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ABSTRACT. Reactions catalyzed by tifesubunits of the tryptophan synthasgs, complex involve multiple
covalent transformations facilitated by proton transfers between the coenzyme, the reacting substrates,
and acid-base catalytic groups of the enzyme. However, the UV/Vis absorbance spectra of covalent
intermediates formed between the pyridoxapBosphate coenzyme (PLP) and the reacting substrate are
remarkably pH-independent. Furthermore, dhaminoacrylate Schiff base intermediate, E(A), formed
between L-Ser and enzyme-bound PLP has an unusual spectrumyitee 350 nm and a shoulder
extending to greater than 500 nm. Other PLP enzymes that form-EjApecies exhibit intense bands

with Amax~ 460—470 nm. To further investigate this unusual tryptophan synthase-BjApecies, these
studies examine the kinetics of"Helease in the reaction of L-Ser with the enzyme using rapid kinetics
and the H indicator phenol red in solutions weakly buffered by substregerine. This work establishes

that the reaction of L-Ser with tryptophan synthase gives arrdtease when the external aldimine of
L-Ser, E(AeX), is converted to E(AA). This same H release occurs in the reaction of L-Ser plus the
indole analogue, aniline, in a step that is rate-determining for the appearance @afiE{Q)Ne propose

that the kinetic and spectroscopic properties of the L-Ser reaction with tryptophan synthase reflect a
mechanism wherein the kinetically detected proton release arises from conversion of ap) Efeeies
protonated at the Schiff base nitrogen to an E@) species with a neutral Schiff base nitrogen. The
mechanistic and conformational implications of this transformation are discussed.

The families of enzymes that utilize pyridoxaithosphate  acid—base catalysis involving proton transfers between the
(PLP} as coenzyme catalyze a diversity of chemical reactions reacting substrate and/or the coenzyme that are mediated by
unmatched by any other coenzynie-@). These reactions  catalytic residues at the active site.
typically involve several covalent intermediates formed  The enzyme-bound PLP moiety (Scheme 1B) is comprised
between PLP and the reacting substrate(s), including tetra-of four groups capable of ionization in the physiological
hedral adducts (gem diamines), Schiff base intermediatespH range: the pyridine ring N-1, the ring hydroxyl at
(aldimines and ketamines)x-aminoacrylyl Schiff base  C-3, the ubiquitous Schiff bases at G-dnd the phosphoryl
intermediates, and quinonoid intermediates. These intermedi-group at C-5 The chemical properties of the PLP moiety
ates participate in a wide variety of bond scission/bond are critically dependent on the ionization states of these
formation processes, including-&1, N—H, O—H, C-C, groups. For example, the protonation state of the Schiff
C-0, C—N, C=S, and C-Se bonds. Scheme 1A shows the base linkage at C:4modulates the reactivity of the C-4
covalent intermediates in the tryptophan synthase catalytic carbon toward nucleophilic attacl8)( The conversion of
mechanism. The processes shown in Scheme 1A requireSchiff base species to quinonoid species is dependent on
protonation at N-1, and the state of protonation of N-1
" Supported by NIH Grant GM55749. modulates the Ig, of the Schiff base nitrogen. The state of

* Correspondence should be addressed to this author. Phone: 909- : _ o
787-4235, Fax: 909-787-4434, E-mail: michael.dunn@ucr.edu. protonation of the C-3 hydroxyl modulates the reactivity and

1 Abbreviations: a3z, native form of tryptophan synthase fro@ protonation state of the Schiff base nitrogé@r-(1). The
typhimurium o, alpha subunitg, beta subunit; E(Ain), internal aldimine  state of protonation of the fphosphoryl group is important
(Schiff base); E(Aey, external aldimine intermediate formed be- g binding (12).
tween the PLP cofactor and L-Ser; E(Af:t", external aldimine .
protonated at the Schiff base nitrogen; E(GD), gem diamine species; [N most PLP enzymes, the ionizable groups of the
E(A—A), a-aminoacrylate Schiff base; E@A)H*, a-aminoacrylate coenzyme are buried within the proteit3-19). The Ks

protonated at the Schiff base nitrogen; gQuinonoid intermediate  of these groups are strongly influenced by the microenvi-

that accumulates during the reaction between E£\ and indole; . . . .
E(Q)aniine, quinonoid species derived from the reaction of aniline with ronment provided by the protein, and in some instances the

E(A—A); E(Aex,), L-Trp external aldimine; PLP, pyridoxal phosphate; microenvironment locks the group into a single ionization
L-Ser, L-serine; L-Trp, L-tryptophan; IGP, 3-indole-glycerol 3- state that persists over the physiological pH range (pti@.

phosphate; GRy-glycerol phosphate; G3P, glyceraldehyde 3-phosphate; |y other instances, the microenvironment at the site makes
TEA, triethanolamine; X/, apparent first-order rate constant of the . L A .
nth relaxation;A,, amplitude of thenth relaxation; MVC, monovalent possible a switching between ionization states during the

cation. catalytic cycle.
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a(A) Organic structures of reactants, products, and intermediates identified in the tryptophan spnthason. (B) Structure of an internal
aldimine with the Schiff base and pyridine ring nitrogens protonated. (C) Hydrogen bonding scheme for the tryptophan synthase L-Ser external
aldimine, E(Aex), formed with the K87T mutant from the X-ray structudes). Redrawn from Rhee et alLl§). (D) Reaction of the indole analogue
aniline with thea-aminoacrylate Schiff base intermediate to form E().

Owing to the chromophoric properties of the PLP moiety, for multiple ionization states, it has not been easy to assign
the switching among covalent states and ionization states isionization states from examination of the electronic absorp-
accompanied by distinctive changes in the UV/Vis absorption tion spectrum §, 20—25).
spectrum. However, due to the potential complexity of the It is now well established that the pH dependencies of the
spectrum arising from the microenvironment and the potential spectra of the E(Ain) and E(Aex) species of the transaminases
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and tryptophanase arise from the ionization of the protonatedbinding of C§ to the monovalent cation sites on the

Schiff base linkages of these species (eq 1).
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In the E(Ain) species of aspartate aminotransaminase,
AAT, this ionization shifts the absorption spectrum from 415
to 360 nm, while in the E(Aex) species, the shift is from
420 to 380 nm 26—29). Yano et al. §) and Onuffer and
Kirsch (10) have shown that in AAT theky, of the Schiff
base nitrogen is modulated by the protonation state of the
PLP pyridine ring N-1. In native AAT, the residue that
interacts with the pyridine ring N-1 is Asp 222. Mutation of
this residue to Ala or Asn renders the spectrum of the internal
aldimine @max 430 nm) pH-independent, presumably as a

consequence of perturbation of the Schiff base nitrogen to a

pK, value outside the physiological range.

In contrast to this behavior, the tryptophan synthase
E(Ain), with Anax 412 nm, and the E(AgX species, with
Amax424 nm, are essentially pH-independent in the pH range
6—10.4 80—32), indicating that the microenvironment of
the 5-site locks each of these species into a single ionization

S-subunit perturbs this spectrum, forming a long-wavelength
maximum at~460 nm of apparent low intensit¢8). While
the spectra of the tryptophan synthase internal aldimine,
external aldimine, and-aminoacrylate Schiff base species
are not influenced by pH changes in the neutral to basic
range, the distribution of these species (formed in Stage | of
theg-reaction, Scheme 1A), especially the external aldimine
ando-aminoacrylate species, show a marked dependence on
pH, with acidic pH favoring thex-aminoacrylate and basic
pH favoring the external aldimine3{, 32). This pH-
dependent redistribution of chemical intermediates reflects
a pH-dependent modulation of the conformation states of
the g-subunit @1, 32).

While the spectra of key intermediates in {heeaction
of tryptophan synthase are insensitive to pH in the range
6—10, the chemical steps depicted in the catalytic cycle
(Scheme 1A) require several proton transfers. To further
investigate the relationship between the spectral changes that
occur during theB-reaction, the chemical mechanism of
catalysis, and the allosteric transformations that regulate
channeling, we have undertaken rapid kinetic investigations
of H* uptake and/or release both during the reaction of L-Ser
(Stage | of thef-reaction, Scheme 1A) and during the
reaction of L-Ser and an indole analogue, aniline (Scheme
1D), at thepS-site @4—46). These studies show that the
interconversion of the tryptophan synthase external aldimine
anda-aminoacrylate species is accompanied by release of a
proton, and that the--aminoacrylate species withnax =
350 nm is the neutral form of the Schiff base linkage.

MATERIALS AND METHODS

Materials. Aniline hydrochloride (Mallinckrodt), triethan-
olamine (Aldrich), pi-2H]-L-Ser (Cambridge Isotope Labo-

state where the Schiff base nitrogen is protonated (Schemeratories), phenol red (Aldrich), liver alcohol dehydrogenase

1C)2? This pH independence is abolished when Ser 377, the
residue that interacts with the PLP pyridine ring nitrogen, is
replaced by Asp or Glu3d). In the Asp mutant, the
absorption spectrum of the internal aldimine becomes pH-
dependent, shifting from 416 to 336 nm, reflecting proto-
nation/deprotonation of the Schiff base nitrogen. Jhee et al.
(33) propose that the substitution of Ser 377 by Asp raises
the K, of the PLP N-1 by 25 pKj, units, and reduces the
pK, of the Schiff base nitroger2.5 units, thereby bringing
the K.s of these nitrogen atoms into the physiological range.
The PLP enzymes cystathioningsynthase 34) and
O-acetyl+-serine sulfhydrylase36—38) are both involved
in p-replacement reactions. These enzymes farrami-
noacrylate Schiff base intermediates, E(A), which give
UV/Vis absorption spectra with a coenzymgax ~ 460—
470 nm. The spectrum of tf@-acetyl+-serine sulfhydrylase
o-aminoacrylate intermediate is reported to be pH-indepen-
dent over the range 5:3.0 (39). The tryptophan synthase
a-aminoacrylate has been assigned a UV/Vis spectrum
consisting of a coenzyménax = 350 nm with a shoulder
extending to>500 nm @3, 24, 40—42) that is essentially
pH-independent over the pH region 685 (32). The

(Boehringer Mannheim), bovine carbonic anhydrase (Wor-
thington), and L-Ser were purchased as the highest purity
materials available and used without further purification.

Purification of wild-type tryptophan synthase frogal-
monella typhimuriunwas performed as previously described
(47—-51). Except where noted, all experiments were carried
out in solutions containing 100 mM NacCl to ensure that the
enzyme was maintained in the Néorm (52).

UV—Vis Absorbance Measurementgsorbance spectra
and activity measurements were performed on a Hewlett-
Packard 8452 diode array spectrophotometer at25°C.
Spectra were fitted to sums of log-normal curves as previ-
ously described?5, 52—55).

Single-Waelength Stopped-Flow (SWSF) Kinetic Studies.
SWSF measurements were performed as previously described
at 25+ 2 °C (50, 51). Kinetic time courses were fitted by
nonlinear least-squares regression analysis using the software
Peakfit (version 4, Jandel Scientific) to a sum of exponentials
according to eq 2:

A=A, + SA exptin) @

where A; is the absorbance at time A. is the final

2The pH dependencies of the steady-state kinetic parameters ha"eabsorbancea,&@ is the absorbance due to tith relaxation,

not been published for th®. typhimuriuntryptophan synthase; hence,
very little is known about the dependencekaf andk.. for the o, £,
andog reactions.

and 1t; corresponds to the observed rate for thk
relaxation.
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Kinetics of Proton Releasdhe solutions used in these
studies were weakly buffered with substrate L-Ser as the
predominating buffer component (1 mM after mixing in the
stopped-flow apparatus). The determination of the SWSF
time courses for proton releases( 57) during the reaction
of 1 mM L-Ser (Stage | of th@-reaction) and the reaction
of 1 mM L-Ser plus 4 mM aniline with tryptophan synthase
was carried out in degassed solutions. The solutions were
adjusted to pH 7.8 by the addition of NaOH just prior to
introduction into the stopped-flow apparatus. This L-Ser
concentration is sufficient to saturate binding and reaction
in Stage | at pH 7.8. Typically, one syringe of the stopped-
flow apparatus contained 44M tryptophan synthase, 28V
phenol red, 100 mM NaCl, and 0.1 mg/mL carbonic
anhydrase. The second syringe contained identical concentra- 0.15 -
tions of phenol red, NaCl, and carbonic anhydrase. The
second syringe also contained either 2 mM L-Seror 2 mM
L-Ser and 8 mM aniline, as required by the particular g 0.10 1
experiment. In the absence of strong catalysts, relaxations
due to the hydration of CQas per eq 3:

Abs

+; 1]
(Na")E + L-Ser + Aniline (B)

(Na®)E + L-Ser

E + L-Ser

0.05 1
CO,+H,0=HCO, +H" ®3)

AA.

can give proton concentration changes on time scales 000 350 400 450 500 550 600 650 700
comparable .to the tryptophan synthase cgtalyzed reaCtlonﬁzlGURE 1. Comparison of the pH-dependent changes in the UV/
under study in this _vvork. Therefore, carbonic anhy_drase Wasyjis absorption spectrum of phenol red (A) with the spectra of
added to both syringes to ensure that the reaction of anytryptophan synthase intermediates formed in the reaction of the
dissolved CQ with water to give HC@ and H" reached enzyme with L-Ser and with L-Ser and aniline (B). Spectra in (A)
equilibrium on time scales that were rapid relative to the Were recorded at 2% 2 °C for solutions containing 20M phenol

tryptophan synthase catalyzed reactions under stGély ( Efe)d7<":13t9[?|'(|g\)/a7llu4€4$’ ?rf])(?s?o"lg)' %b%g %?7(%7&?7(37(6%&%) Zﬁ?)él,

Consequently, any mismatching of the concentrations of CO 7.72 (n) 7.79, (0) 7.83, (p) 8.07, (q) 8.35, and (1) 8.55. Isosbestic
and HCQ™ in the two syringes prior to mixing was brought  points are located at 340, 480, and 560 nm. The spectra in (B)
to equilibrium within the experiment mixing dead-time via were obtained by reaction of 10 mM tryptophan synthase with 40

; ; mM L-Ser in the presence or absence of 100 mM-Nar in the
carbonic anhydrase catalysis. presence of 40 mM L-Ser, 100 mM Naand 4 mM aniline. The
RESULTS spectrum of 1M enzyme is also shown.

Comparison of the Phenol Red Spectrum with the Spectranicely positioned for monitoring the interconversion of the
of Tryptophan Synthase Intermediatés.the experiments  external aldimine and the-aminoacrylate and also the
conducted in this study, a pH indicator dye (phenol red) was formation of E(Q)niine in the presence of phenol red, without
used to measure proton release/uptake during reactions athe complication of contributions from the interconversion
the -site of the tryptophan synthase bienzyme comply. ( of the acidic and basic forms of phenol red.

The solutions were weakly buffered, with the dominating  Phenol Red Changes during the Reaction of L-Ser with
buffering capacity contributed by the 1 mM L-Ser present oy(3, in a Weakly Buffered SolutiokiVhen L-Ser reacts with

as substrate. To maintain ionic strength and to maintain thethe Na form of tryptophan synthase, the time course of the
enzyme in the activated, Naorm, reactions were run in  reaction consists of the appearance and decay of the external

the presence of 100 mM NaCl. aldimine Schiff base specieslzx = 425 nm) and the
Under the experimental conditions used, phenol red has aappearance of th@-aminoacrylate Schiff base specidg{x
pK, value of ~7.8. The acidic (protonated) form of phenol = 350 nm with a shoulder extending beyond 500 nm, Figure

red with Amax at 434 nm exhibits a yellow color, whereas 1B) (23). The formation of the external aldimine in the
the basic (unprotonated) form with,.x at 560 nm exhibits reaction of L-Ser with the internal aldimine form of the
an intense red color. Figure 1A compares the phenol redenzyme is very fast{100 s* under these conditions), while
spectrum at pH values from 7.15 to 8.55 with the spectra of the conversion of the external aldimine to taeminoacryl-

the tryptophan synthase system (Figure 1B). These spectraate is slower ¢5—7 s%) (51, 59). Figure 2 compares time
consist of the Naform of the internal aldimine Schiff base, courses for the conversion of the extenal aldimine to the
the equilibrating mixture of the L-Ser external aldimine, the o-aminoacrylate measured at 340 nm, with the changes in
o-aminoacrylate derived from reaction of the internal aldi- the phenol red spectrum measured at 560 nm in solutions
mine with L-Ser, thex-aminoacrylate formed in the absence where substrate L-Ser (1 mM after mixing in the stopped-
of monovalent cations (MVCs), and the aniline quinonoid flow apparatus) also serves as the predominating buffer
species generated from reaction of aniline with skami- species. Solutions were adjusted to pH 7.8 with NaOH just
noacrylate (Figure 1B). The phenol red spectra show the prior to introduction into the stopped-flow apparatus. Owing
presence of isosbestic points located at 340, 370, and 4800 the rapid rate of formation of the external aldimine and
nm. The isosbestic points located at 340 and 480 nm arethe small change in extinction coefficient at 340 nm, only a
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FIGURE 2: Stopped-flow rapid-mixing time courses for the conver- Time (s)

sion of E(Aex) to E(A—A) measured under weakly buffered . o
conditions in 100 mM NaCl at pH 7.80. The traces compare the Ficure 3: Comparison of stopped-flow rapid-mixing time courses

changes at 340 nm (A) with the changes in the phenol red spectrumfor the reaction of 22«M tryptophan synthase with 1 mM L-Ser
measured at 560 nm (B). The insets to each panel show the initial and 4 mM aniline under weakly buffered conditions measured at

portion of each trace on an expanded time scale. Conditions: one480 nm (A) and at 560 nm (B) carried out in the presence of 25
syringe contained 44M tryptophan synthase. The second syringe MM phenol red and 100 mM NaCl. The insets in each panel show

contained 2 mM L-Ser. Both syringes containeq&6 phenol red the initial portions of the time courses on expanded time scales.
100 mM NaCl, and 0.1 mg/mL carbonic anhydrase. ’ Conditions were the same as those described in Figure 2 except

that both 2 mM L-Ser and 8 mM aniline were present in the
substrate syringe.

hint of this process is detectable as an initial fast phase in
these time courses. The pH-dependent spectrum of pheno
red exhibits an isosbestic point at 340 nm (Figure 1);

therefore, time courses measured at this wavelength only
show contributions from changes in the PLP absorption

spectrum. The time courses at 560 and 340 nm show similar
kinetic behavior. The 340 nm time course exhibits a rapid
phase of decreasing absorbance and a very small appare
amplitude corresponding to the conversion of the internal
aldimine to the external aldimine (Figure 2A inset). The small

amplitu_de of this _relaxation_ prevented estimation _of its is converted to (NSE(Qlmine. Because the reaction of
relaxau_on rate. This phage is followed by a rengauon Of, aniline with thea-aminoacrylate is considerably faster than
Increasing ab_sorbance W'th a much greater ?mp"t“de: Thlsthe conversion of the external aldimine to te@minoacryl-
slower relaxation could be fitted to the expression for a single ate, this latter process is rate-determining for the appearance

pronential (eq 2) with a rate of 56 0.8 S_l The 560 nm of (Na+)E(Q)Aniline (44, 60_63) The time courses for this
time course shows two phases of decreasing absorbance; thg, 5 tion measured at 480 nm and at 560 nm carried out in

faster phase gave a relaxation rate~df40 s*; the slower 1o presence of phenol red are shown in Figure 3A,B. In
phase gave a relaxation rate of 8:00.6 s agreement with previous observations, the 480 nm time
Phenol Red Changes during the Reaction of L-Ser and course (Figure 3A) consists of a monophasic increase in
Aniline with a3, in a Weakly Buffered SolutioMhe Na absorbance (/= 5.5+ 0.7 s'%), followed by a much slower
form of tryptophan synthase reacts with L-Ser to form a relaxation of small amplitude. The 560 nm time course
quasi-equilibrium between the L-Ser external aldimine and (Figure 3B) occurs in two kinetic phases of similar amplitude.

fhe o-aminoacrylate species. Threaminoacrylate species
reacts rapidly with indole and indole analogues to form
quinonoid species that may be converted to final products
(L-Trp or an L-Trp analogue). However, when the nucleo-
philic analogue aniline is used in place of indole, reaction
stops at the aniline quinonoid intermediate, TNE(Q)aniline,

etmd no detectable new amino acid is formed with the wild-
ntype enzyme 44). Consequently, when L-Ser and aniline
are rapidly mixed with tryptophan synthase, the time course
consists of the formation of the-aminoacrylate, which then
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Ficure 4: Quantification of proton release. Time courses for the g 02}
reaction of L-Ser with tryptophan synthase in the presence of phenol 2 E(A-A) + mM Aniline
red were measured under weakly buffered conditions as described < 04 E(A-A) + 0.2mM Aviline 1
in Figure 2, but with the presence of liver alcohol dehydrogenase
(LADH) and NAD™ in one syringe of the stopped-flow apparatus W s 4 s
and ethanol in the other. The traces measured in (A) and (B) Time (s)

compare the 340 nm absorbance changes for 5 and 30 s, ) L . .
respectively, with the traces measured at 560 nm (C and D) on the F'GURE 5: Rapid-mixing stopped-flow time courses comparing the
same time scales. While the initial, faster phase observed in each®actions of the MVC-free (A), Na(B), and Cs (C) forms of the

; ; : -ami late with the indole analogue, aniline, in 50 mM TEA
trace at 340 nm is contributed by the reaction of tryptophan synthase®-aminoacry « , ,
with L-Ser, the slower phase arises from the conversion of NAD ~Puffer at pH 7.80 and 25 2.0°C. In each panel, 40M tryptophan

to NADH resulting from the oxidation of ethanol. The time courses Synthase was preincubated with 40 mM L-Ser in one syringe and

measured at 560 nm show the phenol red changes measured in th .eh” mixed in the stopped-flow apparatL_JI§ with ﬁo m'r\]/' L-Ser and

same solutions. The final concentrations used were as follows; 22 €ither 20 (&), 2 (b), or 0.4 mM (c) mM aniline in the other syringe.

M tryptophan synthase; 1 mM L-Ser; 28 phenol red; 100 mM In (A), both syringes contained 100 mM NacCl, while in (B), both

NaCl; 0.1 mg/mL carbonic anhydrase; 0.7 mg/mL alcohol dehy- SYringes contained 100 mM CsCl. The background absorbance

drogenase: 30 mM NAD, and 120 mM ethanol (trace d) was determined in each experiment by mixing the syringe
' ' containing enzyme and L-Ser with buffer.

The faster relaxation has a rate 860 s'!, whereas the , i ,
slower relaxation has a rate of 480.5 s*. The yield of give a rate of production of Hthat was slow relative to the
H*, as measured by the amplitude of the phenol red signal relaxations observed in the reaction of L-Ser with tryptophan

in the slow phase, is essentially the same as that detected iFynthase. These slow kinetic processes give rise to the slow
the reaction of L-Ser alone (Figure 2). absorbance increase at 340 due to NADH production in

The 480 and 560 nm time courses for the reaction of L-Ser Panels A and B and to the slow absorbance decrease at 560

and aniline with tryptophan synthase also were measured innm due to H production in panels C and D. Comparison of
the presence of phenol red, but in a strongly buffered the absorbance changes for the appearance of NADH
solution. The time course at 480 nm for the formation of measured at 340 nm with the slow absorption changes at
(Na"E(Q)aniine (data not shown) consisted of a single 560 nm establishes the relationship between the net proton
relaxation with 1# = 5.7 & 0.6 s'1, a value in reasonable change and the net absorption change measured at 560 nm.
agreement with the value of the slow relaxation obtained in Amplitude analysis of the time courses presented in Figure
Figure 3A. The 560 nm time course (data not shown) 4 shows that a 0.03% 0.005 change in absorbance at 560
exhibited no change in absorbance ovex ths period of nm corresponds to a 9.6& 0.8 uM change in the
observation. This control experiment establishes that the 560concentration of NADH, and therefore a 9.60 0.8 uM

nm changes observed in (B) have their origins in a proton change in H. Therefore, a 0.0& 0.01 change in absorbance
release reaction. at 560 nm attributed to the tryptophan synthase reaction (the

Quantification of the Amount of Proton Releasko faster phase in Figure 4C) corresponds to the releas@af
determine the correlation between the absorbance changeﬁM H+*. This yield gives a stoichiometry ratio of(22 uM

at 560 nm with the amount of proton release, the following H*)/(44 uM B-sites)= ~0.5 mol of H/mol of B-site.
experiment was conducted. Reaction of 1.0 mM L-Ser with

22 uM tryptophan synthase in the presence oi&6phenol . ) .
red was carried out under the same weakly buffered Forms of Tryptophan Synthase in the Reaction with L-Ser

conditions used in Figures 2 and 3, but containing, in @nd Aniline.Figure 5 compares the time courses for the
addition, 0.7 mg/mL liver alcohol dehydrogenase (LADH) reactions of the monovalent-cation-free (MVC-free), taad

and 30uM NAD™ in one syringe of the stopped flow and Cs' forms of tryptophan synthase with L-Ser and aniline.
20 mM ethanol in the other (Figure 4). The mixing of LADH In these experiments, tryptophan synthase was preincubated
and NAD' with ethanol under experimental conditions such With 40 mM L-Ser prior to mixing with either 10, 1, or 0.2

as those used in Figure 4 gives reaction to form NADH, MM aniline so that the reactions of the corresponding MVC-
acetaldehyde, and a proton with a 1:1:1 stoichiomeiy ( free (Figure 5A), Na (Figure 5B) and Cs forms (Figure

64). The time courses at 340 nm and at 560 nm are shown5C) of the o-aminoacrylate species could be directly
for two different time scales in Figure 4A,B and Figure 4C,D, compared. With 10 mM aniline, both the Nand Cs forms
respectively. The concentration of LADH was selected to give high yields of E(Qaniine, Whereas the MVC-free

Comparison of the Mon@lent-Cation-Free, Naand Cs
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o-aminoacrylate gives a much smaller yield of E{Q)e
(~16.5% of the total yield obtained with the Nar Cs'
forms; compare Figure 5A, 5B, and 5C). This low yield
reflects the deactivated state of the MVC-free enzy&ie-(

52, 59). The MVC-free system gives a burst reaction that is
complete in the mixing dead time, followed by a decay phase
that reduces the amount of E(Q)n. formed by about 50%.
As is evident in Figure 5B,C, the Naand C¢ forms of the
a-aminoacrylate give similarly high yields of E(f)ine- The
reaction of the Naform gives a time course showing a rapid
initial phase for the appearance of E{Q)e that accounts
for approximately 72.4% of the total amplitude. This fast
phase is followed by a slower relaxation with & 3 s71.

In contrast to this behavior, the reaction of thetGsrm
occurs on a time scale where almost all of the R}
(97.6%) appears within the mixing dead-time of the stopped-
flow apparatus. This burst appearance of R} is
followed by a slower phase of relatively small amplitude in
which more E(Qiine is formed. When lower aniline
concentrations are used (1 or 0.2 mM, Figure 5), the yields
of E(Q)aniine are reduced, reflecting the reversibiel and

concentration-dependent nature of these reactions. However,

the burst phase for all three forms of the enzyme is still
complete within the mixing dead time of the stopped-flow
apparatus+1 ms).

DISCUSSION

A Hypothesis To Explain the Spectrum of the Tryptophan
Synthase E(AA) SpeciesFigure 6 presents the spectra of
the tryptophan synthase L-Ser external aldimine araini-

noacrylate species measured for the monovalent cation ion

free (A), Na-bound (B), and Csbound (C) forms of the
enzyme. The binding of Na(Figure 6B) gives a distribution

of the L-Ser external aldimine ard-aminoacrylate species
in comparable amount$2). The MVC-free enzyme gives
predominantlyo-aminoacrylate §0—52, 59) (Figure 6A).
Peracchi et al. 43) have shown that the binding of Cs
further perturbs the spectrum, forming a distinct absorption
band at 460 nm that is postulated to be a"™®Gsund
a-aminoacrylate species. Also shown in Figure 6 and Table
1 are the log-normal curve fittings of the external aldimine
and a-aminoacrylate spectra. As shown by Hur et &b)(

for the Na" form of the enzyme, after correction for light
scattering, the 325550 nm region of spectra containing both
external aldimine and-aminoacrylate can be fit by summing
log-normal peaks withhmax = 460, 424, and 350 nm. Owing
to the compexity of the absorption spectra below 325 nm,
the log-normal fitting of the spectra shown in Figure 6 is
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Ficure 6: log-normal fitting of the tryptophan synthase E(Aex
and E(A-A) UV/Vis absorption spectra measured for the monova-
lent cation ion free (A), N&bound (B), and Csbound forms (C)
of the enzyme. The dotted curve is the experimentally observed
spectrum. In panels A and B, curve e is the sum of the curves for
the individual bands (ac) and the scattering curve (d). In panel
C, the experimental data (dotted curve) could be fit with a curve
(d) comprised of the sum of two absorption bands (a and b) plus
the scattering curve (c). The fitting parameters for these log-normal
fits are summarized in Table 1.

shoulder extending beyond 500 nm (Figure 1B and Figure
6), presents an interesting contrast with the spectra assigned
to thea-aminoacrylate species of CBS and OAS8+38).

The CBS and OASS-aminoacrylate spectra, withynax =

460 and 470 nm, respectively, reflect the incorporation of
an additional carboncarbon double bond in conjugation
with the PLP chromophore [structure ER)H", Scheme

2], thus causing a red-shifting of the spectrum by-20

nm relative to the corresponding external aldimine species.
The long-wavelength shoulder of the tryptophan synthase

limited to the bands observed at wavelengths greater thano-aminoacrylate likely arises from a structurally similar
325 nm. Inclusion of bands for peaks at shorter wavelengesspecies. The perturbation of this spectrum induced by Cs

has only a minor effect on the amplitudes of the band at

binding appears to be the consequence of a-@iven

350 nm (data not shown). The peak at 424 nm undoubtedlyredistribution of enzyme-bound intermediates to slightly
corresponds to the observed 425 nm peak of the externalincrease the fraction of 460 nm absorbimgaminoacrylate

aldimine @3, 66), and the 350 nm peak has been assigned
as an a-aminoacrylate Schiff base specie23) It is

species 43) (Figure 6). This 460 nm band is distinctly
different in bandwidth, band shape, and intensity from

noteworthy that the long-wavelength band that appears inquinonoid species formed in the tryptophan synthase reac-

the Cs-boundoa-aminoacrylate (Figure 6C) coincides with
the 460 nm log-normal curve used to fit the long-wavelength
shoulder of the spectrum obtained in the reaction of the
internal aldimine with L-Ser (Figure 6A)65).

The unusual UV/Vis absorption spectrum of the tryptophan
synthasex-aminoacrylate species, withnax 350 nm and a

tions with substrates and substrate analogues (see Figure 1)
(5, 24, 44, 45, 59, 67, 68), and is similar to the OASS and
CBSa-aminoacrylates with respect to band shape. Therefore,
the assignment of the 460 nm band to@aminoacrylate
structure with a protonated Schiff base nitrogen, structure
E(A—A)H™, and the 350 nm band to amaminoacrylate
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Table 1: log-normal Peak Fit Analyses of UV/Vis Static Scheme 3: ThermOdyn"’}m.‘C Cycle for.the Interconver_slon
Absorbance Spectra Presented in Figure 5 of the L-Ser External Aldimine and-Aminoacrylate Schiff
Base Intermediates

amplitudé skewnest bandwidtlf Ama

sampled curveé  (Abs) (nm) (nm)  (nm) E(Aex)H* = E(A-A)H* + H,0
E + L-Ser a 0.194 0.77 76.35 354 pKa>9.5 H H pKa <6.0
(monovalent
cation free) E(Aex,) + H* === E(A-A) + H*+ H,0
b 0.010 0.87 66.60 422
. ¢ 0.032 0.76 103.00 460 corresponds in rate to the conversion of the external aldimine
E+L-Ser+ Na 2 8-(1)2(5) 8-;? Z;g-gi’ igg to the a-aminoacrylate interemediate. It is likely that the
c 0.037 0.76 10300 460 Proton release in the fast phase is associated with the
E+4LSertCs  a 0.183 0.75 2721 349 dgpr_otonatlon of th_e L-Sep-ammonium _ion group as
b 0.054 0.76 103.08 459 binding and conversion to the external aldimine occurs. The
a Samples are described in the caption to Figure 5 and in the text. p_rotonfrehleast Ifn the SfIOP]N pthse eStab“Sreldeha.‘t the C(r)]nver-
b Curve designations refer to Figure GAmplitudes at the bandmax sion of the orm of the L-Ser external aldimine to the

measured in absorbance unit&or convenience, skewness values have O-aminoacrylate is accompanied by the release of Fhe
been converted from wavenumbers to nanometers in the table. Skewnesyield of Ht, estimated as illustrated in Figure 4, corresponds
values given in nanometers arel.0 for a log-normal curve. The  to about 0.5 proton peB-site for the kinetic relaxation

equation for skewness in wavenumbers is giveoy (vy = vo)/(vo — corresponding to this conversion. Since the equilibrium
vr), wherevg is the wavenumber correspondingAgax and v, and v,

are the wavenumber values at half-height on the “violet” and “red” distribution of enzyme-bound species is not completely
sides of the curve, respectivefThe width of the curve at half-height ~ dominated by thea-aminoacrylate, it appears that the
in units of nanometers The maximum of the curve in nanomete?$,( apparent stoichiometry of proton release is about one per

52-55). site under the conditions of the experiment. Hence, the
conversion of the Naform of the external aldimine to the
Scheme 2: Protonated and Unprotonated Forms of the a-aminoacrylate should be written according to eq 4, below:
a-Aminoacrylate Schiff Base Intermediate
HaN—~ENZ \ (Na")E(Aex)H" = (Na")E(A—A) + H,O+ H" (4)
\Y°°2 Since the spectral assignments discussed above propose
, that the tryptophan synthase external aldimine Schiff base
:L:i:(o- has a different protonation state than the predominating (350
@'Y ENZ nm) form of theo-aminoacrylate Schiff base, it then is
N H2N<" reasonable to assign the proton release to this change in
j EA-A) €02 protonation state, as indicated in eq 4. The release of H
Y with a stoichiometry near one per site implies a sizalg p
W 7+ 4 perturbation at the Schiff base nitrogen for the external
1L - &) 0 aldimine toa-aminoacrylate interconversion, as depicted in
~ &N Scheme 3:
HzN/ENZ |l1 H*E(A-A) _ This p_(a perturbation can be partially explained by the
~ 460 nm introduction of the conjugated—j double bond. The
L CO2" replacement of the external aldimine hydroxymethyl group
Y by this conjugated carbercarbon double bond in the
7 o-aminoacrylate should reduce the basicity of the Schiff base
&) OH nitrogen and hence it¥q. A second contribution could result
N from a change in the protein microenvironment in the vicinity
E(A-A) of the Schiff base nitrogen as a consequence of the change
in conformation from the more open structure of the external

350 - X
e aldimine to the closed structure of teaminoacrylate.

aTwo tautomeric states of the unprotonated form are shown. Solution kinetic and spectroscopic studies of the various
MVC-bound forms of tryptophan synthase have demon-

structure with a deprotonated Schiff base nitrogen, structurestrated that the conversion of the L-Ser external aldimine to
E(A—A) (Scheme 2), appears to be the most reasonablethe a-aminoacrylate is accompanied by a change in the
explanation. If these assignments are correct, theh Cs g-subunit from an open to a closed conformation (Scheme
binding shifts the distribution ofi-aminoacrylate species 4) in which access to thg-site from solution is blocked
slightly in favor of the protonated form, thus giving rise to (44, 50—52, 59, 61—63, 69—72). The nature of this confor-
the 460 nm band apparent in Figure 6C. mational change is now fairly well characterized by structural

The Comnersion of the External Aldimine to the-Ami- studies 1{3—15, 42). In the open conformation of the internal
noacrylate Releases a Protonhe phenol red rapid kinetic  aldimine, one face and the edge of the PLP ring at @rd
studies of the reaction presented in Figure 2 (weakly buffered exposed to solvent. This structure would allow the binding
with 1 mM substrate L-Ser) show two phases: a fast phaseof L-Ser and nucleophilic attack of the L-Ser amino group
proton release that corresponds in rate to the formation ofat the C-4 carbon. Solution studies indicate that when the
the L-Ser external aldimine, and a slower phase that external aldimine Schiff base is formed, there is a confor-
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structure of thea-aminoacrylate complex is insufficiently
well resolved in the region of the cofactor to determine if
this distortion occurs42). Nevertheless, the description of
the electron density assigned to the aminoacrylate moiety in
this structure is not inconsistent with this interpretatiég) (

Intercorversion of the 350 and 460 no-Aminoacrylate
Species Is Rapideprotonation of the imine nitrogen of the
o-aminoacrylate provides a mechanism for decreasing the
reactivity of the Schiff base linkage and the conjugate¢
double bond. The unprotonated (350 nm absorbing)mi-
noacrylate species could represent a deactivated, resting form
of the enzyme. According to this argument, the 460 nm form
of the a-aminoacrylate should be the more reactive species
toward nucleophiles, and conversion of (NB(A—A) to
(Nah)E(A—A)H™ would activate the conjugated double bond
for nucleophilic attack at @@ If the interconversion of the
350 and 460 nm forms is slower than nucleophilic attack,
then under conditions where the two forms preexist,
E(Q)aniine formation would occur in two kinetically distinct
phases. If the interconversion is faster than nucleophilic
attack, then E(QMiine formation would occur in a single
phase.

In the reaction of 10 mM aniline with preformedami-
noacrylate (Figure 5)(eq 5), E(&)ine formation is mul-

tiphasic with most of the reaction occurring in the mixing

E(A-A)
350 nm j
o _ _ dead time. The small yield of E(@)ine formed with the
8(A) Cartoon depicting interconversion of the partially closed,
E(Aex), and closed, E(AA), conformations of aros-dimeric unit
of the tryptophan synthase bienzyme complex. (B) Organic structures

ANILINE REACTION

of the PLP cofactor for the interconversion of L-Ser external aldimine Hon” N

anda-aminoacrylate Schiff base intermediates. “,"\“ Ycoz'

mational transition to a partially closed state of jhsite * ° Han S =
(70), while the transition to the closed conformation occurs N ) (@\';f' vl @” /\rcoi

as the external aldimine is converted to thaminoacrylate. 350 hm H y W L " @)
In the transition to the closggksite conformation, domains 1w re - | " o

in the 3-subunit rotate relative to one another, blocking access @ A~ LS Y e E@ane @
from solution to the PLP ring and the-aminoacrylate N \cor — -

moiety. This conformation change is accompanied by the -
formation of a salt bridge betwegdD305 andfR141 (72, *®,:P,:;6‘
73) that forms part of the “lid” over the PLP ring (Scheme oW
4). This conformational transition causes the microenviron- _ bR
ment of the Schiff base nitrogen to be less polar, and thereby

likely decreases thelfy of the protonated species. MVC-free enzyme (Figure 5A) is consistent with the
These effects may not be sufficient to account for the large requirement for MVC activation of the enzym&2j. With
change in K, implied by the proton release stoichiometry the Na form of the enzyme (Figure 5B), approximately 72%
(Figures 2 and 4) and the spectroscopic and kinetic dataof the E(Q)niine formed appears within the mixing dead-
presented in Figures 5 and 6. Kagamiyama’s grap 15) time, whereas with the Cdorm (Figure 5C), approximately
have postulated that the larg&shifts seen in the external  98% appears within the mixing dead-time. The slow residual
and internal aldimine species of transaminases arise fromrelaxation present in the Nasystem ¢3 s™%) occurs at a
torsional effects at the C-4C-4 bond in the internal rate that is similar to the rate of conversion of the L-Ser
aldimine intermediate that distort the planar conformation external aldimine to the.-aminoacrylate (Figures 2 and 3),
of the aldimine structure and lower th&p(relative to the and the amplitude of this relaxation is consistent with that
planar structure). Structural studies support the existence ofexpected for conversion of the external aldimine initially
these distorted structures both in aspartate aminotransferaspresent (Figure 6B) to E(@)ine. Consequently, any inter-
and in aromatic amino acid transaminase. These distortionsconversion of the 350 and 460 nmaminoacrylate species
appear to arise from a combination of electrostatic and stericappears to occur within the mixing dead-time. The @sm
effects at the site. We spectulate that similar torsional effectsgives a slow relaxation of very small amplitude (2.4% of
may be important in the tryptophan synthase system. If the the total) with a rate of about 3’5 This relaxation also is
a-aminoacrylate Schiff base were distorted from planarity likely due to the conversion of a residual amount of external
by changing the torsional angle about the €&+4 bond aldimine to E(Qjniline-
to a nonplanar structure, then th&gpof the Schiff base Implications of the Absence of a Change in Protonation
nitrogen could be significantly lowered. However, the during the Aniline ReactionThe kinetic data presented in
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Scheme 5
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