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Quinonoid intermediates play a key role in the cata-
lytic mechanism of pyridoxal 5*-phosphate-dependent
enzymes. Whereas the structures of other pyridoxal 5*-
phosphate-bound intermediates have been determined,
the structure of a quinonoid species has not yet been
reported. Here, we investigate factors controlling the
accumulation and stability of quinonoids formed at the
b-active site of tryptophan synthase both in solution and
the crystal. The quinonoids were obtained by reacting
the a-aminoacrylate Schiff base with different nucleo-
philes, focusing mainly on the substrate analogs indo-
line and b-mercaptoethanol. In solution, both monova-
lent cations (Cs1 or Na1) and alkaline pH increase the
apparent affinity of indoline and favor accumulation of
the indoline quinonoid. A similar pH dependence is ob-
served when b-mercaptoethanol is used. As indoline and
b-mercaptoethanol exhibit very distinct ionization
properties, this finding suggests that nucleophile bind-
ing and quinonoid stability are controlled by some ion-
izable protein residue(s). In the crystal, alkaline pH fa-
vors formation of the indoline quinonoid as in solution,
but the effect of cations is markedly different. In the
absence of monovalent metal ions the quinonoid species
accumulates substantially, whereas in the presence of
sodium ions the accumulation is modest, unless a-sub-
unit ligands are also present. a-Subunit ligands not only
favor the formation of the intermediate, but also reduce
significantly its decay rate. These findings define exper-
imental conditions suitable for the stabilization of the
quinonoid species in the crystal, a critical prerequisite
for the determination of the three-dimensional struc-
ture of this intermediate.

The bacterial tryptophan synthase a2b2 complex catalyzes
the last two steps in the biosynthesis of L-tryptophan (1–4).
Indole is formed from the cleavage of indole-3-glycerol phos-
phate in the a-active site and subsequently is channeled, via a

hydrophobic tunnel, to the b-active site (5, 6) where it is com-
bined with L-Ser to make L-Trp. The reaction at the b-active
site depends on the cofactor pyridoxal 59-phosphate and pro-
ceeds through the formation of several intermediates, which
are characterized by distinct absorption properties (Scheme 1)
(2, 7–10).

The a- and b-subunit activities are allosterically regulated
(2–4, 6, 11–20) via the selective stabilization of a- and b-sub-
unit conformations consisting of an “open,” catalytically inac-
tive state, and a “closed” catalytically active state (11, 12, 21,
22). The internal and the external aldimines in the b-active site
are in open and partially open conformations, respectively, and
do not send regulatory signals to the a-active site (4, 12–14).
The a-aminoacrylate, E(A-A), exists both in an open and a
closed conformation depending on the presence of monovalent
cations, whereas the quinonoid, E(Q3), is predominantly in the
closed state (13). Only the closed state of the b-subunit appears
to be competent in the transmission of allosteric signals and,
therefore, in stabilizing the closed, catalytically active confor-
mation of the a-subunit. Through this mechanism, the catalytic
activities of a- and b-subunits are finely tuned and kept in
phase (4, 12, 13, 22).

Determining the three-dimensional structure of an enzyme
at different stages of the catalytic process is an important
component of the effort to understand the structural basis of
catalysis. In the case of tryptophan synthase, this is even more
important since it would help to define the interplay between
catalysis and regulation. Thus far, the structures of the inter-
nal aldimine (E(Ain), Scheme 1) and of the external aldimine
(E(Aex1), Scheme 1) have been determined both in the absence
and presence of a-subunit ligands (5, 23–26), providing struc-
tural information on the open and closed states of the a-subunit
and on a partially open conformation of the b-subunit. Re-
cently, the structure of the a-aminoacrylate in the presence of
an a-subunit ligand has also been determined (26), unveiling
the closed state of the b-subunit and shedding light on the
pathway of communication between subunits. The last cata-
lytic intermediate awaiting structural determination is the
quinonoid E(Q3) (Scheme 1), formed in the reaction of the
E(A-A) with indole. In solution, this species is formed tran-
siently during the b-reaction (8, 27) or in low amounts upon
reaction of the enzyme with the product L-tryptophan (28). In
the crystal, this quinonoid does not accumulate appreciably
(29). However, it is possible to form quinonoid species that are
analogous to E(Q3) by reacting the aminoacrylate intermediate
with nucleophiles such as b-mercaptoethanol (b-MSH)1 (30),
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indoline, phenylhydrazine, aniline, and small organic amines
(31, 32).

Here, we have mainly investigated the accumulation and the
stability of the quinonoid species formed by using the indole
analog indoline in solution and crystal. In particular, since the
equilibrium between the external aldimine and a-aminoacry-
late is profoundly affected by pH, monovalent cations and
a-subunit ligands (33, 34), we have studied how these factors
influence the equilibrium between the a-aminoacrylate and the
quinonoid species.

EXPERIMENTAL PROCEDURES

Materials—The tryptophan synthase a2b2 complex from Salmonella
typhimurium was expressed in an Escherichia coli strain containing the
pEBA-10 plasmid encoding for the S. typhimurium genes and purified
as described previously (35). Crystals of the enzyme were grown from
PEG solutions as described previously (29, 36).

All chemicals were of the best available commercial quality and were
used without further purification. The concentration of indoline was
estimated on the basis of an extinction coefficient of 2,600 M21 cm21 at
289 nm (32).

Spectrophotometric Measurements—A solution containing the tryp-
tophan synthase a2b2 complex, 50–100 mM L-Ser, 25 mM bis-tris pro-
pane-HCl, at 20 °C, was titrated with increasing concentrations of
nucleophilic reagents. Titrations were monitored using a Cary 219
spectrophotometer (Varian), interfaced to a personal computer for data
storage. Cuvette holders were thermostated at 20 °C. Data were ana-
lyzed using a nonlinear least-squares fitting procedure available in the
SigmaPlot software (Jandel).

Microspectrophotometry—Single crystals were mounted in a flow
cell, placed on the thermostated stage of a Zeiss MPM03 microspectro-
photometer, equipped with a 310 Zeiss UV-visible ultrafluar objective.
Polarized absorption spectra were collected with the electric vector of
the linearly polarized light parallel to the extinction directions on the
(210) flat face of monoclinic crystals (29). Experiments were carried out
as described (29). Crystals of tryptophan synthase were suspended in
either 25 mM bis-tris propane-HCl or 50 mM Bicine-NaOH containing
20% (w/v) PEG Mr 8000, 1 mM EDTA. The formation of quinonoids was
monitored by recording spectra of crystals suspended in a solution
containing 50 mM L-Ser and increasing concentrations of nucleophile, at
20 °C. The quinonoids are photosensitive chemical species that undergo
accelerated decay when illuminated by strong light sources. To inves-
tigate quinonoid stability in the crystal, spectra were collected at inter-

vals of 10–30 min, protecting the crystal from light between
measurements.

RESULTS

Reaction of Indoline with the a-Aminoacrylate Intermediate
in Solution—The reaction of indoline with E(A-A) leads to the
formation of a metastable quinonoid species absorbing at 466
nm (32). This reaction was previously characterized under a
unique set of experimental conditions (0.1 M potassium phos-
phate, pH 7.8, 22 °C) (32). As it was later shown that pH and
monovalent cations strongly affect the equilibrium distribution
of catalytic intermediates (14, 33, 34), we have investigated in
detail the reaction of indoline as a function of pH in the absence
and presence of either Na1 or Cs1. These ions were selected
because their binding mode and their structural effects have
been characterized by x-ray crystallography (37) and their in-
fluence on the equilibrium distribution between the external
aldimine and the a-aminoacrylate are known (33).

A representative titration of the enzyme-serine system with
increasing concentrations of indoline is shown in Fig. 1. From
this and other similar titrations we obtained two parameters
used for subsequent analysis: Kd, i.e. the apparent indoline
dissociation constant under a given set of conditions,2 and A`,
the amplitude of the quinonoid band at saturating indoline
concentration.

The apparent indoline dissociation constant is affected by the
presence and nature of monovalent cations (Fig. 2a). At alka-
line pH, the Kd measured in the presence of Cs1 is slightly
lower than in the absence of monovalent cations, whereas Kd

measured in the presence of Na1 is 6–10-fold lower (Fig. 2a; at
pH values ,7, Kd in the absence of monovalent cations becomes
too high to be reliably measured). Furthermore, the apparent
dissociation constant is significantly pH-dependent, both in the
absence and presence of metal ions (Fig. 2a).

Monovalent cations also significantly increase A` (Fig. 2b).
Assuming that the extinction coefficient of E(Q)Indoline is cat-
ion-independent, this finding suggests that monovalent cations
affect the equilibrium between E(Q)Indoline and E(A-A), in the
presence of saturating indoline. This observation and the ef-
fects of Na1 and Cs1 on the indoline Kd explain the earlier
observation that very little indoline quinonoid is formed in thespecies formed upon reaction of E(A-A) with indole; E(Q)Indoline and

E(QH)Indoline, quinonoid species formed upon reaction of E(A-A) with
indoline; PEG, polyethylene glycol; bis-tris, 2-[bis(2-hydroxyethyl)-
amino]-2-(hydoxymethyl)-propane-1,3-diol; Bicine, N,N-bis(2-hydroxy-
ethyl)glycine; GP, D,L-a-glycerol-3-phosphate; lmax, wavelength of max-
imum absorbance.

2 Kd reflects the overall affinity of indoline for the b-active site,
including all steps between noncovalent binding and formation of the
quinonoid species.

SCHEME 1. Reaction intermediates
formed in the b-active site of trypto-
phan synthase upon reaction with
the substrates L-Ser and indole.
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absence of monovalent cations (14). The increase in quinonoid
formation with pH (Fig. 2b) parallels the increase in the ap-
parent affinity for indoline (Fig. 2a). The pH dependence ob-
served in the absence and presence of cations are markedly
different (Fig. 2b), although, given the limited data set, a quan-
titative analysis of the pH profiles was not attempted.

Above pH 7, A` values measured in the presence of either
Na1 or Cs1 are identical within error and nearly pH independ-
ent. This suggests that, under these conditions, almost all the
enzyme active sites contain the E(Q)Indoline intermediate.

Based on this assumption and on the known concentration of
active sites in our assays, we estimate an extinction coefficient
for the indoline quinonoid of ;53,000 M21 cm21. This value is
close to the extinction coefficients previously estimated for
similar quinonoids (32, 38, 39).

Reaction of b-Mercaptoethanol with the a-Aminoacrylate In-
termediate—To determine if the effects of ions and pH on the
formation and accumulation of quinonoid species may depend
on the structure of indoline, we investigated the reaction of the
serine-enzyme system with a very different nucleophile,
b-MSH. Attack of b-MSH on E(A-A) leads to the formation of an
E(Q)b-MSH intermediate absorbing at 468 nm (2, 28, 30); this
species is less stable than the indoline quinonoid and decays
with formation of S-hydroxyethyl-L-cysteine (40). In our exper-
iments, the concentration of nucleophile was kept below 50 mM

to avoid the effects of b-MSH acting as a cosolvent (41).
The results of b-MSH titrations, carried out as a function of

pH in the absence and presence of monovalent cations, are
summarized in Fig. 3. Kd showed little dependence on pH.
Furthermore, virtually identical Kd values were observed at
high pH both in the absence of cations and in the presence of
either Na1 or Cs1 (Fig. 3a). This observation suggests that the
effect of monovalent cations on indoline binding (Fig. 2a) de-
pends on the structure of this aromatic nucleophile. In partic-
ular, whereas indoline presumably binds noncovalently to a
hydrophobic pocket in the b-active site prior to reacting with
the a-aminoacrylate, it is possible that formation of the b-MSH
quinonoid may proceed without formation of a stable noncova-
lent adduct.

Cesium ions were more effective than sodium ions at favor-
ing accumulation of the b-MSH quinonoid (Fig. 3b). This find-
ing is consistent with previous observations showing that dif-
ferent metal ions stabilize preferentially different reaction

FIG. 1. Titration of the serine-enzyme system with indoline.
Increasing concentrations of indoline were added to a solution contain-
ing 3.45 mM tryptophan synthase a2b2 complex, 25 mM bis-tris propane,
50 mM L-Ser, 250 mM NaCl, pH 9.3, 20 °C. Spectra were recorded before
(zzz) and after the addition of indoline at concentrations of 0.04 (1), 0.31
(2), 0.81 (3), 1.29 (4), and 2.2 mM (5). Inset, the absorbance change at 466
nm was fit to a binding isotherm with Kd of 1.4 6 0.1 mM and an
extrapolated maximum absorbance, A` 5 0.34 6 0.05.

FIG. 2. Effects of pH and monovalent cations on the formation
of E(Q)Indoline. Titrations with indoline were carried out at different
pH values in the absence of monovalent cations (E) and in the presence
of either 250 mM NaCl (M) or 100 mM CsCl (Œ). Other conditions were
as described in the legend to Fig. 1. Panel a, pH dependence of Kd for
indoline. Panel b, dependence of A`, the absorbance at 466 nm extrap-
olated at saturating indoline.

FIG. 3. Effects of pH and monovalent ions on the reaction of
b-mercaptoethanol with the enzyme-serine system. Formation of
E(Q)b-MSH was investigated as a function of pH in the absence (E) and
presence of either 250 mM sodium chloride (M) or 100 mM cesium
chloride (Œ). The buffer was 50 mM bis-tris propane and the L-ser
concentration was 50 mM. Panel a shows the dependence of the appar-
ent dissociation constant; panel b shows the dependence of the extrap-
olated absorbance value at 469 nm.
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intermediates (14, 33). In the presence of Na1 or Cs1, A`

increased with pH up to about pH 7 and remained nearly stable
thereafter (Fig. 3b), similarly to what observed with the indo-
line quinonoid (Fig. 2b).

Formation of Quinonoid Intermediates in the Crystal—In a
previous investigation on the reactivity of tryptophan synthase
in the crystalline state, we reported formation of the b-MSH
quinonoid in the presence of a-subunit ligands such as indole-
3-propanol phosphate (Ref. 29) (a modest amount of quinonoid
could also be accumulated by reacting the enzyme with the
product analog dihydro-5-fluoro-L-tryptophan). Here, we have
characterized the formation of quinonoid intermediates upon
reaction of E(A-A) with a series of other nucleophiles: indoline,
phenylhydrazine, N-methylhydroxylamine, aniline (Fig. 4) or
O-methylhydroxylamine (not shown). These quinonoids exhibit
very high extinction coefficients and roughly similar band
shapes, but differ significantly in lmax (11, 14, 32). The polar-
ized absorption spectra of these intermediates in the crystal
(Fig. 4) closely resembled the spectra obtained in solution un-
der similar experimental conditions.

Accumulation and Stability of the Indoline Quinonoid in the
Crystal—Titrations with indoline were carried out at pH 8.0 in
the absence and presence of either cesium or sodium ions (Fig.
5). The observed indoline Kd values were comparable to those
measured with the soluble enzyme under similar conditions,
and were scarcely affected by the presence of monovalent cat-
ions (Table I). However, the maximal amount of E(Q)Indoline

significantly depended on the presence or absence of monova-
lent cations (Fig. 5). In sharp contrast with the behavior ob-
served in solution, the presence of Na1 markedly diminished
the accumulation of quinonoid. When the a-subunit ligand
D,L-a-glycerol-3-phosphate (GP) was present concomitantly
with Na1, the amount of E(Q)Indoline increased and was as high
as in the presence of Cs1 (Fig. 5).

The effect of pH on the accumulation of the quinonoid species
was examined by recording polarized absorption spectra in the
presence of 3 mM indoline at different pH values (6 to 9), either
in the absence of cations or in the presence of Na1 or Cs1. In all
cases, accumulation of the quinonoid increased with pH until it
reached a maximum at about pH 8 and remained stable up to
pH 9 (data not shown). Such observed pH dependence, meas-
ured in the presence of a single concentration of indoline, may
arise from the same effects observed in solution: the effect of

pH on the indoline Kd and the pH dependence of the maximum
amount of E(Q)Indoline that can be accumulated.

To carry out an x-ray crystallographic analysis of the E(Q)In-

doline species, it is essential not only to accumulate this inter-
mediate to the highest extent, but also to make sure that the
quinonoid is reasonably stable as a function of time. Decay of
E(Q)Indoline in the crystal was monitored at room temperature
in the absence and presence of monovalent cations and/or of the
a-subunit ligand GP (Table I). The observed half-lives were on
the order of a few hours, confirming preliminary observations
(42). Decay of E(Q)Indoline was particularly slow in the presence
of Na1 and GP (Table I). The quinonoid species formed by
phenylhydrazine and aniline also decayed on time scales of
hours (not shown).

DISCUSSION

The determination of the three-dimensional structures of
chemical and conformational intermediates in enzyme-cata-
lyzed reactions is essential for understanding the relationships
between structure and biological function. Solution investiga-
tions of the ab reaction of tryptophan synthase have revealed
an essential interplay between chemical and conformational
events (1, 3, 4). Catalytic steps and conformational changes are
linked by an intricate set of allosteric interactions, which allow

FIG. 4. Polarized absorbance spectra of quinonoid species in
the crystal. Crystals of tryptophan synthase were suspended in a
medium containing 50 mM L-Ser, 20% (w/v) PEG 8000, 1 mM EDTA, 50
mM Bicine-Na buffer, pH 7.8, and one of the following nucleophiles: 10
mM indoline (——), 10 mM phenylhydrazine (– – –); 10 mM aniline (zzz),
50 mM N-methylhydroxylamine (– –). Spectra were recorded with the
electric vector of the linearly polarized light parallel to an extinction
direction of the crystal.

FIG. 5. Reaction of indoline with tryptophan synthase crystals
in the absence and presence of monovalent cations. Crystals of
tryptophan synthase were suspended in a solution containing increas-
ing indoline concentrations, 50 mM L-ser, 20% (w/v) PEG 8000, 25 mM

bis-tris propane buffer, pH 8, in the absence of monovalent metal ions
(E) and in the presence of 100 mM CsCl (Œ), 250 mM NaCl (M), 250 mM

NaCl plus 50 mM glycerol-3-phosphate (f). Polarized absorption spectra
were recorded within 15–30 min after addition of indoline. Due to the
relative instability of E(Q)Indoline, a separate crystal was used for each
indoline concentration. Data from different crystals were normalized on
the basis of the spectra of the parent internal aldimine species. The
curves drawn through the data points are best fits to the equation for a
binding hyperbolic isotherm, yielding the Kd values listed in Table I.

TABLE I
Apparent affinity of indoline and rates of quinonoid decay in the

crystal in the presence of different effectors
Indoline Kd values for the crystalline enzyme at pH 8 were obtained

from the data shown in Fig. 5. For half-life measurements, the
E(Q)Indoline intermediate was formed by reacting tryptophan synthase
crystals with 50 mM L-Ser and 15 mM indoline, at pH 7.8, 20 °C, and its
decay was followed by collecting spectra at intervals of 10–30 min.

Effector
Indoline Kd Quinonoid half-

life in the
crystalCrystal Solution

mM min

None 3.7 6 0.9 5.8 6 0.5 150
100 mM CsCl 3.6 6 1.0 4.2 6 0.2 180
250 mM NaCl 1.8 6 1.2 1.4 6 0.1 300
250 mM NaCl 1

50 mM GP
NDa ND .600

a ND, not determined.
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achievement of efficient catalysis at the a- and b-sites as well
as regulation of indole channeling (4, 43). The present struc-
tural data base pertaining to the ab reaction (5, 23–26, 37) has
introduced critically important information about the architec-
ture of the protein. However, both the nature of the chemical
bonding interactions that result in catalysis and the allosteric
regulation of channeling and catalysis remain unclear. Among
the several facets of the catalytic and regulatory cycle that are
still poorly understood are the following: (a) the structural
basis of catalysis at the a- and b-sites; (b) the conformational
events that trigger activation of the a-site; (c) the conforma-
tional changes induced by monovalent cations that establish
allosteric communication between the a- and b-sites, and acti-
vate the b-site; and (d) the structure of a tryptophan synthase
quinonoidal intermediate, a species that also stabilizes the
activated conformation of the a-site.

The partially closed structures determined for the E(Aex1)
and E(Aex2) complexes of the bK87T mutant appear not to
perturb the a-site (23), a conclusion in agreement with the
finding that the wild-type complexes of these species do not
activate the a-site (12), nor do they alter the dynamic proper-
ties of the a-site (9). The x-ray structure of E(A-A) complexed
with 5-fluoroindole propanol phosphate (26) reveals a com-
pletely closed conformation that is different from the bK87T
complexes. Whereas structures of the Na1, K1, and Cs1 forms
of the enzyme and several enzyme intermediates (or analogues
thereof) have been solved, the structures of cation-free forms of
the enzyme have not been reported, and the origins of the
monovalent cation effects remain structurally obscure.

The Tryptophan Synthase Quinonoids—The b-reaction cata-
lyzed by tryptophan synthase involves at least nine covalent
transformations and eight covalent intermediates. The bond
scission and formation steps involve C-N single and double
bonds, a C-O single bond, C-H bonds, N-H bonds, O-H bonds,
and a C5C double bond. Scission of the C-H bond at the C-a of
E(Aex1) is energetically difficult and rate determining for the
b- and ab-reactions under steady-state conditions (16). The

proton removed from C-a of E(Aex1) has been postulated to be
trapped within a low barrier hydrogen bond at the b-site in the
E(A-A) state (44). Formation of E(A-A) is the chemical trigger
that switches the protein to the closed state and brings about
activation of the a-site (12). The reversal of this conformational
switch occurs when E(Q3) is converted to E(Aex2) (13). Conse-
quently, knowledge of the relationship between structure and
function in the tryptophan synthase system will be signifi-
cantly advanced by further work on the structures of the a-ami-
noacrylate and quinonoid complexes, both with and without
monovalent cations bound to the b-site, and with substrate or
effectors bound to the a-site. Toward this end, we have estab-
lished conditions under which the indoline quinonoid is stabi-
lized in the crystal.

The indole analogues, aniline, phenylhydrazine, and methy-
lated hydroxylamines were all shown to be potential candidates
for the determination of a quinonoid structure. However, indo-
line appears to be the system of choice for several reasons: (a)
indoline is a close structural homologue of indole; (b) indoline is
an alternative substrate for tryptophan synthase, yielding the
artificial amino acid, dihydroiso-L-tryptophan (32); (c) indoline
is a well established kinetic and mechanistic probe of the
E(A-A) species (6, 12, 14, 16, 21, 32); and (d) as discussed below,
a suitable combination of monovalent cations, a-site ligand and
pH conveys remarkable stability to the indoline quinonoid at
room temperature, both in solution and in the crystalline state.
Nevertheless, different conditions are required for optimizing
quinonoid yield and stability in solution and crystal.

Influence of pH and Monovalent Cations on the Chemical and
Conformation States of Tryptophan Synthase—The role of pH
and monovalent cations in modulating the chemical and con-
formational equilibria involved in the formation of the indoline
quinonoid is summarized in Scheme 2. The equilibrium distri-
bution between E(Aex1) and E(A-A) is controlled by two ioniza-
tions with pKa values of 7.8 and 10.2 (34). Low pH favors the
accumulation of E(A-A), high pH favors accumulation of
E(Aex1) and a-subunit ligands strongly favor E(A-A) at all pH

SCHEME 2. Conformation equilibria
of the tryptophan synthase b-sub-
unit. The open state is schematically rep-
resented by a circle, the partially open
conformation is represented by a hexagon,
and the closed conformation is repre-
sented by a square.

SCHEME 3. Possible mechanism of
formation of the indoline quinonoid
in the tryptophan synthase b-active
site. B1 represents a ionizable group in-
volved in deprotonation of the initial
product of the nucleophilic attack.
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values. Different protein conformations are associated with
E(Aex1) and E(A-A), the former residing in a partially open
state and the latter in the closed state. Both E(QH)Indoline/
E(Q)Indoline and E(A-A) are predominantly in a closed confor-
mation (13, 14, 22).

The reaction of indoline with the tryptophan synthase-serine
system involves at least three steps (Scheme 3); formation of a
Michaelis complex at the b-subunit (step 1, Scheme 3), nucleo-
philic attack on the b-carbon of E(A-A), to give a quinonoid
intermediate, E(QH)Indoline (step 2, Scheme 3; 32), which may
be subsequently deprotonated by a basic group (B1, Scheme 3)
to give E(Q)Indoline. These steps are accompanied by adjustment
of the a- and b-subunit conformational equilibria to binding
and reaction. In contrast to the reaction of E(A-A) with indole,
formation of the indoline quinonoid C-N bond is freely revers-
ible (6). Since further reaction is very slow (32), the apparent
affinity for indoline and the accumulation of quinonoid depend
on the equilibria described in Scheme 3 and on the factors that
influence these equilibria (e.g. pH, monovalent cations, and
a-site ligands).

pH Effects on the Quinonoid Yield and the Apparent Affinity
of E(A-A) for Indoline in Solution—At equilibrium, in Stage I of
the b-reaction, E(A-A) predominates at low pH, whereas the
external aldimine is stabilized by high pH values (34). If this
effect were fully maintained in the presence of saturating in-
doline, it would antagonize the formation of quinonoid at high
pH. Nevertheless, the accumulation of the indoline quinonoid
increases with pH up to about 7.5 and remains nearly constant
thereafter (Fig. 2b). This finding suggests that the equilibrium
between E(Aex1) and E(A-A) shifts toward the latter when
indoline binds. The binding of indole (8) or indole analogs (11)
is known to induce a redistribution of intermediates bound to
the b-active site.

Since the pH dependence of quinonoid accumulation is very
similar for indoline (pKa ;5; Ref. 13) and for b-MSH (pKa ;9.5;
Ref. 41), it is unlikely that quinonoid formation is controlled by
the ionization properties of the nucleophile.3 This observation
suggests that the pH dependence reflects the ionization of a
protein residue. Protonation of the basic residue (B1 Scheme 3)
that abstracts a proton from E(QH)Indoline (45) would decrease
quinonoid accumulation. A similar proton transfer is known to
occur for the indole system.

The same factors that increase quinonoid stability also in-
crease the apparent affinity for indoline. Hence, the modest
effect of pH on Kd may result from a trade off: the pH depend-
ence of the E(Aex1) 7 E(A-A) equilibrium should disfavor the
noncovalent binding step at high pH, but this effect might be
more than countered by the stabilization of the quinonoid spe-
cies at high pH.

Effects of Monovalent Cations on the Quinonoid Yield and the
Apparent Affinity of E(A-A) for Indoline in Solution—Sodium
and cesium ions bind to the same site in the b-subunit, about 8
Å from pyridoxal 59-phosphate (37). A rotation of about 1° of the
b-subunit with respect to the a-subunit was observed when
either Cs1 or K1 is bound in place of Na1. Phosphorescence
and NMR line width measurements suggest that both ions
cause the b-active site to become less flexible (33, 46). Yet the
functional effects of these cations are distinct: in the absence of
added nucleophiles, Cs1 perturbs the E(Aex1) 2 E(A-A) equi-
librium, strongly favoring E(A-A), and likely stabilizes a closed
conformation of the b-subunit, whereas Na1 favors E(Aex1)
and the “partially closed” conformation. In the absence of

monovalent cations, the predominant species is E(A-A) (33).
In the presence of indoline, Cs1 favors a higher accumulation

of quinonoid at all pH values tested (Figs. 2b and 3b) and Na1

ions favor accumulation of the indoline quinonoid to nearly the
same extent. Furthermore, both monovalent cations tested de-
crease the apparent Kd for indoline. This finding suggests that
Na1 and Cs1 within a closed conformation act similarly despite
the different effects these ions have on the equilibria between
open and closed states. It is also possible that metal ions
modulate the pKa of the residue responsible for quinonoid
deprotonation (step 3, Scheme 3). This would be consistent with
the different pH dependence of quinonoid yield (A`) in the
presence and absence of monovalent cations (Fig. 2b).

Stabilization of the Indoline Quinonoid in the Crystalline
State—The results presented in Fig. 5 and in Table I establish
both the conditions under which the crystalline indoline qui-
nonoid may be formed and the extent to which stabilization
may be achieved through the action of monovalent cation bind-
ing, the effects of pH, and the binding of GP. In contrast to the
behavior observed in solution, in the absence of other effectors,
Na1 is ineffective in stabilizing E(Q)Indoline; indeed, the highest
yields of the quinonoid were obtained in the cation-free system
(Fig. 5). However, both the combination of Na1 and GP, or Cs1

alone, were found to be relatively effective. Analysis of the light
absorbing properties of the quinonoid crystals measured along
the direction of maximum absorbance is consistent with a high
occupancy of b-sites by the indoline quinonoid.

The apparent half-lives for E(Q)Indoline decay, shown in Table
I, establish that the combination of Na1 and GP gives the
greatest stabilization (by a factor .4-fold over the stability
determined in the absence of effectors). Together, these obser-
vations concerning the influence of effectors and pH on E(Q)In-

doline yield and stability indicate that the combination of Na1

and GP at pH 8 to 9 provides a highly stable quinonoid species
that should be an excellent candidate for structure determina-
tion via single crystal x-ray diffraction.

These results emphasize the utility of conducting spectro-
scopic analyses of protein-ligand interactions in the crystalline
state to direct x-ray diffraction studies (47). This approach is
particularly critical when dealing with catalytic intermediates
such as quinonoids species that are metastable and have so far
eluded structural determination.
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