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ABSTRACT: To investigate the linkage between enzyme conformation and catalysis, we have determined
the effects of temperature on catalytic properties of the tryptophan syrihgseomplex ang3, subunit

in the absence or presence of different monovalent cations, (s, and GuH) and of an allosteric

ligand, a-glycerol 3-phosphate. Arrhenius plots of the activity data between 5 af@ e nonlinear in

the presence of certain ligands but not others. The conditions that yield nonlinear Arrhenius plots also
yield temperature-dependent changes in the equilibrium distribution of erzsumhstrate intermediates

and in primary kinetic isotope effects. The results provide evidence that the nonlinear Arrhenius plots are
caused by a temperature-dependent conformational change that precedes the rate-limiting step in catalysis.
Thermodynamic analysis of the data associated with the conformational change shows that the activation
energies are much higher at low temperatures than at high temperatures. We correlate the results with a
model in which the enzyme is converted by increased temperature under certain conditions from a low-
activity “open” conformation to a high-activity “closed” conformation. The allosteric ligand and different
monovalent cations, including Gulwhich also acts as a chaotropic agent, affect the equilibrium between

the open and closed forms. The large positive entropy changes in the conformational conversion suggest
that the closed conformation results from tightened hydrophobic interactions that exclude water from the
active site of the5 subunit.

Conformational changes play integral roles in both enzyme L-serine+ indole— L-tryptophamt H,O (1)
catalysis and allosteric regulation. Investigations of the effects
of temperature on enzyme-catalyzed reactions are importantThe a3, complex and thef, subunit also catalyze a
tools for elucidating the mechanism of catalysis and the g-elimination reaction with.-serine (reaction 2). However,

linkage between catalysis and conformational changes.  the a8, complex has very low activity in reaction 2.
The tryptophan synthase, complex (EC 4.1.2.20) has

proved to be an important system for gaining insights into L-serine— pyruvate+ NH, (2)

the relationships between protein structure, catalysis, and

regulation (for reviews, see refs-4). The three-dimensional Reactions at th@ site proceed through a series of PLP
structure of the tryptophan synthasg$; complex from  intermediates that have characteristic spectroscopic properties

Salmonella typhimuriur(b) revealed that the active sites of  (gcheme 1)7—10). The reaction of thew3, complex with
the o andf* subunits are-25 A apart and are connected by | _serine yields the PLP aldimine ofserine (E-Ser), which
the o subunit, where it is produced by cleavage of indole- he aldimine of aminoacrylate (E-AA) (stage | in reactions

3-glycerol phosphate, to the active site of fiesubunit, 1 and 2). In the absence of indole, an equilibrium mixture
where indole reacts with-serine to produce-tryptophan of the E-Ser Amax = 424 nm) and E-AA fmax = 350 nm)
(for a recent review of substrate channeling, se&)eThe  jhtermediates accumulates; E-AA is hydrolyzed to pyruvate

reaction oft-serine with indole is a pyridoxal' fphosphate  and NH, by the -elimination reaction (reaction 2). In the

(PLPY-dependeng-replacement reaction (reaction 1), which  presence of indole, E-AA reacts with indole to form a
is also catalyzed by the isolatgd subunit. quinonoid intermediate (E-{) which is then protonated to

form the aldimine of the product-tryptophan (E-Trp)
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Scheme 1 solvents, GUHCI and urea) also result in accumulation of
E+Pyr+NH, the E-Ser intermediate (Table 1).
H%ﬁ-elimipation Other solution studies of the tryptophan synthasf,
*2/| (Reaction 2) p-replacement complex provide evidence for ligand-mediated interactions
oo |ind H (Reaction1) between thex and subunits that promote conformational
E+Sef‘—’E-Sef“ZE-Q“AE-AA¥—’ E-Q, == E-Trp <—E+Trp transitions betwee[i putative openpand closed structdres (
412nm 424 nm 350nm  476nm 420 nm 20—25). Because ligands can bind to either thsubunit or
open closed closed open to the subunit or to both subunits, several conformational

states of thex,5, complex can be postulated). Investiga-
tions using the fluorophore 8-anilino-1-naphthalenesulfonate
(stage Il in reaction 1)3-Chloro+-alanine can substitute for provide evidence for at least three conformational states of
L-serine inB-replacement ang-elimination reactions analo- ~ TyPtophan synthase: a fully open state in the absence of
gous to reactions 1 and 2. Ilgands a_nd partla_lly or fully closed states assomate(_j with
Association of thex and8 subunits increases activity in ~ different intermediates along the reaction pathway in the
the B-replacement reaction withserine and indole (reaction ~ Presence of different ligand23). Because the terms open
1) about 20-fold. We have proposed that association with @1d closed probably represent several different conforma-
the o subunit converts th@, subunit from a low activity, tional states, our use of these terms h_ereln is over5|_mpI|f|ed
open conformation to a high activity, closed conformation PUt convenient. Indeed, crystallographic studies of wild-type
(Table 1) (1). Association with thex. subunit alters both ~ @nd mutant forms of the;/, complex have identified several
the reaction specificity and the substrate specificity of the different conformations in the presence of different mono-
B subunit (Table 1). TheB, subunit (open) has ap- valent cations gnd in the presence of ligands that bind to the
proximately equal activities if-replacement and-elimina- o and subunits §, 26-30).
tion reactions whereas thg, complex (closed) has much Monovalent cations activate th# subunit (6, 31) and
higher activity in theS-replacement reaction than in the theouf, complex (L6, 19, 24, 25, 32). The order of activation
B-elimination reaction. Furthermor@;chloro+-alanineisa  Of the a8, complex by monovalent cations at 2& is
better substrate than-serine for theg, subunit, whereas ~NHs" > Cs" > Rb" > Li* > K* > Na" with NH,*
L-serine is a better substrate for thgs, complex. Several ~ increasing the reaction rate about 5-fold); GUHCI at low
a3, complexes having single amino acid replacements in concentrations (0.020.08 M) is also a cation activator of
the 8 subunit have substrate and reaction specificities similar the a3, complex (4). Molecular modeling14) shows that
to those of the wild-type3, subunit, suggesting that the GuH" could bind to the3 subunit site that binds NaK*,
mutations stabilize the open form of thes, complexes or Cs' (26). At higher concentrations, GUHCI serves a dual

Stage | Stage Il

(Table 1) 1). Solvents {2, 13) and GuHCI or ureal(d) role as a cation activator and as a chaotropic agent that
also stabilize an alternative conformation (open) ofdhé, modulates the active-site conformation. GUHCh&1.2 M
complex that has properties similar to those ofghsubunit.  stabilizes the open conformation that preferentially ac-

The reaction of the3, subunit ando,3, complex with cumulates E-Ser at 2%C.
L-serine in the absence of a cosubstrate (i.e., indole) yields In the present work, we have investigated effects of
E-Ser and E-AA intermediates (Scheme 1). E-Ser is the temperature in the absence or presence of different mono-
predominant intermediate that accumulates under steady-statgalent cations and of an allosteric ligand, GP, on the activities
conditions with the3, subunit and mutant,,5, complexes of the tryptophan synthase3, complex and3, subunit, on
(open), whereas E-AA is the predominant intermediate with the equilibrium distribution of enzymesubstrate intermedi-
the wild-typeo,f. complex (closed) (Table 1 and Scheme ates, and on primary kinetic isotope effects. We have selected
1). The equilibrium distribution of the E-Ser and E-AA Na'" and C$ as monovalent cations for our studies because
intermediates is altered by a number of factors including pH, they have quite different effects on activity and on the
temperature and subunit ligands15), mutations {1, 16— equilibrium distribution of E-Ser and E-AA intermediates
18), GUHCI or urea 14), solvents 12, 13), and different formed by thea,3, complex orf, subunit, as described
cations (L6, 19). Most of the conditions that favor the low above (see Table 1). We have included GuHCI in some of
activity, open conformation (i.e., Na K*, mutations, our experiments because this chaotropic agent at 0.2 M

Table 1: Conformational States of tffe Subunit ando,5, Complex

open closed
activity in reaction 1 low high
(Ser+ Ind— Trp)
reaction specificity fp-replacement= -elimination pB-replacement> -elimination
substrate specificity p-chloro+-alanine> L-serine L-serine> f-chloro+-alanine
primary intermediate E-Ser E-AA
stabilizing factors lower temperature higher temperature
higher pH lower pH
o subunit
o subunit ligands
Na’, K+ Cs', NHs*"
mutations
solvents

GuHCI, urea
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stabilizes the open conformation of thg3, complex at 25
°C (14) (Table 1). Under the same conditions, 0.2 M NaCl
stabilizes the closed conformatiobdj. The results provide
evidence that the,3, complex angB, subunit are converted

Fan et al.

at least 5 min at the desired temperature before addition of
the enzymes. The concentrationieserine (50 mM) used

for assays was saturating because the same initial rates were
obtained with 25, 50, and 100 miiserine for reactions 1

by increased temperature under certain conditions from aand 2 at 5 and 50C.

low-activity open conformation to a high-activity closed
conformation (Table 1).

MATERIALS AND METHODS

Chemicals and Buffers.-Serine,bL-serine,bL-a-glyc-
erophosphate disodium salt (GP), pyridoxalpfosphate
(PLP), and Bis-Tris propane were from Sigma. GuHCI was
from Gibco-BRL.a-?H-pL-Serine was prepared as reported
previously 33). Sodium-free GP was prepared by repeated
passage of the solution of the disodium salt over an ion-
exchange column (DW-50 in the'tform, Sigma) 82); the
pH of the final eluate was adjusted to 7.8 with Bis-Tris
propane. All experiments were carried out in 50 mM Bis-
Tris propane buffer containing 0.5 mM dithiothreitol. The
pH of this buffer was adjusted to 7.8 by addition of HCI at
25 °C. We found that the pH of Bis-Tris propane buffer
varies with temperature with a dpH/dT value-60.018 unit/
°C. If 50 mM Bis-Tris propane buffer was adjusted to pH
7.8 at 25°C, the pH of the buffer changes to 8.1 atGand
to 7.3 at 50°C. Our results reported here carried out in 50
mM Bis-Tris propane buffer adjusted to 7.8 at pH 25,
with no compensation for pH variation with temperature. A
control showing the similarities of results in buffers with
and without pH adjustment is shown in the inset in Figure
1C. The similarity of the results is consistent with our finding
that the kinetic properties of tryptophan synthase are
relatively pH independent between pH 7.3 and &4).(

Bacterial Strain, Plasmids, and EnzymBtasmids pEBA-
10 and pEBA-4A8 85 were used to express wild-type
tryptophan synthase,(, complex and thex subunit from
S. typhimurium respectively, inEscherichia coliCB 149
(36), which lacks thetrp operon. Thea,S, complex 37)
and theo. subunit 35, 38) were purified to homogeneity as
described previously. Thg, subunit was purified by heat
treatment of thex,3, complex to denature the subunit 39).

Absorption spectra and assays were measured using a
Hewlett-Packard 8452 diode array spectrophotometer ther-
mostated by a Peltier junction temperature-controlled cuvette
holder, which was calibrated with a thermometer. Spectra
were recorded immediately after mixing 1 vol of enzyme
with 20 vol of buffer, which had been preequilibrated at the
desired temperature in the cuvette with the indicated
components for at least 5 min.

RESULTS

Effects of Temperature on the Agdties of the oyf-
Complex in the Absence or Presence of Malent Cations
and an Allosteric LigandFigure 1A shows the effects of
temperature on the initial rates of thgs, complex (in the
presence of the excess subunit) in thefS-replacement
reaction with indole and-serine (reaction 1) in the absence
of salt or in the presence of 0.1 M NaCl, 0.1 M CsCl, or 0.2
M GuHCI. GuHCI was used at 0.2 M because E-Ser is the
predominant form in 0.2 M GuHCI at 28C (14). At low
temperatures (535 °C), the initial rates in the presence of
CsCl are much higher than the rates in the presence of NaCl,
GuHCI, or no salt. However, at temperatures abové@5
the rates in the presence of NaCl become similar to those in
the presence of CsCl. The assay solution becomes turbid
above 52°C due to the precipitation of the subunit. In the
absence of excess subunit, thea,, complex dissociates
significantly and shows decreased activity at high temper-
atures (Figure 1 legend). The data were plotted as logarithm
of activity (In activity) versus the reciprocal of the absolute
temperature (K) (1) and fitted to the Arrhenius equation,
eq 3, as described in the legend to Figure 1.

Ea
InZ— El— 3)

whereE, is the energy of activatiorR is the gas constant,

In activity =

The enzymes were dialyzed against monovalent cation freeandZ is the preexponential factor.

Bis-Tris propane buffer, pH 7.8, before use. Protein con-

The results can be readily transformed into a rate constant,

centrations were determined from the specific absorbanceke:® According to Eyring’s transition-state theory, the

% = 6.0 for theayB, complex, Al

at 278 nm usingi;;,, Tom =
6.5 for thef, subunit, andAl = 4.4 for thea subunit
(39).

Enzyme Assays and Spectroscopic MethGue unit of
activity in any reaction is the formation of 04mol of

product in 20 min at the indicated temperature. Activity in

temperature dependence of a rate constant is given by eq 4
LU [{—AGi) _ ke F(—AHi)eX F{A?) @
a h "M\ RT h =™\ RT R

wherekg is the Boltzmann’s constartt,is Planck’s constant,
Ris the gas constant, amdG™, AH™, andAS” are the free

reaction 1 was measured by a direct spectrophotometric assagnergy, enthalpy, and entropy of activation of the rate-

(39). Activity in reaction 2 was measured by spectrophoto-
metric assay coupled with lactate dehydrogend$g \ith
modified components (50 mMserine, 0.2 mM NADH, and

excess lactate dehydrogenase, which was dialyzed against

50 mM Bis-Tris propane buffer, pH 7.8 to remove am-
monium sulfate) o-*H-pL-Serine andx-?H-pL-serine were
used in the place of-serine for investigations of isotope
effects on the reaction kinetics and on the equilibrium
distribution of enzymesubstrate intermediates. Control
experiments showed identical results wittH-pL-serine and
o-tH—L-serine. The reaction mixtures were equilibrated for

limiting step in the reaction, respectively. From egs 3 and
4, it is easy to show that

AS = R(In Z- In%) andAH™ (5)

Thus,AH* and AS” can be determined from the Arrhenius
plots.

=E,—RT

3 The turnover numbek.,;, is equal to a factof times the specific
activity for the a2 complex ¢ = 0.00594) and for thg8, subunit
(f = 0.00395).
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Ficure 1: Effects of temperature and of monovalent cations on the activity ofifigcomplex in the3-replacement reaction. (A and B)

The initial rates of the,3, complex in the3-replacement reaction (reaction 1) were plotted as specific activity (units/mg) versus temperature
(°C) in the absence of GP (A) or in the presence of 50 mM GP (B) and in the absence of salt (None) or in the presence of 0.1 M NacCl,
0.1 M CsCl, or 0.2 M GuHCl as indicated. (C and D) The data from panels A and B, respectively, were plotted as the logarithm of activity
(In Activity) versus the reciprocal of the absolute temperature (K). The data were fitted to the Arrhenius equation (eq 3), In-Adtivity

Z — EJRT. In cases where the data was nonlinear, the linear portions at low or high temperatures were fitted to the Arrhenius equation
separately. The insert in the panel C compares the activities in reaction 1 in the presence of NaCl measured in buffer at constant pH 7.8
(O) with activities measured in buffer with no compensation for pH variation with tempera®)résée Materials and Methods). The
concentration of thew,3, complex varied from 16@g/mL (~2 uM of pair) for the conditions giving lowest activity (e.g., 0.2 M GuHCI

at low temperature) to mg/mL (0.07 uM o pair) for the conditions giving highest activity (e.g., 0.1 M NaCl at high temperature).
Activities in the panel A were measured in the presence of excssbunit (0.54M). In the absence of exceassubunit, activity decreases

at high temperatures due to subunit dissociation and inactivation. Addition of exaegsunit had no effect on the activities measured in

panel B in the presence of GP, ansubunit ligand which inhibits subunit dissociation.

The Arrhenius plot (Figure 1C) of the data in the presence of NaCl and CsClI (Figure 1B). The corresponding Arrhenius
of CsCl is linear between 5 and 5Z. In contrast, the plots are linear up to 57C and yieldE, = 50 kJ/mol in
Arrhenius plot of the data in the presence of NaCl or GUHCI NaCl, E;= 43 kJ/mol in CsCl, ané, = 67 kJ/mol in GuHCI
is highly nonlinear in this temperature range. The low- (Figure 1D, Table 2). The addition of excessubunit shows
temperature portion shows a much higher slope than the high-no effect on the initial rates at high temperatures, indicating
temperature portion. The high-temperature portions of the that GP protects the enzyme from the heat-induced dissocia-
plots coincide in the presence of NaCl or CsClI. Activation tion which is observed in the absence of GP (Figure 1
energies ;) calculated from those plots are given in Table legend). We have reported previously that ligands that
2. The results show th&t, for the higher temperature portion promote association of the. and f subunits markedly
in the presence of NaCl or GUHCI (34 kJ/mol) is the same stabilize the more temperature labdesubunit in thea,s,
askE, in CsCl, wherea&;, for the lower temperature portion  complex from irreversible thermal denaturation and that the
is much higher in the presence of Na®&, (= 128 kJ/mol) combination of GP withL-serine raised the inactivation
or GUHCI E; = 124 kJ/mol). TheK, for L-serine in the temperature of thet subunit in theay3, complex from 54
pB-replacement reaction in the presence of Nad).4 mM)
is essentially temperature-independent (data not shéwn). 4Km values were obtained from double-reciprocal plots of the initial

The a subunit ligand, GP, alters the temperature depen- yelocity of thea,s, complex in reaction 1 versusserine concentration
dence of the activities of the,3, complex in the presence  (0.1-4 mM) at 15, 20, 25, 30, 35, and £C.
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Table 2: Effects of Monovalent Cations on the Apparent Activation Energies and the Activation Entropies of Reactions of Tryptophan
Synthas@

Arrhenius  activity Ea (ka/mol) AS” (J/mol K) AHG AC,
enzyme cation GP reaction plot at37°C  lowT highT A lowT highT A (kJ/mol) (kJ/moI/K)
032 Na* - 1 nonlinear 1310 128 34 94 187 —127 314 87.0 —2.76
022 Cs' - 1 linear 1400 34 34 0 —127 -—127 0 32.3 —0.04
032 GuH*" - 1 nonlinear 190 124 35 91 161 —151 312 89.1 —-3.17
022 Nat + 1 linear 310 50 50 0 -85 -85 0 48.6 0.14
022 Cs' + 1 linear 200 43 43 0 —-101 -101 0 39.8 0.17
022 GuH"  + 1 linear 145 67 67 0 -—-38 —38 0 66.0 —0.04
B Na* - 1 linear 45 122 122 0 130 130 0 817 —0.59
p2 Cs' — 1 nonlinear 780 125 32 93 188 —140 328 85.4 —2.30
B Na* - 2 linear 30 142 142 0 186 186 0 1346 —1.00
p2 Cs' — 2 nonlinear 310 148 38 110 219 —130 349 94.9 —4.14

a Conditions for activity measurements and data analysis by Arrhenius plots are given in Figures 1 and 2 in the text. Activity is specific activity
(units/mg) at 37°C. Values ofAHg and AC§ were obtained by simultaneous least-squares fit of the activity data to eq 6.

to 66°C (40). These previous results explain why inactivation ~ Alternative Analysis of Actiity Data. Curved Arrhenius
is observed in the absence of excessubunit at high plots may also be observed for simple mechanisms in which
temperatures in the absence of GP but not in the presencene step is rate-limiting under all circumstances. Differences

of GP (Figure 1 legend). in specific heat between reactants and the transition state
Effects of Temperature on the Agties of theB, Subunit will result in temperature-dependent enthalpies and entropies
in the Absence or Presence of Maeatent Cations.Dis- of activation @3). Such differences in specific heat can result

sociation of thg8 subunit from thex subunit alters its activity ~ from changes in hydration, loss of intramolecular vibrations,

and reaction specificityl(l) (see the introductory portion of ~ or large changes inias of titratable groups in the reactants.

this paper). For example, theB, complex has much lower  All of these could be involved in an enzymatic reaction,

activity in the-elimination reaction (reaction 2) than in the Which involves a postulated conformational change in the

B-replacement reaction (reaction 1), whereasfhsubunit protein. To test the validity of this alternative cause of the

has similar activities in the two reactions (Table 1). These nonlinear Arrhenius plots, the activity data shown in Figures

changes in activity are attributed to conformational changes 1, panels A and B, and 2, panels A and B, were fitted to a

that occur upon the disassembly of the complex. Panels Amodified form of the Eyring equation (eq 6):

and B of Figure 2 show the effects of temperature on the

initial rates of theB, subunit in reactions 1 and 2, respec- k., kCat AH¢ 1

tively. Although NaCl and CsCl both stimulate the activity T T_e T('I_' - ?) [1 -~ In( )]

H H H 0 o) 0

in the g-replacement reaction, CsCl gives much greater

stimulation. The maximum activity was obtained at 43 (6)

in the presence of CsCl, but at 30 in the presence of NaCl.

As shown in Figure 2B, NaCl inhibits thg-elimination ~ Where K, is the rate constantAH7 is the temperature-

activity of the, subunit, whereas CsCI strongly stimulates dependent enthalpy of activation, aﬁdlj is the tempera-

this activity. The maximum activity was obtained at 47 ture-independent change in specific heat at an arbitrary

in the presence of CsCl and at 82 in the presence of NaCl.  reference temperatur@{= 25°C = 298.15 K). The results

At higher temperatures, thg, subunit is converted to an  of these fits are shown in Table 2. Conditions that yielded

inactive form @1). linear Arrhenius plots also yielded linear Eyring plots with
The Arrhenius plots of the data for reactions 1 and 2 are derived values ofAC] less than 1 kJ/mol/K. Conditions

shown in Figure 2, panels C and D, respectively. The plots that yielded nonlinear Arrhenius plots also yielded nonlinear

for both reactions are linear in the presence of NaCl below Eyring plots with larger values ofAC,. The derived

45 °C as shown previously4q), but are nonlinear in the  changes in specific heat are within the range expected for

presence of CsCl. The activation energies and activation processes involving proteingd4).

entropies calculated from these plots are listed in Table 2.  Effects of Temperature on the Absorption Spectra of the

The results show that thigs for the low-temperature portions a5, Complex in the Presence oSerine and Other Ligands.

of both reactions in the presence of CsCl (125 and 148 kJ/ The reaction of then,3, complex with L-serine in the

mol) are similar to the correspondirigs in the presence of  presence of 0.1 M CsCl yields a complex spectrum with a

NaCl (122 and 142 kJ/mol). The high-temperature portions major peak centered at 350 nm (dotted curve in Figure 3A),

in the presence of CsCl yield much lowggs (45 and 30 which is ascribed to E-AA (Scheme 1). The absorbance at

kJ/mol). 424 nm in the presence of CsCl angerine is essentially
The activation energies in the presence of NaCl (122 and independent of temperature between 4 and®G0(Figure

142 kJ/mol in reactions 1 and 2, respectively) are close to 3C). The spectra obtained from the reaction of thg,

those reported previously (122 and 130 kJ/mdl})( The complex withL-serine in the presence of NaCl (Figure 3A)

B2 subunit undergoes a temperature-dependent reversibleand GuHCI (Figure 3B) are strongly temperature dependent.

conformational transition withT; = ~52 °C (41, 42). Decreasing the temperature results in decreased absorbance

Irreversible inactivation of th@, subunit occurs at80 °C at 350 nm (E-AA) and increased absorbance at 424 nm (E-

(40). Ser) (Scheme 1). The spectra in Figure 3, panels A and B,
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Ficure 2: Effects of temperature and of monovalent cations on the activities ghthigbunit. (A and B) The initial rates of th#2 subunit

in reaction 1 (A) and reaction 2 (B) were measured in the absence of salt (None) or in the presence of 0.1 M NaCl or 0.1 M CsCl, as
indicated, and were plotted as specific activity (units/mg) versus temperd@ixg(C and D) The data from panels A and B, respectively,

were plotted as the logarithm of activity (In Activity) versus the reciprocal of the absolute temperature (K). The data in the presence of
NaCl below 45°C were fitted to the Arrhenius equation (eq 3). The data in the presence of CsCl at1@8 {&) or moderate (3045

°C) temperatures were fitted separately to the Arrhenius equation. The concentratiorpefthrinit varied from 32@g/mL (7 uM f)

at low temperature to gg/mL (0.13uM f) at high temperature.

show approximate isosbestic points. The results indicate that Thermodynamic parameters for the E-Ser to E-AA con-
decreasing temperature shifts the equilibrium distribution of version can be calculated by eq 8:
the two species from E-AA to E-Ser, but do not rule out the
presence of other minor species. The temperature thatAG(T)e,= —RTIn K (T) = AH, — TAS,,=
produces a half-maximal change in the presence of GuHCI T
AHEC(l - T—) (8)
m,

(25 °C) is higher than that in the presence of NaClF(®
(Table 3). This result suggests that a higher temperature is

whereAG(T)eq andAS,q are the changes in free energy and
entropy of the reaction, respectively, afgdis the midpoint,

needed to shift the equilibrium from the open form to the
closed form because GuHCI stabilizes the open form of the

where Ke((T) = 1, assuming no change in enthalpy with
temperature.

o3> complex 4) (Table 1).
The equilibrium constantKeq for the E-Ser to E-AA

conversion can be calculateq from the temperature depen- Analysis of the absorbance data for the reaction of the

dence of the absorbance using eq 7: : 1 S

o2 complex with o-*H-serine in the presence of NaCl

B A — (Figure 3C) or GUHCI (Figure 3D) yields the thermodynamic
= [E — AA] =_T Ag—ser 7) parameters ant, values in Table 3. van't Hoff plots of the
[E—Ser] Agpn —Ar data are linear (not shown). Results with?H-serine are

discussed below. The absorption spectra observed upon the

where Ar is the absorbance of the solution at absolute reaction of then,5, complex withL-serine in the presence

temperaturel and Ae_ser and Ae_aa are the absorbance of  of 50 mM GP and NaCl, GuHCI, or CsCl exhibit a peak at

E-AA obtained at higher temperature and of E-Ser obtained 350 nm and are essentially temperature independents® 4

at low temperature, respectively. °C (Figure 3, panels C and D and legend). These results show

Ked(T)
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Ser+NaCl 0121pg ,, Ser+GuHCl
g ch 0.08
8 i
S 5]
[ 2] ]
< < 0.04
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Wavelength, nm Wavelength, nm
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2 ?
2 2
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Temperature, °C Temperature, °C

Ficure 3: Effects of temperature and of monovalent cations on the intermediates formeddypittemplex in the reaction with-serine.

(A and B) The absorption spectra of thgs, complex (7uM a3 pair) were measured in the presence of 50 mMNH-pL-serine (-tH-

serine) and 0.1 M NaCl or 0.1 M CsCI (A) or 0.2 M GuHCI (B). Spectra were recorded immediately after addition of the enzyme (0.025
mL) to Bis-Tris propane buffer containing 50 mé4!H-pL-serine {-'H-serine) and indicated salts (0.975 mL), which had been preincubated

at the indicated temperaturgQ) for at least 5 min. (C and D) Plots of absorbance at 424 nm versus tempef&yfer(the reaction of

the a3, complex in the presence of 0.1 M NaCl (C) or 0.2 M GuHCI (D) and eithéH-pL-serine {-*H-serine) (data from A and B) or
o-2H-pL-serine (-2H-serine) (data from analogous spectra not shown). Control experiments showed that identical results were obtained
with a-H-pL-serine and witho-tH-L-serine. Results are also shown from analogous experimentswithL-serine in the presence of 0.1

M CsCl or 0.1 M NaCl+ 50 mM GP (C) and witho-*H-L-serine in the presence of 0.2 M GuHE€I50 mM GP (D). The data were fit

to egs 7, 8, and 9 using the PC-MLAB program (Civilized Software, Bethesda MD) to obtain valiék 9 S, Tm, and the equilibrium
isotope effect (EIE*) given in Table 3.

Table 3: Thermodynamic Changes for the Equilibrium between E-Ser and®E-AA

AHeq ASy Keq(*H) Keo(?H)
enzyme cation (kJ/mol) (J/mol K) at 20°C at 20°C Tm (°C) figure EIE*
o2 Na* 92+ 5 +327 4.90 0.83 8404 3 5.1+ 0.4
P2 GuH* 86+ 3 +288 0.50 0.18 25304 3 2.9+ 0.2
B2 Cs' 64+ 12 +211 0.45 0.13 29.862.3 4 3.5+ 0.8

a Spectroscopic measurements were made as described in the indicated Figures. VaHgs/®®., Tm, and EIE* were obtained by combined
fits of the absorbance changes at 424 nm witfH-serine and witha-?H-serine to egs 7, 8, and 9 using the PC-MLAB program (Civilized
Software, Bethesda, MD). Th&Heq AS, and Ty, values shown are far-*H-serine. Representative values of equilibrium constatigH) and
Keo(?H), at 20°C were calculated from egs 8 and 9 using the derived parameters.

that GP stabilizes E-AA in the presence of NaCl, CsCl, or of the absorbance at 424 nm in the presence of 0.1 M CsClI
GuHCI. (Figure 4) yieldsAHgq = 64 kd/mol,AS,q = 211 J/mol K,
Effects of Temperature on the Absorption Spectra of the T,, = 30 °C (Table 3). (Results witha-?H-serine are
B2 Subunit in the Presence ofSerine and NaCl or CsCl.  discussed below.)
The reaction of the8, subunit witha-'H-L-serine in 0.1 M Temperature Dependence of Isotope Effdasnvestigate
NaCl yields an absorption spectrum with maximum absor- the effects of temperature on the rate-limiting steps, we
bance at 424 nm, which is essentially temperature indepen-measured the primary kinetic isotope effects for abstraction
dent (Figure 4). Thus, E-Ser is the predominant intermediate of the o-proton of L-serine as a function of temperature.
in the presence of NaCl and temperature does not alter theFigure 5 shows the effects of isotopic substitution of ¢he
equilibrium distribution of the E-Ser and E-AA intermediates. proton of serine on the Arrhenius plots for tthg3, complex
The reaction of thes, subunit witha-H-serine in 0.1 M in the B-replacement reaction (reaction 1) in the presence of
CsCl also yields an absorption spectrum with a major peak NaCl or CsCl. The Arrhenius plot for the reaction with indole
at 424 nm at low temperatures. Increasing temperature result@nda-?H-serine in the presence of CsCl is linear and parallel
in decreased absorbance at 424 nm (Figure 4) and increasetb that for the reaction with indole and-'H-serine. In
absorbance at 350 nm. Thus, temperature alters the equilib-contrast, the Arrhenius plot for the reaction with indole and
rium distribution of the E-Ser and E-AA intermediates in a-?H-serine is nonlinear in the presence of NaCl. This plot
the presence of CsCl. Analysis of the temperature dependencés closer to the plot for the reaction with indole aaeH-
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FiGure 4: Effects of temperature on the intermediates formed by
the 3, subunit in the reaction with-serine. The absorbance at 424
nm in the presence of 0.1 M NaCl anetH-pL-serine (-'H-serine)

and in the presence of 0.1 M CsCl améH-pL-serine ¢-H-serine)

or a-2H-pL-serine (-2H-serine) was measured at the indicated
temperatures as described in the legend of Figure 3 and was plotted
versus temperaturéQ). It is important to measure the absorbance

6] ST

o——05
NaCl (2)

Isotope effect
(4]

immediately upon mixing because rapid changes in absorbance 3

occur as a function of time in the presence of CsCl as the result of

substrate turnover, especially at higher temperatures. The data were 0 10 20 30 40 50
fit to eqs 7, 8, and 9 using the PC-MLAB program (Civilized Temperature, °C

Software, Bethesda MD) to obtain values/Mfeq, ASq Tm, and

the equilibrium isotope effect (EIE*) given in Table 3. FIGURE 6: Temperature dependence of the isotope effects for the

activities of theay3, complex and the3, subunit and for the
o intermediates formed by the,3, complex in the reaction with
5 40 30 20 1100 5 (O L-serine. The primary kinetic isotope effect is the ratio of the activity

8 1 with a-'H-pL-serine to the activity witto-?H-bL-serine. Specific
activities (units/mg) were determined for thgs, complex in the
p-replacement reaction (A) and for tjfe subunit in the3-replace-
ment reaction (reaction 1) gi-elimination reaction (reaction 2)
(B) and plotted versus temperature.

ature dependent in the presence of CsCl but temperature
independent in the presence of NaCl (Figure 6B). The
primary kinetic isotope effect in the presence of NaCt&3
in the S-replacement reaction and-5.0 in thes-elimination
reaction between 10 and 4T (Figure 6B). The primary
kinetic isotope effect in the presence of CsCl decreases from

! ‘ ‘ ~6.3 at 10°C to~4.5 at 47°C in the-replacement reaction
0.0032 0.0034 0.0036 and from~6 at 10°C to ~ 3 at 47°C in the3-elimination

1T (K reaction (Figure 6B).

FiGURE 5: Effects of substituting the-proton of L-serine with We also measured the deuterium isotope effects on the
deuterium on the temperature dependence of the activity efife temperature dependence of absorbance on the equilibrium
complex. The initial rates of the,f, complex in thef-replacement —  gistribution of the E-Ser and E-AA intermediates under
{ﬁgcglr%r;érn%aecg?gll)&/Av%gg;egerrg?llnﬁﬂdgggle;gg%elg p Ell,l%Lljjrl’?itlA "N conditions that give nonlinear Arrhenius plots. The results
with 50 mM o-'H-pL-serine 6-'H-serine) ora-2H-pL-serine (- show a pronounced deuterium isotope effect on temperature
2H-serine). The data were plotted as the logarithm of specific dependence of absorbance at 424 nm ofah& complex
activity (units/mg) (In Activity) versus the reciprocal of the absolute in the presence of serine and NaCl (Figure 3C) or GUHCI
temperature (K). (Figure 3D) and for thg8, subunit in the presence ofserine

serine at higher temperatures than that at lower temperatures2nd CSCI (Figure 4). Analysis of the three data sets yields
As shown in Figure 6A, the primary kinetic isotope effect values of apparent equilibrium isotope effects (EIE*) 0f2.9
for the activity of theayB, complex in the reaction with -1 (Table 3) where EIE* is defined by eq 9:
indole and.L-serine in the presence of CsCl is small(3) L
and essentially temperature independent. In contrast, the EIE* — KeH) [E— AAJIE — (*H) — Ser]
primary kinetic isotope effect in the presence of NaCl is - 2N e 2N
temperature dependent and decreases from 5.5°6t o Keq( H) [E— AAJE = (*H) — Ser]
1.5 at 45°C. The primary kinetic isotope effect also decreases ) S
in the presence of 0.2 M GuHCI from 2.8 af6 to 1.3 at EIE*_* isan apparent equilibrium |sotope effe_ct because a true
45 °C. The primary kinetic isotope effects are negligible €quilibrium is not measured (see Discussion).
(i.e., ~1) and are temperature independent in the presence
of GP in combination with CsClI, NaCl, or GuHCI. DISCUSSION

The primary kinetic isotope effects for thi subunit in The origin of nonlinearity in Arrhenius plots for enzyme
the -replacement ang-elimination reactions are temper- catalyzed reactions has been the subject of much interest.

In Activity
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Table 4: Correlation between Arrhenius Plots and Temperature-Dependent Changes in Absorption Spectra and in Primary Kinetic Isotope
Effects

Arrhenius spectral KIE®
enzyme cation GP reaction plot figure changes figure changes figure
232 Na* - 1 nonlinear 1iC + 3AC + 5,6A
P Cs' - 1 linear 1C - 3C - 5,6A
22 GuH*" - 1 nonlinear 1C + 3BD + 6A
P2 Na* + 1 linear 1D - 3C - 6A
22 Cs" + 1 linear 1D - 3C - 6A
2 GuH" + 1 linear 1D - 3D - 6A
B2 Na* - 1 linear 2B - 4 - 6B
B2 Cs" - 1 nonlinear 2B + 4 + 6B
B2 Na* - 2 linear 2D - 4 - 6B
P2 Cs' - 2 nonlinear 2D + 4 + 6B

aKIE, kinetic isotope effects.

Nonlinear Arrhenius plots are attributed either to a change in relation to the simple reaction mechanism shown in eq

in the rate-limiting step, to a conformational change in the 10:

enzyme, or to a change in the specific heat of the reactant

(43, 45-47). E+ Ser-ﬁ‘—2 E-— Serg E—AA it E + products (10)
Evidence for conformational transitions associated with ka1 ka2

nonlinear Arrhenius plots has been reported for a number , L o ,

of enzymes including-amino acid oxidase46) and peni- The last step in th@g-elimination reaction is hydrolys!s of

cillopepsin @7). Similar results with pyruvate kinase have E-AA t0 pyruvate and ammonia. The last step in the

been related to the allosteric conversion of the T form of /-réplacement reaction is protonation of E-(3cheme 1).

pyruvate kinase at low temperatures to an R form at higher Because the reaction of E-AA with indole to form E-

temperatures4®). The presence of an allosteric effector, VerY rapid 61,52), whereas the second step (&-Q E-Trp)

fructose-1, 6-bisphosphate, stabilized the R form of the IS rate I|m|t|ng 63), the effective rate constant for the last

enzyme, which had a lower activation energy than the T form SteP IS ka)-[indole] for the conversion of E-Qto E-Trp.

and gave a linear plot. A decrease in the activation energy | "€ intermediate E-Qbetween E-Ser and E-AA (Scheme

of the reaction catalyzed hy-glyceraldehyde 3-phosphate 1)is not included in eq 10 because the conversion of E-Q to

dehydrogenase frofhermatoga maritimhias been related ~ E-AA is very fast and does not affect the kinetic scheme.

to a temperature-dependent structural reorganization of the! Ne Steady-state solution for eq 10 is eq 11:

enzyme that results in tightened hydrophobic interactions at K.k

high temperature 49). A nonlinear van't Hoff plot for k. - 288l (11)
L-glutamine binding to glutamine synthetase has been Kot Ky T kg

attributed to the temperature dependence of the enthalpy of

binding [i.e., a change in the specific heai,)] (50). In terms of this mechanism, two different scenarios could

In the present investigation, Arrhenius plots of the activity account for the curved Arrhenius plots: (&} > ks; at low
data for the tryptophan synthasg3, complex angB, subunit ~ temperature, buks; > k3. Then, the prior equilibrium
are nonlinear in four cases and linear in six cases (see datdetween E-Ser and E-AA is partially rate limiting at low
in Table 2 and Figures 1 and 2 and summary in Table 4). A temperature. (23 < ks at low temperature. Thekys will
key finding is that there is an exact correlation between the determine the rate and will show a large primary isotope
conditions of monovalent cations and of an allosteric ligand €ffect.

(GP) that yield nonlinear Arrhenius plots and the conditions ~ We can define an apparent equilibrium constant between
that yield temperature-dependent spectral changes and changds-Ser and E-AA by eq 12:

in primary kinetic isotope effects (Table 4). Furthermore,
conditions that yield linear Arrhenius plots yield no changes — [E — AA]
in spectra or isotope effects (Table 4). °4 [E — Ser]

Another important observation is that the differences ) - .
between the activation energie€,( at low and high It can pe readily shown that under steady state, initial velocity
temperatures derived from the nonlinear Arrhenius plots conditions
(91-110 kJ/mol in Table 2) are closely similar to thdeq K
values for the conversion of E-Ser to E-AA obtained under [E — AA] - 23
analogous conditions (6492 kJ/mol in Table 3). Further- [E —Ser] kgt kg
more, the differences betweét” values at low and high
temperatures derived from the nonlinear Arrhenius plots SO,

(314—349 J/mol K in Table 2) are closely similar to thé&q

values for equilibrium between E-Ser to E-AA under Koo = Kedtar (14)
analogous conditions (21327 J/mol K in Table 3). To at Kegt 1

explain this remarkable quantitative correlation between these

two types of results, we will discuss the thermodynamic At low temperatureKeq is small, the enzyme is mostly
parameters for the cases that yield nonlinear Arrhenius plotspresent as E-Ser < 1), andk.x is defined by eq 15:

(12)

(13)
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Ke
~ — = E-Ser E-AA E-Q*
Keat ™ 10k31_ Keda1 (15) g 150 128
2 100 920/ [AH*H=34‘
and : /r—/
T 50 / |AHe AH*=128"
log kot = 10g K¢ + 10g K3y (16) =2 /
S N R
Then, 400
Nd 327*
E = = i -
AGZ= AG,,+ AGS, (17a) g 200 m. ’AS 2
= = Z 200 /e
AHg = AHgq+ AHg; (17b) g / e
£ 100 / AS* =187"
— w /
AS = AS,+ AS, (17c) o] o
Under scenario 1, wheres > ks; at low temperature, the Reaction Coordinate

interconversion of E-Ser and E-AA acts as a partially rate Ficure 7: Diagram of enthalpy and entropy changes in the
limiting, prior equilibrium. The release of the-proton of ~ /A-replacement reaction of thef, complex in the presence of NaCl.
L-serine occurs between E-Ser and E-AA, so the primary (f) Values _Of AHeq and ASyq were Obta'nfd by analys!s of
kinetic isotope effect is ofzs, which affects botKeq and spectroscopic data (Table 3))(values of AH;, andAS; at high

. temperature and oAH” and AS at low temperature were
keat Under scenario 2, whetles < ks at low temperature,  Jjizined from the corresponding values®f(~AH) andAS” in

the rate of conversion of E-Ser to E-Akgf) becomes rateé  t,pie 2. The results show thatHeq = AHZ — AHZ and that

Iimit_ing. Under the_se _circumstances, we may modify eq 11 ASq = AS, — AS (see Discussion). The results provide
to give eq 18, which is analogous to eq 15: evidence that high-temperature induces a conformational change
that removes the prior equilibrium between E-Ser and E-AA.

k23k31
Kot = i Tk, Kedar (18)  AHZ (34 kI/mol) andAS, (327 JimoliK) = AS® (187
J/imol/K) — AS;, (—127 J/mol/K). This analysis thus ex-

Steady-state measurements do not distinguish between thesplains the quantitative relationships between the spectroscopic
two scenarios, which can only be distinguished by rapid and activity data. The results provide evidence that the
kinetic experiments as a function of temperature. Although nonlinear Arrhenius plots result from a conformational
values ofkys have been reported at 2& and above Z4, change in the enzyme.
25, 33), no measurements have been made at lower temper- \we have also determined the temperature dependence of
atures. Therefore, future rapid kinetic experiments are neededhe transition between E-Ser and E-AA by absorption
to distinguish between these two interpretations of the results.spectroscopy withu-H-serine andx-2H-serine (Figure 3)

At high temperatureKeq is large, the enzyme is mostly  and have determined the apparent equilibrium isotope effects

present as E-AAKeq > 1), andke is defined by eq 19: (EIE*) by eq 9 (see Table 3). The interconversion efH—
K Ser and E-AA measured is not a true equilibrium reaction
Koot 6‘4(312 k (19) because a true equilibrium reaction would be the reaction
T Ky Ot of E—2H—Ser to producéHOH in the forward reactiorkbs)
and the reaction of E-AA witBHOH to form E-2H—Ser in
and, the reverse reactiolks). In the reaction measured, it is likely
that E-AA reacts with HOH in the reverse reaction to yield
0g Kear = 109 kg (20) E—'H-Ser. Thus, the isotope effect observed is a steady-
Then state kinetic isotope effect or apparent equilibrium isotope
' effect (EIE*) rather than a true equilibrium isotope effect.
- = The observed values of EIE* (2:%.1) are much higher than
AGeq= AGy (21a) reported values of true equilibrium isotope effects, which
AHZ, = AHZ, (21b) range between 1 and 5{, 55) o
The low-temperature kinetic isotope effect-eb indicates
Asfat= §1 (21c) a 6-fold reduction ink,s, which will result in a 6-fold

reduction inKeq = kag/(ks2 + ks1) at all temperatures and an

Thus, the prior equilibrium ok»s is no longer partially ~ ~10 °C increase in thdy, of the transition in the presence
rate limiting at high temperature, and the primary kinetic of a-?H-serine, close to that observed for tigs, complex
isotope effect is removed. The differences between thein the presence of NaCl or GuHCI (Figure 3, panels C and
activation free energyXG~), activation enthalpyAH~), and D) or the 3, subunit in the presence of CsCl (Figure 4).
activation entropy AS®) at low temperature and at high Within the temperature range of these experiments, changes
temperature, which are given by eq 17 minus eq 20, are equaln intrinsic chemical isotope effects are insignificabb);
to AGeq, AHeq, and AS,, respectively. Figure 7 illustrates  Hence, changes in apparent isotope effects can be attributed
the relationships between thermodynamic data for the

p-replacement reaction of thes, compLex in the presence 5We gratefully acknowledge a reviewer for suggesting this inter-
of NaCl, whereAHgq (92 kJ/mol)= AH; (128 kJ/mol)— pretation.
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to changes in the mechanism of the enzymatic reaction with thaseo,3, complex angb, subunit from the open, less active
increasing temperaturé&T). The isotope effect results are  conformation toward the closed, active conformation by
not compatible with the alternative analysis of the activity tightened hydrophobic interactions and by loss of water. This
data by eq 6 (Table 2) in which the same step, which is proposal is consistent with a number of earlier investigations
accompanied by a change in specific heat, is rate limiting (Table 1). Our previous studies of the effects of solvents
under all conditions. Furthermore, the alternative analysis (12, 13) and of GuHCI or urea 1) on the equilibrium
cannot explain why some Arrhenius plots, but not others, distribution of the open and closed conformers of the
are linear. Finally, the alternative analysis is inconsistent with tryptophan synthase;3. complex provided evidence that a
the results of calorimetric studies that have demonstrated thainonpolar region of thgd subunit becomes less exposed to
serine binding to the,3> complex is not associated with @ solvent in the closed, active conformation. The proposal is
AC, (58). also consistent with recent crystallographic results that show
Conditions that stabilize the closed conformation of the that the reaction af-serine results in movement of a mobile
0532 complex (i.e., CsCl and the subunit ligand GP, Table  regjon (3 subunit residues 93183) toward the rest of thg
1) also yield linear Arrhenius plots and no changes in spectrasypunit and in partial closure of the indole tunn2T,(30).
and kin_etic isotope effects (Table 4). Interesting!y, addition The observed ligand-induced domain movement excludes
of GP in the presence of GUHCI or NaCl stabilizes E-AA \yater from the active site and increases the hydrophobicity
even at low temperatures and yields linear Arrhenius plots f the 4 site. Kinetic and spectroscopic studies also provide

with decreased activation energies. Thus, GP stabilizes ag\jgence that solvent is excluded from the active site of the
closed form of thea,8, complex in the presence of 2> complex in the E-AA intermediates().
monovalent cations between 5 and 8D and overcomes

destabilization of the closed form by GuHCI or NaCl. The The different effects O_f temperature on the conformation
observed reaction rates are lower in the presence of GPOf ryptophan synthase in the presence of a Cs" may

because GP increases the activation enegyfrom ~34 be related to observed differences in the structure ofitfie
kJ/mol to 43-67 kd/mol (Table 2). The rate-limiting step in complex in the presence of these two cations and to the fact
the presence of GP is the conversion of EtQE-Trp, as that Cg interacts with the peptide carbonyls of six residues
shown by the steady-state accumulation of Eif) the whereas N& only interacts with the carbonyls of three
reaction oft-serine with indole in the presence of GBB), residues 26). Of s_pecial interest is a salt_ bridge thgt forms
Our finding that GP stabilizes a closed form of thg, ~ betweenj subunit Lys167 anc subunit AspS6 in the
complex is analogous to the finding that fructose-1,6- Presence of Csand is replaced by a salt bridge betwegn
bisphosphate, an allosteric effector, stabilizes the R form of Subunit Lys167 angs subunit Asp305 in the presence of

pyruvate kinase, which has a lower activation energy than Na'. The salt bridge formed at the interface betweendhe
the T form @8). andg subunits in the presence of Cmay be important for

The S, subunit in the presence of NaCl exhibits a linear intersubunit communication and for formation of the closed,
Arrhenius plot with a high activation energy and forms E-Ser active conformer of thex,f, complex @, 17, 24, 25, 62).
over the temperature range investigated. These results Very large primary kinetic isotope effects-6) were
indicate that the equilibrium distribution of intermediates observed at low temperatures for thg3, complex in the
strongly favors E-Ser and cannot be shifted by increasing presence of NaCl and for th8, subunit under several
temperature. In contrast, thf® subunit in the presence of  conditions (Figure 6). These values approach the maximum
CsCl exhibits a nonlinear Arrhenius plot and a temperature- theoretical value of 7 for cleavage of a—€l bond 63),
dependent decrease in E-Ser and in the kinetic isotope effectingicating that the gproton abstraction is nearly completely
These results indicate that increasing temperature and CsClte determining. A primary [G?H] kinetic isotope effect
combine to induce a conformational change infsubunit.  f 6.7 has been reported for the D222A mutant of aspartate
This conclusion is consistent with the previous finding that aminotransferase6). A primary [C.-2H] kinetic isotope
high concentrations of CsCl promote the closed conformation gffect of 6.9 was observed for a model transamination
of the 3, subunit at 25°C (16). _ _ reaction proceeding by general base catalygB. (

The large values foASy suggest that an increase in
entropy drives the open to closed conformational transition gypMMARY
(see the introductory portion of this paper, Table 1 and
Scheme 1). PositivAS.qvalues of this magnitude in enzyme Analysis of the temperature dependence of reactions
catalysis or ligand binding are often thought to be associatedcatalyzed by the tryptophan synthasgd, complex and3,
with release of HO (60). Release of kD could switch the  subunit with L-serine has allowed determination of the
enzyme from a state in which the cofactor-binding site is thermodynamic parameters for these reactions. This analysis
open to solvent to a state in which the cofactor-binding site shows that entropic effects play a large role in catalysis. The
is desolvated and covered by another domain of the enzymeresults suggest that a temperature-dependent conformational
as suggested for ribonucleoside triphosphate reducd@e ( change results in activation of the enzyme and in exclusion
A decrease in the activation energy of the reaction catalyzedof water from the active site. Monovalent cations and an

by p-glyceraldehyde 3-phosphate dehydrogenase fiom  gjiosteric ligand, GP, regulate the conformational transition.
maritima has also been related to a temperature-dependent

structural reorganization of the enzyme that results in ACKNOWLEDGMENT
tightened hydrophobic interactions at high temperatd® (

Our results suggest that under certain conditions increasing We thank Drs. Jan Wolff, Ann Ginsburg, and Ivet Bahar
temperature shifts the conformation of the tryptophan syn- for helpful comments on the manuscript.
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