by the rate measured in the presence of the

ASL. ¢ Reaction with 5 mM G3P4 Reaction with 50 mM GP.

and E(A—A) in the three subsequent relaxationg'¢., 7"t
andz,"SY) (eq 2).

F, = AF,*%" exp(t/r,*%") — AF,*S" exp(—t/7,/*) —
AFSSt expt/t5h) — AR, exptir,*Sh) + F, (2)

In eq 2,F, is the fluorescence intensity at timeAFSt,
AFASE ARASE andAF/ASt are the amplitudes of the phases
corresponding to the formation and decay of E(Aeand
1/tASt, 1 ASh, LS, and 11,°St are the relaxation rates
of these phases\F, is the fluorescence at time zero. For
each ASL, the relaxation rate, 745", is sensitive to the
concentration of.-Ser up to concentrations of10 mM.
Depending on the particular ASL, at highSer concentra-
tions (>10 mM), 1£,AS- may become too large to be

loss of amplitude in the mixing dead time-2 ms in this
study). Consequently, at 50 mMSer, most of the fluores-
cence change im”St is lost in the mixing dead time, and
the time courses are dominated by the decay of E{p&ex
E(A—A) in 725, Since the rates and amplitudes of 27"
and 1t4St are small and irrelevant to the objectives of this
study, no analysis of these relaxations is presented here.

Panels B and E of Figure 2 show typical dependencies of
1/t4S on ASL concentration for G3P and F9 measured at
anL-Ser concentration of 8.0 mM, conditions under which
1/t/*St can be measured with reasonable accuracy and
precision. These data establish that" decreases and then
tends toward a saturating value as the concentration of the
ASL is increased. Table 2 compares,Mith the values of
1/tSt measured at 8.0 mM-Ser and 500uM ASL,

accurately determined by stopped-flow methods due to theconditions under which the 4/S- values are nearly inde-
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Ldl- 0.6 | (a) Ficure 4: Typical single-wavelength stopped-flow absorbance time
’ courses measured at 350 nm for the reactions of isotopically normal
0.4 - (b) (A) and a-?H-substituted.-Ser (B) in stage | of thgg-reaction.
= The time course compare the effects of 5 mM G3P, 50 mM GP,
0.0

10 mM F6, 10 mM F9, 10 mM F12, and 10 mM F19 on stage | of
the f-reaction with the reaction in the absence of an ASL.
Experimenal conditions:off] = 40uM, [L-Ser]= 8 mM, [[a-?H]-
Ficure 3: Comparisons showing the effects of ASLs and the (-Ser]= 8 mM, and [NaCl]= 100 mM.

substitution oPH (trace a) for'H (trace b) at the @x of L-Ser on

typical stopped-flow fluorescence time courses for the decay of slightly decreases. This phase corresponds to the relaxation
the E(Aex) intermediate: (A) no ASLs, (B) 17 mM G3P, and (C)  associated with formation of E(Agx detected in the
5004M F9. fluorescence experiments (i.e;#St) (Figure 2). Following

this relaxation, a slower phaseX{S‘) occurs in which the
350 nm band of the E(AA) intermediate appears. This
phase is fitted well by truncating the time course to remove
the initial relaxation (the first~100 ms) and then analyzing
the remaining time course (at times®100 ms) as a single
exponential with a rate /*- (eq 3).

0.0 0.1 02 03 04 0.5
Time (s)

pendent of ASL concentration. The decrease im"f
depends on the structure of the ASL. The data presented in
panels C and F of Figure 2 show that£f- values increase
with increasing ASL concentration and then approach
saturating values at high concentrations.

The kinetic traces in Figure 3 compare both the effects of

ASLs on 1t*St and the substitution oH for 'H at the G, A= AAZASL exp(—t/rzASL) + A, 3)
of L-Ser on the primary KIE measured at high (50 mVger
(where 1#,%5- > 1/r*"). Analysis of 15t (Figure 3A-C In eq 3, A is the absorbance at any time,A”St is the

and Table 2) shows that, depending on the ASL, the rate of amplitude of the relaxation, &S-, andA is the absorbance
decay of E(Aex) to E(A—A) is increased 6 10-fold by ASL at time zero. The values of @St measured by the
binding. When the concentration dependencies of the decayabsorbance change at 350 nm (data not shown) give good
rates are extrapolated to high ASL concentrations, the agreement with the values measured for”f- in the
predicted decay rates approach similar, saturated values. Th@juorescence experiments (Figures 2 and 3) and show the
effectiveness of a given ASL (F® F19> F6~ F12~ GP same isotope effects.
> G3P) appears to be related to the apparent affinity of the  Crystal Structures of E(Ag@kComplexes in the Presence
ASL for the a-site. Table 2 shows that there is a large of Different ASLsIn previous studies, we have shown how
apparent kinetic isotope effedt{k® = 2.6—5.6) on 1¢,"- the binding of different ligands at the-site modulates the
when [o-?H]-L-Ser is substituted forof-*H]-L-Ser. The  conformation of thes-site through intersubunit communica-
magnitudes of the apparent isotope effects are different for tion in the internal aldimine state, E(Ain23). Figure 5A-C
the different ASLs (ranging from 2.6 for G3P to 5.6 for F9). compares the structures of the (ASL)E(Aezomplexes of
Influence of ASLs on the Kinetics of E(A) Formation. F9 (A), F19 (B), and F6 (C) with the respective (ASL)E-
Panels A and B of Figure 4 present typical absorbance time (Ain) complexes [PDB entries 2CLE (F6 at a low concentra-
courses measured at 350 nm comparing the effects of G3Ption), 2CLF (F6 at a high concentration), 2CLI (F9), and
F6, F9, F12, and F19 on stage | of tAeeaction with the 2CLH (F19)]. These ASLs all bind to the-site of E(Aex)
reaction in the absence of an ASL with eitherH]-L-Ser in the same way as in the corresponding (ASL)E(Ain)
(Figure 4A) or p-?H]-L-Ser (Figure 4B). These time courses complexes. The phosphoryl group of each ASL is located at
are characterized by a brief initial phase {3®M0 ms the same position and forms the usual contacts with helix
duration) during which the absorbance at 350 nm very aH8 (23, 44), while the hydrophobic naphthyl or phenyl
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Ficure 5: Overlay of the E(Ain) and E(AeX states at ther- and S-sites in the presence of different ASLs.&) Comparison of the

o-site of the E(Ain) (gray) and E(Aex (light blue) states in complex with F9 (A), F19 (B), and F6 (C)—~(B) Details of the binding of

PLS in thes-site. For comparison, the E(Agxstates complexed with F9 (D), F19 (E), and F6 (F) (depicted in light blue) were superimposed
with the respective E(Ain) complexes (gray). For all F6 complexes, the E(Ain)(high-F6) complex (green, PDB entry 2CLF) was overlaid
in addition to the other two complexes.

rings are sandwiched between the side chainste212, complexes, as parts of the loop (residuek85-195) are
alL100, andaL127. The terminal trifluoromethyl groups of  still missing.
the F6 and F9 complexes occupy a hydrophobic pocket made The structures of thg-subunit all have open conforma-
up by the side chains afl153, aL175, aA129, andP18 ijons in the E(Aex) complexes presented herein. PanetsD
at the subunit interface in the opening to the tunnel that of Figure 5 compare details of the structures of the F9, F19,
connects thet- andj-sites. and F6 complexes with E(Ain) and E(Agx The (F6)E-
Comparison of the F9 and F19 complexes with E(Hex (Aex;) complex also exhibits the most significant change
to the corresponding E(Ain) complexes shows only minor compared to the (low-F6)E(Ain) complex. The (low-F6)E-
differences at thet-site (Figure 5A,B). In the (F6)E(AgX (Ain) structure was shown previously to differ most from
complex, only the orientation aflL2, which is important the F9 and F19 E(Ain) complexes. While binding of both
for intersubunit communication between thhe and S-sub- F9 and F19 to E(Ain) is communicated wd.2 andH6,
units, was found to change. In comparison to the structurethe induced structuring and reorganization lead to an
obtained at a relatively low F6 concentration [designated asincreased overall rigidity which orders tjfeactive site and
the (low-F6)E(Ain) structure]Z3) whereal 2 is less defined primes it forL-Ser binding, whereas F6 binding in the (low-
in terms of the electron density of the side chains, the electron F6)E(Ain) structure lacks the ability to prime the enzyme to
density is more visible in (F6)E(Ag) indicating a more  the same extent as the other ligands because the interdomain
ordered loop. A similar change was observed for the interface is more flexible and less ordered. The three ligand-
corresponding (high-F6)E(Ain) complef3); this structure, bound E(Aex) structures are highly similar within experi-
obtained in the presence of high F6 concentrations, containednental error [root-mean-square deviation (rmsd) values of
a second F6 molecule within the tunnel and also stabilized 0.2 A] compared to the (F9)E(Agx complex. In these
oL2. Compared to the (high-F6)E(Ain) complex.2 takes complexes, the structure of thiesite appears to be inde-
up the same conformation in (F6)E(A¢xThe positions of pendent of the type of ligand bound to thesite. The
the F6 ring and methylene groups in theactive site are  S-subunit of the (ASL)E(Ae® complex is, however, dif-
slightly different in all three F6 complexes, while the ferentfrom the so far observed ASL-bound internal aldimine
phosphoryl group and the carbonyl group positions are states. The main differences reside within the COMM domain
invariant, highlighting again the flexibility of the ligand (residueg3101—187), particularly in the region of residues
(Figure 5C). While loopal6 is not visible in any F6  5102-120 preceding and following loopL3 (residues
complex, indicating an “open” state of thesubunit, it takes ~ $110-115, which comprise the substrate carboxylate sub-
up a partially closed conformation in the F9 and F19 site), and in regions of residugd32—148 (residues impor-
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tant for forming the closed conformation; see below) and complexed structures wherein the ligand always displays the
181185 (residues that connect to one edge of the COMM same conformation when bound to theactive site (Figure
domain).fH6 (residueg3165-181) is the helix involved in 6C).

the L-Ser- and ASL-mediated intersubunit communication The 8-subunit of the C&-stabilized (GP)E(A-A) complex
between thex- andS-subunits. It is interesting to note that 4t pH 6.5 exhibits a closed conformation previously observed
the conformation of this helix stays the same as that found only in BK87T E(Aex) mutant structures that were co-
in the internal aldimine structures (within experimental error). crystallized in the presence of batkSer and differentt-site
The overall change in the COMM domain in the (ASL)E- |igands @#5). As a consequence of a rigid body movement
(Aexy) complexes can be attributed to the formation of the of the COMM domain toward the C-terminal domain, both
external aldimine Schiff base group (PLS). The PLS group parts of thep-subunit are brought closer together, thus
is tilted by 10 compared to the orientation of PLP in the |eading to a closure of thé-active site. In comparison with
internal aldimine structures. This rotation allows H-bonds the (F-IPP)E(A—A)open complex (PDB entry 1A5S), the
between the PLS hydroxyl group and the carboxylate of g_subunit shows large differences in some of the backbone
D305, and between the PLS carboxylate group and the mainpositions (overall average rmsd value of 0.6 A) (Figure 6A).
chain amides offA112, fQ114, and3H115 (Figure 5D- The changes are especially large in the COMM domain
F). These stabilizing contacts lead to a change in the (3122-185), the region of residue§285-310, and the
f-subunit conformation by a main chain movement 08— C-terminal helix H13 (residue§375-394), with massive
115 toward PLS which Subsequently Changes the pOSitioningchanges upon closure of t}ﬂasne g|v|ng rmsd values of
of $132-148 and3181-185. Since the neighboring regions 1 9 A (3131-146), 1.5 A $154-178), and 1.2 A 284~
are bound through tight intramolecular interactions, these 306), respectively (Figure 6A). One particularly interesting
residues are literally pulled along. aspect of theg-active site is the location gfE109 and water
The (F6)E(Aex) complex displays additional differences, molecule 53. This water molecule makes contact with the
as the mobile state of the (low-F6)E(Ain) “catches up” p-C atom of thea-aminoacrylate moiety and is H-bonded
structurally by adopting the “F9-/F19-like” external aldimine  to the carboxylate g8E109, a residue postulated to function
conformation directlySH6 and residuef298-306 become a5 the acietbase catalytic group ifi-replacement chemistry
as ordered as the same regions found in the (F9)E(Ain) and(Scheme 4) 44, 49, 50). This alignment is nearly correct
(F19)E(Ain) complexes. As a consequence of formation of for the #Glu109-assisted nucleophilic attack of WAT53 on
PLS in the (FE)E(Aey f-site, the carboxylate g8D305,  thea-aminoacrylate to regenerate th&er external aldimine
which points away from PLP in the (F6)E(Ain) complex, (Figure 6D). Associated with these movements between the
SWingS in toward PLS to form the above-mentioned H-bond open and the C|oseﬂ_active site are some Changes in
with the hydroxyl group of PLS (Figure 5F). intramolecular contacts leading to a set of interactions
Crystal Structure of the (GP)E(AA) Complex in the  consisting of a H-bonded salt bridge betwegR141 and
Presence of Cs and Low pHhe first crystal structure of  gD305 @9, 51). It has been concluded from mutational
the a-aminoacrylate intermediate that forms during stage | studies that this salt bridge is crucial for the maintenance of
of the g-reaction (see Scheme 1) was determined at room the closed conformatiori, 18). In the open conformation,
temperature from a crystal mounted in a flow c@®) with BArgl141 is usually solvent exposed whj®305 switches
anL-Ser-containing buffer solution. The resulting structure petween so-called “flipped out” and “flipped in” conforma-
shows the E(A-A) state with an opef§-subunit conforma-  tions; in the latterfD305 is involved in the coordination of
tion. In contrast to this structure, in the presence of GP, Cs the hydroxyl group of PLS in the E(Agxopen conformation
and low pH (pH 6.5), the E(AA) complex was cryotrapped  state 62). Furthermore, in the closed, flipped out conforma-
in a different conformation, displaying botl+ and -sub- tion, residue®Q142 ang3R148 move significantly to form
domains in closed conformations (Figure 6A). H-bonds to K382 and D383 and Q114 and (G883,
Thea-site is closed byl 6 which acts as a lid and which  respectively.
was completely visik_JIe in the electron d'ensity exceptforthe  Three C%ions were located in the structure, one of which
three outermost residues¥90-192), which therefore were ¢\ nies the monovalent cation binding site formed by the

omitted from the model. GP is bound to theactive site in main chain carbonyl groups q8V231, fL232, fG268,

the same way as in the&K87T mutant 45) with which the g 304 andsF306. Although the radius of Css larger than
a-subdomain shares the highest degree of similarity (rmsd 5t of Na, the region is mainly unaltered compared to the

values in the range of 0:20.3 A). The phosphoryl group is (GP)E(Aex)P<87T complex in which the site is occupied by
engaged in a H-bonding network with residuwe34—236 Na*.

of aH8 and surrounding water molecules, while the 1-hy-

droxyl group H-bonds (2.7 A) to the phenolic hydroxyl of piSCUSSION

aY175. aE49 takes up the inactive conformation, pointing

away from the active site. Interestingly, this orientation  Allosteric Interactions Regulate Substrate Channeling in
differs slightly from the one observed in the (G3P)E(Ain) the Tryptophan Synthase Bienzyme CompWwehl and
wild-type and (GP)ES'’8{Ain) complexes (PDB entries  Dunn ) demonstrated that the steady-state rate of substrate
2CLK and 1K8Y, respectively). These changes reflect a turnover in thej-reaction exhibits a primary KIE when
minor overall change in the-subunit (rmsd value of 0.2  [o-?H]-L-Ser is substituted for isotopically normaiSer,

for 1K8Y), including the regions that make up the active establishing that the conversion of E(Ag%o E(A—A) is

site. Due to these slight positional changesu®184 and partially rate determining for turnover. In the overelb-
aG213 as well asH8', the ligand adopts a conformation reaction [reaction of IGP with-Ser to giveL-Trp (Scheme
that is unlike the one observed in all other GP- and G3P- 1)], there is no isotope effect on the steady-state rate of
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o-subunit

BG232-BN236

BT110-BH115

D BR141

Ficure 6: Structural features of the (GP)E{A) closed complex. (A) Superposition of the closed (GP)EB] (light blue) and open
(F-IPP)E(A—A) (white and black, PDB entry 1A5S) complexes. Bathand/3-subunits are shown and have been highlighted in contrasting
colors for the (F-IPP)E(AA) complex for better discrimination of the two subunits. (B) Stereoview of the structural details of the
o-aminoacrylate bound to thgactive site in the open and closed E{A) complexes. The coloring is the same as in panel A. (C) Details
of GP biding at thex-active site in different tryptophan synthase structures. d4site of (GP)E(A-A) (light blue) was superpositioned
with (GP)E(Ain) (gray, PDB entry 1WBJ) and (GP)E(Ain) for t#&178P mutant (green, PDB entry 1K8Y), and the interacting regions
are displayed. (D) Details of the-site of the open (F9)E(Aex complex (coral) and the closed (GP)E{A) complex (light blue).

turnover, suggesting an event associated with reaction of IGPsubunits between open (low-affinity, low-activity) and closed
at the o-site becomes the rate-determining ste). (A (high-affinity, high-activity) states, preventing the escape of
considerable body of evidence has accumulated indicatingthe common metabolite, indole, and synchronizing the
that the regulation of substrate channelingoigi, occurs catalytic activities of the two sites so that the reactions are
through allosteric interactions consisting of ligand binding kinetically coupled, 3, 4, 7, 8, 14). Formation of the E(A

to thea-site, the binding and reaction ofSer at thes-site, A) intermediate at thg-site switches thet-site to the high-
and the binding of a monovalent cation (MVC) to the activity state (a>30-fold activation) 8, 8, 9). Conversion
p-subunit at a site located close to the catalytic sif@{11, of E(Qs) to E(Aex) switches thea-site back to the low-
13, 28, 45). These allosteric interactions switch the two activity state 8, 4) (Scheme 2).
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Scheme 4: Proposed Acidase Catalytic Roles Played by  can slow the formation of E(Agkx Depending on the
BE109 in thef-Reaction structure of the ASL, the rate of E(AgXormation is slowed
B-Glu109 by 2—5-fold. Since the TSt > 1/r,*St relative order is
retained for all ASLs listed in Table 2, the rate of EfA)
. formation remains limited by the magnitude ofZf-. The
d o Enz result is a net overall enhancement of the rate of E/4\
H H3N+ formation that is approximately equal to the enhancement
0 & _CO0" of 1/z,St. Hence, this allosteric interaction significantly
activates a chemical step that occurs at a site of-ggbunit
p ~25 A away.

+H* Here we consider two mechanistic explanations for the
NG origins of this activation. The observation of a primary KIE
H on the decay phase when-fH]-L-Ser is substituted for

E(A-A) [o-tH]-L-Ser requires that scission of the-8&l bond at Cet

of the E(Aex) intermediate be a component of the rate-

B-Glu109 B-Glu109 determining step¥, 34, 35, 53). It is well-established that
{I\Q
s

lu109

in the absence of ASLs the relaxation rateryA3"- is

dominated by the rate of conversion of E(Agto E(Q,) (5,
% Enz 35). Since the apparent KIEs reported in Table 2 are different
Enz \ H3N+ for the different ASLs, one explanation might be that ASL

H
i Hah+ ) binding alters the extent to which-&H bond scission occurs
RNy Stage Il €00 in the transition state. We consider this explanation unlikely
Ii +H* because it would imply a differerft-site conformation for

|
H — H . "
+ . ( ""1'_' each ASL complex in the transition state.
|§ | We think it is much more likely that the variation of the
+ N apparent isotope effect with ASL structure is due to the fact
H H that 1£4,°S- is a kinetically complicated parameter; i.e5-8
E(A-A) E(Q2) bond scission is only partially rate determining. Because
The binding of ASLs, such as IPP, GP, or G3P, increases C/_':SPOEd ctl)eavaggz is not the only process contributing to
- . : ‘o ' 1/r*St, the observed KIEs are not the intrinsic isotope effects
the affmlty_ _of theﬁ—_sne for Ilgands and alt_ers the ground- for2 bond scission &. Thus, 1£°" also may ha\f)e rate
state stabilities of intermediates formed in stage | of the o ) P2 . . .
f-reaction 8, 5, 11, 13—16, 36, 46, 47). The formation of contributions from the preceding chemical steps in catalysis
the L-Trp qu,in(,)noi,d speci,es ,in s,tage; Il of thzreaction and from the interconversion of protein conformation states
occurs~3-fold faster in thexS-reaction than in thg-reaction (V|ZXSLScheme /}SLand eq 2). The differences in thg va]ues of
(3, 6), and this rate stimulation in thef-reaction appears ~ 1/71" and 1" are not so large that they are kinetically
to be due to the binding of G3P at thesite. In this study, well separated for each of the ASL=4. Thus, rate constants

we demonstrate that the ASL activation ofA# has the ~ [fom the preceding chemical step(s) contribute to/%h,
effect of activating stage | of thé-reaction. and the extent of this contribution differs for each ASL. Of

Activation of theS-Reaction through Allosteric Interac- similar |mp(_)rtan_ce, earlier studies,(6) indicated that
tions with the a-Site. The UV—vis absorption spectra E(A€x) rapidly interconverts between open and closed
presented in Figure 1 demonstrate that the binding of the confornlzgyons at rates that are rapid with respect tg"1/
new IGP analogues causes significant perturbations of the2nd 1£2">" If, as it appearsy), one conformation (closed)
equilibrium distribution of intermediates formed in the IS Significantly more reactive than the other (open), then the
reaction ofL-Ser with E(Ain). Just as found for GP and G3P, distribution between open and closed states also will influ-
the ASL-mediated redistribution increases the fraction of €nce the values of both 4/ and the apparent KIE.
E(A—A) species at the expense of the E(Aespecies. Structural Origins of Catalysis in Stage | of tffeReaction.
Among these analogues, F9 has the highest affinity for the Previous structural studies of the reaction intermediates in
enzyme 23) and F9 is the most effective at stabilizing E¢(A  the S-reaction have yielded almost exclusively complexes
A). Kinetic isotope effects (Figures 3 and 4) showed that with the g-subunits in the open conformatiot6). These
the rate-determining step for the conversion «8er to the structures include three external aldimines (1BEU, 1KFE,
o-aminoacrylate intermediate (stage | of tflereaction) and 1KFJ) 2, 55) and theo-aminoacrylate (1A5S)209),
involves the abstraction of the &€-proton of theL-Ser all resulting from the reaction af-Ser. Structures with the
external aldimine intermediate34, 35, 53). The data  p-subunits in the closed conformation have proven to be
presented in Figures-24 and Table 2 establish that binding much more difficult to generate. Rhee et &5) published
of an ASL to theo-site can significantly activate this process. the structures of four complexes in which the active site Lys
This activation involves an allosteric effect on {Bsite that residue K87) was replaced with Thr. Three of these mutant
speeds the conversion of the E(Apitermediate to E(A complexes gavg-subunits with closed conformations [two
A) by as much as 610-fold. The presence of a primary L-Ser external aldimine structures (2TSY and 2TRS) and one
KIE establishes that this effect acts selectively on the L-Trp external aldimine structure (2TYS)], and the fourth
conversion of E(Aey to E(A—A) (Figures 2-4 and Table mutant structure (LUBS) gave an opesubunit conforma-

2). The data presented in Table 2 also show that ASL binding tion of theL-Ser external aldimine.
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The structures of external aldimine andaminoacrylate (1, 3—10, 13-16, 21, 22, 28, 38, 40—42, 52, 57) have
complexes presented in this report provide new information provided clear evidence that the switching between open and
about the catalytic mechanism and allosteric regulation of closed conformations of the- and -subunits is essential
stage | of thes-reaction. On the basis of this new informa- for catalysis and allosteric regulation of substrate channeling
tion, we present the following mechanistic hypothesis for in tryptophan synthase. The closed structure of the (GP)E-
catalysis in stage |. We propose that the open conformation(A—A) complex presented herein provides new information
of the 5-subunits of the (F9)E(AaX complex corresponds  essential for the understanding of catalysis and allosteric
to a low-activity form of the enzyme similar to earlier regulation. Examination of th@-subunit structure shows that
external aldimine structure§2) that appear to be stabilized SR141 forms a H-bonded salt bridge with one oxygen of
by low temperatures and crystal lattice forces. Conversely, the carboxylate (OD2) gfD305. In this conformation, the
the 8-subunit of the Cs form of the (GP)E(A-A) complex side chain ofsD305 is rotated to a position10 A from the
presents a closed form we propose corresponds to ans-carbon of thex-aminoacrylate external aldimine. However,
activateds-site stabilized by the lower pH (pH 6.5) and by BE109 is located 5.8 A from the-aminoacrylate 3 and
the stronger allosteric effects exerted by @ersus Na (28, is H-bonded (2.8 A) to an intervening water molecule
36, 37, 40, 41). (WATS53) that is close to @3 (3.2 A) of thea-aminoacrylate

The arguments for this interpretation of the new structural group (Figure 6B). If we allow for minor motions in the
information are as follows. The complex formed with F9 side chain, the position ¢gfE109 appears to be appropriate
andL-Ser shows an external aldimine structure, (F9)E@\ex either for catalysis of the nucleophilic attack of a water
for the PLS moiety, although (F9)E(A) is significantly [conversion back to E(Q] (Scheme 4) or, following the
more stable at pH 7.8 and room temperature in solu@& ( binding of indole, for catalysis in stage Il of the attack of
The S-subunit of the (FO9)E(Aey complex exhibits clear  indole on the double bond via stabilization of the developing
structural signatures of the open conformation, including the positive charge on the indole ring nitrogen [conversion to
absence of thD305-5R141 salt bridge and the COMM  E(Q)] (Figure 6B and Scheme 4). Consequently, the (GP)E-
domain very similar to the opefi-subunit conformations  (A—A) structure strongly supports a mechanism for the
found in most published structure®3( 29, 44, 46—48, 51, p-reaction in which3E109 plays a critically important acid
52, 55, 56). The (F9)E(Aex) structure is also characterized base role in catalysis of the-replacement chemistry20,
by a H-bonding interaction between the PLS hydroxyl and 44, 45, 50) via the closedf-subunit conformation (viz.
the side chain 0fD305 that is similar to the open external Scheme 4).
aldimine structures reported by Kulik et ab2j. There is As depicted in Figure 6D and Scheme AE109 is
no reason to expect that tfi©305 side chain is protonated proposed to play the role of acidbase catalyst in the
in these structures under the given experimental conditions.interactions at th@-site that catalyze the interconversion of
Consequently, the H-bond to the carboxylate will function E(Q,) and E(A-A). The structures in Figure 6D show that
chemically to help stabilize the E(Agxstructure relative to  the hydroxyl of PLS starts out in an inactive conformation
E(A—A) and make elimination more difficult. WitfD305 with H-bonds to the NH group offA112 and to the
tied up in this H-bonding interaction, the salt bridge between carboxylate of D305 in the (F9)E(Aey complex and,
pR141 and D305 cannot be formed and the closed presumably, ends up as a water molecule at the position
conformation of the3-subunit is rendered unstable. While occupied by WAT53 in the (GP)E(AA) complex. As
BD305 is important for substrate specificity and allosteric E(Aex)) is converted to E(Q and then to E(A-A), this
communication 16—18, 29), it seems unlikely that this  hydroxyl must rotate to a location that overlaps the positions
residue functions as the aeithase catalyst in thg-elimina- of WAT60 and WATS53 in these structures to receive a proton
tion and $-addition steps. Solution studies have provided from the carboxylic acid group offE109 via a new
strong evidence supportiffiE109 as the acidbase catalyst ~ H-bonding interaction. This repositioning of the PLS hy-
in the elimination step20, 45, 50), and the structure of the  droxyl appears to be driven by the conversion of the open
(GP)E(A—A) complex shows this residue is ideally located E(Aex) conformation to the corresponding closed conforma-
to play this role (Figure 6B and Scheme 4). Indeed, tion. This conformational change causes a displacement of
comparison of the (F9)E(Agxand (GP)E(A-A) structures the COMM domain which results in the movemenpet141
provides strong evidence that the primary functiopbB05 andBD305 closer together by1.3 A, movement opA112
is as a switch in the transmission of allosteric effects betweenaway from PLS by~0.8 A, the flipping of theD305
the - anda-sites (see below). carboxylate by~100°, and formation of thefR141-

In contrast to the (F9)E(AgXx complex, the (GP)E(A PAsp305 salt bridge. These motions remove the stabilizing
A) complex is the first example of a tryptophan synthase interactions of the PLS hydroxyl witfD305 andfA112,
structure in which the native form of the enzyme exhibits a allowing it to rotate by 126130° to the WAT60/WAT53
closed conformation. Rhee et ad5j were the first to report  position to H-bond with3E109. This rearrangement of site
closed structures of thgsubunit; however, these structures and substrate groups positions the PLS hydroxyl for the
all involve mutant enzyme species with the essential active proton transfer needed during the elimination step. Elimina-
site lysine residue3K87, replaced with Thr. The resulting tion then occurs via abstraction of the E(ApK-o proton
catalytically inactive enzyme was found to give external by K87 to form E(Q) followed by proton transfer from
aldimine complexes with closed conformations of the BE109 to the hydroxyl oxygen as-€D bond scission takes
B-subunit. However, because of the lack of catalytic activity place.
and structural perturbations resulting from ti#&87T Regulation of g-Site Catalysis by ASL BindingWVe
mutation, the mechanistic significance of these structures washypothesize that catalysis in th&reaction proceeds via
unclear. Inferences from solution studies dating back to 1990 closed structures at each step of the reaction. However, in
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(A) Open/Partially Closed/Closed States (K = [active]/[inactive] = 1/99 = 0.01) and ASL binding
" A changed this distribution to nine of every 100 molecules

'y O (KASt = 9/91 = 0.099). Then, provided that the intercon-
H ” ” “ version between open and closed states is rapid in comparison
to the chemical transformations, the binding of the ASL
IGP__ n would bring about an-10-fold activation KASY/K = 0.099/
B0 © B

0.0101 = 9.8). According to this scenario, the inactive
conformation would still predominate even when the ASL
is bound. This mechanism also requires that during the steps
involved in the conversion of E(Ain) to E(Q the switching
between open/partially closed and closed conformations of
the5-site is relatively rapid, allowing for the relatively rapid
formation of E(Aex) and for a rate-limiting abstraction of
the Co proton of E(Aex) as E(Aex) is converted to E(A

A) via E(Qy).

Regulation of Substrate Channeling and Aation of
Stage | of the3-Reaction.The solution studies and crystal
structures presented in this work and in the studies a23ef
indicate the new artificial ASLs under investigation mimic
the allosteric properties of G3P, GP, IPP, and indole-3-
acetylglycine (IAG) (, 3, 8, 13, 34, 46, 47, 58). Therefore,
in the following discussion of mechanism, we postulate that
lT ” ” IGP binding elicits allosteric interactions similar to those

-

Aex,

revealed by the artificial ASLs and by G3P. On the basis of
Y this premise, the new insights derived from these ASLs and
Open/Partially Closed/Closed States from G3P are incorporated into the regulatory mechanism
(Figure 7) as follows.
(B) IGP (1) IGP binding, like the binding of other ASLs, switches
' the a-site to a closed/partially closed conformafiamhich
— facilitates changes in thg-subunit that give rise to an
ﬁlo increase in the affinity of th@g-site forL-Ser @3, 24).
Aex, (2) By analogy to the allosteric properties of the ASLs,
IGP binding activates stage | of th@reaction through
allosteric interactions. These allosteric interactions function
o and B a Inactivated, to activate the rate-determining step for E{A) formation,
Inactivated B Activated a process which includes scission of the-€H o-bond of
FIGURE 7: Cartoon summarizing the proposed relationship between E(Aex) (Scheme 1A). The analogue studies show this rate
conformation statésand activity states for anf-dimeric unit of enhancement of stage | could be as much-a&@fold in
the tetrameric enzyme during thg-reaction. (A) Cartoon depicting  he physiologicalo3-reaction (Figures 24 and Table 2).
the predominating conformational statesug-dimeric units in the o L
afi-reaction cycle: rectangles for closed and ellipses, hexagons, B€cause @—H bond scission is not rate-determining in the
and octagons for open/partially closed. Blwg and magenta) ap-reaction, the magnitude of this rate enhancement has not
subunits are activated. Lids are colored yellow. Vertical arrows been established for IGP. The experiments of Woehl et al.
above and below the diagram indicate the presence of conforma-(6) and Brzovic et al.§) indicate an enhancement of at least
tional equilibria linked to additional open and partially closed/closed 3fold
states. (B) Interconversion of the inactive and activated (IGP)E- : . . . .
(Aex;) complexes. (3) Formation of E(A-A), in turn, triggers an allosteric
conformational change in the--subunit that closes the
o-active site completely, thereby increasing the affinity of
stage | of thgg-reaction, conformational equilibria favor the
opep/partially closed, less ree.lCtive states in solution for 2 The structures of various tryptophan synthase complexes suggest
E(Ain), E(GDl)v_ and E(Aex), while E(Q) and E(A-A) are that theo.-subunit may interconvert among three conformational states,
predominantly in the closed conformatiah §7). According open, partially closed, and closed. The absence of substrates or substrate

to this hypothesis, both the slowing of external aldimine analogues gives the conformation where bothcethandg-sites reside

: ot ; in the open conformation, and in the crystalline stetes is completely
formation and the activation of conversion of E(Apto disordered. In the structures where thdomain is closed and the-site

E(A._A) would occur by shifting the diStribUti_On 'Of anfor'_ is occupied by an ASL, the electron densities for ladgs (residues
mations toward the closed (active) state. If binding/dissocia- «a179-192) are well-defined (with the exception of the two outermost

tion occurs via the open/partially closed conformations, then residues in some structures). On the basis of this crystallographic

e T evidence, these structures clearly exhibit cloge@nd-subunits. In
a shift in the distribution toward the closed state could have gy et re where thé-subunit is not closed and thesite is occupied,

the effect of slowing the observed rate of complex formation only parts ofaL6 are visible in the electron density maps (residues
and hence the rate of E(AgXormation. An increase in the = a179-183 in most cases). These structures may represent a partially

rate of E(A-A) formation could occur as follows. As an closed state. Since we do not understand how crystal lattice packing
’ forces influence the conformation and mobility @6, it is not clear

example, suppose in the absence of an ASL, one of everyinat the disorder observed in these structures corresponds to well-defined
100 molecules of E(Ae) was in the active conformation  conformation states in solution.
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the o-site for IGP (and IGP analogues) and activating
cleavage of IGP by 30-fold (Scheme 2)1 3, 4, 7—9, 52).

At this point in thea-reaction cycle, theys-dimeric units

of the tetrameri@,3, complex have switched to the closed
conformation and the- and 3-sites are both activated.

(4) Following cleavage of IGP, indole diffuses along the
tunnel into the3-site and reacts with E(AA) to form E(Q),
which is quickly transformed to E@# Then, E(Q) is
converted to the tryptophan external aldimine, E(A&%2,

34).

(5) The a-site remains in the closed conformation with
G3P @3) bound during the portion of thg-catalytic cycle
where the E(A-A), E(Q.), and E(Q) intermediates form
and decay], 3, 4).

(6) Conversion of E(g) to E(Aex) switches theo-site
back to a distribution strongly favoring the open, low-affinity,
low-activity state g, 3).

(7) G3P remains bound to the-site until E(Aex)
formation occurs, and then G3P dissociates fromattgite
when theg-site switches to the open conformatiat). (

(8) E(Aex) is converted via E(GR) to E(Ain) andL-Trp,
and theg-site is switched to the predominating open, low-
activity state {, 3).

(9) Theg-site remains primarily in the low-activity state
until IGP binds in the subsequent catalytic cycle. Bhsite
remains in the low-activity state until thé-site again is
converted to the E(AA) species (Scheme 2)1). This
interdependence of conformational states on binding and
covalent reaction events at the two sites functions to
synchronize the activities of the- and 3-sites.

In conclusion, this work establishes that ASL structural
mimics of IGP or G3P activate stage | of tereaction, a
finding that provides strong indirect evidence that IGP
behaves similarly. When taken together with the discovery
that E(A—A) formation is the covalent process which
activates thea-site (1, 3, 4, 8), it is now clear that the
channeling of indole is modulated by a very intricate set of
reciprocal allosteric interactions that control and synchronize
the catalytic activities, substrate affinities, and site acces-
sibilities of the bienzyme complex.
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