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ABSTRACT. The tryptophan synthase bienzyme complexst) from Salmonella typhimuriuncatalyzes

the final two steps in the biosynthesiswefirp. To investigate the roles played by conformational change

in tryptophan synthase catalysis, the fluorophore 8-anilino-1-naphthalenesulfonate (ANS) is used to identify
conformational states. The binding of ANS to thg5, bienzyme complex is accompanied by a dramatic
enhancement of ANS fluorescence and a shift of the emission maximum from 520 to 482 nm. The ANS
binding isotherm is biphasic and consists of a class of moderately high-affinity, noninteracting sites with
a stoichiometry of 1 siteds dimeric unit K4 = 62 + 15 uM) and a much weaker set of non-specific
interactions withK4' > 1 mM. Our findings show that the affinity of the enzyme for ANS is strongly
decreasedX10-fold) by interactions at two loci 30 A apart: (i) the binding of theite ligands, 3-indole-
p-glycerol 3-phosphate ow-glycerol phosphate (GP) or (ii) reaction at thesubunit to form either the
a-aminoacrylate Schiff base, E(A-A), or quinonoid species, E(Q). In contrast, formation of Slee
andL-Trp external aldimines E(Aexand E(Aex) at theS-site causes a-23-fold decrease in the affinity

of the enzyme for ANS. The combination of E(A-A) or E(Q) with GP brings about almost complete
displacement of ANS, indicating that these interactions drive a conformation changesimbunit pairs

which prevents the binding of ANS. These results are consistent with a model which postulatgs that
subunit pairs undergo ligand-mediated transitions between open and closed conformations during the
catalytic cycle. Consistent with the kinetic data showing that binding-sfte ligands increases the
affinity of the j site forL-Ser and that formation of E(A-A) activates theeaction [Brzovi¢cP. S., Ngo,

K., & Dunn, M. F. (1992)Biochemistry 313831-3839], while mutations irx subunit loops 2 and 6
prevent the ligand-mediated transition to a closed structure [BrzBvi§., Hyde, C. C., Miles, E. W., &

Dunn, M. F. (1993Biochemistry 3210404-10413], we conclude that reciprocal ligand-mediated allosteric
interactions between the heterologous subunits promote conformational transitions between open and closed
structures iy subunit pairs which function to coordinate catalytic activities and facilitate the channeling
of indole between the two catalytic sites.

The tryptophan synthase froBalmonella tryphimurium  3-indoleb-glycerol 3-phosphate=

is a bienzyme complexgf,)t which catalyzes the final two indole + p-glyceraldehyde '3phosphate (1)
reactions in the biosynthesis oftryptophan (-Trp) from , i
3-indolep-glycerol 3-phosphate (IGP) andserine (-Ser) indole+ L-serine= L-tryptophant+ H,0  (2)

(Yanofsky & Crawford, 1972; Miles, 1979; Miles et al.,
1987). Thea subunit of the bienzyme complex catalyzes
the reversible aldolytic cleavage of IGPdeglyceraldehyde
3'-phosphate (G3P) and indole feaction, eq 1). Th¢
subunit catalyzes the pyridoxdtphosphate (PLP) dependent . . _ .
conversion of indole and-Ser toL-Trp by aS-replacement Studies of the catalytic mechanism of the bienzyme
(B reaction, eq 2). The physiologically important reaction complgx hgve been faC|I|tated_by_ use of s.ubs.trate QnalogL_les
catalyzed by then,5, complex ¢ reaction, eq 3) is the ahd §Ite—d|rected mutagenesis in combination with rapid
combination of thex. and 3 reactions. kinetics. Thea active-site residues Glu49 and Asp60 have
been reported to play a catalytic role in tlereaction
(Yanofsky, 1967; Yanofsky & Crawford, 1972; Yutani et

" This work was supported by National Science Foundation Grant ., 1987; Nagata et al., 1989). The mechanism of #he

MCB-9218901. . : . : . _
*To whom correspondence should be addressed. reaction has been extensively investigated using a variety

® Abstract published idvance ACS Abstract#pril 1, 1996. of spectroscopic, kinetic, and mutational approaches (Miles,
1 Abbreviations: ANS, 8-anilino-1-naphthalenesulfonate; IGP, 3-in- 1991a). The chemical steps of thkeand 3 reactions are
dole-d-glycerol 3-phosphate; G3m-glyceraldehyde ‘3phosphate; GP, outlined in Scheme 1.
a-glycerol phosphate; O-Me-Seb-methylp,L-serine;3-ME, f-mer- X tall hv studies h led thatttasd
captoethanolpf,, wild-type tryptophan synthase fro®almonella -r_ay CWS a Ogr_ap y Studies have reveale a
typhimurium PLP, pyridoxal 5phosphate; E(A-A), enzyme-bound /3 active sites are linked by a 250-A long tunnel (Scheme

Schiff base ofx-aminoacrylate; E(Q, E(Qy), and E(Q), theL-Ser and 2) (Hyde et al., 1988). Kinetic studies have demonstrated

L-Trp quinonoidal intermediates (Scheme I); E(Ain), the internal ;
aldimine: E(Aex). E(O-MeAex), and E(Aex), the L-Ser, O-Mep,L- that' the transfer of mdqle, a produc;t of !GP cleavage at the
Ser, and -Trp external aldimines, respectively; E(GD), geminal diamine @ Site, to thef active site occurs via this tunnel (Dunn et

intermediateK ', apparent dissociation constant. al., 1990; Lane & Kirschner, 1991; Anderson et al., 1991).

3-indoleb-glycerol 3-phosphatet L-serine=
L-tryptophant p-glyceraldehyde '3phosphatet
H,O (3)
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Communication between the and 5 sites undoubtedly =~ Scheme 1: Mechanisms of the Reactions Catalyzed by the
involves ligand-mediated protein conformational changes. Tryptophan Synthase,, Bienzyme CompleX

The occurrence of ligand-driven conformational transitions , geacTiON)
of the bienzyme complex implies that both tbeand

subunits undergo conformational changes during catalysis 4 *
(Kirschner et al., 1975; Lane & Kirschner, 1983a,b, 1991; o=

Kawasaki et al., 1987; Dunn et al., 1987a,b, 1990; Houben vo,_~°®

& Dunn, 1990; Anderson et al., 1991, Kirschner et al., 1991, @f{g <
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Brzovicet al., 1991, 1992a,b, 1993; Leja et al., 1995; Woehl
& Dunn, 1995; Ruvinov et al., 1995; Banik et al., 1995). In
the a5 reaction, this conformational transition includes two
loop structures that close down over theaite and prevents
the escape of indole (Brzdvet al., 1992a, 1993). However,
details of the relationship between protein structure, ligand
binding, conformational change, and catalysis are not well-
known. T w

For a number of proteins, the fluorescent dye 8-anilino- i o
1-naphthalenesulfonate (ANS) has been used successfully G
as a probe in the investigation of hydrophobic regions and he
conformational changes. In some instances, ANS was used Edim
to probe specific binding sites on the protein (Stryer, 1965;
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Daniel & Weber, 1966; Brand, 1970). An alternative use
of the dye is to investigate ligangrotein interactions that
alter the fluorescence of the proteiANS complex (Blox-
ham, 1973; Cheung, 1969; Ploug et al., 1994). In this study
we report that ANS binds to a hydrophobic region in the
bienzyme complex and that the fluorescence of ANS provides
a sensitive probe of ligand-driven conformational transitions
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. < H H. n H
Materials Gly, L-His, L-Ser,L-Trp, O-methyl-bL-serine * o “o- He APELO
(O-Me-Ser), aniline, ANSgq-glycerol phosphate (GP), and ®° CN) g—_—’ ®e . === & .
indole were purchased from Sigma. Indoline and tri- W ) A
ethanolamine were purchased from Aldrich. Indoline was BAm e a75am
purified by vacuum distillation.5-Mercaptoethanold-ME) N oo
was from Calbiochem. Purification of wild-tyggalmonella . B ma 3
tryphimuriumof, tryptophan synthase and determination %t R :‘/E"’ Tow £
of protein concentration have been previously described vH WwoOMNT o
(Kawasaki et al., 1987; Miles et al., 1987; Miles etal., 1989). 2= ® ™3 = 0 =% o ®)
IGP was synthesized via an enzyme-catalyzed process and N7 e e
purified as previously described (Kawasaki et al., 1987). E(Aex2) E(GD2) E(Ain)
420nm 310-340nm 410nm

UV-Visible Absorbance and Fluorescence Measurements
The'l'zt(.?ady-statg U-VYISIbIe SpefCtraI g]eaS'_l'Jrerlnin;S ell(ndd the covalent intermediates for the conversion of indole &®er to
equilibnum eXpe”mer_] S Were performed on Hewlet-Fackar L-Trp. Absorption maxima for those species which have been
8450A and 8452 diode array spectrophotometers. The characterized are given. Tifiereaction occurs in two stages, stage |,
binding of L-Ser orL-Trp to thef site was followed by the  conversion of-Ser to the quasi-stable E(A-A), and stage II, conversion
changes in absorbance at 350 and 476 nm, respectively. Théf indole and E(A-A) ta.-Trp and regeneration of E(Aih) Reprinted
350-nm spectral band corresponds to the formation of the With permission from Leja et al. (1995).

2 Thea reaction shows the cleavage of IGP. Theesaction shows

2 During thef reaction, at least eight covalent intermediates with o-aminoacrylate Schiff base, E(A-A), and the 476-nm
different chemical structures are formed (Scheme 1). The obligatory ab_sorptpn band is due to the accumulation of thérp
changes in the structures accompanying interconversion of certainquinonoid, E(Q) (Drewe & Dunn, 1985, 1986). In some
covalent intermediates are coupled to conformational transitions in the experiments, the binding of ANS was followed by monitoring
p site (Drewer & Dunn, 1986; Roy et al., 1988a,b; Houben & Dunn, ; i _chi
1990: Brzovicet al., 1992b: Dunn et al., 1994: Leja et al., 1995: Woehi the difference spectrum changes resulting from the rgd shifted
& Dunn, 1995). Efficient catalysis in theuf, bienzyme complex ~ absorbance spectrum of enzyme-pound ANS. leferepce
necessitates the stabilization of multiple transition states and the spectra were calculated by subtracting both the contributions
destabilization of multiple intermediates along the reaction pathway of free ANS and of the enzyme species under study. All
(Scheme 1) (Pauling, 1948; Drewe & Dunn, 1985; 1986; Roy et al., . . . . .
1988a,b; Houben et al., 1989). We speculate that all the intermediattesexp_e”ments were Camed_o_Ut either in 50 mM triethanol-
along the pathway equilibrate between open and closed subunitamine (TEA) buffer containing 100 mM NaCl (Woehl &
conformations and that this interconversion is essential to the biological Dunn, 1995), pH 7.8, or in 50 mM triethanolamine containing
function of the oy, system. Although not proven, it is likely that 100 mM NaCl, pH 7.0, at 25C. A Spex Fluorolog Il
catalysis at the two sites occurs within the closed subunit conformations, ! T o

spectrofluorometer, equipped with a 150-W Xe source, was

while ligand binding and dissociation occurs via the open conforma- - a "
tions. used to record fluorescence intensities. Fluorescence emis-
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Scheme 2: Cartoon Depicting the Active Sites of thand T
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Ficure 1: Fluorescence emission spectra of free and bound ANS
and titration isotherms for ANS binding to tryptophan synthase
meausred at pH 7.8 and 26. (A) The emission spectra of samples
containing 50uM ANS were recorded by using an excitation

: wavelength of 380 nm in the absence of the enzyme (a) and in the
aThe products of the: reaction (indole and G3P) are shown bound Ppresence of 12M a3, (b). The fluorescence emission spectrum
to the o site. The pathway for diffusion of the common metabolite, Of 12uM a3, serves as a control (c). (B) Titration curves showing
indole, along the tunnel from the site to thep site is shown by the ~ the dependence of ANS fluorescence on ANS concentration for
three dashed structures. Upon arrival at fheite, indole makes a (@) E(Ain), (b) E(Ain)+ L-Trp, (c) E(Ain)+ L-Ser, and (d) E(Ain)
nucleophilic attack on the-aminoacrylate Schiff base intermediate. ~+ L-Ser+ indoline. The predominating enzyme species in these
Reprinted with permission from Leja et al. (1995). titrations are as follows (see Scheme 1): (a) E(Ain), (b) E@hex

with a trace of E(Q), (c) E(A-A) with a trace of E(Aey, and (d)

sion spectra of ANS were obtained using an excitation the indoline E(Q). The titrations in (a) and (b) were fit to the
wavelength of either 380 or 340 nm, wavelengths where there 8XPression consisting of the sum of two hyperbolic phases. The

- . . . . titrations in (c) and (d) were fit to the expression for a single
is little or no change in absorbance during reaction with the hyperbolic phase. Conditions and apparent dissociation con-

substrates and substrate analogues used in this studystants: in each titrationggB;] = 3.6 uM; [ANS] was varied from
Emission spectra were recorded over the range-6d0 nm. 0 to 0.90 mM. The ligands added and estimated apparent
To minimize inner cell effects, all fluorescent measurements dissociation constants are as follows: (a) ndfig; = (62 + 15)
used a 3+ 3 mm light-path quartz cuvette (Hellma). When #M andKgz > 1 mM. (b) [.-Trp] = 5 mM, Kay' = (170 £ 38)

the experiments required that measurements be made und MandKg; > 1 mM. (C)[L-Ser]=20 mM,Kq = 1 mM. (d)

o . o L-Ser]= 2 mM and [indoline]= 3.5 mM, Ky > 1 mM.

conditions where the inner cell effects become significant,

empirically determined calibration curves were used to whereF, represents the fluorescence at titng. is the final
correct the observed fluorescence Signals. When the re-ﬂuorescence’Fi is the fluorescence Change of th&h

sponse of the fluorescence of ANS was measured in therelaxation, and f corresponds to the observed rate for the

reaction of E(A-A) with 3-ME as a function of time, ith relaxation.
fluorescence emission was recorded at a fixed wavelength The RSSF measurements have been described pre\/ious]y
of 482 nm with an excitation wavelength of 340 nm. (Houben et al., 1989; Drewe & Dunn, 1985; Koerber et al.,

Stopped-Flow Fluorescence and Rapid-Scanning Stopped-1983; Brzovic & Dunn, 1993, 1995). In each RSSF
Flow (RSSF) Measurement3he fluorescence time courses  experiment, a set of 25 scans is collected with delays between
of rapid binding and displacement of ANS were monitored scans under programmatic control. The repetitive scan rate
with an Applied Photophysics microvolume SF.17MV rapid- js 8.54 ms. In our study, the collection of initial and final

mixing stopped-flow instrument with customized optical and scans relative to flow cessation is 8.5 ms and 119.6 s.
data acquisition systems. The fluorescence signal was

measured as the light emitted through two cutoff filters RESULTS
selected to provide a transmission window from 450 to 550
nm. The excitation Wavelength_was set at 380 nm. The known to be strongly increased when it is bound to the
fluorescence time courses were fit by nonlinear Ieaspsquareﬁwydrophobic region of a protein (Stryer, 1965). Upon

regressior_1 analysi; to the sum of gxponentials according tobinding t0 0B, tryptophan synthase, ANS shows signifi-
the following equation (Bernasconi, 1976): cantly enhanced fluorescence, and the emission maximum
n is shifted from 520 to 480 nm (Figure 1A), indicating either
F=F, % ZFi exp(-t/t) that the ANS molecule is buried in a hydrophobic environ-
= ment or that it is rigidly confined (Turner & Brand, 1968;

ANS Binding The fluorescence emission of ANS is
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FIGURE 2: Determination of the stoichiometry of ANS bindingto  ANS 1 12uM o, measured by ANS fluorescence. The inset
E(Ain) according to Job’s method of continuous variations at pH ghows the dependence of the rate of relaxation)(bh the
7.8 and 25°C. The fluorescence intensity of the E(A{PANS concentration of ANS.

complex is plotted vg = [ANS]o/{[ANS]o + [af]o}. The vertical
dashed line at the abscissa intercept of 0.50 designates a theoreticaltgichjometry is 1d,3 dimeric unit within experimental error.

stoichiometry of 1.0:1.0. The abscissa value of the intersection of : P L
the dotted lines (drawn as tangents to the solid line curyesatues To assess the potential utility of ANS as a kinetic probe

of 0 and 1.0) provides an estimate of the stoichiometry of ANS Of enzyme-ligand interactions, we investigated ANS binding
binding to the high-affinity site of E(Ain). The location of this  under rapid-mixing, stopped-flow conditions at pH 7.8 by
intersectiqn po_int is con‘s.istent with a stoichiometry of 1 ANS site/ measuring the ANS fluorescent changes using excitation
of dimeric unit. Conditions: The sumuffzlo + [ANSlo was  \yayelengths of 380 or 340 nm and an emission window of
maintained equal to 50M; Aex = 380 nm, e = 482 nm. 450-550 nm. The binding of ANS to the bienzyme complex
is a fast process (Figure 3) that is monophasic below 100
uM ANS (kinetic conditions used in the ligand binding
studies described in subsequent sections). At much higher

Slavik, 1982). When a fixed concentration of either E(Ain)
or the species produced in the reaction-afrp with of3- is
titrated with ANS, the enhanced fluorescence emission )
intensity as a function of ANS concentration gives biphasic ANS concentrations >_(100_/4M) a second,_ slower phase
curves (Figures 1B, curves a and b). For each of these@PPEArS. The dgta given in the inset to F|gure_ 3 show that
systems, the concentration range between 0 and 0.3 mM ANSthe fast rglaxatlon (H) increases as a f“”CF'O'? of the
is dominated by a moderately high-affinity, hyperbolic phase. concentration of ANS and follows a hyperbolic isotherm,

. ) ; : i ing from~350 s to a saturated value of 750
At higher ANS concentrations, the curves give evidence of Increasing . . :
additioanl weak binding interactions likely consisting of with an ANS concentration at half-saturatisnl 2 M. This

multiple sites withKy' > 1.0 mM which may correspond to h_yperbolic erenden_ce.is c.onsistent with a b""d"!g mepha—
nonspecific binding interactions. When titrations are carried nism wherein ANS binding is a two-step process involving

out for the species formed in the reactionsgf, with L-Ser formation of an initial E(ANS) complex ona Fime scqle too
(Figure 1B, curve c) or the quasi-stable qunionoidal species]caSt to measure, foIIow*ed by f'm isomerization to give the
derived from the reaction of indoline with E(A-A) (curve d) fluorescent complex, EX(ANS):

(Roy et al., 1988a; see also Figure 6), the resulting curves K, Ky

indicate a very weak affinity for ANS and can be fit by the E+ ANSS==E(ANS)T==E*(ANS) K, =k /k; (4)
expression for a single hyperbola. The values of the apparent

dissociation constants obtained from these fitssated mM If the binding step is rapid compared to the isomerization
and appear similar to the low-affinity binding interactions step, and provided [ANS} [a82], then
detected for E(Ain) and for the-Trp system.

Because binding of ANS to E(Ain) consists of a moder- e k[ANS] o
ately high-affinity interaction together with a much weaker K; + [ANS] -2
set of interactions (Figure 1B), the method of continuous
variations (Job’s method) (Job, 1928; Jones & Innes, 1958) This kinetic behavior implies that the rapid binding of ANS
was used to investigate the stoichiometiydf ANS binding is followed by a conformational change of the enzyme.
to E(Ain) (Figure 2). Use of this method allows estimates Similar effects of bis-ANS on protein conformation have
of stoichiometry to be made under conditions where the been observed for other proteins (Teschke & King, 1993;
dominant binding process involves the higher affinity Shietal., 1994). According to eq 5, the initial slope of the
interaction, conditions similar to those used in the experi- plot is ky(1/K;) = (1 4+ 0.2) x 10" M~1 s7%, the y-intercept
ments which follow. In Figure 2, a representative data set extrapolated to zero [ANS] ik_, = (3504 35) s, and the
is presented showing the dependence of the fluorescence ofimiting rate at high [ANS] is k. + k-5) = (7504 80) s!
the E(Ain}-ANS complex as a function of, wherey = (Bernasconi, 1976). These quantities yield the following rate
[ANS]o/{[ANS], + [05]0}, and the subscript O refers to total and equilibrium valuesk, = (400+ 40) s'%, k-, = (350+
concentration. The solid line is the best fit of the experi- 35) s'1, andK; = (4 & 0.5) x 10°° M.
mental points. The dotted lines are drawn as tangents to Displacement of Enzyme-Bound ANS ber, L-Ser
the solid line at the limiting values gf (0 and 1.0). The  Analogues, GP, and IGPFigure 4A shows the change in
vertical dashed line indicates the abscissa intercept corre-the absorption spectrum of the PLP chromophore for the
sponding to a theoretical stoichiometry of 1.0:1.0 (i.e., 1 site/ reaction of theo,5, complex withL-Ser and withL-Trp
af dimeric unit). The abscissa value of the point of measured in the presence and in the absence of GP at pH
intersection of the tangents indicates that the binding 7.0, all in the presence of 100 mM NaCl. The reaction of

(5)
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FIGURE 4: Influence ofL-Ser,L-Trp, and GP on the absorption  binding to E(Ain) and to the species formed in th&er reaction
spectrum ofa3; (A) and on the fluorescence of theS,—ANS with and without GP. (A) The spectrum of 1M o2 (2) is
complex (B, C) at pH 7.0. (A) UVvisible spectra of 1M o0, compared with the spectra obtained upon reaction with 2u¥Bér

(1); 13uM 82 and 20 mML-Ser (2); 13uM o832, 20 mML-Ser, (4) and 2 mMc-Ser+ 20 mM GP (6). In (1), (3), and (5), the
and 20 mM GP (3); 13(M af; and 5.3 mML-Trp (4); and 13 traces shown are dn‘ference spectra obtalned by subtracting the
UM azB2, 5.3 MM L-Trp, and 20 mM GP (5). (B) Fluorescence spectrum of 157.ZM ANS in bufferfr_om a mixture of 157.7 mM
emission spectra of 18M ANS (a) with 10uM a3, either alone  ANS, 17uM a5, and the following ligands: (1) none; (3) 2 mM

(b) or in the presence of 20 mMSer (c) or 20 mM GP (d) or  L-Ser; (5) 2 mML-Ser+ 20 mM GP. Spectra 1, 3, and 5 show
both 20 mML-Ser and 20 mM GP (e). (C) Control experiments evidence of an additior)al spectral band at approximately 380 nm
under the same conditions as (B) showing the fluorescence emissiordue to complex formation between ANS and the enzyme species
spectra ofx,B; alone (a)o;B2 andL-Ser (b);az8; and GP (c);and  present. (B) Difference spectra for the binding of ANS calculated
af,, L-Ser, and GP (d). by subtraction of the enzyme spectra presented in panel A from
the corresponding ANSenzyme spectra in panel A. Spectrum 1
= A(1) — A(2); spectrum 2= A(3) — A(4); and spectrum 3=

A(5) — A(6).

L-Ser with enzyme-bound PLP (Figure 4A, spectrum 2)
forms an equilibrating mixture consisting of theamino-
acylate Schiff base complex, E(A-A), Withhax = 350 nm to quenching or to a decreased affinity of the resulting
(Scheme 1) and a trace of the external aldimine, EQAex enzyme species for ANS. Quenching could arise as a
with Amax = 422 nm. Binding oL-Trp to the enzyme at pH  consequence of an altered microenvironment of the ANS
7.0 (Figure 4A, spectrum 4) gives a distribution of interme- binding site or via resonance energy transfer to the PLP
diates dominated by the external aldimine, E(Aewith Amax chromophore. Comparison of spectra in Figure 4A with
= 425 nm, and a minor amount of the quinonoid, B(Q  those in Figure 4B,C shows that there is significant overlap
absorbing at 476 nm. In theSer reaction, the binding of  of the ANS emission spectrum and the absorption spectra
the substrate analogue, GP, to thesubunit shifts the  of the various PLP-bound enzyme species. Alternatively,
distribution of intermediates from E(Agxo E(A-A) (Figure if ligand binding to theo site and the interconversion of
4A, spectrum 3). In the-Trp reaction, GP binding shifts  E(Ain) with the species formed in the reactions ®&ite
the distribution of E(Q) and E(Aex) such that the amount  substrates and analogues drives conformational transitions
of E(Qy) is slightly increased (Figure 4A, spectrum 5) (Dunn in the protein to states with lowered affinities for ANS, then
et al., 1990; Brzoviet al., 1992b, 1993). the decreased fluorescence would be due to dissociation of
The binding of GP or IGP to the site and the reactions ANS. Therefore, experiments were undertaken to determine
of substrates and substrate analogues witif tite decreases  the origins of the decreased fluorescence.
the characteristic fluorescencemf’,—ANS, indicating that Absorbance measurements of ANS binding to directly
either the fluorescence is quenched or the dye is displaceddetect the formation of ANSenzyme complexes were
(Figure 4B,C). Inthese and subsequent kinetic experimentsundertaken (Figures 5 and 6). The data presented in Figures
to investigate the properties of enzyme-bound ANS com- 1B, 4B, 5, and 6 show that the affinity of the enzyme for
plexes, the concentrations b3, and ANS are such that ANS is strongly dependent upon the state of ligation of the
binding is dominated by the high-affinity site. In the kinetic o site and the covalent form of PLP bound to thesite.
studies, the use of low ANS concentrations (1% M) When L-Trp reacts at thg site, the resulting spectral changes
ensures that only a small fraction of the enzyme molecules (Figure 4A, spectrum 4) show that this reaction yields an
contain bound ANS, and therefore ANS qualifies as an equilibrating mixture dominated by E(Ag@x Titration with
indicator or probe of the system (Bernasconi, 1976). Under ANS (Figure 1B, curve b) shows a moderately high affinity
these conditions, certain combinations of ligands decreaseinteraction K4 = 170+ 38 «M) and multiple weak binding
the fluorescence of ANS nearly to the level of free ANS. interactions. The ANS fluorescence binding curves for the
The changes in the fluorescence of ANS resulting from E(A-A) species formed in the reaction ofSer (Figure 1B,
ligand binding to thea site, or to substrate (or analogue) trace c) and for the E(Q) species formed from indoline
reaction at theg site (Figures 1, 3, and 4) could be due either (Figure 1B, trace d) give no evidence of a high-affinity
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' ' Table 1: Effect of Ligands on Displacement of ANS in the
0.6 Absence and Presence of GP
8 Miesociation % bound
e .
@ constants at pH ANS displaceé
é conen 7-8PapKdieand(mM)  pH7.8 pH 7.0
2 ligands ~ (mM) —GP +GP -GP +GP —GP +GP
L-Ser 20 0.0102 <0.01 81 94 88 95
L-Trp 6 0.33 0.026¢ 64 91 35 91
0 L-His 180 22 4.8 50 73 42 72
’ Gly 350 25.2 0.92 53 74 39 75
300 400 500 O-Me-Sel 20 54 90 48 90
Wavelength (nm) L-Ser, indoling 2, 3.5 80 92 85 94
0.131 69 70

FiIGure 6: Absorption spectra showing the effects of ANS binding
on the indoline quinonoid at pH 7.0. Spectra were obtained for 2 Concentrations oé;3,, ANS, and GP are 4M, 50 uM, and 20

the following solutions: (1) 8.2M o062 (2) 8.2uM ayf, + 4 mM, respectively? These constants correspond to the product of the
mM L-Ser+ 7 mM indoline. Traces 35 are difference spectra  equilibrium constant for ligand binding and the equilibrium constants
calculated by subtraction of the spectrum of free ANS from the for the covalent steps and conformational transformations which
spectra of the sample shown in spectrum (2) containing 0.124 mM comprise the overall equilibrium process measufetandard error is
(3), 0.432 mM (4), or 1.40 mM ANS (5), respectively. These +5%.9Value taken from Lane and Kirschner (1988)/alue taken
difference spectra show that binding of ANS causes a progressivefrom Brzovicet al. (1992b)f Value estimated from Houben and Dunn
decrease in the quinonoid spectral bands at 468 and 440 nm(1990).9 Value taken from Brzoviet al. (1993) Experiments meas-
resulting from redistribution of the PLP-bound intermediates in ured under conditions where the change in ANS fluorescence is
favor of species absorbing below 430 nm. Due to the high independent of the ligand concentratibialues estimated from Figure
absorbance background below 410 nm from free ANS in spectra 7.

3-5, the region below 410 nm could not be determined.

The data in Table 1 quantitate the effects of ligand binding
binding interaction. However, since efficient energy transfer and reaction at the. andg sites (Figure 4) on the binding
between bound ANS and the PLP chromophores of E(A-A) of ANS to the bienzyme complex. The pH 7.0 and 7.8 data
or E(Q) could result in complete quenching of the ANS in Table 1 give estimates of the percentage of bound ANS
fluorescence at a specific, high-affinity site, absorbance displaced when the,8,—ANS complex is reacted with the
studies were undertaken to further investigate ANS binding. ligands and substrates shown. To assure site saturation,
ANS binding to hydrophobic and/or molten globule-like conditions were selected such that the ligand concentration
protein structures is almost invariably accompanied by a red-used in each instance is at least 5-fold greater than the
shifted absorbance spectrum and a blue-shifted fluorescencépparent dissociation constant of the ligamhzyme com-
emission spectrum with enhanced quantum yield (viz. Figures Plex. Since the fluorescence emission spectrum of bound
1 and 4) (Slavik, 1982). Figure 5 presents absorption spectra®NS overlaps with the fluorescence emission spectra of the
and difference spectra for the binding of ANS to E(Ain) Various enzyme species present (internal aldiminemi-
(spectra Al and A2; spectrum B1) and to the species formed no_acrylate Schiff base, external aldl_mlnes) and with free ANS
in the reaction of L-Ser with E(Ain) both in the absence (Viz- Figure 4C), the amount of residual fluorescence due to
(spectra A3 and A4; spectrum B2) and presence (spectra aAsbound ANS was estlmz_ited by correcting for the cpn'Fr|but|ons
and A6; spectrum B3) of GP. Spectra for the quinonoid of the component species. The quorescencg emission spectra
formed from the reaction of indoline with E(A-A) are given gsed to make these corrections are shown in Figure ac; this
in Figure 6. In theL-Ser system (Figure 5), the reaction figure shows the emission spectrumaisy, together with

. : . ... spectra for the species derived from the reactions.b
proceeds to give E(A-A) as a quasi-stable intermediate in =% =" i .
equilibrium with E(Aex), and this distribution is pH- with L-Ser, GP, or both-Ser and GP. For example, to obtain

: . the corrected spectra shown in Figure 4B for th&er
dependent, with E(A-A) the favored species at low pH (pH : .
6-8) (Mozzarelli et al., 1991: Peracchi et al., 1996). The reaction, the fluorescence due to bound ANS in the absence

binding of GP to thax site shifts this distribution strongly of L-Ser was estimated by subtraction of the contributions

. _ from the internal aldimine and free ANS (Figure 4C). The
in favor of E(A'A)' The spectra and difference spec_tra_ for amount remaining after reaction withSer was estimated
the ANS-E(Ain) system (Figure 5) show that ANS binding 1, 5 ntraction of the contributions due to free ANS and to

is accompanied by a red shift of the ANS spectrum. In {ne enzyme-bound.-Ser species measured in separate
comparison, as indicated by the smaller amplitude of the experiments (Figure 4C).

difference spectrum, the-Ser system gives species which  \yhen either-Ser, GP, or IGP reacts with the ANS-bound
appear to bind ANS less tightly. The shape of the difference enzyme, the fluorescence of ANS is remarkably decreased,
spectrum in the 400430-nm region is consistent with &  especially at pH 7.0, where the amount of E(#)epresent
weak ANS binding interactiorky > 1 mM) which disfavors gt equilibrium is relatively small (Figure 4B) (Peracchi et
E(A-A) and stabilizes the E(AgxspeciesAmax= 425 NM; 3|, 1996). The resulting spectra show theaBer reaction
Drewe & Dunn, 1985). The absorption spectra for the causes 88% displacement of ANS (spectrum c), while GP
indoline quinonoid systemifax = 468 nm, Figure 6) show  binding causes 70% displacement (spectrum d) at pH 7.0
that a weak ANS binding interactiolK{ > 1 mM) also  (Table 1). Addition of.-Ser and GP together leads to 95%
disfavors E(Q) and shifts the distribution of intermediates displacement of the initially bound ANS (Figure 4B,
in favor of species absorbing in the 48030-nm region.  spectrum e). At pH 7.8, the reaction ofSer results in the
The data in Figures 1, 5, and 6 give no evidence of ANS displacement of 81% of the ANS initially bound to(..
binding to a high, or moderately high, affinity site when the Results of further tests with-Trp, L-His, Gly, and O-Me-
enzyme is in the form of E(A-A) or E(Q). Ser with and without GP at pH 7.0 and 7.8 are listed in Table
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Ficure 7: Effects of GP and IGP on the displacement of ANS at
pH 7.8. (A) Dependence of the relaxation rater}fbr reaction

of the ANS—-enzyme complex with GP on GP concentration. The
reaction mixture consists of 12V of3,, 10uM ANS, and GP as
indicated. (B) Typical time courses for the displacement of ANS
by (a) GP or (b) IGP, measured under the condition giliRa.,53,,

10 uM ANS, and 5 mM GP or 1 mM IGP.

1. The fluorescence data also show that the reactions of

eitherL-Trp or O-Me-Ser greatly affect the amount of ANS
bound in the presence of GP. The amounts of ANS
remaining bound are about 10% of the amount initially bound
under the conditions used (Table 1). However, reaction of
eitherL-His or Gly has less effect on ANS fluorescence, and
the final amount of bound ANS in each instance is ap-
proximately 27% of the initial amount.

Pan and Dunn

Table 2: Relaxation Rate Constants for Formation and Decay of
E(Aex)) and for Displacement of ANS

relaxation Rate (3)

signal
reaction followed 1k 1/, 1/t
(I) E + L-Ser E(Aex) 219+30 13.6+2 2.9+0.5

(Il) E(ANS) + L-Ser ANS 13.6£2 2.9+ 05
(Ill) ANS displacemertt (I)—(I) 220430 14.0+2 3.0+05

aThe reactions were performed with 1M o3, 20 mM L-Ser,
and (when present) 18V ANS at pH 7.0, and an excitation wavelength
of 340 nm.P The time course for the net displacement of ANS (reaction
11l) was obtained by subtracting the fluorescence signal in reaction |
from the fluorescence signal in reaction II.

2 Al B
° 0.2 1 A 5
O 3 =
C [T
3 1
S ] 015 p————r—
§ 0.1 2 - C
[72]
<€ a P
) N
0.0 . i . L o9 b, . 4
300 400 500 0 2 4 6
Wavelength (nm) Time (sec)

FicurRe 8: Reaction of O-Me-Ser with the,s, complex at pH
7.8. (A) RSSF spectra showing the spectrum ofud a5, (1)

The dependence of the effects of GP concentration on thefollowed by addition of 20 mM O-Me-Ser at 8.5 ms (2) and 119.6

time course for ANS displacement at pH 7.8 are shown in
Figure 7A. With increasing GP concentration, the relaxation
rate (1tf) increases from~150 to 560 s! and follows a
hyperbolic isotherm. Typical fluorescence stopped-flow time
courses (with excitation wavelength of 380 nm and an
emission window of 456550 nm) for the reactions of GP
and IGP are compared in Figure 7B. Comparison of the

s (3) after mixing. (B) Time course for the reaction of O-Me-Ser
with the ANS-a,;3, complex measured by ANS (M) fluores-
cence. (C) Absorbance time course for the reaction of O-Me-Ser
with a8, measured by the conversion of the O-Me-Ser E@ex
to E(A-A) at 420 nm.

At pH 7.0, the decay of the E(Agxspecies to form the
E(A-A) complex [monitored by E(Aey fluorescencel®mnax

relative amplitudes and relaxation rates of these time courses= 490 nm] occurs in a biphasic process (reaction | in Table

show that IGP is slightly more effective than GP in displacing
ANS, while the apparent rates are similar. A mechanism
involving competition between GP and ANS for the same

2) with 1k, =13.6+ 2 s'and 1¢3=2.9+ 0.5s1. When
the ANS—enzyme complex is reacted witkSer, the reaction
time course (reaction Il in Table 2) is a composite of the

site can be ruled out. Since ANS displacement occurs in afluorescence changes due to E(Aesonversion to E(A-A)

single-exponential kinetic phase, competition between ANS

and to the displacement of ANS. The amplitude of the

and GP for the same site would result in a dependence ofcomponent due to ANS depends on the amount of ANS

1/r on [GP] that is linear. The hyperbolic form of the curve
in Figure 7A contradicts this prediction.

The hyperbolic dependence of the isotherm in Figure 7A
is consistent with a GP binding mechanism which involves
a binding step followed by a conformational change of the
GP—enzyme-ANS complex:

k,GP

[ ——

2
K 2GP

(GP)E*(ANS)=
(GP)E** + ANS (6)

KlGP

—_

E*(ANS) + GP

where E** represents an enzyme conformation with low
affinity for ANS. Since ANS is used as an indicator in this

initially bound. The composite time course (reaction Il in
Table 2) appears biphasic withed/~= 13.6+ 2 st and 1#5

= 2.9+ 0.5 s1. Subtraction of the time course measured

in the absence of ANS from the time course measured in
the presence of ANS yields the time course due to ANS
displacement (reaction Ill in Table 2), a triphasic time course
with rates that, within the limits of experimental error, are
identical to those observed for the formation and decay of
E(Aex)). When reaction is carried out at pH 7.8, similar
results are obtained, but because the increased pH shifts the
final distribution of species toward E(A@xthe contribution

of the fluorescence of this species to the composite signal is
increased. Therefore, at pH 7.8 the fluorescence change due

experiment, and, therefore, causes negligible perturbation ofto ANS displacement makes a smaller contribution to the

GP binding, by analogy to eq 5, tlyeintercepts at [GP¥
0 and at high [GP], and the initial slope yield values for
k®P = (370+ 37) s'%, k%P = (200 + 20) s andK,®F =
(1.84+0.2) x 104 M.

Reaction of then,3, complex withL-Ser was measured

observed signal.

Characterization of the Reaction of O-Me-Ser with the
o, Complex Since the ANS and E(Agk fluorescence
changes strongly overlap, the timing of ANS displacement
with respect to intermediate formation and decay was further

both by the change of the ANS fluorescence signal and by examined using an-Ser analogue, O-Me-Ser, that gives a

the decay of E(Aey fluorescence (Table 2) (Lane &
Kirschner, 1983a,b; Drewe & Dunn, 1985). Under the
conditions used in Table 2, the formation of E(Agis a
rapid process (1 = 2194 30 s'!) (reaction | in Table 2).

nonfluorescent E(Aex) species. At pH 7.8, the RSSF spectral
changes that occur during the reaction of O-Me-Ser with the
o2 complex are shown in Figure 8A. The native enzyme

(Figure 8A, spectrum 1) is characterized by an absorbance
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Scheme 3: Model Depicting the Proposed Ligand-Induced

%
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Ficure 9: Influence of the quinonoid intermediate on ANS @ 0. (P
fluorescence at pH 7.8. (A) UWvisible spectra of 1uM a8, "/
with 5 mM L-Ser (1) and in the presence of 53 nfMME (2—6). © K ==

Spectra 26 were recorded at 0.25, 1.5, 2.5, 3.6, and 5 min after B B"’ ‘\
addition of 8-ME. (B) Plots of absorbance at 470 ni®)(and Qs AA
fluorescence emission at 482 nmd)(as a function of time.

Absorbance data were obtained under the conditions of panel A. 2 Circles and squares indicate open and closed conformational states,
Fluorescence data were obtained withuM o553, 5 mM L-Ser, respectively, for both the andj subunits. Octagons indicate a partially
and 53 mMpB-ME in the presence of 5aM ANS and using an open conformational state of tifesubunit (see Table 3).

excitation wavelength of 340 nm.

ANS. Under the conditions used, the E(Q) formed from
band at 412 nm with a shoulder at approximately 340 nm. E(A-A) and 5-ME rapidly accumulates. However, no
The 412-nm band is derived from the internal aldimine Schiff enhancement of ANS fluorescence is observed during
base formed between the PLP cofactor andthmino group  formation of E(Q). Nevertheless, as this species decays with
of Lys87 at theB active site. Upon mixing with O-Me-Ser,  concomitant accumulation of new species with maximum
the spectra change rapidly from spectrum 1 to 2, indicating absorbance at 425 nm, the fluorescence of ANS is enhanced
accumulation of an intermediate species. Similar ta ter (Figure 9B). This experiment indicates that while the
reaction, the absorbance changes which accompany formatiorenzyme is in the form of théhydroxyethylt-cysteine
of this species are consistent with formation of the O-methyl quinonoid, either the fluorescence of bound ANS is com-
analogue of the enzyme-bound external aldimine, E(O- pletely quenched via Forster energy transfer or the quinon-
MeAex;). The E(O-MeAex) species subsequently converts oidal species is unable to bind ANS. Since the indoline
to the quasi-stable aminoacrylate E(A-A) by elimination of quinonoid has very low affinity for ANS (Figures 1B and 6
methanol (spectrum 3). When measured at 420 nm, the timeand Table 1), the latter appears to be the correct interpreta-

course for the conversion of E(O-MeAgxto E(A-A) is tion. Therefore, ANS binding occurs only as this quinonoid
biphasic with 1#, = (2.8 + 0.3) s* and 1, = (0.32+ is converted to E(Ain) and the corresponding E(Aex) and
0.03) s (Figure 8C). E(GD) species.

The reaction of O-Me-Ser with the ANS-enzyme complex
also was monitored by ANS fluorescence using an excitation DISCUSSION
wavelength of 380 nm. The decay of ANS fluorescence is
a biphasic process, with#d/= (3.1 £ 0.3) st and 1t, =
(0.32+ 0.03) s (Figure 8B). From comparison of these
time courses, it is obvious that the rates and amplitudes of
the biphasic processes for decay of E(A@nd for the decay
of ANS fluorescence are quite similar. Thus, the predomi-
nant change in the fluorescence of ANS is concerted with,
and coupled to, the conversion of the external aldimine, E(O-
MeAex,), to the aminoacrylate E(A-A).

Influence of Quinonoidal Species, E(Q), on ANS Fluores-
cence Reaction off3-mercaptoethanolg¢ME) with E(A-
A) produces a quinonoid intermediate, which subsequently
decays to form the productShydroxyethylt-cysteine
(Goldberg & Baldwin, 1967; Miles, 1979; Drewe et al.,
1989). The appearance of ti&hydroxyethylt-cysteine
quinonoid is characterized by an intense absorbance bamﬁ
at 470 nm é = 40 000 Mt cm™%; Drewe et al., 1989). The
spectral changes that accompany the decay of this specie%
reveal that the steady-state level of this quinonoid is gradually
converted to products asSer is depleted (Figure 9A). The
UV —visible spectral characteristics of the reaction sugges
that the final spectrum is composed of an equilibrating
mixture of E(Ain) and thes-hydroxyethylt -cysteine E(Aex)
and E(GD) species. Since these species are easily distin- *Entry of indole from solution through the: site is inhibited by
guished from E(A-A) and E(Q), we investigated the ANS Iconversmn of thex subunit to a closed conformation in whicksubunit

s . . oops 2 and 6 close down over the site in response to the binding of an

fluorescence changes in different states of the intermediates,_site ligand (GP or G3P) and to E(A-A) formation (Dunn et al., 1990
upon addition ofs-ME to the E(A-A) in the presence of Brzovicet al., 1992a,b, 1993).

The allosterism exhibited by the tryptophan synthase
bienzyme complexes from enteric bacteria functions to
achieve the efficient channeling of indole by regulating the
conformation states and catalytic states of theand
catalytic sites of each heterologous dimeric unit of the
tetrameric complex (Dunn et al., 1987a,b, 1990; Brzatic
al., 1992a,b; Leja et al., 1995; Banik et al., 1995). However,
the linkages between the chemical transformations attthe
andp sites?2 allosteric signaling, conformational transitions,
and substrate channeling have not been clearly established.
The allosteric unit is ams dimer. The available evidence
indicates the allosteric effects are manifest in the modulation
of subunit conformations such that the substrate affinities
and catalytic activities of thet and S sites are switched
etween low-affinity, low-activity states and high-affinity,
igh-activity states, while the subunits are switched between
pen and closed conformations (Scheme 3) (Dunn et al.,
990; Brzovicet al., 1992b; Leja et al., 1995; Woehl &
Dunn, 1995). As depicted in Scheme 3, these events are
tproposed to occur in a coordinated fashion so that catalysis
at thea and g sites is coupled and so that the common
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metabolite, indole, is prevented from escaping from the formation of these intermediates is the consequence of ANS
confines of theot andp sites and the tunnel. The net result dissociation. The tryptophan synthgseand o reactions

is to ensure the synthesis 6fTrp by efficiently channeling  are essentially irreversible due to the unfavorable energetics
indole from thea site to thef site. The accumulated for the conversion of E() back to E(Q) (Miles, 1991a).
evidence indicates that the triggers for the switch between Therefore, the reaction af-Trp with a3, gives a stable
alternative conformations off3 dimeric units in this allosteric ~ mixture of intermediates dominated by E(Agx The allo-
cycle involve two covalent transformations at fheite and steric effects of GP binding to the site brings about a
ligand binding to thex site (Scheme 3) (Dunn et al., 1990; redistribution of species with an increased amount of4g(Q
Lane & Kirschner, 1991; Brzoviet al., 1992a,b, 1993; Leja  however, E(Aey is still the dominant species present (Figure
et al., 1995; Banik et al., 1995). Woehl and Dunn (1995) 4A) (Houben et al., 1989; Houben & Dunn, 1990; Lane &
have shown that the binding of a monovalent cation plays Kirschner, 1981). As shown in Figure 1B, curve b, ANS
an essential role in transmission of these ligand-dependentbinds to this mixture with &gapp = (170 £ 38) uM in the
signals; therefore, this work is restricted to the metal ion- absence of GP. The decreased affinity in comparison to
activated form ofb,8,. Here, we establish that ANS can be E(Ain) results in dissociation of ANS and accounts for the
used as a probe of ligand-mediated conformational transitionsdecreased fluorescence signal (Table 1). When GP is added,
in the a3, oligomer, and we use this probe to correlate the the fluorescence due to bound ANS is further reduced to a

kinetics of the physical and chemical transformations due value only slightly higher than that of free ANS, indicating

to ligand binding and reaction with the conformational events
triggered by these processes.

Binding of ANS tax,3, Is Modulated by Ligand Binding
and Reaction The ANS binding isotherm for the E(Ain)

that virtually all of the ANS is displaced.

The dependence of the kinetics of ANS binding to the
of2 complex on the concentration of ANS (Figure 3) is
consistent with the mechanism shown in egs 4 and 5. When

species shown in Figure 1B (curve a) is consistent with a a8, is converted to an equilibrating mixture of E(A-A) and

single class of noninteracting sites fagf, with Ky = 62

+ 15uM, together with a class of weak, nonspecific binding
interactions. The stoichiometry measured in Figure 2
indicates that the high-affinity binding occurs with a stoi-
chiometry of 1 ANS molecule/s dimeric unit. The
evidence for a displacement mechanism involving ligand-
driven transitions in the protein to conformational states with
lowered affinities for ANS is summarized as follows: (a)
The stoichiometry measured for ANS binding gives 1 high-
affinity site/o,3 dimeric unit (Figure 2). (b) Ligands specific
either for thea site or for thep site, 25 A away, cause
dissociation of ANS from the high-affinity site (Table 1).
(c) The hyperbolic dependence ofr X¥6r the GP-mediated
displacement of ANS implies the binding of GP is followed

E(Aex;) by reaction with_-Ser (Figures 1 and46 and Table

1), the apparent affinity for ANS is strongly reduced (Figure
1B, curve c); hence at low ANS concentrations, the reaction
of L-Ser witha,, results in a net displacement of ANS and
a decrease in fluorescence. The relatively rapid rates of ANS
binding and dissociation (Figure 3) and the sensitivity of
ANS fluorescence to ligand binding and reaction at ¢he
andg sites (Figures 4 and-7, Tables 1 and 2) render ANS

a useful indicator (Bernasconi, 1976) for interrogation of the
conformational transition(s) of the,3, complex. Although
these studies show that the affinity for ANS is dependent
on the conformational state of the enzyme, we have been
unable to identify the locus of the high-affinity ANS binding
site. ANS binds to apolar regions of molten globule proteins

by a conformational change (Figure 7) and that GP and ANS and to proteins with hydrophobic binding sites for substrates
do not compete for the same site. (d) ANS displacement or cofactors (Handel et al., 1993; Goto & Fink, 1989).
by -site amino acid ligands does not correlate with the steric Seifert et al. (1984) reported that ANS binds weakly to the

bulk of the side-chain moiety (Table 1).
Consequently, the most likely mechanism for ANS dis-
placement is as follows: prior to ligand binding, the enzyme

isolateds; species; this finding suggests that ANS may bind
to the subunit of then,5, bienzyme complex. The tunnel
between thex andg subunits of tryptophan synthase provides

preexists in two or more conformations, one with moderately a hydrophobic environment, and, therefore, is one possible

high affinity for ANS and one or more with low affinity for
ANS. Ligand binding to thet site and substrate reaction at
the site alter the relative stabilities of these conformations
in favor of the lower affinity state(s). At subsaturating ANS

site for ANS binding. Ruvinov et al. (1995) have proposed
that the much more hydrophobic dye, Nile Red, binds in the
tunnel near thes site. Alternatively, ANS may bind to the
disordered loop structures that surround thesubunit

concentrations, this redistribution brings about a net dis- catalytic site at or near the—§ subunit interface.

sociation of ANS. As documented in Figures 1 and%4
ligand binding to thea site and substrate (or analogue)
reaction with PLP at th@ site either lower the affinity for
ANS or abolish binding. This decreased affinity for ANS

provides signals that can be used to monitor the kinetics of for ANS binding is decreased.

ligand binding to thex site (Figure 7) and the reactions of
substrate at thg site (Figures 8 and 9). While, priori, it

ANS Signals Three Distinct Conformational Changes in
the a5, Complex Figures 2-9 and Table 1 establish that
reactions of certain ligands at either theor thef sites of
tryptophan synthase alter the protein such that the affinity
In the discussion which
follows, and as argued above, these changes in affinity are
interpreted to be the consequence of ligand-driven conforma-

might be anticipated that the decreased fluorescence resultingion changes and, depending on the ligand type and the extent

from reaction of the E(Ainy ANS complex with substrates

to which ANS is displaced, fall into three classes. To

and substrate analogues is due to resonance energy transfdacilitate this discussion, we use the following nomenclature
from bound ANS to the PLP chromophore, the data presented(see Table 3) to specify the ANS affinity states identified in

in Figures 1 and 46 establish that the affinity of ANS for
the E(A-A) and E(Q) species is very wedkyfpp,> 1.0 mM).

Figures 2-9 and Tables 1 and 2: E(Ain) with unliganded
and ligandedu sites is designated as 5%, and @*43°),,

Since ANS binding to these enzyme species is negligible atrespectively; E(S), E(GD), and E(Aex) species with un-
low ANS concentrations, quenching by energy transfer is liganded and liganded sites are designated as’§¢), and

insignificant. Therefore, the loss of ANS fluorescence upon

(a»B%), respectively; E(A-A) and E(Q) species with un-
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Table 3: Summary of ANS Binding Affinitiesy-Site Catalytic Activities, and Proposeds, Conformations

proposea;; a-site p-site apparent ANS binding relativea-site
conformation state ligation state covalent state affinity@ (mM) catalytic activity
(0°B9), unoccupied (Ain) 0.062 1.00
(0%B9). unoccupied (S), (GD), or (Aex) 0.179 1.00
(03, (GP) or (IGPY (S), (GD), or (Aex) >1.0¢ 1.00
(0??)2 (GP) or (IGPy* (A-A)P or (QF >1.0 27 or 4

aSee Figure 1 and Table 1. Error is estimated-24%. " Values measured relative to the steady-state rate of cleavage oft@Rgtion) in
the absence gB-site ligands; see Brzoviet al. (1992b)¢ Value for theL-Trp external aldimine, E(AeX. ¢ Although not tested, G3P binding to
the a site is expected to exert similar effects on conformation (Brzevial., 1992b)¢ The rate of 5-nitro-IGP cleavage was used to determine the
influence of the indoline quinonoid om-site catalysis; see Leja et al. (1995).

liganded and liganded sites are designated az’§“), and hyperbolic dependence is strong evidence for the existence
(0f8°),, respectively (Table 3. The rationale for this  of a ligand-driven conformational transition and is consistent
nomenclature is developed below. with a mechanism in which GP initially binds rapidly to give
The extent to which the reactions of amino acids cause a GP-enzyme-ANS complex which undergoes a slow
displacement of ANS by shifting the enzyme to a low-affinity conformational transition to a second Génzyme complex
form falls into two classes (Table 1). The amino acid with lowered affinity for ANS (eq 6). If the binding step is
substratesi¢Ser and O-Me-Ser), substrate analogues (Gly, faster than the conformation change and if ANS dissociation
L-His), and the productL(Trp) all undergo stoichiometric  is concomitant with the conformational transition, then the
reactions with thes-site PLP cofactor to give equilibrating dependence of the relaxation rate measured by disappearance
mixtures of intermediates. The first class involves amino of ANS fluorescence will be hyperbolic, consistent with
acids which yield either E(A-A) or E(Q) species as the Figure 7A (Bernasconi, 1976). IGP binding causes a slightly
predominant product of reaction (Figures 2, 3, 5, and 6; greater displacement of ANS and gives a similar time course
Tables 1 and 2). These reactions give nearly complete (Figure 7B). Therefore we conclude that the displacement
displacement of ANS X80%) and strongly activate the of ANS both by-site and by3-site ligands is a consequence
catalytic activity of theoe subunit (Brzovicet al., 1992b; Leja  of changes in the conformation of the proteifihese data
et al., 1995; Banik et al., 1995). The second class involves support the designation of the-site conformation formed
amino acids that give E(S), E(GD), and/or E(Aex) species upon binding of GP or IGP ag® (Table 3).
(i.e., Gly, L-His, or L-Trp). For this class, the amount of Previous studies (Lane & Kirschner, 1981, 1983a,b, 1991;
ANS displaced is significantly smalle<@4%) (Table 1), Houben et al., 1989; Houben & Dunn, 1990; Dunn et al.,
and this class does not significantly activate thsubunit 1987a,b, 1990, Brzoviet al., 1992a,b, 1993; Woehl & Dunn,
(Brzovit et al., 1992b). Since the steric bulk of the amino 1995; Peracchi et al., 1996) have shown that the binding of
acid side chain varies widely among these amino acids (e.g.,a-site ligands such as G3P, GP, or 3-indolylproparel 3
from H to =CH, to indole), there appears to be no direct phosphate shifts the distribution of species formed in the
correlation between ANS displacement and the size of theL-Ser reaction in favor of E(A-Aj. Dunn et al. (1990),
amino acid side chain (Table 1Consequently, displacement Brzovic et al. (1992a,b, 1993), and Leja et al. (1995) have
of ANS due to ligand binding and reaction at tfiesite shown that the combination of GP binding to thsite with
cannot be the result of direct competition between ANS and E(A-A) formation at theS site drives both sites to closed
PLP-bound amino acid for mrlapping binding loci, but conformations, here designated asf{®),, that inhibit the
rather has conformational origins These data support transfer of indole and indole structural analogues between
designation of the3-subunit conformation state stabilized external solution and the interior of the bienzyme complex
by E(Ain) asp®, the conformation stabilized by E(S), E(GD) (i.e., thea andp sites and the tunnet). The data presented
and E(Aex) species g%, and the conformation stabilized in Figure 4 and Table 1 show that the reaction of amino
by E(A-A) or E(Q) asp” (Table 3). acids at thes site in combination with GP binding to the
The kinetics studies presented in Table 2 and Figure 8 site brings about further displacement of ANS. In the
establish that in the reactions ofSer or O-Me-Ser the  absence of amino acid ligands, GP binding to thesite
displacement of ANS is multiphasic. As might be anticipated reduces the amount of bound ANS by 69%. The combina-
from the results obtained for Gly;His, andL-Trp (Table tions of GP and-Ser give 94% displacement, GP and O-Me-
1), about 50% displacement occurs as the external aldiminesSer give 90%, and GP andTrp give 91%, whereas the
are formed. The remainder is displaced as the externalcombinations of GP and Gly, which give 74% displacement,
aldimines are converted to E(A-A). The studies of BrZzovic or GP and.-His, which give 73% displacement, show more
et al. (1992b) and Woehl and Dunn (1995) established thatmodest effects. Since in each instance thesites are
the conversion of E(Ae) to E(A-A) is the process which  saturated with GP and thesite reactions are stoichiometric,
triggers activation of thea site, and the binding of a these findings imply that the extent of synergism in ANS
monovalent cation is essential to this allosteric transition. displacement exhibited by ligation at the and 3 sites
Therefore, we conclude that the displacement of ANS as E(A-depends on the structure of the intermediate atftsite.
A) is formed in the reactions af-Ser or O-Me-Ser is a  Thea site is not activated by the reactions of GlyHis, or
consequence of the same conformational transition that is L-Trp at thef site; only the formation of E(A-A) or E(Q)
essential for actiation of the a site and inolves the activates (Brzoviet al., 1992b, Leja et al., 1995; Banik et
corversion of3¢ to B (viz. Scheme 3 and Table 3). al., 1995). Therefore, the binding ofsite ligands to the
The third class of ligand-mediated conformational change species formed with Gly,-His, or L-Trp must shift the
involves binding at thet site. As can be seen from Figure distribution of conformation states to a closedite, giving
7A, the plot of 1# vs [GP] gives a hyperbolic isotherm. This an @“3¢). species without activating the site, while the
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binding of IGP to E(A-A) transforms the bienzyme complex
almost completely to theo’5*), conformation, a species
with an activatedx site. Therefore, we conclude that both
subunits of ano subunit pair must be in the closed Red also is diminished by the binding of GP to thesite
conformation,(a®$®),, to trigger actation (Table 3) and by reaction of-Ser at the3 site. Ruvinov et al. (1995)
Open and Closed Conformation Changes Are Triggered speculate that the decrease in Nile Red fluorescence is due
by Ligand Binding and Intercarrsion of Intermediates  to a ligand-induced restriction in the tunnel and that this
According to the hypothesis of Brzdviet al. (1992b) restriction serves as a gate that regulates the channeling of
(Scheme 3), an open conformationwfs; is favored in the indole by partially closing the tunnel, thereby converting the
absence of ligands. The results presented in Figure® 1  S-subunit from an open to a closed form. This is an
and Tables 1 and 2 are fully consistent with the conclusion intriguing suggestion; however, closing the tunnel at a site
that open conformations bind ANS. As already discussed, between thex and 3 catalytic sites in response to E(A-A)
certain ligand-protein interactions at either the or the 5 formation would inhibit the transfer of indole and hence
sites favor one or another of three conformational states ofwould be counterproductive for the channeling of indole
the bienzyme complex. The reactions of GhKlis, orL-Trp between the sites. No such inhibition has been detected.
give equilibrating mixtures of E(S), E(GD), or E(Aex) When mixed with indole, the E(A-A) complex reacts very
species with a conformation state designated &%), rapidly in a chemically limited step to form E{Rin a
(Table 2). Binding of GP or IGP to these species gives an process that involves entry of indole through thsite and

transfer between thg-subunit PLP and Nile Red, and the
observation that mutation gEsubunit residues near this site
alters the fluorescence of Nile Red. The fluorescence of Nile

(avp?), state with a closedu-site conformation, while
binding of GP or IGP to E(A-A) or E(Q) gives a conforma-
tion designated asuf’3*), with both sites closed. These
states are distinctly different from each other and from the
conformation of the E(Ain) complex. af$¢), and @3?),
exhibit a-site catalytic activities that are different from
(0®B®)2, and each has an affinity for ANS that differs from
each other and from E(Ain). ofB%), and @“B3?), are low-
activity forms that retain moderate affinity for ANS146%).
is a high-activity from that has a low affinity for ANS.
There is considerable evidence that the conformational
transitions amongao©5%),, (0$%),, and @), serve to
change (i) substrate binding affinities, (ii) the thermodynamic

movement along the tunnel to tfiesite (Dunn et al., 1987b,
1990; Brzovicet al., 1992a,b, 1993; Leja et al., 1999n

our view, the only point in the catalytic cycle where a
constriction of the tunnel would facilitate channelingfter
theL-Trp quinonoid has formed, and this process would need
to be reversed in a subsequent step in the cycle preceding
the reaction of indole with E(A-A). Since mutations at a
variety of loci in thea and § subunits alter the allosteric
properties and ligand binding affinities of tryptophan synthase
(Brzovic et al., 1992a, 1993; Yang & Miles, 1993; Miles,
1991a), the interpretation of the effects of mutations at

B-subunit residues on Nile Red fluorescence as evidence

for a gating mechanism which controls transfer of indole

stability of reaction intermediates, (iii) the access of substratesvia the tunnel (Ruvinov et al., 1995) should be viewed with

to thea andg sites and to the tunnel, and (iv) the rates of
chemical steps along the catalytic pathway (Kirschner et al.,
1991; Miles & McPhie, 1974; Fader & Hammes, 1970, 1971,
Houben et al., 1989; Drewe & Dunn, 1985; York, 1972;
Dunn et al., 1990; Brzoviet al., 1992a,b, 1993; Dunn et
al., 1994; Leja et al., 1995; Woehl & Dunn, 1995; Ruvinov
et al., 1995; Banik et al.,, 1995). The ANS fluorescence

caution.

Mechanism of Substrate Channelinghe accumulated
evidence shows the biological function of the tryptophan
synthase bienzyme complex is to ensure the synthesis of
L-Trp by channeling the common metabolite indole between
the two active sites af8 subunit pairs. The X-ray structure
(Hyde et al., 1988) shows that a tunnel connects the two

studies show that conversion of E(Q) to products triggers a active sites so that the direct transfer of indole can occur.

change in conformation back to a state that can bind ANS
(viz. Scheme 3).These remarkable findings indicate that
the conformation oty subunit pairs shift from the closed
structure, (0.®5®)2, back to a more open structuréy’s3?),,
when E(Q) is corerted to the product external aldimine and
G3P is releasedScheme 3). In this context, it is noteworthy
that the work of Brzovicet al. (1992b) and of Leja et al.
(1995) show the conversion of E{QXo E(Aex) (Scheme

3) is the allosteric trigger for deactivating tlesite. This
allosteric switch causes a 30-fold change in the activity of
the a reaction. Activation of thex site is linked to the
formation of E(A-A), theS-site species which reacts with
the channeled intermediate, indole, while deactivation is
linked to the conversion of E@to E(Aex). Consequently,
this switching mechanism primles a means for effectly
coupling the actiities of thea and 3 sites This switching
has two functions: (i) coupling causes catalysis atitzd

However, in addition to the critically important role played
by the tunnel, two additional features are essential to achieve
efficient transfer of the common metabolite between the 25
A distant sites: (a) there must be additional structural
constraints to prevent loss of indole to bulk solution, and
(b) the catalytic cycles of the two enzymes must occur in
phase. As depicted in Scheme 3, these two features of the
channeling mechanism are achieved via the dynamic behav-
ior of the bienzyme complex. Through control provided by
allosteric signalsp subunit pairs are switched between two
conformational statespf3%), and @“5*).. The low-activity,
open conformation,o®5%),, allows binding of substrates and
release of products. The high-activity, closed conformation,
(0»B®),, activates the site for cleavage of IGP and prevents
the escape of indole. The switch from%3?), to (0/3*),
occurs when E(Aey is converted to E(A-A). Thus, forma-
tion of the g-site species, E(A-A), which reacts with the

B sites to occur in phase, and (ii) the conversion to a closed channeled intermediate, indole, is linked to the activation of

o conformation prevents the escape of indole from the
bienzyme complex and ensures its conversion-Top.
Ruvinov et al. (1995) recently have reported that the dye

thea site. The reaction of indole with E(A-A) to form ER
is ensured by the closed conformation. The switch back to
the open conformation is triggered by the conversion ofgE(Q

Nile Red binds with enhanced fluorescence at a site proposedo E(Aex). This transition deactivates tloesite and releases

to be in the tunnel near thg catalytic site. The circum-

G3P. Conversion of E(Aexto L-Trp and E(Ain) at thes

stantial evidence for this site is based on fluorescence energysite completes the catalytic cycle. Consequently, the subtle
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interplay between the architecture and the dynamic propertiesHyde, C. C., Ahmed, S. A., Padlan, E. A., Miles, E. W., & Davies,

of this multienzyme complex provide an example of allosteric

regulation that functions to achieve substrate channeling.
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