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ABSTRACT. The tryptophan synthase,5, complex catalyzes the last two steps in the biosynthesis of
L-tryptophan in bacteria, plants, and fungi, the conversion of indole-3-glycerol phosphatesande to
L-tryptophan, glyceraldehyde 3-phosphate, and water. SFeebunit binds pyridoxal 'Sphosphate and
catalyzes th@g-replacement reaction with serine and indole. Structural, spectral, and kinetic studies indicate
that different monovalent cations stabilize the alternative enzyme conformations and equilibrium distribution
of the internal, external, and-aminoacrylate Schiff base. To improve our understanding of the role of
monovalent cations, the pH dependence of steady-state and pre-steady-state kinetic parameters and primary
kinetic deuterium isotope effects were measured in the presenceeine and ¢-2H]-L-serine in the
absence and presence of N&*, and Cs. For the interpretation of the data obtained in this study, it

was necessary to re-interpret a number of results published previously. Overall, data suggest that the
enzyme exists in two conformers that equilibrate slowly either in the absence of substrates and monovalent
cations or in the presence oftkor Cs", whereas they equilibrate faster in the presence of. Nlhe rate

of interconversion of the conformers increases as a group on the enzyme withad p8 becomes
deprotonated. The pH dependence of deuterium isotope effects is suggestive of a mechanism in which a
pH-dependent conformational change that closes the active site precedes the chemical steps, likely a result
of formation of one or more salt bridges. As the pH increases, the reaction becomes more committed to
proceed to products, which causes the deuterium isotope effect to decrease to a value of unity at high pH.
The closure of the site is modulated by the different monovalent cations and is fastest in the presence of
Nat, which exhibits the maximum isotope effect of 5.7 (likely the intrinsic effectYfifserine and slowest

in the presence of Cswhich exhibits the smallest isotope effect-el.5. The isotope effect o, in all

cases, indicates a contribution to rate limitation from steps in the second half of the reaction. Finally, in
the presence of Na the steady-state isotope effect \@nis greater than that on the pre-steady-state rate
constant for decay of the external Schiff base, suggesting that the rate of conversion of the two conformers
of the internal aldimine contributes to the pre-steady-state rate, but not the steady-state rate because the
high serine concentration traps the enzyme in the activeeine complex before it can decay to the less
active form.

Tryptophan synthase (EC 4.2.1.20) is a heterotetrameric
(0B32) bifunctional pyridoxal 5phosphate-dependent enzyme
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that catalyzes the last two steps in the biosynthesis of H H

L-tryptophan in bacteria, plants, and fungji-3). The physio- . N OHCY\OPOS—
logical reaction is termed theS-reaction and involves the ~ \ \ on
conversion of indole-3-glycerol phosphate anderine to

L-tryptophan, glyceraldehyde 3-phosphate, and water. Two oH Indole Glyeeraldehyde-3-Phosphte

distinct reactions take place in the andf-active sites that
are physically separated but connected by an intermolecular  “oro,-
channel 4).
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Scheme 1: Proposed Mechanism of the Tryptophan Synihé&eaction
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@ Serine is bound to the ISB form of thfesubunit with E109 unprotonated (I). The ESB is formed (l1), leaving E109 protonated. Either as the
ESB is formed or afterward, the active site closes to git®B(Ill), and K87 acts as a general base to form Q (IV). E109 acts as a general acid
to protonate the leaving hydroxide as tA&\ is formed (V). The indole half of the reaction then occurs to regenerate the I1SB.

The first reaction takes place at thesite with the the only species that exhibits significant fluorescence emis-
formation of glyceraldehyde 3-phosphate and indole, which sion. TheAA absorbs predominantly at 35860 nm and
is channelled to thg-site where it condenses withserine has a broad low-intensity band at 470 nm. The -3360
via af-replacement reaction. Tlfereaction proceeds viaa and 426-470 nm maxima may be attributed to enolimine
series of intermediate$,(6) shown in Scheme 1. The internal  and ketoenamine tautomers or to a species unprotonated and
aldimine (ISB) between PLP and teemino group ofK87* protonated at the aminoacrylate Schiff base nitrog®)
reacts with.-serine via agemdiamine intermediate to rapidly = The equilibrium between the enolimine and ketoenamine
form an external aldimine (ESB). Abstraction of ifagoroton tautomers of the ISB is pH-independent over the pH range
of the substrate ESB yields an unstable quinonoid intermedi- of 6.0-10.0, indicating that the microenvironment of the
ate (Q) that eliminates hydroxide to give the quasi-stable, s-site locks the species into a single ionization state, where

external aldimine ofa-aminoacrylate (AA), which is a  the Schiff base nitrogen is protonated (i.e., favors the
Michael acceptor. Indole, produced in thesite, reacts in ketoenamine tautomer)L(, 11).

the3-site as a nucleophile at C-3 of tiAeA and is proposed

to generate an indoleninium quinonoid intermediate. Depro-
tonation of C-3 of this intermediate leads to the quinonoid
complex of tryptophan, which is then protonated to form
the ESB of the product,-tryptophan 2). Transimination,

via a gemdiamine intermediate, results in the release of
L-tryptophan and regenerates the ISB, completing the

catalytic cycle. indicate that different monovalent cations stabilize alternative

Each of the reaction intermediates has a characteristic : L X
spectroscopic signature. The internal aldimine absorbs at 412"4yme conformations and catalytic intermediaB>4Z, 13)

nm, which is attributed to the ketoenamine tautomer, with a suggesting they may be important effectors of tryptophan

minor band at 330340 nm, which is attibuted to the - 20 R2, R LEUES A0OREL T B R T e
enolimine tautomer?). The ESB absorbs at 420 nm and is yme )
catalysis and regulatioi4—16). In tryptophan synthase,’K
- AbDroviad Ve | : oLP oridondt 5 and more strongly Nafavor the accumulation of the ESB
reviations: , monovalent cations; , pyriaox i ili i i
phosphate; DTT, 1,4-dithiothreitol. The and g associated with Species and.Stablllze a. partlally closed conformation of the
numbered residues refer to the subunit indi@ complex that contains ~ €NZyme, while C§ stabilizes theAA and the closed state.

the residue. Structures of the native enzyme in complex with*N#),

Addition of L-serine in the absence of indole generates an
equilibrium mixture of the ESB and A. Formation of the
AA from the ESB causes th&site to switch from a low-
activity open to a high-activity closed conformation. The
equilibrium distribution is affected by temperature and pH,
with low temperature and high pH favoring the ESB species.
Studies of the enzyme in the crystalline state and in solution
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K* (17), and C$ (17) have been determined and show that in investigating the mechanism of tfeclimination reaction
MVC act as allosteric effectors, specifically binding to a site catalyzed by tryptophan synthase.
in the -subunit separate from the catalytic site. Each of the
monovalent cations binds to approximately the same~ste =~ MATERIALS AND METHODS
A from the B-phosphate of PLP and involves a common set
of ligands, but with one or more unique to the specific cation.
For example, Csis uniquely coordinated to the backbone
carbonyl oxygen ofpVv231, G268, andjL304. The
monovalent ion-bound structures generally differ with respect
to residues involved in interactions at the interface between
the a- and -subunits and residues acting as a molecular
gate within the intermolecular tunnel. A structure of the
cation-free enzyme has not yet been reported.

An ordered sequential mechanism is generally favored

Chemicals.L-Serine and BTP were from Sigma, while
KOD, DCI, and O (99.8 at. % D) were from Cambridge
Isotope Lab. All other reagents and chemicals were obtained
from commercially available sources and were of the highest
quality available.

Enzyme PreparationThe tryptophan synthase multien-
zyme complex fron®. typhimuriunwas purified as described
previously @0). The enzyme was stored at80 °C in 50
mM Bicine and 20uM PLP (pH 7.8) and dialyzed against
for the S-subunit tryptophan synthase witkserine binding I\P/IV::-'free 25 TMt.B'S'T”S pcrio?ang (pcli-|f7.8),thbef%re ubse.
first; this is supported by the requirement thaserine rotein concentrations were getermined from the absorbance
binds before indole.-Serine forms a specific binary complex &t 278 nm using a,,, of 6.05 for thea,f> complex.
with the active site of thg-protomer, while indole does not [a-?H]-L-Serine L-Serine was incubated witlD-ace-
(18-22). The pH dependence of the steady-state kinetic tylserine sulfhydrylase A in BD at pD 9.0 (adjusted with
parameters for theSalmonella typhimuriumtryptophan ~ KOD) to catalyze exchange of the-proton @9). The
synthase has been obtained in the presence of sodiunProgress of incorporation of deuterium into the C-2 position
chloride @3). Data suggest the requirement for three ioniz- of L-serine was monitored via the disappearance of the signal
able groups involved in substrate binding and/or catalysis. at 3.80 ppm using a 400 MHz Varidhl NMR spectrometer.

A group with a K, of ~6.5 was assigned 8D305, another The reaction mixture was allowed to stand overnight, and
with a pK, of ~7.3 to fK87, and the third with a i, the reaction was stopped by the removal of the enzyme using
of 8.2—-9 to ﬂKlG? We measured the pH dependence of Amicon ultrafiltration with a PM10 membrane. Potassium
the pre-steady-state rate constant for decay of the ESB,ions were removed by chromatography on a Dowex-50W
as it is converted to thA A, in the absence and presence of column in the H form. The sample was then lyophilized to
MVC to obtain information about functional groups in dryness. The level of incorporation of deuterium, measured
the enzyme substrate complex and the effect of cations on by *H NMR, was 97.7%. The product was also analyzed
the catalytic mechanisn24). The formation of thex-ami- with an electrospray quadrupole ESI-Q_APIISOEX Applied
noacrylate intermediate requires a group protonated with Biosystem mass spectrometer, and its mass spectrum was
a K, of ~9 in the presence of Gsor two groups with also consistent with deuterium incorporation.

pKas of ~6 and ~9, which must be unprotonated and Steady-State Measuremerithe activity of the tryptophan
protonated in the absence and presence of aled K'; synthasgs-replacement reaction withserine and indole was
pKy's were assigned t¢D305 andBK87. On the basis of  measured by a direct spectrophotometric as84y. (nitial

the three-dimensional structuré, @5), there are a number rates were measured using a Cary 219 spectrophotometer
of ionizable residues located in tifieactive site that could  equipped with a temperature-controlled cuvette holder.
participate in catalysis and/or substrate binding, including Reaction mixtures were equilibrated at 26 in a 1 cm
BH86, fK87, BE109, fH115, fK167, andSD305. Ro and cuvette for at least 5 min at the desired temperature prior to
Miles (26) suggested that the base abstractingoth@oton the addition of enzyme. Reaction mixtures contained 25 mM
from the ESB waspK87, while Schiaretti et al. 24) BTP at the appropriate pH, 0.04 mM PLP, 0.1 mM DTT,
suggested this role could be playedA)305, which might 0.18 mM indole, and variable concentrations eferine and
also contribute, together withR141,5K167, andoD56, to [o-?H]-L-serine (0.2510 x Keeind in the absence and
allosteric signaling between tle andj-subunitspH86 was ~ presence of MVC. At pH 7.8, values #finqole of 13 (19),
proposed to interact with the PLP-phosphate group and 50 (32), and 7.4uM (33) are reported for th&scherichia
contribute to lowering the K, of SK87 (23), while SE109 coli enzyme, 1&M for the S. typhimuriumenzyme in the
was thought to activate indole for nucleophilic addition to presence of Ng and 590uM in the absence of MVCY).

the a-aminoacrylate in th@-reaction 27). No involvement ~ Thus, 0.18 mM indole is greater than the report&ghole

of AH115 in catalysis has ever been experimentally con- values in the presence of MVC, and the reportkt will
firmed. be close to the absolute value. In the absence of MVC, the

Isotope effects are a versatile probe of enzyme mech-absolute value ok. will be at least 4-fold greater than the
anism 28), and this kind of study was instrumental in our Vvalues reported in Table 1. When present, the MVC
understanding of the mechanism and proposing a trans-concentrations were as follows: 250 mM NacCl, 100 mM
ition-state structure for the elimination reaction catalyzed- KCI, or 100 mM CsCI. All of the initial rates were measured
by O-acetylserine sulfhydrylase29), an enzyme that be- in at least duplicate. The final enzyme concentration was
longs to the same fold type (fold type Il) agfdfamily of 118 nM. Under some conditions, the protein concentration
tryptophan synthase. In this paper, we measure the pHwas doubled to increase the quality of the signal, and the
dependence of steady-state kinetic parameters, the preinitial rate was corrected for enzyme concentration.
steady-state rate of decay of the ESB, and primary deuterium Pre-Steady-State Measuremei8mgle-wavelength kinetic
kinetic isotope effects on the steady-state and pre-steady-experiments were carried out with a temperature-controlled
state rate constants, in the absence and presence of MVCQIlis RSM 1000 stopped-flow apparatus. One syringe con-
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Table 1: Kinetic Parameters for thfeReplacement Reaction RESULTS

Catalyzed by the T$3, Complex in the Absence and Presence of

Monovalent Cations as a Function of HH Steady-State StudieShe pH dependence of steady-state

e kinetic parameters for the. typhimuriunmryptophan synthase
H ap 1 e h 20 S_e{'”a has only been realized in the presence of NaZ8),(and
p Heat (S71) "Kserine(MM) M~ts™) T L
thus, very little is known of the reaction in the absence of
MVC and in the presence offKand Cs. Steady-state kinetic

Without Monovalent Cations

6.5 0.244+0.01 1.604+ 0.50 160+ 10

7.8 0.91+ 0.03 1.60+ 0.10 570+ 60 parameters were measured at three pH values over the pH

8.5 1.37+0.01 2.70+0.30 5204 50 range they were reported to chan@®)( and the data are
With CsCl summarized in Table 1. The value k#;is increased in the

6.5 6.00+ 0.25 9.00+ 0.40 670+ 4 presence of MVC at all pH values, in agreement with the

;-g g-zgi 8-(1)2 ?-g& 8-28 ég?& %gg work of Peracchi et al.8), who used a saturating concentra-

: ' : Wi h'N o ' tion of L-serine and varied the concentration of indole. The
it al i i i

6.5 190+ 0.10 4,785 0.03 410+ 10 order qf ag{lv>at|o+n >does+ not change_ with pH and was as

78 2 80+ 0.20 0.52+ 0.02 4900+ 390 follows: C K Na*. However, it should be pointed

8.5 1.90+ 0.10 0.14+ 0.01 13660+ 890 out that although thi&., values measured in the presence of
With KCI MVC are close to the true values, those in the absence of

6.5 2.08+ 0.06 1.89+ 0.09 1110+ 20 MVC are not and will be significantly higher (see Steady-

7.8 4.80+0.20 0.58+ 0.03 8420+ 80 State Measurements in Materials and Methods). In fact,

8.5 4,00+ 0.20 0.27+ 0.01 14760+ 1250

correction to saturating indole concentration will generate a

? Parameters were obtained by fitting the data points with the value at pH 7.8 that is close to that measured in the presence
Michaelis-Menten equation with SigmaPlot. The reported values are of Ngt.

the average between two sets of experiments on the same solutions
(see Tab|g 2). P The presence of MVC also affectsserine At pH >8,

aPK serinelS lowest in the presence of MVC (it is not possible
to accurately interpret the data in the absence of MVC). The

tained 17/“‘M az_ﬂz in 25 mM Bis-Tris propane at the value is approximately the same in the presence of &tal
appropriate pH, in the absence or presence of MVC. The (0.14-0.27 mM), and 1 order of magnitude lower than

second syringe contained 25 mM Bis-Tris propane, 100 mM that measured in the presence ofC®8ecauseke is

L-Serine, or {)L.dH] L slerlnE;], at a EHf_vaIue _and EAVC_ relatively insensitive to pH in the presence of MVC, the
concentration identical to those in the first syringe. EXperi- o angeq ik imeare also reflected in the second-order rate

ments were conducted with the pH maintained at 6.5, 7.8 : . P
) : . e ' constantkeafKserine Previously published data indicate MVC
or 8.5, at 20°C. The pH of the final reaction mixture in the have a relatively small effect anserine affinity with aKq

stopp!ng syringe was "’?'Ways determined at the e”‘?' of theya1ue of~90 uM in the absence of MVC and60 and~20
experiment. The formation and decay of the ESRB-gkrine 4M in the presence of Naand C, respectively 8).

were followed_by_monitoring fluore§cence emission at =00 However, the dependence of the relaxation rate constants
nm, upon excitation at 420 nm. Kinetic traces at a single (o fomation and decay of the serine ESB on the concentra-
wavelength were recorded by collecting 1000 data points in tion of L-serine suggested an increase-~gb-fold in the
10s. affinity for L-serine upon addition of Na(39). In the

Nomenclature Isotope effects are expressed using the presence of MVC, the variations uene(Table 1) are even
nomenclature developed by Northropd] and Cook and — greater than 5-fold in some cases and, thus, do not reflect

Cleland @5—38). Deuterium isotope effects are written with  -pa 465 in affinity alone; rather, it likely reflects changes in

a leading superscript D; e.g., a primary deuterium iSotope e re|ative rates of steps along the reaction pathway, perhaps

effect onV/Kserineis written °(V/Ksering.- _including the net off-rate constant for serine from the ESB
Data AnalysisReciprocal initial rates were plotted against (see below).

reciprocal substrate concentration to assess the quality of the
data. Kinetic parameter¥,andV/Kgerine Were then estimated
by fitting the initial rate data to the Michaetsvienten
equation using SigmaPlot (Systat Software, Inc.).

Pre-steady-state time courses were fitted using eq 1
describing a biphasic decay:

Although data have only been obtained at three pH values,
they serve, along with the isotope effects discussed below,
to provide a rough indication of the pHate profiles for
Keat andKeafKserinein the presence of MVC and fdtafKserine
in the absence of MVC. As suggested abdygjs relatively
insensitive to pH over the pH range studied (we will not
Ckx Ckx consider the data in the absence of MVC). TQg/Kserine
y=y,tae " +be™ (1) value, however, does change with pH, and all data are
consistent with the requirement of a group with I&, pf
whereyy is the horizontal offseta andb are the amplitudes  7.5-8 that must be unprotonated for optimum binding of
of the two phases, arld andk; are the corresponding first-  serine and/or catalysis. Data are consistent with those

order rate constants. obtained previously26).
Standard errors of the isotope effects were calculated Steady-State Kinetic Isotopic EffectRrimary kinetic
according to the following equation: deuterium isotope effects were measured usHsgrine or
[o-?H]-L-serine as a function of pH, in the absence and
ky  ky [[SBxy\2  [SEk\2 presence of MVC, and the data are summarized in Table 2.
S% = E W + K (2) In the absence of MVQG(V/Ksering May increase slightly as
the pH is either increased or decreased from 7.8 but is
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Table 2: pH Dependence of Steady-State Primary Kinetic Table 3: Pre-Steady-State Kinetic Parameters and Primary
Deuterium Isotope Effects in the Absence and Presence of Deuterium Kinetic Isotope Effects on the Rate Constant for External
Monovalent Catior’s Aldimine Decay
pH bv D(V/Kseriné ki (Sil)
Without Monovalent Cations pH L-serine p-?H]-L-serine Pky
?g iii 81 iéi 8% Without Monovalent Cations
85 20401 19+ 0.1 6.5 10.25+ 0.38 3.15+ 0.06 3.2+ 0.1
: : : : ) 7.8 12.05+ 0.16 3.90+ 0.03 3.1+ 0.1
With CsCl 8.5 7.34+0.08 2.02+ 0.02 3.6+0.1
o 1o 12 win csc
8.5 1.2:&: 0'1 1'0:|: O'l 6.5 24.25+1.72 17.72+ 0.48 1.4+ 0.1
: : : : : 8.5 10.13+0.21 8.09+ 0.19 1.2+0.1
With NaCl )
6.5 4.9+0.3 5.7+ 0.2 L WihNaCl o1 1i01
78 48+05 20403 6.5 5.01+ 0.05 42+ 0. .1+ 0.
85 41402 2 6L 0.2 7.8 4.28+ 0.03 1.64+ 0.04 2.6+ 0.1
: ) : : ) 8.5 3.10+ 0.04 1.13+0.04 2.7+0.1
With KCI .
With KCI
o S Sz 6.5 11.49+ 0.09 3.46+ 0.05 3.3+0.1
85 334002 171092 7.8 9.68+ 0.08 2.55+ 0.03 3.8+ 0.1
i : : : : 8.5 5.80+ 0.05 1.37+0.02 4.2+ 0.1

aValues ofPV and P(V/Kserind are estimated from the ratio of the A . -
kinetic parameters obtained as described in Table 1 with serine and. Standard errors on the isotope effect were calculated as discussed

[o-?H]-L-serine. Standard errors of the mean are given. in Materials and Methods.

relatively constant. Note that a value o2 observed foPV The ESB is the only significantly fluorescent species along

at pH 8.5 is identical to that ow/K. In the presence of Na N tryptophan synthase reaction pathwa (
and Cg, the isotope effect is smallest at high pH and When enzyme is mixed with serine, a rapid initial
increases as the pH is decreased over the same range whefforescence increase is observed upon formation of the ESB,
the value ofkeafKserineincreases, whereas it is the opposite followed by a decrease in the intensity of the signal as the
for K*. The pH value at which the isotope effect changes €external aldimine is converted to tieA. The formation of
by half [the effect goes to unity at high pH (see Discussion)] the ESB occurred largely in the dead time of the instrument
provides a rough estimate of th&pof the group titrated; a ~ and precluded a detailed analysis of the pH dependence of
value of~7.5-8 is obtained for all of the MVC, consistent  this process. The decay in fluorescence of the ESB is
with the pH dependence d.{Kserine above. The largest —comprised of two kinetic phases defined by first-order rate
kinetic isotope effect{6) was observed in the presence of constantsk; andk; (Table 3) 6, 6, 24). The value ofk;
NaCl, while the smallest is observed in the presence of Cs accounts for>70% of the decay process, decreasing as the
with values that are not significantly different from unity pH increases, and is dependent on MVC (Table22).(The
with the exception of th8(V/K) value measured at pH 6.5. rate constant changes according to the following=" €s
Note that, in all cases, at low pH the isotope effect\is without MVC > K* > Na*. On the other hand, accounts
smaller than that measured MK, suggesting a difference  for ~10—30% of the decay process with rates that ae
in the contribution to rate limitation of the indole half of the order of magnitude lower thaq (data not shown). The rate
reaction, which will be discussed below. of the slow process is essentially unaffected by pH and MVC
Data measured foPV are consistent with the limited (24). As observed in the loyé-activity mutan{3D305A (40),
available literature39). Isotope effects estimated for tige  this slower phase might represent a “survival” pathway,

typhimuriumo,3, complex at pH 7.8 in the presence of Na which allows the formation af-tryptophan even in the pres-
and K" were 5.3 and 3.0, respectively, while that observed €nce of some mutations that affect conformational transitions

in the absence of MVC was 1.28. (24). Rate constants measured usingerine at pH 7.8 in

Pre-Steady-State Kinetic Studi@e reaction of-serine "€ absence and presence of ‘Nar K are in good
with the az3, complex leads to the formation of an agreement with those previously publishé@,(24, 39, 41).
equilibrium distribution of intermediates8,(12, 13). The Isotope Effects on the Decay of the ESBie primary
distribution is affected by temperature, pidsubunit ligands, kinetic deuterium isotope effect on rate constants for forma-
and monovalent cations. In the absence of MVC, at pH 7.9 tion of the AA was examined using-serine or §-?H]-L-
and 25°C, the predominant species is tAeA. Binding of serine, in the absence of MVC and in the presence of K
Na" or K* favors the accumulation of the substrate ESB, Na', or Cs', as a function of pH (Table 3). In the absence
while Cs shifts the equilibrium toward th& A (8, 12). To of MVC, k; with L-serine is~3—4 times faster than that for
determine the kinetic isotope effect farproton abstraction  [a-?H]-L-serine; i.e., an isotope effect 0f3.1-3.6 is
in the first half-reaction, rate constants were measured with observed. A slightly larger isotope effect is observed in the
protonated and deuterateeerine using a single-wavelength presence of K (3.3—4.2), while it is smaller in the presence
stopped-flow method, in the absence and presence of MVCof Na (2.1-2.7) and quite small in the presence oftCs
as a function of pH. Stopped-flow time courses measured (1.4). In all cases, with the exception of the presence 6f Cs
the fluorescence change at 500 nm upon excitation at 420the isotope effect increases with an increase in pH. Note that
nm, reflecting the formation and decay of the ESB for the the isotope effects do not correlate with those measured in
reaction ofL-serine witha,(5, in the first half of the reaction.  the steady state.
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Findings reported here agree well with previously pub- while the aspartate aminotransferase reaction provides an
lished data 42). The primary deuterium isotope effect example of binding the amino acid with a protonated amine
estimated for the fast decay phase in the presence of 10044); the tyrosine phenol-lyase binds the amino acid with
mM NaCl at pH 7.8 and 28C was 2.95, in agreement with  protonated or unprotonated amimkbs). To form the external

the value of 2.6 given in Table 3. aldimine, theo-amine of the substrate must be neutral to
allow nucleophilic attack on C-&f the internal aldimine.
DISCUSSION If the enzyme binds the amino acid with theeamine

protonated, there are generally two ways utilized to depro-
tonate it: the internal aldimine nitrogen can act as a base as

In the presteady state, the kinetics of the disappearance the case of aspartate aminotransferas, r an enzyme
of the ESB are biphasic, thus suggesting that the enzymes'de chain can serve as the proton acceptor. The resting form
possesses two routes for formation of the intermediate.  ©f fryptophan synthase absorbs maximally at 412 nm,
The parallel processes have been explained on the basis ofndicating that the ketoenamine tautomer of the enzyme
catalysis associated with the low-activity open conformation Predominates with the internal aldimine nitrogen protonated,
and the high-activity closed state of tifesubunit @9). and_ thgre is no 'eV|dence that the amino acid with a neutral
Production of the AA is the first step along the tryptophan amine IS selectively bound by enzyme. As a result, there
synthase reaction pathway to exhibit slow interconversion Must be an enzyme side chain responsible for deprotonating
of open and closed enzyme conformations. Other intermedi- (€ a-amine ofi-serine once it has bound to the enzyme.
ates along the reaction pathway prior to formation of the 1here are two residues that are positioned to accept the
AA likely also exist as an equilibrium between open and ¢-@mine protonD305 andfE109. Closure of thg-active
closed conformations, but their interconversion is thought Sit€ iS aided by salt bridge linkages betwgéd305 and
to be rapid; as a result, the kinetic behavior of these speciesPR141 and betwegfiK167 andoDS6 as the ESB is formed
is indistinguishable from that of a single conformation. In (25, 46). FD305 is at the junction between tifeactive site
steady-state experiments, only the faster of the two pathways2nd the MVC site, and formation of ti#305-5R141 salt
is observed, since the first-order rate constants estimated inP"idge blocks entry into thej-site and appears to be
the presteady state differ by 1 order of magnitude. important for the transition to the closed conformatidf)(
Analysis of the dependencies of relaxation rates with The D305A mutation results na _d_establhzanon of the
respect to variation of the metal ion concentration together enzyme-bounA A and Q species, giving a buildup of the
with the dependencies of relaxation rates on serine concen-OPEN conformation of the serine ESB, a decreased affinity

tration in the presence of NaCl suggests that MVC binding of th(.a.ﬂ.-sne forL-serlng, and a ghange n the nuclgophlle
changes the ground-state energy surface of the first half_speuflcny of thef-reaction, conS|st(_ant.W|th its role in site
reaction and yields altered equilibria between active and IessCIO.Sure' AS a resulfiD305 must be ionized as the externa_ll
active states of thA A (39). The ESB species do not appear aldimine is f_or_me(_j qnd cannat donate a proton to th_e serine
to be significantly affected since the affinity of the enzyme hydroxyl asitis e.||m|nated. On th_e ot.her hand, there is good
for serine is unaffected by MVCS]. The dependency of ewdence, including a characterization of the Glu to Asp
the ESB relaxation rate (formation phase) on the metal ion muttatlop, to ?nggest t_hﬁElfOQ aqts as tze dbas? tqticc?rp])t a
concentration follows a hyperbolic curve, reflecting binding lpro on rhorg gg.-ammi 0 L'She”rPe an (_)ntaet ! .t?] the
of metal ion to the enzyme at an earlier step in the pathway eaving hydroxide 7). A mechanism consistent wi €

Kinetic Parameters

(39) data obtained to date is shown in Scheme 1.
' Once the ESB is formed, the side chain that accepted the
Re-Interpretation of the Literature Data a-amine proton is protonated, and the ISB lysif&&7) is

unprotonated. Comparison of the structure of the ESB and

pH Dependence of Kinetic ParameterShere is an  ISB (17, 46) shows tha3K87 is directed toward thsi face
extensive literature about the steady-state kinetics of theof the imine (it is pointed toward the'phosphate but is
tryptophan synthasg-reaction. However, there is a lack of highly flexible and could with a minor structural rearrange-
consensus concerning the interpretation of the data, as wellment move toward € of the bound serine), and with
as errors in interpretation. To more accurately interpret the adjustment of the serine hydroxyl group, bg@bB305 and
pH—rate profiles and isotope effects obtained in these studiesBE109 are within hydrogen bonding distance of the serine
and those present in the literature, we need a frame ofhydroxyl. Given tha3D305 must be ionized to form a salt
reference. Below we generate a frame of reference by bridge with SR141, it is unlikely that this side chain can
providing a general mechanism taking into account experi- serve as an acigbase catalyst. It is thus likely th#E109
mental data and structures available for tryptophan synthaseplays a role in accepting a proton from theamine of
and maintaining an inventory of protons throughout the -serine and donating a proton to the hydroxyl as it is
reaction. eliminated. It is then anticipated thAK87 is the catalytic

The first portion of the3-reaction involves binding of the  base that accepts theproton to generate Q, which then
amino acid substrate to the ISB form of the enzyme and rearranges to expel the hydroxide that is protonate@H#}09
conversion to the serine ESB. There are three possibilities(Scheme 1).
with respect to the protonation state of theamine for The mechanism proposed in Scheme 1 makes predictions
binding the amino acid. The enzyme can selectively bind concerning the pH dependencedKserine Specifically, since
the amino acid with a neutral amine, the protonated amine, free enzyme and free serine predominate undkrcondi-
or both. An example of the former is observed fOF tions, the protonation state of only thheamine of serine
acetylserine sulfhydrylase bindin@-acetyl+-serine 43), and the carboxylate gFE109 should be observed, that is, a
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bell-shaped pHrate profile. The group seen on the low-pH
side of the profile could be unprotonated for optimal activity,
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In agreement with the suggested pH-dependent confor-
mational change reflected by th&pof 7.3 are theé’P data

while that seen on the high-pH side would then be protonatedobtained previously48). In the absence of MVC, the ISB

for optimal activity. However, it is equally possible that the

exists as a mixture of conformers that interconvert slowly,

two groups could have reverse protonation states; i.e., thesignalled by two distinct chemical shifts of 3.71 and 4.11
one on the acid side could be protonated and the one on theoppm in a ratio of~2:1; line widths of 10 and 12 Hz,

basic side unprotonated for optimal activigg|. TheV pH—
rate profile is more difficult to interpret, since it will include

respectively, are obtained for the two peaks. These two
conformers likely reflect the open and closed form, respec-

steps from both halves of the reaction depending on whethertively, of the 3-subunit as suggested previousi@). At pH
one, the other, or both half-reactions contribute to rate 9.5, only the lower field peak is observed at 3.73 ppm with

limitation. With this frame of reference, the pHiate profiles
obtained previously for the tryptophan synthdkeeaction
can be interpreted.

a line width of 12 Hz. The presence of Csas no significant
effect on this equilibrium mixture. In the presence offiNa
however, only a single resonance at 3.97 ppm is observed,

A study of the pH dependence of the kinetic parameters but with a large increase in the line width to 35 Hz. The
of the B-replacement reaction catalyzed by the tryptophan chemical shift is intermediate between the two resonances

synthasex,[5, complex fromS. typhimuriunwas carried out
previously @6). Vimax andV/Kserine In the presence of NacCl,
exhibited bell-shaped pHrate profiles, and we will first
consider theV/Kserine pH—rate profile. TheV/K for serine
decreases belowp values of 6.5 and 7.3 and above l&,p

of ~9. The observed K, of 7.3 was erroneously assigned
to K87, which cannot be titrated in the ISB, the predominant
enzyme form undeV/K (limiting substrate) conditions.
According to the proposed mechanism (Scheme 1), kae p
value of 6.5 likely reflect$E109, responsible for accepting

observed in the absence of Ndikely reflecting an increase

in the rate of interconversion of the two conformers into the
intermediate exchange domain, with identical results at pH
8 and 9.5 %0). Results are identical in terms of the chemical
shift of the ESB at pH 9.5 in the presence of'Naut the
line width decreases from 35 to 5 Hz, suggesting a further
increase in the rate of interconversion of the two conformers
into the fast exchange domain. In the presence of, Nize

Q exhibits a chemical shift of 4.2 ppm, the highest observed
for the tryptophan synthaggsubunit, with a line width of

a proton from serine as it binds and delivering the proton to ~10 Hz. Although theA A does not build up in the presence
hydroxide as it leaves. This interpretation is consistent with of Na', it does in the presence of Cand gives a chemical
previous proposals, which have suggested a number ofshift of 3.72 (likely representing the closed form) at pH 7.3

functions for this residue, including deprotonation of the
incoming serine to protonation of th&hydroxyl leaving

group and enzymatic activation of indole as a nucleophile.

Conversion offE109 to aspartate results in a stabilization

with a line width of 5 Hz. The narrow line width suggests a
more freely rotating Bphosphate in this enzyme form. The
open to closed transition is concomitant with formation of
salt bridges betweefiK167 andaD56 and betweefiD305

of the ESB, consistent with its proposed role as a generalandfR141.

acid catalyst in the elimination reaction, and this will be
further considered below2y). The group with a g of ~9

is almost certainly thet-amine ofL-serine, which has alf

of 9.25, and must be protonated for optimal bindidg)(
The group with a K, of ~7.3 may reflect a group involved

in a structural change important for closing the site. Schiaretti

et al. @4) suggest this group may K167, which forms a
salt bridge required to close the site. Although this is unlikely
since the group must be unprotonated, according to the pH
rate profile, for optimal activity, it could certainly be the
partner of3K167 in the salt bridgerD56, which would be

The exchange rates can be calculated using the line width
in hertz and the resonance frequency of the two conformers
according to

Av = a(v, — vg)°I2k (3)
whereAv is the line width in hertzy, andvg are resonance
frequencies for the species in the exchange reactionkand
is the first-order rate constant. In the presence of,Nae

rate constant for interconversion of the two conformers of
the ISB at pH 7.3 is 9578, while the rate increases te670

required to be unprotonated. At any rate, an enzyme residues* at pH 9.5, consistent with the increasekia/Kserine 8S
is required to be unprotonated for optimal catalysis at a the pH is increased. On the other hand; Gtabilizes the

limiting serine concentration.
The V pH—rate profile decreases below &of 6.5 and
above a [, of 8.2. Groups observed in thépH—rate profile

closed conformation, and at high pH, only the resonance at
3.72 is observed with the one at 4.1 absent. Data are
consistent with the pH-dependent conformational change

may reflect groups in both half-reactions that are important discussed above, controlled by the ionization state of the

for catalysis if both reactions contribute to rate limitation.
A significant primary kinetic deuterium isotope effect ¥n
has been observed with?H]-L-serine, suggesting that the
first half of the-reaction contributes to rate limitatiog),
while release of tryptophan is reported to limit t&e coli
enzyme at pH>7.8 (21). Thus, the groups withiy's of 6.5
and 8.2, important for catalysis, likely reflect both half-
reactions. The group with akp of 6.5, most likelySE109,
functions as discussed above, while the group witkKaqs
8.2 that must be protonated for optimal activity is likely
pK87, which must protonate the tryptophan quinonoid
intermediate prior to release oftryptophan from its ESB.

enzyme group with alg, of ~8 (estimated as the pH that
would give a rate constant of 335%s half of the value
observed at pH 9.5).

pH Dependence of Isotope Effecthe pH dependence
of PV andP(V/Kserind has previously been measured, and the
data provide insight into the mechanism of th&eaction
and its interplay with thex-reaction of tryptophan synthase
(26). The measured deuterium isotope effeBis,and°(V/
Kserind, decrease from a value 6f3.5 at pH 6 to a value of
unity at high pH ¢9). In addition, although the apparent
pKa values obtained from these studies, 8.6%grand 7.6
for P(V/Kserind, are close to values observed in the-pidte
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profiles, they do not reflect the same groups (see below) in approach infinity as a result of the irreversibility of the
contrast to the interpretation in the literature. deprotonation ofsD305 prior to ESB formation to a value
Theory for the pH dependence of isotope effects has beenof [Pk; + PKe(c)]/(1 + ¢;) at low pH where the amount of
developed for cases in which the isotope- and pH-dependenthe correctly protonated ESB is very small (the protonation
steps are the sam&@) and not the same3p). In the case  state ofsD305 may be the group that helps to determines
where the pH- and isotope-dependent steps are the saméhe open and closed states of the enzyme). Assuming the
(assuming a bell-shaped pHiate profile as for tryptophan  value of~6 is the intrinsic deuterium isotope effect, the value
synthase), the isotope effects drandV/K will be lowest at of ¢; at low pH can be calculated in the absence and presence
the pH-independent region of the profile (highest value of of MVC.
the parameter). The isotope effects will increase as the pH
is decreased below or increased above the obserdgd p
and will eventually become equal to one another. This would, pH Dependence of Kinetic ParameteiEhe pH range
at first glance, appear to be the case for tryptophan synthasecovered in these studies, 6:8.5, would really only define
given the equal isotope effects on the two parameters at lowthe K, of ~7.3 in the V/Kserine pH—rate profile, although
pH. However, as the pH is increased above tKeop the data in the presence of Nan Table 1 are consistent with
basic side of the pHrate profiles, the isotope effect oh the published data since the values at 6.5 and 8.5 are
andV/KserinecOntinues to decrease to a value of unity. Data significantly lower than that measured at 7.8. Th¢, pf
are consistent only with a mechanism in which the pH- and 7.5-8 observed in th¥/KeinepH—rate profile is in the same
isotope-dependent steps differ, and given the limiting value range as the one around 72%), especially given the limited
of unity at high pH, this suggests the pH-dependent step data obtained in this study. AKp of ~7.5 is observed in
precedes the isotope-dependent step. A likely possibility for the presence of all MVC and likely reflects the pH-dependent
the pH-dependent step is a pH-dependent structural changeonformational change between open and closed forms of
accompanied by deprotonation of one or more enzyme sidethe enzyme.
chains. A reasonable possibility, as suggested above, is As stated in the Results, the kinetic parameters obtained
formation of the salt bridges required to close, at least in the presteady state, monitoring the decay of the external
partially, the-site and perhaps properly oriefK87 and aldimine, are in good agreement with those obtained previ-
BE109 for the subsequent proton abstraction and eliminationously (12, 24, 39, 41). With the exception of the enzyme in
of water from the serine ESB. the presence of Csthe pH dependence & exhibits two
The mechanism, including the pH-dependent conforma- pK, values. In the absence or presence of MVC, tkg p
tional change prior to formation of the quinonoid intermedi- observed on the basic side of the profile~9, while that
ate, is shown in Scheme 1. On the basis of the mechanism,on the acid side varies with monovalent cation. The value is
the following equations for kinetic parameters and deuterium ~6.4 in the absence of MVC and 5.8 and 5.9 in the presence

Interpretation of Data Obtained in These Studies

isotope effects are obtained:

V= {k/[1+ (H/K,)(1 + Ky/k)1}/ (1 + {k[(1/ks)(1 +

Ky/kg) + 1kg + (1kg)(1 + kyo/kqp) + 1k 4131 + (H/K,)
(1 + ki/kg)] + (ke/ko)(1 + kykyy) (4)

V/Kserine= [(k1k3k5k7A)/(k2k4k6H)]/((1 + H/Kl){l +
(kalkeH)IL + (Ke/ky) (1 + ka/ko)] + (kelko)(1 + Kygki)})
(5)
PV = Pk, + {k[(1/ke)(L + kylks) + 1hks + (1ko)(1 +
Kyo/Kyp) + Lk JHL A+ (HIK) (L + Ky/ko)] + K kg/ks)
(1 + Ky kg )L+ {k[(A/ko) (1 + Kylks) + 1/ks + (1K)
(14 kyofkyq) + Lk }L + (HIK) (A + ky/ks)] + (Kolko)
1+ kydkiy) (6)

P(VIKserind = {7k7 + (kelkeH)[L + (Ke/k) (L + kefky)] +

PKeoKe/ko) (L + Ky kg )} {1+ (KelkgH)[L + (kefk)(1 +
ke/ko)] + (Kefko)(L + kig/ks )} (7)

In egs 4 and 6K; is equal toks/ks, while K likely reflects

the group with a K, of ~7.3 that must be unprotonated for
optimal binding ofiL-serine. Equations 6 and 7 adhere to the

general equations for isotope effe€V = [Pk; + ¢yt + PKeq
@)@ + oy + ) andP(V/Ksering = [Pkz + ¢ + PKeg(C)V/
(1 + o + ¢), respectively. The isotope effects dhand
V/KserineChange from a value of 1 at high pH asand cy

of Na* and K", respectively.

Since it is the decay of the external aldimine that is
monitored in these studies, the species involved are the
external aldimines (Il and Il in Scheme 1), the quinonoid
intermediate (IV in Scheme 1), and tlheaminoacrylate
intermediate (V in Scheme 1). Decay of species Il and Ill
requires, according to Scheme 1, the unprotonated form of
PK87 and the protonated form pE109. The KJ's observed
in the pH-rate profiles for decay of the external Schiff bases,
ki (24), thus likely reflect these groups in reverse protonation
state; that is, although the lysine must be unprotonated, its
pK is seen on the basic side of the profile, while thefpr
the glutamate, which must be protonated, is seen on the acid
side of the profile. The variation in thegfor SE109 likely
reflects local environmental changes caused by occupancy
of the MVC site. The exception to the above isTCéor
which a @K, of only ~9 is observed, and this will be
discussed below under isotope effects.

Steady-State Kinetic Isotopic Effedtsterpretation of the
isotope effects oW andV/KserineiS based on the mechanism
shown in Scheme 1. The macroscopic rate con&féterine
includes all steps from binding serine to formation of the
AA, while Vincludes any isomerization of the enzyme prior
to serine binding and all steps from the-&erine Michaelis
complex to regeneration of free enzyme (this includes steps
in the second half of the reaction). A value ¥ that is
lower thanP(V/Kserind thus reflects limitation by isomerization
of free enzyme and/or steps in the second half of the reaction.

Isotope Effect on V/Kine In all cases, isotope effects are
pH-dependent and decrease in magnitude as the pH is
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increased (the exception is in the presence ofWlisere there but the effect decreases as the pH increases and the closed
is no significant isotope effect). Data are roughly in agree- form of the enzyme is stabilized, committing the reaction to
ment with those obtained previously in the presence of Na proceed to the AA, consistent with the interpretation provided
(26) and in agreement with the proposed pH-dependentabove. The decrease in the observed isotope effect as the
conformational change that precedes chemistry. However,pH is increased is a result of the increase in tiieand ¢
the decrease in the magnitude of the deuterium isotope effecterms in eqs 6 and 7. Specifically, thgH term decreases
is less pronounced in the present case than in the resultscompared to ¢ proton abstraction, committing the reaction
reported previously witRV and®(V/K) decreasing from 3.5  to proceed toward products. The large isotope effect at pH
at low pH to unity above pH 926). We find higher values 6.5 thus largely reflects rate-limiting catalysis beginning with
of the isotope effects at low pH-4.9 and~5.7 forPV and the open form of the enzyme. The decrease in the isotope
D(VIK), respectively], which decrease to 4.1 and 2.6, effect as the pH increases is observed in the presence of all
respectively, at pH 8.5. The difference in pH dependence MVC.
observed in this study and the previous study is likely due In the absence of MVC or presence of other MVC, the
to the difference in the temperature used to measure theobserved isotope effect is smaller. Data suggest either a
primary isotope effect, 37C (26), versus 20C in this study. change in the intrinsic isotope effect reflecting a change in
Data suggest a perturbation of thi€ alerived from the pH transition-state structure or the contribution of steps other
dependence df(V/Kserind from the value of~7.6 observed  than G, proton abstraction to rate limitation. We consider a
at 37°C to ~8.2 at 20°C, while data for®V suggest an  change in transition-state structure unlikely and believe the
increase in the observedpfrom 8.6 to~9.3; the estimated  smaller isotope effects reflect kinetic complexity. In the
ApK, for PV andP(V/K) is 0.6-0.7. To test this hypothesis, presence of K and CS, °(V/Kserind iS 3.5 and at most 1.5
the isotope effects ol and V/KseineWere measured at pH  at low pH, suggesting an increasing contribution from the
9.4 in the presence of Neand were 3.8 and 1.8 (data not conformational change to close the active site, with this step
shown), respectively, consistent with thi€,of 8.2 calculated being almost completely rate-limiting in the presence of.Cs
above. The calculated{q values should be compared to the Another possibility for the difference iR(V/Kserind at pH
value of 8 estimated for the pH dependence of the equilib- 6.5 is a change in the reverse commitment factykd)(1
rium between conformers observed ¥R NMR (see above).  + kjg/kiindole). The term that contains indole is unlikely
Thus, there is almost certainly a temperature dependence tdo contribute since binding of indole to AA should be rapid
the contribution of @ proton abstraction to rate limitation. at saturating substrate levels. It is possible, but not likely,
Indeed, the primary kinetic isotope effect@in the presence  that the equilibrium between Q and AA may change
of NaCl is temperature-dependent and decreases from 5.5depending on the MVC present, since different MVC
at 5°C to 1.5 at 45°C (51). Data obtained in these studies stabilize different species. Stabilization of the different
are consistent with these values, within error. species is a thermodynamic phenomenon and does not
The largest isotope effects for the tryptophan synthase necessarily reflect the kinetics of the reaction, but a contribu-
p-reaction are observed in the presence of Neéith a tion by ¢, cannot be completely ruled out. It is more likely
maximal value of 5.7 at pH 6.5. Using this as the intrinsic the structural change to close the site is regulated differen-
isotope effect and assuming no change in transition-statetially by the different MVC.
structure for G proton abstraction, one can obtain an estimate  Isotope Effect on VThe isotope effect oW in the presence
of the contribution to rate limitation of the bond-breaking of Cs" is near unity which is also observed &iKserine
step in the absence of MVC and in the presence bfiKis suggesting a step common Yoand V/Ksering likely the rate
step does not contribute in the presence of)Can isotope of closure of the active site prior to the catalytic steps; pre-
effect of 1 indicates no contribution (no effect of isotopic steady-state kinetic isotope effects are consistent with this
substitution), and thus, the ratio of the isotope effects minus interpretation (see below). On the other hand, valug®vof
1 provides a rough estimate of the fractional contribution of measured in the presence of Nand K* are large, 4.9 and
C, proton abstraction. At pH 6.5, where the maximal isotope 2.4 at pH 6.5, respectively. Differences in the values at pH
effect is observed, the fractional contribution is 028.02 6.5 can be interpreted on the same basis as that used for
[(2.1 — 1)/(5.7 — 1)] in the absence of MVC and 0.58 P(V/Ksering @above. However, for values &V smaller than
0.04 [(3.5— 1)/(5.7 — 1)] in the presence of K P(V/Kserind, data suggest there is rate limitation by isomer-
The magnitude of the observed isotope effect varies ization of free enzyme and/or steps in the second half of the
dramatically with the monovalent cation present. In the reaction at saturatingserine concentrations. Recently, Cash
absence of MVC, the maximum isotope effect~2 (pH et al. 62) showed that, at pH 8 and 2&, deprotonation of
6.5), suggesting the contribution of steps other thaprGton the indolenine quinonoid intermediate is rate-limiting for
abstraction to rate limitation. On the other hand, MVC that formation of the quinonoid in the absence and presence of
stabilize the external aldimine, Naand K' to differing MVC. In addition, release of the product tryptophan is slow
extents, give the largest primary isotope effects, 5.7 and 3.5,at pH >7.8 21).
respectively. These MVC also give the largest increase in  Pre-Steady-State Kinetic Isotope Effedtss informative
V/IK with values nearly 1 order of magnitude higher than in to measure isotope effects in the presteady state since one
the absence of MVC (corrected kg, as discussed in the has the possibility of measuring intrinsic isotope effects on
Results) (Table 1). However, as indicated above, these effectelementary steps if they are kinetically isolated. In the case
are pH-dependent, and to provide an overall interpretation, of tryptophan synthase, however, it is clear from the
we will first consider data obtained with NaThe steady- discussion given above that in most cases single elementary
state deuterium isotope effect MfiKserine indicates that € steps do not limit the overall reaction. As a result, an analysis
proton abstraction completely limits tifereaction at pH 6.5,  of time courses monitoring the appearance and decay of each
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of the intermediates along the reaction pathway would have presence of Naand 3.96 in the absence of MVC for the
to be carried out to estimate values for the intrinsic isotope system of three equilibrating steps according to Bernasconi
effects. These experiments are not possible in this case sincevith the assumption that the first step equilibrates much faster
a number of the intermediates appear and decay too rapidlythan the second and third steps. The value of 5.91 is identical
(for example,gemdiamine intermediates) and/or are spec- within error to the value of 5.97 fdt(V/Kserind Obtained in
trally invisible (active site closure). As a result, data would these studies at pH 6.5. However, as discussed below, with
be difficult to interpret. However, the combination of steady- the exception of the value of 5.97, observed values are not
state and pre-steady-state isotope effects allows an accurateyecessarily intrinsic. Single-wavelength stopped-flow time
at least qualitative, interpretation of the data. courses 39) monitoring the appearance of tl¥eA at 350

The isotope effect on the rate constant for decay of the nm, with p,L-serine and ¢-°H,5-?H]-D,L-serine in the
ESB, k4, in the absence of MVC is 3-13.6, and larger than  absence of MVC or in the presence of Naave isotope
the steady-state effect 6f1.6—2 onV/Keerine(it is also greater  effects of 3 and 2.2, respectively, in agreement with the
than the apparertV, but this isotope effect likely reflects  effects measured in these studies monitoring decay of the
slow steps in the second half of the reactiofp NMR ESB.
spectra indicate th@-active site in the internal aldimine Rapid-scanning stopped-flow studies witkserine and
exists as a mixture of open and closed forms that interconvert[a-2H]-L-serine showed that the primary kinetic isotopic
slowly at pH 7.3. Data thus suggest that only the open form effect on G proton abstraction alters the time course for
is observed in the presteady state and the conversion of thehe approach to the equilibrium between the ESB A,
closed to the open form likely contributes to the steady-state resulting in a greater transient accumulation of the E&B. (
rate giving a smaller deuterium isotope effect. The isotope
effect of 3.1-3.6 in the presteady state is still lower than Conclusions
the maximal effect of 5.7 observed in the presence of,Na
consistent with a contribution from closure of the active site
prior to formation of the ESB and subsequently the AA. This
explanation is also likely in the presence of.KThe isotope

On the basis of a re-interpretation of existing literature
data and the data obtained in these studies, a number of
conclusions can be drawn and are outlined below.

effect onk, is 3.3-4.2, greater than the values of 2.3.3 (1) On the basis of'P NMR, thefs-subunit exists as two
for PV (the higher value observed at pH 8.5, and the lower conformers in slow equilibrium in the absence of substrate
value observed at pH 6.5). on the NMR time scale. An exception is noted in the presence

Data can be compared with those obtained in the presence®f N&', which brings the equilibrium into the intermediate
of Cs", which gives a small isotope effect of1.4. The time scale at pH 7.3 and into the fast time scale at pH 9.5.
internal aldimine also exists as two conformers in the Datatranslate into a pH-dependent rate of isomerization that

presence of Csthat interconvert slowly. Unlike the case in  fanges from 670°s at pH 9.5 to 95 s* at pH 7.3, allowing
the absence of MVC, the value of the steady-state isotopec@lculation of a g of ~8 for a group that must be
effect is also small, 21.4. Data suggest a rate-limiting unprotonated to facilitate conversion of the enzyme to the
closure of the active site at limiting and saturating serine aCtive open state.
concentrations (see above). The presteady state thus reflects (2) The pH dependence of kinetic parameters reveals the
slow closure of the active site followed by rapid generation Presence of two groups that must be unprotonated and one
of the ESB and AA. that must be protonated in th&Kserine pH—rate profile. In
The isotope effects ok in the presence of Naare 2.1 the presence of Na a group with a [, of 6.5 must be
2.7. These values are lower than the measured valudg of — Unprotonated to accept a proton from thk@mine ofL-serine
4.9-4.1. As discussed above (see the discussidoRMR  (likely SE109) and a group with aa of ~9 is attributed to
data), the first-order rate constant for interconversion of open the a-amine ofi-serine, which must be protonated to bind
and closed forms of the enzyme is faster in the presence ofto enzyme. The third i, is 7.3 and is attributed to a group
Na' than in the absence of MVC or in the presence of Cs that must be unprotonated to facilitate active site closure (see
or K. The most likely explanation of the decrease in the the previous paragraph). Theprofile exhibits K, values
isotope effect ork, compared to that ofV is a contribution ~ ©f 6.5 and 8.2, attributed to groups which must be unpro-
of the rate of interconversion of the open and closed form tonated and protonated, respectively. The group witka p
in the presteady state, resulting in a smaller observed isotope?f 6.5 is likely the same one observed in ¥iKserine PH—
effect. In the steady state, this rate process is not observedate profile, while the group with ak of 8.2 likely reflects
at saturating-serine levels, suggesting the enzyme stays in #K87 in the second half-reaction, which must be protonated
the active conformation, being trapped by high substrate to form the tryptophan ESB.
levels as the ESB before it can relax slowly to the less active  (3) The pH dependence of deuterium isotope effects is
conformation. indicative of a mechanism in which a pH-dependent step
Isotope effects on microscopic rate constants have beenprecedes the chemical steps. As a result, as the pH increases,
obtained previously by fitting the dependence of the relax- the reaction becomes more committed to proceed to products,
ation rate constant for the decay of the ESB on the Which causes the deuterium isotope effect to decrease to a
concentration of-serine in the absence and presence of Na Vvalue of unity at high pH. The pH-dependent step is likely
to a simplified three-step mechanism with rapid formation associated with the conformational change required to close
of the Michaelis complex and rapid conversion to the ESB, the site as a result of formation of one or more salt bridges.
followed by formation of theAA (39). According to (4) The primary kinetic deuterium isotope effect on
relaxation kinetic theory, data gave a kinetic isotope effect V/Kserinein the presence of Nais likely the intrinsic isotope
of 5.91 on the rate constant for decay of the ESB in the effect, while in the absence of MVC or in the presence of
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K+,

active site closure contributes to rate limitation. In the

presence of Cs closure of the active site completely limits
the reaction. The isotope effect dfyin all cases, indicates
a contribution from steps in the indole half of the reaction
to rate limitation.

(5) In the presence of Nathe steady-state isotope effect

onV is greater than that on the pre-steady-state rate constant
for decay of the ESB. Data further suggest that the rate of
conversion of the two free enzyme conformers contributes 21.
to the pre-steady-state rate, but not the steady-state rate
because the high serine concentration traps the enzyme in ,,

the active E-serine complex before it can decay to the less
active form.
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