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ABSTRACT. Thea-subunit of the tryptophan synthase bienzyme complex catalyzes the formation of indole
from the cleavage of 3-indolyd-glyceraldehyde '‘3phosphate, while thg-subunit utilizes.-serine and

the indole produced at thee-site to form tryptophan. The replacement reaction catalyzed bg-théunit
requires pyridoxal 5phosphate (PLP) as a cofactor. Theeaction occurs in two stages: in stage I, the

first substratel.-Ser, reacts with the enzyme-bound PLP cofactor to form an equilibrating mixture of the
L-Ser Schiff base, E(Aa¥ and theo-aminoacrylate Schiff base intermediate, E(A-A); in stage I, this
intermediate reacts with the second substrate, indole, to form tryptophan. Monovalent cations (MVCs)
are effectors of these processes [Woehl, E., and Dunn, M. F. (Bi@&)emistry 349466-9476]. Herein,
detailed kinetic dissections of stage Il are described in the absence and in the presence of MVCs. The
analyses presented complement the results of the preceding paper [Woehl, E., and Dunn, M. F. (1999)
Biochemistry 38,XXXX —XXXX], which examines stage |, and confirm that the chemical and
conformational processes in stage | establish the presence of two slowly interconverting conformations of
E(A-A) that exhibit different reactivities in stage Il. The pattern of kinetic isotope effects on the overall
activity of the-reaction shows an MVC-mediated change in rate-limiting steps. In the absence of MVCs,
the reaction of E(A-A) with indole becomes the rate-limiting step. In the presence obNK™, the
conversion of E(Aex to E(A-A) is rate limiting, whereas some third process not subject to an isotope
effect becomes rate determining for the NFactivated enzyme. The combined results from the preceding
paper and from this study define the MVC effects, both for the reaction catalyzed Ifysthieunit and

for the allosteric communication between thheandg-sites. Partial reaction-coordinate free energy diagrams
and simulation studies of MVC effects on the proposed mechanism ¢i-teaction are presented.

The tryptophan synthase bienzyme compleysg) from glycerol 3-phosphate (IGP) and-serine (-Ser) (Scheme
Salmonella typhimuriurnarries out an unusual combination 1) (2—5). It is now well established that the indole produced
of chemical reactions (Scheme 1) and physical transforma-at the a-site is transferred to thg-site via a 25 A long
tions involving two different catalytic sites located on interconnecting tunnel (Figure 1) where reaction wi8er
separate subunits (Figure 1); see also the preceding papegivesL-Trp (6—15). The relationship between the architecture
(1). This bienzyme complex catalyzes the last two steps in of the bienzyme complex and the dynamic events involving
the biosynthesis af-tryptophan (-Trp*) from 3-indolyl-p- the chemistry and the conformational transitions in the

protein is now fairly well understood(16—18). To achieve

" Supported by NIH Grant GM55749 and NSF Grant MCB-9218902 efficient utiI.ization_of indole, the catalytic cycles of tlme_
(EW.). and f-reactions (Figure 1) are phased to each other via an

* Corresponding author. Phone: 909-787-4235. Fax: 909-787-4434, allosteric signaling mechanisn, (10, 13, 15, 18) in which
E-mail: michael.dunn@ucr.edu. the o-site is switched on by the conversion of theSer

*Present address: Howard Hughes Medical Institute, School of i _Aami ;
Medicine, Yale University, New Haven. CT 06510. external aldimine, E(Aey, to the o-aminoacrylate Schiff

L Abbreviations: a2, the tryptophan synthase bienzyme complex; Pase intermediate, E(A-ALQ) (viz., Scheme 1B).
B, theS-subunit dimer species; IGP, 3-indolytglycerol 3-phosphate; Following the cleavage of IGP at thesite, diffusion of
IPP, 3-indolyl-propanol 3phosphate; 5-fluoro-IGP, the 5-fluoro deriva-  jndole along the tunnel into thé-site, reaction with E(A-

tive of IGP; G3P p-glyceraldehyde 3-phosphate; Gglycerophos- R : : :
phate;L-Ser (or S) and,L-Ser,L-serine and,L-serine, respectively; A) to form the L-Trp quinonoid, E(Q), and conversion of

In, indole; L-Trp, L-tryptophan; PLP, pyridoxal 'Sohosphate; KIE, E(Qy) to theL-Trp external aldimine, E(AeX (viz., Scheme
kinetic isotope effect; SWSF single-wavelength stopped-flow; RSSF, 1B), thea-site is switched off againl@). The switching on

rapid-scanning stopped-flow. The various covalent forms of PLP-bound gndq off is accompanied by conformational transitions be-
serine at thgg-site (see Scheme 1) are designated as follows: E(Ain) ¢ tat ith | it tivit doal d stat
or E, the internal aldimine (Schiff base); E(@Pthe firstgemdiamine Ween open statés with low-site aclivity and closed states

species; E(Aey, theL-Ser external aldimine (Schiff base); E{Qthe with high a-site activity (Scheme 1B and Figure 1)1( 12,

L-Ser quinonoid; E(A-A), ther-aminoacrylate Schiff base; EfQthe 17, 18). This cycle of switching between inactive (open) and
quinonoid formed initially in the Michael addition of indole with E(A-

A): E(Qs). the quinonoid formed by abstraction of a proton from B(Q active (closed) sta_tes forces the catalytic cycles of the_ two
E(Aex), theL-Trp external aldimine (Schiff base); E(GDtheL-Trp enzymes to occur in phase and prevents the escape of indole
gemdiamine. (19).
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Scheme 1: Organic Chemistry of the and-Reaction3
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aThe a-reaction is shown as a simple, reverse aldol-like cleavage reactions-Témction occurs in two stages. In stage-Ser reacts with

enzyme-bound PLP to give the Schiff baseneiminoacrylate, E(A-A). In stage I, E(A-A) reacts with indole to giv@rp. OPEN, CLOSED, and
(PARTIALLY) CLOSED designate protein conformations.

The allosteric signaling triggered by the above-described processes involved in stage Il of tifereaction and in the

covalent changes at tifiesite occurs via a network of protein
and cofactor structural elements linking the and -sites.
This network includes a monovalent cation (MVC) cofactor
site located in the3-subunit abou8 A distant from the
[-catalytic site 1, 16—20). The protein linkages between
the MVC site and ther- and -catalytic sites include two
salt bridges involving two alternative orientations of a lysine
residue in thgg-subunit fK167), loop structures which fold
down over thea-site to make a closed conformatiohl(
12), and a domain movement in tifesubunit which closes
the entrance to thg-site (, 11, 12, 17) (Figure 2).

The reaction ofL-Ser with indole at the8-site occurs in
two stages (Scheme 1B). In stage-Eer reacts with enzyme-
bound PLP to form E(A-A},a quasi-stable species poised
to react with indole. In stage Il, the electron-rich C3 of indole
makes a nucleophilic attack on the electrophilié &f the
a-aminoacrylate species to give a quinonoidal species;)E(Q
that is rapidly deprotonated to E{§Qwhich then is converted
to L-Trp via the E(Aex) and E(GD) species (Scheme 1).
In this work, we examine the roles played by the binding of
MVCs in modulating the chemical and conformational

of-reaction.

MATERIALS AND METHODS

The materials and methods used in this work were the
same as those described in the preceding paper (

RESULTS

Single-Waelength Absorbance Stopped-Flow Kinetic Analy-
sis of the Second Stage of {idreaction.The second stage
of the S-reaction, the reaction of E(A-A) with indole to form
L-Trp, was investigated for indole concentrations ranging
from 0.2 to 2.0 mM. The formation and decay of the EQ
species were followed at 476 nm. Under these conditions,
the process is biphasi2Z, 22) with a fast, increasing phase
of E(Qs) formation followed by a slower, decreasing phase
(see Figure 3A). Figure 3B shows the dependence of the
relaxation rate constant determined for the fast process on
the indole concentration in the absence and in the presence
of NaCl.
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Table 1 summarizes the kinetic and equilibrium parameters
for stage Il K1 = k_y/Kky, ko, k-, ks, andk_3) determined via
the above treatment for reaction both in the absence and in
the presence of NaCl. These results show that the rate
parameters for the forward reaction do not change signifi-
cantly upon addition of NaCl, whereds , is strongly
decreased; consequently, the amplitude of the observed signal
increases because the reverse rate constant for the second
step is reduced by more than 10-fold in the presence of the
metal ion.

Dependence of Stage Il on NaChe reaction of E(A-A)

Ficure 1: Conformation states of the catalytic cycle. Cartoon jith jndole was followed using the change in absorbance at
depicting the linkage of binding interactions and covalent changes

at thea- andp-sites to the cycle of conformation changesif-
subunit pairs during the synthesis ofTrp from IGP andL-Ser.

The MVC site is shown occupied by'KThe bound/covalent states

of thea- and-sites are indicated by the acronyms for the various
covalent states of the reacting substratE#lipses designate open
conformations, squares designate closed conformations, and octa-
gons designate partially closed conformations. Activation of the
o-site occurs when E(Agxis converted to E(A-A); deactivation
occurs when E(g) is converted to E(Aey. Redrawn from Pan et

al. (18) with permission.

To determine the kinetic parameters for this reaction, the
simplified mechanism shown in eq 1 was assumed. After

indole+ E(A-A) % E(A-A)(indole)%
E(Q) 1= E(Aex) (1)

formation of the Michaelis complex, E(A-A)(indole), the
second stage of th&reaction proceeds through two quinon-
oidal intermediates, E(and E(Q) (Scheme 1). However,
E(Q) converts to E(@ more rapidly than it is formed and,
consequently, cannot be detected. Therefore, ;E(®
neglected in the above mechanism. From previous Wik (

22) it is known that equilibration of the first step is much
faster than that of the second and third steps; thus it can be
assumed that

k,[indole] + k_; > k,, K_,, kg, K_5 (2) Ficure 2: Ribbon diagram of an-dimeric unit of the tryptophan
synthase mutartK87T with the IGP analogue 3-indolylpropanol-
. . 3'-phosphate bound to the-site and the-Ser external aldimine
By analogy to the relaxation expressions formulated for stage of p_p bound to th@-site. Coordinates were taken from 2TRS.PDB
| of the L-Ser reactiony), the dependence of the relaxation (17), and the drawing was constructed using RasMol 2. The
rates on the concentration of indole is then described by eqgsstructure is viewed perpendicular to the interconnecting tunnel, and
3-6 both thea- andj-sites are in closed conformations with access to
’ solvent blocked. Cofactors and ligands are shown as space-filling
. models. Residues believed to be important for the communication
1 .+ K Ky[indole] Kk 3 of allosteric signals between the andj-sites are shown as yellow
Tl o(ks + K_) 1+ K [indole] = 23 3) sticks (i.e.,aD56 with side chain O req3K167 with side chain N
2l3 1 S i ; ;
blue, andaD305 with side chain O red). Loops 2 and 6, which

1 fold down over theu-site to make a closed structure, are shown in
—_— = magenta and red. Due to disorder in the structure, loop 6 is truncated
7,73 — (K_5K_3) at residue 187 in the PDB data file. Color schemesubunit, blue;

1 1 1 [-subunit, greengi-loop 2, magentag-loop 6, black stripes; stick
4) models of individual amino acid residues, yellow;\alack; ligand

kZKl(kS + k—3) [ind°|e] kz(ks + k—a) C, silver; ligand O, red; ligand N, blue; ligand P, orange.
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Table 1: Influence of NaCl on the Kinetic Parameters for Stage Il
of the -Reactioi?

reaction conditions

KimMM™) k(s ko(sh) ks(sh

E(A-A) + indole 15 270 20 50
E(A-A) + indole + NaCl 3.8 270 1 50

aKinetic parameters were obtained from the fitting of the data in
Figure 3 to egs 36 (see text)? Error limits for rate and equilibrium
parameters are estimated to be as follows; +£10%; kp, +5%; k-2,
+15%; ks, £10.

0.12
0.10
0.08
0.06
0.04
0.02

0.00 L 1 1 1
0.00 0.05 0.10 0.15 0.20

Time (sec)

e NN
S Wt D
=R I )

/1, (sec'])

h
=

Absorbance (476 nm)

0 1
00 05 1.0 15

[Indole] (mM)

2.0

Ficure 3: Dependence of the reaction of E(A-A) with indole on
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Ficure 5: Reaction of E(A-A) with the indole analogue, indoline.
(A) SWSF time traces are shown for the reaction in the absence

varying concentrations of indole in the presence and absence ofand in the presence of 100 mM NaCl (traces 1 and 2, respectively).

Nat*. Panel A shows the time courses for the formation and decay

The reaction of metal-free E(A-A) with a mixture of indoline and

of the quinonoidal species in the absence and in the presence ofNaCl is shown for the condition where NaCl is present in the

100 mM NaCl for one of the titration points (1 mM indole). In
panel B, the relaxation rate constantzf)/for the fast phase of
quinonoid formation (measured at.x = 476 nm) is plotted as a
function of [indole]. Concentrations:aff,] = 15uM, [L-Ser]=
40 mM, and [NaCl]= 100 mM where present. Symbols: circles,
absence of NaCl; squares, presence of 100 mM NaCl.
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Ficure 4: Dependence of quinonoid yield and relaxation rate in
the reaction of indole with E(A-A) as a function of [NaCl] measured
in SWSF experiments using the transient quinonoidal peak with
Amax = 476 nm as the signal. Panel A shows the absorbance

>

0 20

substrate syringe only (trace 3) and for the condition where indoline
and E(A-A) are premixed in one syringe and then mixed with NaCl
from the other syringe (trace 4). Concentrations;3p] = 19uM,
[L-Ser] = 40 mM, [indoline] = 2 mM, and [NaCl]= 100 mM
where present. (B) Dependence of the amplitude of the quasi-stable
E(Q)ndoline Peak on the indoline concentration in the absence of
NaCl (circles), and in the presence of NaCl (squares). Concentra-
tions: [ozf2] = 7.6uM, [L-Ser]= 40 mM, and [NaCl}= 100 mM
where present.

become concentration independent with increasing NacCl
concentration.

Formation of a Quasi-Stable Quinonoidal Species with the
Indole Analogue Indoline in the Presence and Absence of
Metal lon To further characterize the events occurring during
stage Il, the reaction of the indole analogue, indoline, with
E(A-A) was examined in detail. When E(A-A) (formed in a
preequilibrated mixture of;3, andL-Ser) is reacted with
indoline, the formation of the indoline quinonoid, E{@ine
(Amax = 466 nm), is very rapid, whereas turnover of this
quinonoid occurs very slowly to give the tryptophan analogue
dihydroisot-tryptophan £0—12, 23), making E(Qhdoline &
guasi-stable specie3d). To investigate MVC effects on this
reaction, the appearance of E{@jine resulting from reaction
of a8, with premixed.-Ser and indoline was measured both
in the absence and in the presence of NaCl under a variety
of premixing conditions.

Figure 5A shows the time courses for Ef@)n. formation

maximum of the transient peak as a function of NaCl. Panel B in the absence of NaCl (trace 1), in the presence of NacCl

shows the concentration dependence of the relaxation rate constant:

both on the formation and on the decay of the quinonoidal species.
Concentrations: d,f,] = 10 uM, [L-Ser]= 40 mM, and [indole]
=5 mM.

476 nm due to E(g). Figure 4 shows the effects of the NaCl
concentration both on the maximum amplitude of the
quinonoid peak (A) and on the relaxation rate constants for
the formation (174, circles) and decay (14, squares) of this
band (B). The relaxation rate constants for the formation and
the decay of the quinonoid were found to be essentially
independent of the NaCl concentration. The amplitudes of

frace 2), with NaCl present in the substrate syringe only
(trace 3), and with E(Q}oiine preformed from premixed E(A-
A) and indoline and then reacted with NaCl (trace 4). In the
absence of the metal ion, E({&pine accumulates to only
about 8% of thes-sites in a monophasic process with a
relaxation rate constant of about 500 gtrace 1). In the
presence of NaCl (trace 2), E(Rgine 2ppears in two phases,
one fast phase with a relaxation rate constant of 43@usd
another, slower phase with a relaxation rate constant of 2.7
s L. At the same concentration of indoline (2 mM), and when
the reaction mixture is preequilibrated with indoline, the final

these relaxations (Figure 4A), however, increase and thenamount of accumulated E(R)ine €quals 55% of thg-sites,
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g os F 0.8 Table 2: Comparison of MVC Effects on Relaxation Rate
< A ’ a(+NaCl) B Constants and Secondary KIEs Measured for Stage Il of the
F 06 f 0.6 p-reactiortb
2 sl a (+NaCl) o Ser isotope KIE KIE KIE
= and MVC effector ¥, (H/D) 1k, (H/D) 1k (H/D)
T 02 b (-NaCl) 02 b (-NaCl)
s . D,L-Ser; no MVCs 138 1.6
i 0.0 1 I I I 0.0 t 1 1 L [ﬁ-ZH]-D,L-Ser; noMVCs 169 0.82 1.7 1

0.0 02 0.4 0.6 0.8 1.0 0 2 4 6 8 10 D,L.-Ser; NaCl 171 29 2.8

. . [-?H]-D,L-Ser; NaCl 226 076 25 11 25 11
Time (sec) Time (sec) p.L-Ser; NHCI 129 55 2.7

FicUre 6: (Panel A) Reaction afi;3; with a mixture ofi-Ser and [8-?H]-p,L-Ser; NHCI 195 066 36 15 27 1
indoline in the absence (b) and in the presence (a) of NaCl. (Panel” " a e|axation rate constants were measured for the disappearance of

B) Reaction of a preequilibrated mixture a3, and L-Ser with E(A-A) measured at 350 nm. E(A-A) was preformed in one syringe of
indoline |n_the absence (b) and in the presence (a_) of NaCl. e stopped-flow apparatus (via reactiorugf, with serine) with indole
Concentrations: d3;] = 10uM, [L-Ser]= 40 mM, [indoline] = in the other syringe both in the absence of MVCs and in the presence
10 mM, and [NaCl]= 100 mM where present. of 100 mM NaCl or 50 mM NHCI. ® Error estimates for relaxation

rate constants are as follows:til& £5%; 1fr> = £5%; 13 = £5%;
out of which 36% form in the fast phase and 19% form in KIE, £<5%
the slow phase. The percentages refer to tgtaites and
were estimated from _the amplltudes_ assuming th_at the Taple 3: MvC Effects and Secondary KIEs on the Activity of the
absorbance at saturation from the titration curve in the g-Reaction Resulting from Substitution ¢8-PH]-p,L-Ser for
presence of NaCl (Figure 5B) corresponds to the condition Isotopically Normalp,L-Sef?

where 100% of thg-sites are in the form of E(Q)oiine. IN MVC WIEd] isotope
the case where NaCl is present only in the substrate syringe  Ser isotope effectors (sH effect (H/D)
(trace 3), about 8% forms in the fast phase and 46% forms™ | _ger no MVCs 18

more slowly with relaxation rate constants ofL..5 to ~3 [B-?H]-p,L-Ser no MVCs 2.2 0.8

s L. When E(Qpqoline iS preformed prior to reaction with D.L-Ser NaCl 4.8

NaCl (trace 4), only a slow phase of formation can be I[),Bl:_gl;rD,L-SET Eglc' g"g’ 11
observed in which~46% of the -sites react to form [f-2H]-0,L-Ser KCl 8.7 0.9
E(Q)ndoline @gain at rates of-3 to ~1.5 s'1, D,L-Ser NHCI 9.6

Figure 5B shows the dependence of the absorbance at 466 [4-2H]-D.L-Ser NHCI 93 1.0
nm on the indoline concentration, both in the absence and ®Activities were measured as described under Materials and
; ; ethods. Typical conditions of concentrations are as followsi3{]
wl';[frl] Z?ﬂresﬁﬂg%g’;{\ggIc’uT\?ea?:engual:te)glﬁlt?]: aIter reactlofn'\:" 0.4 uM; [serine derivative}= 40 mM; when present, [NaCH 100
2 : alr presence oy [Kcll = 100 mM, or [NHCI] = 50 mM; [indole] = 0.2-0.3
NaCl shows much tighter apparent binding than does the mm. v Error limits on activity measurements were estimated to be
titration curve measured in the absence of NaCl. +10%; KIE, £<5%.

To investigate the kinetic behavior at higher concentrations
of indoline, eitheroy3, was reacted with a mixture efSer measured at 350 nm for the second stage offtheaction
and 10 mM indoline (Figure 6A) or preformed E(A-A) was (data not shown). The band at 350 nm is a component of
reacted with 10 mM indoline (Figure 6B), with both the E(A-A) spectrum and, therefore, serves as a signal for
experiments carried out in the presence and in the absencee(A-A) formation and decayld). In the reaction of the E(A-
of NaCl. In the presence of NaCl after rapid reactiomgi, A) species with indole to form E(§) the @5 of L-Ser
with a mixture ofL-Ser and indoline, the appearance of changes hybridization state from?sp si, a transformation
E(Q)ndoiine is biphasic (panel A, trace a) with relaxation rate that exhibits an inverse secondary KIE3(. When the
constants of 7 and 1'% respectively. The total accumulation disappearance of the E(A-A) species is followed at 350 nm,
of E(Q)ndoiine €quals 80% of th@-sites with~50% forming  the reaction in the absence of MVCs is biphasic with a fast
in the faster phase. In the absence of MVCs (panel A, trace phase of about 140 $and a second phase about 100-fold
b), E(Qnaoine accumulates to a final amount of16% of  slower (Table 2). In the presence of NaCl, there is an
the f-sites, all of which is formed in one phase with a additional decreasing phase with a rate~80 s'. In the
relaxation rate constant of 19's A decreasing phase with  presence of N,CI, there also is an additional phase that is
a small amplitude can also be detected. Formation of intermediate in rate, but which arises from an increase in
E(Q)ngoiine from a preequilibrated mixture of enzyme and absorbance. In the absence of MVCs, the amplitude of the
L-Ser in the presence of NaCl (panel B, trace a) gave afast phase is much smaller than in the presence of either

triphasic trace with 54% formed in a fast relaxation9@5 NaCl or NH,CI. In all cases, only the fast phase shows the

s, with an amplitude that is-50% of the total change), inverse secondary isotope effect; the slower phases are not

less than 8% formed in an intermediate phasédq s™), subject to an isotope effect. Table 2 shows the curve-fitting

and the remainder formed in a slow procesd @ s). In results for the corresponding time courses.

the absence of MVCs (panel B, trace b), up to 6% of the  primary and Secondary Isotope Effects on EnzymesActi

enzyme sites react in a fast process\af00-800 s (the iy, Steady-state activity measurements for fheand o-

small amplitude makes the rate estimation difficult), and reactions were performed to investigate the rate-limiting

approximately 11% react in a much slower proces2 ¢). character of individual steps both in the absence and in the
Kinetic Isotope Effects on Inddual Steps of thg-Reac- presence of MVCs (Table 3). Tifereaction was tested using

tion. Single-wavelength stopped-flow time courses were isotopically normalp,.-Ser and §-?H]-b,L.-Ser. Wherp,L-
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R LA Table 4: Comparison of the Effects of MVCs on the Activities of
g 0.08 - 1 E the a-, 8-, anda-Reactions Catalyzed by Tryptophan Syntliéise
E 0.06 [ . reaction MVC vl[Eo] (s71) relative activity
§ 0.04 £ 3 o-reaction none 0.30 1.0
= Na* 0.09 0.3
< o02f 1 K+ 0.09 03
1)) T S E—" NH* 0.05 0.17
350 400 450 500 550 p-reaction none 1.40 1.0
Nat 7.0 5.0
Wavelength (nm) K+ 90 6.0
Ficure 7: UV/vis absorbance spectra obtained after reaction of 5 NH* 13.0 9.0
uM a5, with 40 mM L-Ser and indoline: enzyme alone (spectrum o-reaction none 0.32 1.0
1), enzyme with.-Ser and 4.5 mM indoline (spectrum 2), or enzyme Na* 3.0 10
with L-Ser and 4.5 mM indoline in the presence of 50 mM J@H K+ 2.6 8.0
(spectrum 3). NH* 2.0 6.0

) a Activities were measured under the following conditions of
Ser and f-°H]-p,L.-Ser are compared in the absence of concentrations: dz8;] = 0.4 uM; [L-Ser]= 40 mM; [indole] = 0.2

MVCs, an inverse secondary KIE was found on the overall mM; [IGP] = 0.2 mM; when present, [NaCK 100 mM, [KCI] =

activity. The only step in the-reaction scheme known to 100 mM, or [NH,CI] = 50 mM. b Error limits on activity measurements
. Lo were estimated to bg-10%.

cause an inverse secondary KIE duggtsubstitution is the

formation of E(Q) in the reaction of E(A-A) with indole

(13). In the presence of Naor NH4*, no KIE was found on

the turnover rate.

Primary KIEs due to the abstraction of theproton during
formation of E(A-A) from E(Aex) can be detected on the
turnover rate in the presence of monovalent metal ions; see
the preceding papel). In the absence of monovalent metal
ions and in the presence of NEl, the effect on the turnover
rate is negligibly small. Table 3 summarizes the measured
activities for the different isotopically substituted serines and

the accompanying isotope efiects. The rate of wrnover in with L-Ser and indole in the absence of MVCs (panel A) and in

Fhe of-reaction was npt found to be. su.bject to any I_(inetic the presence NiCI (panel B). Concentrations: db32] = 10 uM,
isotope effects resulting from substitution of deuterium at [L-Ser]= 40 mM, [indole]= 1 mM, and [NHCI] = 50 mM where

either Gx or CB of serine. This finding is in agreement with  present. Timing sequence 1 was used (see Materials and Methods).
rate limitation by theo-reaction under these conditions.

Ammonium lon Effects on Aciiy and Distribution of steady-state phase of the reaction. Figure 8 shows the reaction
Intermediates: Static UV/Visible Absorbance AnalyBig- of o> with a mixture ofL-Ser and indole in the absence
ure 7 shows the distribution of species formed at quasi- (Panel A) and in the presence (panel B) of MH As
equilibrium for solutions ofxfs, L-Ser, and indoline in the ~ Previously shown14), in the absence of MVCs, the steady-
absence of MVCs (spectrum 2) and in the presence of NH state spectrum is essentially that of the E(A-A) species. In
Cl (spectrum 3). The spectrum off, alone is also shown  the presence of NH, however, the E(Aey and E(Q)
(spectrum 1). As is seen with the metal ions, NHilso species dominate the spectrum..These results show that, in
stabilizes (albeit more weakly) the quinonoidal species. ~ the absence of MVCs, the reactivity of the E(A-A) species

Single-Waelength Stopped-Flow Titratioithe amplitude IS sqppressed, yvhereas when JOH is present, E(A-A) .
of the transient quinonoidal signal resulting from reaction reeldny reacts with the second substrate, just as seen with
of the E(A-A) species with indole was used to obtain an Na™ and K (14).
apparent dissociation constant for Ntbinding. The NH* DISCUSSION

data show a slightly tighter apparent dissociation constant A stil| growing number of enzymes have been shown to
of 0.45 mM, versus 1.5 mM for Naand 5 mM for K" (14). be affected by MVCsX, 14, 24—27). Within the past few
Activity MeasurementsTable 4 compares the relative years, significant progress has been made to determine the
activities of thea-, -, ando3-reactions in the presence and nature and function of those effects4( 24). The binding
absence of MVCs. In agreement with the work of Woehl sites of several MVC-activated enzymes have been identified
and Dunn 14), these data confirm that the rate of the by high-resolution X-ray diffraction techniquesg, 17, 28—
a-reaction is reduced at least 3-fold by the binding of MVCs, 31), and the mechanisms of activation have been investigated
whereas thes- and a/3-reactions are strongly stimulated. via detailed solution studies for a few exampl&si4, 32—
Under the conditions employed in Table 4, fheeactionis  34). These efforts have demonstrated that, in aimost all cases,
stimulated 5-fold by Ng, 6-fold by K*, and 9-fold by NH*; MVCs should be considered to be allosteric effectors acting
the a3-reaction is stimulated 10-fold by Na8-fold by K*, at specific binding sites separate from the catalytic site and
and 6-fold by NH*. The a-reaction is inhibited 35-fold should transfer their effects via modulation of protein
by Naf, K*, or NH,*. conformation to selectively influence certain binding and/or
Rapid-Scanning Stopped-Flow MeasuremeR8SF mea-  catalytic events at the active site.
surements were performed to investigate the transient Work from our laboratory 1, 14) and work by Peracchi
distributions of intermediates that form and decay in the pre- et al. 32) have demonstrated that the tryptophan synthase

0.25
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350 400 450 500 550 350 400 450 500 550

Wavelength (nm) Wavelength (nm)

Ficure 8: Time-resolved RSSF spectra for the reactiorogs,
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bienzyme complex is subject to monovalent metal ion higher. This increased reaction rate almost certainly reflects
activation. Our studies showed that, in the absence of anthe considerably greater nucleophilicity of the indoline N1

MVC, the activity of the complex is reduced, and the in comparison to the indole CF,(23).

allosteric cross-talk between subunits is lost. The studies The pehavior of the indoline system provides valuable

presented herein and in the preceding pafdggrpfovide insights into the reaction mechanism of the second half-
detailed mechanistic information about the relationship of reaction. The two phases for quinonoid formation associated
the MVC effects, both to catalysis and to the allosteric jth the Na-bound state are detected when E(A-A) formed
regulation of substrate channeling in the tryptophan synthasejn the preequilibrated mixture of enzyme aner is reacted
bienzyme complex. with indoline. Simulation studies (not shown) are consistent
Metal lon Effects on the Second Half-Reactibhe effect  with a mechanism wherein the fast-forming quinonoidal

of MVCs on stage Il (see Figures 3, 4, 7, and 9) shows species results from the reaction of indoline with a preformed
characteristics somewhat different from those found for stage E(A-A) species poised to react. However, not all of the
I; see the preceding papet)( The affinity of E(A-A) for  E(Q)ngine present at quasi-equilibrium is formed through
indole in the Michaelis complex is increased by metal ions thjs rapid reaction. If the slow phase were due to the
about 2-3-fold. Since the rate parameters for the forward readjustment of the equilibrium between the E(Aeand
reaction of the second step are unaffected while the reverseg(a-A) species (as the active form is consumed by rapid
reaction is slowed, the MVC effect is manifest as a Change reaction with indo"ne), then, from the rate parameters

in amplitude for the formation of the quinonoid. The rate in determined for stage I, the relaxation rate expected for such
the reverse direction for the second step is about 10-fold 3 process would be about-8 si. This explanation is
slower for the metal ion-bound state. When combined with inconsistent with the observed relaxation rate constant of 2.7
the effect on the affinity for indole, MVC binding causes a s-1 The behavior of the indoline system is consistent with
Change in the equilibrium constant in favor of qUinOhOid a mechanism in which two conformations of E(A-A) are
formation approaching 30-fold. As can be seen in Figure 4, formed from E(Aex) (1). If this is true, then the relaxation
the relaxation rates of formation and decay for Ej(@re rate constants and parameters observed for the first half-
essentially unaffected by NaThe observed rate clearly is  reaction comprise an envelope of two parallel branches. The
dominated by the rate of the forward reaction, while the simulations show that the indoline data are best described
amplitude of quinonoid formation dramatically increases and py a scenario in which the less active conformation of E(A-
then saturates as the concentration of the metal ion isa) s formed at a rate somewhat slower than that of the active
increased. form (~2—3 versus~4 s1), establishing a ratio of active
Mechanistic Implications of Pathway Branchirstudies  to inactive conformations slightly in favor of the active
of stage Il using the indole analogue indoline in place of conformation.
indole establish that the path .Of tgereaction enters a If the interconversion between the active and inactive
branched segment upon formation of E(A-A) (Figure 5A). o mq of E(A-A) is slow, then the rate of interconversion

These two forms of the-aminoacrylate species interconvert must contribute to the relaxation rate constant(s) for the slow

;Igvv:_y and dShr?W fremark_ably. different rr—lzact:V|t|es with d phase(s). It can be estimated that the rates for interconversion
indoline and, therefore, give rise to two clearly separated ¢ efinitely smaller than 3-8 for both the forward and

kineti(I: phé’:\sis (Seﬁ b(lelow). In the preced.ing %appﬁﬁis the reverse reactions. The apparent affinities of both forms
postulated that the less reactive species has the openy g a_a) for indoline are reduced in the absence of MVCs,

conformation of thq.@-subu_mt, while the more active Species 544 due to the change in the ratio of forms in favor of the
has the closed conformation. The work reported herein lends,oqq 4ctive species, the overall apparent affinity is consider-

further support to this hypothesis. The three-dimiensional ably decreased.Simulations reveal that a change in the

structure of a closed conformation of the E(A-A)(S-fluoro- isqciation constant of about 5-fold would result in a change
IGP) complex determined at 24C has been reported by
Schneider et al.35).

Indoline reacts rapidly with the activated form of E(A-A) 2While the data for reaction of the substrate analogue, indoline, with

. ) . E(A-A) (see below) give valuable information on the equilibrium
to give E(Qhaoine Which then turns over very slowly to form between the two conformations of the E(A-A) species, little insight is

dihydroisotryptophan3). Owing to the slow turnover rate,  provided into whether the open form of the E(A-A) species is actually
E(Q)ndoine accumulates in a quasi-equilibrium. During the inactive and therefore a dead-end branch or if it is just less active than

reaction of indoline with E(A-A), significantly less quinonoid the closed conformation. The behavior of the E(A-A) species in the
is f d with the MVC-f ! . h ith the ‘N indole reaction shows that the pathway stays branched up to the
Is formed with the -free species than with the'Na  gyinonoidal species with slow rates of interconversion between

bound species. The titration curves in Figure 5B show that conformations. It has been shown elsewherel@) that the E(Aex)
there is a pronounced difference in the apparent affinity of species accumulates to a very high degree in the steady state. If the

: ; : _ open E(A-A) species were completely unreactive or gave a completely
the enzyme for indoline in the MVC-free and Naound unreactive, quinonoidal intermediate, then sgfrsites (about 20%)

states, in agreement with the findings for indole (Figure 3). would accumulate in an inactive form after the first burst of product
In the MV C-free state, the affinity is diminished at least 20- formation. Simulation studies show that this situation would give a

fold. However, from the measured relaxation rates (450 and time trace for E(Aey formation demonstrating an increasing phase,

1 . - - corresponding in amplitude to almost 100% of the sites, followed by
925 s* at 2 and 10 mM indoline, respectively) and the fact a decreasing phase, corresponding to accumulation of an inactive form

that the concentration dependence of the fast relaxation ratevhich no longer takes part in the steady-state turnover. However, the
is linear in the concentration range of 8 mM indoline @3), E(Aex) species accumulates to more than 90% of enzyme sites and

; (). shows no decreasing phade 14). This behavior can be simulated by
it follows that the forward rate constant for E(djine postulating a mechanism with two branches, wherein one of the

formation is significantly higher for indoline than for indole.  ranches is not entirely inactive but rather is less active (see Figure 10
Simulation studies show that the rate is at least 10-fold and Table 5).
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courses for the respective experimental curves (same coloring

Experiment Simulation
w14 o L scheme). These curves establish a close agreement between
13 . = ﬁ ' the simulated and experimental relaxation rate parameters
R L —_ Ll (see Table 53.
E ::: 4 1 % n fi i MVC Effects on Transition States and Rate-Determining
Boanil b 1 g \ StepsA primary KIE is detected on E(A-A) formation during
P e el . 1 stage | both in the MVC-free and in the MVC-bound species
oo be—""07 | . S BT (1, 21, 36). The observed effects on the relaxation rate
e &1 02 03 04 05 Lo 00 oRD 03 84 05 constants are 2.2 0.2, 2.0+ 0.2, or 3.0+ 0.3 for the
Time (sec) Thme {32¢) MVC-free, Na'-bound, or NH*-bound species, respectively.

Ficure 9: Comparisons of the simulated and experimental time Det_alled analyses of the kinetics fqr thg MVC-free andNa
courses for various steps in tieeaction. The curves in blue show ~ activated systems show that the intrinsic primary KIE on
the formation and decay of the E(Agsspecies in the reaction of ~ the specific rate constant for abstraction of the groton
azB2 with L-Ser and indole, the curves in red depict the formation of E(Aex,;) is changed from 4.0t 0.4 for the MVC-free

of the E(Aex) species in the reaction of the E(A-A) species with  gtate to 5.9+ 0.5 for the Na-bound state 1), a finding

glﬂgfﬁo%l(lj stggciggrﬁh? rg;iﬁgnsgfmethé( ;ﬂ?ggggegf V\mﬁ consistent with the conclusion that the extent of bond scission

indole. in the transition state is altered by the binding offNa
The reactions of nucleophiles with E(A-A) are ac-
Table 5: Summary of NaCl Effects: Comparison of the Rate companied by a change from ar?$p an sp hybridization
Parameters for Experimenta} and Simulated Time_ Courses for state of tha.-Ser @8. The results with indole show that this
E(Aex:) and E(Quoe) Formation and Decay Reactions hybridization change gives rise to an inverse secondary KIE
experiment simulation (13). Aninverse KIE could also be detected on the formation
reaction —NaCl +NaCl —NaCl +NaCl of E(Qs) from E(A-A) and indole under all of the conditions
oz + L-Ser summarized in Table 5. Consequently, these measurements
time course for E(Ae) establish that, in the MVC-free state, there is an inverse
1ttormation 165 930 165 913 secondary KIE on the turnover rate resulting from the
azgzlffc(i{SeH indole) 20 84 20 8.8 nucleophilic attack of indole on E(A-A) in stage II. In
time course for E(Aes) contrast to these results, when the reaction was carried out
U tormation 160 930 164 909 with the Na'- or K*-bound states, no secondary KIE could
1rgecay 29 32 25 30 be detected on the turnover rate. The Nidound state
E(A-A) + indole demonstrated neither a significant primary KIE on stage |
time course for E(Aey
W ttomationt. 23 27 20 40 nor a secondary KIE on the turnover rate (Table 3).
~ Uttormation2 2 2 These studies show that catalysis of fheeaction in the
“mfhco“r_se for E(@ 190 214 66 206 MVC-free system is rate limited by the nucleophilic attack
1/de°e'£”;“°“ 48 5 16 51 of indole on the E(A-A). Hence, €C bond formation is

@ Relaxation rate constants were determined from analysis of time the dominant rate-det'ermlnl'ng procgss for turnover of the
courses following the absorbance bands of the E{Aspecies at 420 MVC-fre_e system. Simulation studies for _the proposed
nm or of the E(Q) species at 476 nm. Simulations were carried out as Mechanism reveal that most of the enzyme sites (about 80%)
described in Materials and Methods and in the text. accumulate as E(A-A) in the less active branch of the
pathway as the reaction mixture approaches the steady state.
The formation of the indole quinonoid in that branch is about
10-fold slower than in the more reactive branch. In the Na
or K™-bound states, the reaction utilizes mainly the more

in the apparent affinity of about 24-fold, provided the ratio

between the forms is changed from about 70% of the active

form for the Na-bound system to about 18% for the MVC- . . . . .
reactive branch of the pathway. Since indole quinonoid

free system (as the ratio of fast to slow phase amplitudes : S : .
suggests). This change in ratio is established through theformaﬂor) V|atth||§ p{ancr]rlr]s fagt, tfrc])rm?no(r; Ofttrle Et(AAt%
kinetics of the first half-reaction. Simulations suggest that, sEpiues IS rate |rr;1|.|r;]g. us Ilnt € sFea %.S ate, it is the
for the MVC-free system, the less active species of E(A-A) (Aex) SPecies which accumuia e54). or this reasoln, a
is formed more rapidly (up to about 183, whereas the large primary KIE results from the iubstltunon?tbifor _H
more active species is formed at about the same rate'(4 s at theo-carbon ofL-Ser. In the NH*-bound state, neither
Figure 9 compares the experimentally observed time
courses for stage 1l with simulated curves constrained to theb ighe tr?jnTieF?t Ia(tipumulatli_ctmef t?e Er(]AﬁxiEECies iS_OV(?fethimakt)Ed
: : H : : H Yy the model. relative amplituaes Tor the other species In the absence
.ratlo.Of active o inactive conformations predicted by the . and presence of the MVC match the experimental data reasonably well.
indoline data. Table 5 compares the rate parameters used in: should be kept in mind that the rate parameters used to simulate
these simulations with the experimentally determined values. these time courses are not the result of an automated fitting procedure

Panel A of Figure 9 shows experimental time traces for the but represent a visual and semiquantitative test for the plausibility of
the model suggested by the experimental data. The reaction pathway

reaction _OfaZﬂ? with a mixture ofi-Ser _and indole '_n stage is too complex, and too many of the intermediates are inaccessible to
Il (blue time traces) and for the reaction of premixegh, direct experimental analysis to perform a complete kinetic pathway
and L-Ser with indole (red time traces). The formation of study. While the use of simulation methods is a very important tool
the quinonoidal species is also shown (green time traces).for_‘proof-reading” suggested mechanisms, the simplified model

. assumed herein does not take into account all phases and steps in the
Traces are shown both for the MVC-free species and for pathway, and it is not surprising that some differences between the

the Na-bound species. Panel B shows the simulated time modeled data and experimental data arise.
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C—H bond cleavage on E(Agxnor nucleophilic addition

to E(A-A) is rate determining; hence turnover must be limited
by some step which follows the formation of E{QThis
conclusion is in agreement with the magnitude of the
secondary isotope effects shown in Table 2. The observation
of a KIE of 0.66 in the presence of NHindicates that the
interconversion of E(A-A) and E(£) likely approaches
equilibrium in this experimertt.In the simulation studies,
the decay of E(Ae® was assumed to occur at a rate of
around 20 sb. An increase in the rate of formation of the
active E(A-A) species could, therefore, easily make the decay
of E(Aex,) rate determining. In any event, these results show
that the nature of the rate-determining step for turnover is
highly dependent upon interactions at the MVC site.

The NH'-Activated SpeciesThe literature on MVC
binding to small molecule chelators and on MVC-activate
enzymes 24) establishes that in almost all cases NHs
able to bind to the MVC site, giving species which mimic
the properties of the corresponding” Komplex. Indeed,
NH4*t is considered an isosteric analogue of il most of
its interactions with chelators and MVC protein sites.
However, there are potentially significant differences between
the coordination chemistry of Nfi and the monovalent
metal ions that could have important ramifications with
respect to protein conformation. The group | monovalent
metal ions, Li, Nat, KT, Cs", and Rb, have a single s
electron outside a noble gas core, conveying spherical
symmetry and low polarizability to the bonding interactions
of these ions. Consequently, bonding is essentially electro-

d
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(B)

i E(A-A)(In)

=

Na*E(A-A)(In)

Na*E(Aexq)
STAGE |

REACTION COORDINATE

Ficure 10: Effects of Nd on the free energy reaction-coordinate
diagrams for stage | (A) and stage Il (B) of the tryptophan synthase
p-reaction. Curves: ) Nat-activated system and (---) MVC-free
system. The free energy scale is given in kcal/mol &t@5Stage

| ground states and activation energy barriers are shown in (A) for
the interconversion of the Naactivated and MVC-free enzyme
substrate complexes with the corresponding E¢Aexd E(A-A)
species. Stage Il ground states and energy barriers are shown in
(B) for the interconversion of the E(A-A)(In) Michaelis complex
with E(Qs) for both the Na-activated and MVC-free systems. In
(A), the ground states of N& + L-Ser, and E+ L-Ser (not shown)
were arbitrarily assigned the same free energy. The energy of the
MVC-free E(S) complex was set at zero. In (B), the'HéA-A)

+ indole and E(A-A)+ indole ground states (not shown) were
assigned the same free energy. The MVC-free E(A-A)(indole)
complex was set at zero. With these conventions, the curves then
compare the effects of Naon the free energy diagrams. £
E(Ain), S = L-Ser, and In= indole.

Na'E(A-A)T STAGE Il Na*E(Qg)

static in nature. Coordination numbers and geometries are

dependent on such factors as ligand size and charge, charg
density on the metal ion, and the free energies of hydration.
Both Na™ and K" can form complexes containing as many
as 8-10 ligands with geometries determined by the structures
of the chelating molecules (see r24). In contrast, NH"
binding depends on H-bonding, and therefore complexes with
NH," almost invariably are restricted to bonding interactions
involving four acceptor atoms with a tetrahedral or distorted

E(Aex)) species. As found for the monovalent metal ions,
the NH;* complex gives an E(A-A) species that is more
reactive toward indole. Since NH preferentially stabilizes
the more reactive form of E(A-A), it is likely that it is the
tetracoordinate geometry of the MVC binding site which is
important for assuming the active conformation. Crystal-
lographic studies1(6, 17) indicate that this is the conforma-
tion in which fLys167 makes a salt bridge across thef

tetrahedral geometry. For example, the non-actin complexessubunit interface.

of Na" and K" are eight coordinate, while the NHcomplex

is four coordinate 8). Accordingly, there is no reason, a

priori, to expect that substitution of NJ for Na™ or K*

will give protein complexes with conformations identical to

those of either the Nacomplexes or the K complexes.
Ammonium ion binds to the MVC site of tryptophan

synthase with slightly higher affinity than does sodium ion

or potassium ion but activates the bienzyme complex to a

lesser extent than does either metal ion (see Table 4).

Interestingly, NH* is a better activator for thg-reaction,

stimulating the reaction 9-fold versus 5-fold for NaAt

equilibrium, NH,* stabilizes the E(Aey species in stage |

of the S-reaction to a lesser extent than does either bia

K*. However, the E(Aep species accumulates transiently

to a greater extent in the presence than in the absence o

NH4", just as is seen with the monovalent metal ions. In the

presence of the second substrate, indole, this effect leads tehip AG*

a steady-state spectrum with a large contribution from the

4 As pointed out by one of the reviewers, the fractionation factors
of Cleland @87) predict an equilibrium isotope effect of approximately
0.65 for the interconversion of E(A-A) and EfQa value in close
agreement with the observed isotope effect of 0.66 (Table 2).

Energetics of MVC Modulation of Catalysis in Tryptophan
Synthase The preceding paperl) and this work present
kinetic analyses that provide estimates of the specific rate
constants for some of the chemical events which occur in
stages | and Il of th@g-reaction, both for the MVC-free and
for the Na-bound states. These data are combined into a
free energy reaction-coordinate diagram (Figure 10) which
compares the energy profiles for the rate-determining
processes occurring in stages | and Il. To facilitate these
comparisons, the diagrams were constructed for two condi-
tions: (a) the MVC-free enzyme system and (b) the"Na
bound enzyme system. The ground states for the MVC-free
and Na-bound E(Ain) species are arbitrarily assigned the
same free energy, and the “standard state” for both systems
is defined as 28C and pH= 7.8. For each transition state
shown, the activation energy is calculated from the relation-
—RT(2.303)[logk: — log k], wherek; is the
specific rate constant for formation or decay of a species
and, from transition-state kinetic theorl, = (ksT/h)K¥,
wherekg is the Boltzmann constant, is absolute temper-
ature his Planck’s constant, arif is the quasi-equilibrium
constant for formation of the transition state. To construct
the diagram, a value of 2 10*?s 1 is used folk,. Because
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E(GD,), E(Q), and E(Q) do not accumulate in significant these conformation statez(). While not emphasized in this
amounts during stage | or Il, these species are not includedwork, a close examination of the available UV/vis spectral
explicitly in the energy diagrams. The effects of MVCs on data indicates that one action of the effectors (i.e., MVCs or
the reaction oL-Trp with E(Ain) have not been examined a-site ligands) is to shift the distribution of intermediates
in kinetic detail; therefore, the portion of stage Il involving without perturbing the electronic environment of each species
E(Aex), E(GD,), and the Michaelis complex, E(Ain{Trp), (see refdlQ, 11, 14, 15, 39, and40). Therefore, the shifts in
has been omitted from the diagrams as well. With these distribution are not accompanied by shifts in either thex
omissions and simplifications, the resulting diagrams provide or the bandwidths of the component specidgl, (40).
comparisons of the relative free energies of the ground statesConsequently, the changes in distribution likely arise from
and transition states that dominate the kinetic and equilibrium changes in the relative stabilities of protein conformation
behavior of those steps which most influence the overall states (e.g., the “quinonoid conformation” vs the-*

kinetic behavior of thes-site. aminoacrylate Schiff base conformation”). Conversely, the
From inspection of these data, it is clear that the binding altered distribution does not appear to be due to a localized
of Na* has the following effects on stage I: (a) Nainding alteration of the site environment which perturbs the relative

slightly stabilizes the E(Ain)¢Ser) Michaelis complex and  stabilities of quinonoid and aminoacrylate within a single

strongly stabilizes E(Aex relative to the corresponding protein conformation (which should therefore also alter the
MVC-free speciesl). (b) Na" binding lowers the activation ~ microenvironment and the absorption spectrum of the chro-
energy for E(Aex) formation while increasing the activation mophore). Altered reactivities then must have their origins
energy for E(A-A) formation). The effects of Naon stage in altered equilibria and/or altered activation energies for the
Il are somewhat different: (a) The ground states of E(A- conformational transitions obligatory for the chemical trans-

A)(indole) and E(Q) are both stabilized by Nabinding, formations.

and this stabilization is most notable for EfQ(b) In contrast On the basis of the magnitudes of the rate effects mediated
to stage I, the activation energies for quinonoid formation py these allosteric effectors, it is evident that in the
and decay are almost unaffected by"Nzinding. () The  tryptophan synthase system the modulation of the catalytic
pre-steady-state and steady-state data show that-teac-  pathway by allosteric interactions represents a “fine-tuning”
tion is rate determining for the-reaction. of the catalytic properties as a consequence of evolution.
Functional Significance of Protein Conformational Change The regulation of channeling also depends on the modulation
to Enzyme Catalysi$n the tryptophan synthase system, the of conformation at specific points in the catalytic cycle. It
dependence of intermediate distribution on the binding of then is not surprising to find that the allosteric interactions
allosteric effectors is a consequence of the strong influencewhich modulate catalytic events are also intertwined with
of protein conformation on the relative ground-state stabilities the triggering of the conformational transitions between open
and reactivities of the intermediates. While the protein no and closed states of thg3-dimeric unit. These events ensure
doubt exists in solution as an ensemble of conformation the efficient channeling of indole between theandg-sites
states, this study strongly supports the hypothesis that therg18).
exists a subset of conformational states tailored by evolution
to selectively stabilize each intermediate along the reaction SUMMARY
path (7, 10, 13—15, 22, 36, 39—42). To Iillustrate this
argument, consider the simple example involving three  This detailed study of MVC effects on th® and o-
intermediates, X, Y, and Z. Assume that the enzyme reaction pathways of the tryptophan synthase bienzyme
conformation B preferentially stabilizes intermediate X, complex reveals mechanistic principles of the effector roles
while conformation E preferentially stabilizes intermediate ~ Played by MVCs in enzyme-catalyzed reactions. The tryp-
Y and conformation Epreferentially stabilizes intermediate ~ tophan synthase example shows that the metal ion influence
Z. One catalytic consequence which then follows is that cannot be assigned to a single step in the mechanism; rather,
selective stabilization can work to adjust the ground-state the effects are the result of specific alterations of both ground
energies of the various intermediates (viz., Scheme 1) to States and activation energies on several steps in the reaction
comparable levels by providing more stabilization to species Pathway. These effects are manifest as a fine-tuning of the
which otherwise would be high-energy intermediates than interaction between the catalytic residues in the active site
to species of inherently lower energy. According to transi- and the conformational states of the enzyme.
tion-state kinetic theory, it also follows that those protein  In the second half-reaction, the MVC effect increases the
conformations that provide complementarity to the structures affinity of E(A-A) for indole and stabilizes E(§). The
of the activated complexes associated with the interconver-changed ratio of open to closed E(A-A) species established
sion of intermediates must decrease activation energies forin the first half-reaction is an important element in the second
those steps4(l—43). In the work presented herein, the half-reaction as well. Under steady-state conditions, most of
influence of MVCs and GP on the distribution of intermedi- the MVC-free enzyme exists as a low-activity form of the
ates in theL-Ser reaction and in thg- and a/-reactions E(A-A) complex, and we postulate that this species has an
supports the postulated existence of a subset of conformatioropen conformationly). If true, then the ratio of conformations
states that are complementary to those covalent states of théavors the open, less active form of this intermediate, and
PLP cofactor residing on the catalytic pathway of the the flux takes place primarily through the less active branch.
f-reaction. The demonstration that selected, site-directed,Since most of the flux takes place through the more active
single mutations at loci distant from the catalytic sites of branch in the MVC-bound forms, E(Ag@xaccumulates in
the o- andS-subunits dramatically alter the relative stabilities the steady state, and the slowest step becomes the formation
of intermediates at thg-site provides further evidence of of E(A-A). Consequently, the combined effects of MVC
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binding on stages | and Il cause a shift in the rate-determining
step of thes-reaction.

Another aspect of the change in ratio of open to closed
forms derives from the importance of these conformational
changes to the allosteric interaction between subunits. The
formation of a closed conformation in thfesubunit helps
to stabilize the closed conformation of thesubunit-IGP
complex and stimulates the rate of theeaction (4, 15,

44). The analysis of the ammonium ion effect suggests that
the conformation state of the putative tetracoordinate metal
ion binding site, the conformation identified by Rhee et al.
(16, 17) with the fK167—aD56 salt bridge across thes-
subunit interface, is the conformation responsible for shifting
the equilibrium toward the more reactive E(A-A) species.
Further analysis using tryptophan synthase derivatives with
mutations in residues important to the conformational transi-
tion from open to closed has provided additional insight into
the mechanistic details of the role played by the metal ions
in transmitting allosteric signals across the subunit interface
(20).

REFERENCES

1. Woehl, E., and Dunn, M. F. (199®)jochemistry, 387118-
7130.

2. Yanofsky, C., and Crawford, I. P. (1972)Time Enzymes, 3rd
Ed. (Boyer, P. D., Ed.) pp 431, Academic Press, New York.

3. Miles, E. W. (1979)Adv. Enzymol. Relat. Areas Mol. Biol.
49, 127-186.

4. Miles, E. W. (1991)Adv. Enzymol. Relat. Areas Mol. Biol.
64, 93-172.

5. Miles, E. W. (1991)J. Biol. Chem. 26610715-10718.

6. Hyde, C. C., Ahmed, S. A,, Padlan, E. A., Miles, E. W., and
Davies, D. R. (1988). Biol. Chem. 26317857 17871.

7. Dunn, M. F., Aguilar, V., Brzovic, P. S., Drewe, W. F., Jr.,
Houben, D. F., Leja, C. A., and Roy, M. (199Bjochemistry
29, 8598-8607.

8. Lane, A. N., and Kirschner, K. (199Bjochemistry 30479—
484.

9. Anderson, K. S., Miles, E. W., and Johnson, K. A. (1991)
Biol. Chem. 2668020-8033.

10. Brzovic, P. S., Ngo, K., and Dunn, M. F. (19®pchemistry
31, 3831-3839.

11. Brzovic, P. S., Sawa, Y., Hyde, C. C., Miles, E. W., and Dunn,
M. F. (1992 J. Biol. Chem. 26,/13028-13038.

12. Brzovic, P. S., Hyde, C. C., Miles, E. W., and Dunn, M. F.
(1993) Biochemistry 3210404-10413.

13. Leja, C. A., Woehl, E. U., and Dunn, M. F. (199ipchem-
istry 34, 6552-6561.

14. Woehl, E. U., and Dunn, M. F. (199B)ochemistry 349466
9476.

15. Pan, P., and Dunn, M. F. (1998ipchemistry 355002-5015.

16. Rhee, S., Parris, K. D., Ahmed, S. A., Miles, E. W., and
Davies, D. R. (1996Biochemistry 354211-4221.

17. Rhee, S., Parris, K. D., Hyde, C. C., Ahmed, S. A., Miles, E.
W., and Davies, D. R. (199Biochemistry 367664—7680.

18. Pan, P., Woehl, E., and Dunn, M. F.(1997¢nds Biochem.
Sci. 22 22—-27.

Biochemistry, Vol. 38, No. 22, 1999141

19. Miles, E. W., Rhee, S., and Davies, D. R. (199%Biol. Chem.
274, 12193-12196.

20. Woehl, E. U., Banik, U., Hur, O., Farrari, D., Bagwell, C.,
Miles, E. W., and Dunn, M. F. (1999Biochemistry (in
preparation).

21. Lane, A. N., and Kirschner, K. (1988ur. J. Biochem. 129
561-570.

22. Drewe, W. F., Jr., and Dunn, M. F. (198Bjochemistry 25

2494-2501.
3. Roy, M., Keblawi, S., and Dunn, M. F. (198B)ochemistry
27, 6698-6704.

24. Woehl, E. U., and Dunn, M. F. (1998)oord. Chem. Re
144, 147-197.

25. Suelter, C. H. (1970%cience 168789-795.

26. Suelter, C. H. (1974) iMetal lons in Biological Systems
Marcel Dekker, New York.

27. Evans, H. J., and Sorger, G. J. (1986u. Re. Plant Physiol.
17, 47-76.

28. Toney, M. D., Hohenester, E., Keller, J. W., and Jansonius, J.
N. (1995)J. Mol. Biol. 245 151-179.

29. Antson, A. A., Demidkia, T. V., Gollnick, P., Dauter, Z., Von
Tersch, R. L., Long, J., Berezhnoy, S. N., Phillips, R. S.,
Harutyunyan, E. H., and Wilson, K. S. (199B)ochemistry
32, 4195-4206.

30. Isupov, M. N., Antson, A. A., Dodson, G. G., Dementieva, I.
S., Zakomirdina, L. N., and Harytyunyan, E. H. (1994) in
Biochemistry of Vitamin B6 and PQ@arino, G., Sanna, G.,
and Bossa, F., Eds.) (in press).

31. Larson, T. M., Laughlin, L. T., Holden, H. M., Rayment, I.,
and Reed, G. H. (199Biochemistry 336301-6309.

32. Peracchi, A., Mozzarelli, A., and Rossi, G. L. (19%)-
chemistry 349459-9465.

33. Wells, C. M., and Di Cera, E. (199B)ochemistry 3111721
11730.

34. Chen, H., and Phillips, R. S. (199jpochemistry 3211591
11599.

35. Schneider, T. R., Gerhardt, E., Lee, M., Liang, P.-H.,
Anderson, K. S., and Schlichting, 1. (199B)ochemistry 37
5394-5406.

36. Drewe, W. F., Jr., and Dunn, M. F. (198Bijpchemistry 24
3977-3987.

37. Cleland, W. W. (1980Methods Enzymol. 64.04-125.

38. Dobler, M. (1981)onophores and Their Structurgsp 5, 39,
Wiley, New York.

39. Houben, K. F., and Dunn, M. F. (1998jochemistry 29
2421-2429.

40. Houben, K. F., Kadima, W., Roy, M., and Dunn, M. F. (1989)
Biochemistry 284140-4147.

41. Pauling, L. (1948Am. Sci. 3651.

42. Bernhard, S. A. (1983) The coupling of conformation change
to covalent bond change in enzyme cataly§ibplo Sympo-
sium on Transition States and Enzyme Reaction Mechanisms
(Chipman, D., and Green, B., Eds.) Elsevier, Amsterdam.

43. Wolfenden, R. (1969\ature 223 704.

44. Brzovic, P. S., Miles, E. W., and Dunn, M. F. (1991) in
Proceedings of the 8th International Congress on Vitamin B6
and Carbonyl Catalysi¢Wada, H., Soda, K., Fukui, T., and
Kagamiyama, H., Eds.) pp 27280, Pergamon Press, New
York.

BI982919P

N



