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ABSTRACT: Substrate channeling in the tryptophan synthase bienzyme complex is regulated by allosteric
signals between theR- andâ-active sites acting over a distance of 25 Å. At theR-site, indole is cleaved
from 3-indole-D-glycerol 3′-phosphate (IGP) and is channeled to theâ-site via a tunnel. Harris and Dunn
[Harris, R. M., and Dunn, M. F. (2002)Biochemistry 41, 9982-9990] showed that when the novel amino
acid, dihydroiso-L-tryptophan (DIT), reacts with theâ-site, theR-aminoacrylate Schiff base, E(A-A), is
formed and the enzyme releases indoline. The indoline produced exits the enzyme via the tunnel out the
openR-site. When theR-site ligand (ASL)R-D,L-glycerol 3-phosphate (GP) binds and closes theR-site,
indoline generated in the DIT reaction is trapped for a short period of time as the quinonoid intermediate
in rapid equilibrium with bound indoline and the E(A-A) intermediate before leaking out of the closed
enzyme. In this work, we use the DIT reaction and a new, high-affinity, ASL,N-(4-trifluoromethoxy-
benzenesulfonyl)-2-amino-1-ethyl phosphate (F9), to explore the mechanism of ligand leakage from the
closed enzyme. It was found that F9 binding to theR-site is significantly more effective than GP in
trapping indoline in the DIT reaction; however, leakage of indoline from the enzyme into solution still
occurs. It was also found that a combination of benzimidazole (BZI) and GP provided even more effective
trapping than F9. The new experiments with F9 and the combination of BZI and GP provide evidence
that the coincident binding of GP and BZI at theR-site exhibits a strong synergistic effect that greatly
slows the leakage of indoline in the DIT reaction and enhances the trapping effect. This synergism functions
to tightly close theR-site and sends an allosteric signal that stabilizes the closed structure of theâ-site.
These studies also support a mechanism for the escape of indoline through theR-site that is limited by
ASL dissociation.

TheR2â2 tryptophan synthase bienzyme complex catalyzes
the final two steps in the biosynthesis of tryptophan (1-5).
TheR-subunit is a 29 kDa eight-foldRâ-barrel enzyme that
is structurally homologous to triose phosphate isomerase. The
â-subunit is a PLP-requiring 40 kDa enzyme made up of
two domains with the catalytic site and PLP located on the
interface between the two domains (6). By examining the
three-dimensional structure of the bienzyme complex taken
from Salmonella typhimurium, Hyde et al. (6) showed that
theR- andâ-sites of eachRâ-dimeric unit are connected by
a 25 Å tunnel. TheR-subunit catalyzes an aldolytic-like
cleavage of 3-indole-D-glycerol 3′-phosphate (IGP)1 to indole
andD-glyceraldehyde 3-phosphate (G3P) (eq 1; Scheme 1A).
The cleaved indole then migrates, via diffusion through the
tunnel, to the â-site where theâ-subunit catalyzes a
condensation reaction with the PLP-boundR-aminoacrylate
form of L-Ser, E(A-A), to giveL-tryptophan (L-Trp) (eq 2;
Scheme 1A) (7-11). The combinedR- andâ-reactions are
designated as theRâ-reaction (eq 3).

Theâ-reaction occurs in two stages (Scheme 1A). In stage
I, L-Ser reacts with the internal aldimine, E(Ain), and is
converted to the quasi-stable E(A-A) species. In stage II
(Scheme 1A), the indole released in theR-reaction is
channeled via the tunnel to theâ-site where it initiates C-C
bond formation by nucleophilic attack on theâ-C of E(A-
A), producing a quinonoid intermediate, E(Q). The reaction
then evolves through theL-Trp external aldimine and gem-
diamine intermediates, finally regenerating E(Ain) with
release ofL-Trp.
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TheR- andâ-subunits of the tryptophan synthase enzyme
system have a unique set of allosteric signals that regulate
substrate channeling (12). These signals ensure that the

substrates are processed in a highly synchronized order and
that the intermediate indole is channeled from theR- to
â-subunit without being released into solution. To prevent

Scheme 1a

a (A) Physiological reactions catalyzed by tryptophan synthase. In theR-reaction, IGP is cleaved into indole and G3P. In theâ-reaction,L-Ser
forms E(A-A) in stage I. Indole reacts with E(A-A) to formL-Trp in stage II. (B) Reaction of indoline with theR-aminoacrylate intermediate,
E(A-A), to give the indoline quinonoid intermediate, E(Q)indoline, which then undergoes conversion to dihydroiso-L-tryptophan (DIT) and regeneration
of the internal aldimine, E(Ain). (C) Structure of the IGP analogue, F9.
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the release of indole from the enzyme during theRâ-reaction,
both of the subunits adopt closed conformations that trap
indole within the confines of theR- andâ-sites and the tunnel
(7-9, 13-16). This trapping ensures the efficient conversion
of IGP andL-Ser into G3P andL-Trp (eq 3). In previous
work, Harris and Dunn (17) introduced the tryptophan
analogue dihydroiso-L-tryptophan (DIT) (18) as a probe for
investigating the allosteric regulation of substrate channeling
with particular emphasis on the trapping of the channeled
intermediate.

Tryptophan synthase cleaves DIT (17, 18), releasing the
indole analogue indoline and forming E(A-A) (eq 4).

With the R-site ligand (ASL), GP, bound to theR-site,
theRâ-dimeric units of the enzyme containing E(A-A) and
E(Q)indoline are switched to closed conformations and the
indoline formed in the interconversion of E(A-A) and
E(Q)indoline (Scheme 1B; eq 4) is trapped within the closed
enzyme (eq 5):

The mass action effect arising from the high local
concentration of the trapped indoline causes the distribution
of bound species to favor E(Q)indoline. Because of the very
large extinction coefficient of E(Q)indoline, this species can
be detected by its absorption spectrum with aλmax of 466
nm (Scheme 1B). Ultimately, indoline leaks out into solution,
and the 466 nm E(Q)indoline signal decays (17).

To examine the mechanism by which indoline escapes
from closedRâ-dimeric units of the tetrameric enzyme during
the DIT reaction, we consider three models for escape
(Scheme 2). These models are designated as theR-site exit
model, the closed-closed exit model, and theâ-site exit
model. In all three models, it is assumed that there is rapid
interconversion among E(Q)indoline, trapped indoline, and E(A-
A) within closedRâ-subunit pairs.

R-Site Exit. In this hypothesis, theR-subunit simply
switches to an open conformation, allowing the ASL to
disengage, which allows the indoline to escape (Scheme 2).
The binding dynamics of the ASL thus limits the rate of
indoline escape.

Closed-Closed Exit. This hypothesis proposes that indo-
line escapes from the tunnel with both subunits of theRâ-
pair in a closed conformation (Scheme 2). Two pathways
for escape are of interest: (a) flexible, “breathing”, motions
which open a side wall pore in the tunnel of sufficient width
for the escape of indoline and (b) subunits of anRâ-pair
that transiently dissociate so that indoline can escape via the
disconnected tunnel ends into solution.

â-Site Exit. In this model, either the E(A-A) at the closed
â-site reacts back along theL-Ser reaction path to E(Ain)
with release ofL-Ser, or the E(A-A) undergoes a side reaction
with water to form pyruvate and E(Ain). Either reaction
would produce the openâ-site conformation of E(Ain)
through which indoline could escape (Scheme 2).

To investigate the mechanism of leakage, we undertake
detailed equilibrium and kinetic investigations to compare
the influence of ASL affinity on the transient formation and
decay of E(Q)indoline during the reaction of DIT with E(Ain).
The design and synthesis of a new ASL,N-(4-trifluo-
romethoxybenzenesulfonyl)-2-amino-1-ethyl phosphate (F9)
(H. Ngo et al., manuscript in preparation) (19),2 and the
discovery of a strong synergism in the combined action of
GP and benzimidazole (BZI) have made possible a more
detailed study of the mechanism of indoline leakage in the
DIT reaction that we report herein.

MATERIALS AND METHODS

Except as noted below, the materials and methods used
were the same as those described in ref17 and references
therein.

Materials. The synthesis, purification, and characterization
of N-(4-trifluoromethoxybenzenesulfonyl)-2-amino-1-ethyl
phosphate (F9) will be described elsewhere (19).2 All
reactions were performed in 50 mM triethanolamine (TEA)
buffer brought to a pH of 7.8 by the addition of HCl. All
experiments with the enzyme were performed in the presence
of 100 mM Na+ to maintain the Na+-activated form.

Kinetic Analysis of Rapid-Scanning and Single-WaVelength
Absorbance Data. The analysis of relaxation kinetic data (21)
was performed using Peakfit, version 4 (Jandel Scientific),
and Sigma Plot 2001, version 7.0 (SPSS). The time courses
were fit by the Marquardt-Levenberg algorithm to equations
of the general form of eq 6:

whereA andA0 are the absorbance values at timet and at
time infinity, respectively, andAn is the amplitude of the
nth relaxation,τn.

2 Solution studies and X-ray crystallographic results have established
that F9 binds with high affinity (Table 1), a stoichiometry of two per
R2â2 tetramer, and with high specificity to theR-sites of tryptophan
synthase (19). The X-ray structure studies show a strong similarity
between the structures of bound IGP (PDB entry 1QOQ) (20) and bound
F9.

A ) A0 ( ∑An exp(-t
τn

) (6)
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Fluorescence Measurements.The fluorescence of ANS
bound to tryptophan synthase was measured with a Spex
Fluorolog II spectrofluorometer, equipped with a 150 W Xe
source as previously described (15). The bound ANS was
excited with 380 nm light, and emission spectra were
recorded from 400 to 600 nm. A 1 mL solution containing
10µM R2â2, 100 mM Na+, and 20µM ANS in 50 mM TEA
buffer was placed in a 3 mLcuvette. A Gilmont micrometer
syringe pipet then was used to add a solution containing 10
µM R2â2, 100 mM Na+, 20 µM ANS, and 1.5 mMR-site
ligand in 50 mM TEA in graduated amounts to increase the
concentration of the ligand without changing the concentra-
tions of the other components. The solution was added via
a 0.5 mm diameter plastic tube inserted into the cuvette and
stirred with a magnetic stir bar. The whole apparatus was
covered in dark cloth to protect the solutions from light.
Stopped-flow rapid-mixing fluorescence measurements to
monitor the accumulation and decay of the E(Aex1) inter-
mediate during the DIT reaction in the presence and absence
of ASLs were performed as previously described (7, 14, 15).

Effects of ASLs on the PyruVate Side Reaction.To test
the influence of ASLs on the pyruvate side reaction, 40 mM
L-Ser was combined with 10µM R2â2 to create the E(A-A)

form of the enzyme. Pyruvate generated by the side reaction
was detected by a coupled assay observing absorbance
changes at 340 nm, wherein LDH converts NADH to NAD+

as pyruvate is reduced to lactate (22).

RESULTS

Figure 1 shows time courses measuring the change in
absorbance at 466 nm for the DIT reaction run both in the
absence and in the presence of the ASLs, GP or F9.2 In the
presence of GP (trace b), there is a rapid increase in
absorption as E(Q)indoline is formed, followed by a slower
decrease in absorption as E(Q)indoline decays. In the absence
of an ASL, there is no accumulation of E(Q)indoline (trace c).
The transient accumulation of E(Q)indoline in the presence of
GP was determined to be due to the trapping of the substrate
intermediate indoline within the tunnel portion of the enzyme
with the resulting accumulation of the E(Q)indoline intermediate
(17) (eqs 5 and 10). Harris and Dunn (17) demonstrated that
the increase in the magnitude of the signal is due to the
accumulation of E(Q)indoline coupled to the mass action effect
favoring E(Q)indoline over E(A-A) and indoline within closed
Râ-dimeric units of the enzyme (viz., Scheme 1B and eq
5). Furthermore, the decay of the signal is due to the slow

Scheme 2: Hypotheses for Indoline Leakagea

a Ovals and rectangles represent open and closed conformations, respectively.
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leakage of indoline into solution. In the absence of an ASL
(trace c), there is no detectable (short-term) accumulation
of E(Q)indoline. It also was shown that the concentration of
indoline released early in the reaction (e.g., the first 30 s)
was too low to give detectable E(Q)indoline formation (17).
Herein, we consider three possible paths for the leakage of
indoline from the closedRâ-dimeric unit: R-site exit,â-site
exit, and a closed-closed enzyme exit.

R-Site Exit Studies. The R-site exit hypothesis (Scheme
2) proposes that ASL dissociation involves the switch from
a closedR-subunit conformation to an open conformation,
allowing indoline to escape into solution. According to this
mechanism, because the conversion of E(Q)indoline to E(A-
A) with indoline trapped within the confines of theR- and
â-sites and interconnecting tunnel is rapid, the rate of
dissociation of the ASL limits the rate of the conformational
transition to the open state, and therefore limits the rate of
indoline escape. The dissociation constants for the different
ASLs were determined by using the fluorescence of bound
8-anilino-1-naphthalenesulfonate (ANS) as a probe (15)
(Table 1). Pan and Dunn (15) have shown that ANS bound
to tryptophan synthase is highly fluorescent and that the
binding of ASLs displaces ANS. The resulting quenching
of ANS fluorescence gives a signal that can be used to
determine apparent dissociation constants for ASL binding
(15). The Kd values obtained for binding of GP and F9 to
E(Ain) were 13.2 mM and 50.0µM, respectively. The
binding of these ligands to the E(A-A) form is strongly
enhanced, giving values of 30.0 and 1.84µM, respectively.

Figure 1 also compares the rapid-mixing stopped-flow time
course for the reaction of DIT with E(Ain) preincubated with
F9 (trace a) to the time course obtained in the presence of
GP (trace b). The results show a transient formation (1/τ1)
and decay (1/τ2) of E(Q)indoline when F9 is bound; however,
there is a greater accumulation of E(Q)indoline because the
indole leakage rate, 1/τ2, is significantly slowed for the F9
system. The following E(Q)indoline relaxation rates were
determined: 1/τ1 ) 2.60 s-1 and 1/τ2 ) 0.50 s-1 with GP
and 1/τ1 ) 1.20 s-1 and 1/τ2 ) 0.16 s-1 with F9 (Table 1).

Closed-Closed Exit Studies. One mechanism for the
closed-closed exit model of indoline leakage evokes a side
wall exit in which a pore in the tunnel region opens, due to

an enzyme breathing motion, and releases the trapped
indoline. To investigate this possibility, the indole analogue
benzimidazole (BZI) was used to investigate the dynamics
of indoline transfer between theâ-site and solution. BZI has
been shown to be a reversible noncompetitive inhibitor of
tryptophan synthase with binding interactions at the indole
subsites of theR- andâ-sites (7, 23, 24). When BZI enters
the E(A-A) form of the enzyme, it binds relatively tightly
to the indole subsite located at theâ-site (7). This binding
interaction strongly stabilizes the E(A-A). Due to the steric
hindrance of BZI binding at the indole/indolineâ-subsite,
indoline is prevented from reacting with E(A-A) to form
E(Q)indoline. Conversely, when E(Q)indoline is mixed with BZI
there is a rapid conversion of E(Q)indoline to the E(A-A)(BZI)
complex and indoline (eq 7).

The time course for the displacement of indoline from
E(Q)indoline has been shown to be strongly influenced by ASL
binding (7, 13). ASL binding stabilizes theR-site in the
closed conformation, blocking access to theâ-site via the
R-site and the tunnel. Figure 2 shows time courses for the
displacement of indoline from preformed E(Q)indoline by BZI,
both with and withoutR-site ligands present. When E(Q)in-

doline is mixed with 2 mM BZI (trace c), there is a moderately
rapid conversion (1/τ1 ) 13.01 s-1) of E(Q)indoline to indoline
and E(A-A)(BZI) (7) (eq 7). F9 binding slows the rate but
not the yield of reaction by∼83-fold (1/τ1 ) 0.157 s-1) (trace
b), whereas the combination of GP and BZI slows the rate
by ∼900-fold (1/τ1 ) 0.0145 s-1) (trace a). Consequently,
the time course for displacement is sensitive to the structure
of the ASL.

â-Site Exit Studies. According to theâ-site exit hypothesis,
for the indoline generated by cleavage of DIT to escape from
the closedâ-site of E(A-A), theâ-subunit must be converted
to the open conformation. Two mechanisms for conversion
of E(A-A) to the open conformation of E(Ain) were
considered. (a) The E(A-A) undergoes a side reaction with
water, releasing pyruvate and NH4

+ and forming E(Ain), or
(b) the closedâ-site of E(A-A) reacts back along theL-Ser
reaction pathway, releasingL-Ser and forming E(Ain)
(Scheme 2).

To test the influence of ASLs on the rate of conversion
of L-Ser to pyruvate, the rate of this side reaction was
detected by a coupled assay using LDH (22). The following
rates of pyruvate production (kcat) were obtained: 4.06×
10-3 s-1 no ASL, 2.13× 10-3 s-1 for GP, and 2.15× 10-3

s-1 for F9. Hence, both of these ASLs reduce the rate of
pyruvate generation by a factor of only∼2.

FIGURE 1: Comparison of the stopped-flow rapid-mixing time
courses measured at 466 nm for the reaction of DIT with tryptophan
synthase run in the presence of F9 (trace a) or GP (trace b) or in
the absence of an ASL (trace c). Traces a and b show formation
and decay of E(Q)indoline, respectively, due to the transient trapping
of indoline in the presence of F9 or GP. Trace c shows the time
course in the absence of an ASL [notice the lack of formation and
decay of E(Q)indoline]. Concentrations: 20µM R2â2, 100 mM Na+,
2 mM DIT, and, when present, 50 mM GP or 10 mM F9.
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Reaction of DIT back along the reaction pathway to release
L-Ser and form E(Ain) could provide a mechanism for the
escape of indoline. Stopped-flow rapid-mixing fluorescence
measurements for monitoring the formation and decay of
the E(Aex1) intermediate during the DIT reaction gave no
indication of the accumulation of this species either in the
absence or in the presence of ASLs (data not shown).
Experiments also were performed comparing the reaction
time courses for E(Q)indoline formation and decay where
E(Ain) preincubated with GP in one syringe is reacted with
DIT and varying amounts ofL-Ser in the other syringe of
the stopped-flow apparatus (data not shown). According to
this mechanism, the presence of small amounts ofL-Ser
present with DIT should stabilize E(Q)indoline and thereby
suppress the rate of indoline escape. Contrary to this
prediction, no stabilization of E(Q)indoline was observed. When
the reaction was performed with 0.10 or 0.50 mML-Ser, a
similar trapping of E(Q)indoline resulted, but with greatly
reduced amplitudes. As the concentration ofL-Ser was
increased from 0 to 100µM, and then to 500µM, the decay
rates (1/τ2) and amplitudes (absorbance at 466 nm) changed
only slightly, from 0.50 s-1 (0.80 absorbance unit) to 0.68
s-1 (0.28 absorbance unit) and finally to 0.75 s-1 (0.16
absorbance unit), respectively. This result is consistent with
a competition betweenL-Ser and DIT for reaction with
E(Ain).

Synergistic Effects of BZI and GP on E(Q)indoline Trapping.
Figure 3 shows the effects of BZI on the time courses for
the DIT reaction conducted in the presence or absence of
ASLs. When the reaction is run with the combination of GP
and BZI (trace a), the E(Q)indoline formation and decay rates

are both decreased in comparison to the values measured
for GP alone (trace c). For the GP system, BZI binding
slowed the 1/τ1 rate from 2.47 to 0.143 s-1 (a 17-fold
decrease), while 1/τ2 changed from 0.50 to 0.016 s-1 (a 31-
fold decrease, Table 1). Since 1/τ2 is slowed more than 1/τ1,
there is a significant increase in the amplitude and duration
of the absorbance at 466 nm, indicating a strong synergistic
effect. Consequently, the combination of GP and BZI is more
effective than GP alone in trapping E(Q)indoline, and BZI alone
(trace e) has no trapping effect. The time course in trace e
reflects the absorbance change resulting from the redistribu-
tion of enzyme forms as DIT is converted to the E(A-A)-
(BZI) complex and free indoline. In contrast to the synergistic
behavior of the GP and BZI system, the combination of F9
and BZI gave much smaller rate changes: 1/τ1 changed from
1.20 to 0.538 s-1 (a 2.2-fold decrease), while 1/τ2 changed
from 0.155 to 0.103 s-1 (a 1.5-fold decrease, Table 1). Thus,
the combination of F9 and BZI (trace d) is less effective
than F9 alone (trace b) and exhibits no synergism (Figure
3).

Influence of ASLs on DIT TurnoVer Rates. The effect of
ASLs on the enzyme can also be measured by running the
DIT reaction and concurrently examining the generation of

Table 1: Comparison of Apparent Dissociation Constants for Binding of ASLs to E(Ain) and E(A-A), Relaxation Rate Constants for E(Q)indoline

Formation and Decay in the DIT Reaction, and Steady-State Rates of Pyruvate Generation

DIT reaction

ASL E(Ain) Kd
a (µM) E(A-A) Kd

a (µM)
E(Q)indoline formationb

1/τ1 (s-1)
E(Q)indoline decayb

1/τ2 (s-1)
pyruvate

productionc (s-1)

none - - - - 5.7× 10-3

GP 13200( 970 30( 7 2.60( 0.006 0.50( 0.01 3.6× 10-3

F9 50( 5 1.84( 0.12 1.20( 0.06 0.16( 0.008 4.8× 10-3

GP and BZId,e 0.143( 0.0005 0.016( 0.0002 1.4× 10-3

F9 and BZId,e 0.538( 0.0005 0.103( 0.0015 1.4× 10-3

a Final concentrations of 10µM R2â2, 100 mM Na+, 20 µM ANS, 40 mM L-Ser (when present), and varying ASL concentrations.b Final
concentrations of 20µM R2â2, 100 mM Na+, and either 50 mM GP or 10 mM F9 to which 2 mM DIT was added during mixing.c Final concentrations
of 10 µM R2â2, 100 mM Na+, 40 mML-Ser, 100µM NADH, and a catalytic amount of LDH.d [BZI] ) 2 mM. e Since BZI also binds at theâ-site,
meaningful measurements ofKd could not be measured.

FIGURE 2: Displacement of indoline from preformed E(Q)indoline
by BZI in the presence of (a) GP (1/τ1 ) 0.0145 s-1) or (b) F9
(1/τ1 ) 0.157 s-1) or (c) in the absence of an ASL (1/τ1 ) 13.01
s-1). Concentrations: 10µM R2â2, 100 mM Na+, 40 mM L-Ser,
50 mM indoline, 2 mM BZI, and, when present, 50 mM GP or 10
mM F9.

FIGURE 3: Effects of ASLs and BZI on the formation and decay
of E(Q)indoline at 466 nm in the DIT reaction in the presence of GP
or F9. E(Q)indoline trapping effect in the DIT reaction. The traces
compare the effects of ASLs in the absence and presence of BZI
on the formation and decay of E(Q)indoline, (1/τ1 and 1/τ2, respec-
tively). Enzyme was preincubated with BZI and then mixed in the
stopped-flow apparatus with GP and DIT. The values determined
from analysis of the time courses are as follows: trace a, GP and
BZI, 1/τ1 ) 0.143 s-1 and 1/τ2 ) 0.016 s-1; trace b, F9 alone, 1/τ1
) 1.20 s-1 and 1/τ2 ) 0.155 s-1; trace c, GP alone, 1/τ1 ) 2.47
s-1 and 1/τ2 ) 0.499 s-1; trace d, F9 and BZI, 1/τ1 ) 0.538 s-1

and 1/τ2 ) 0.103 s-1; and trace e, BZI with no ASL (note curve is
triphasic with two rising and one falling, all with very low
amplitudes), 1/τ1 ) 4.10 s-1, 1/τ2 ) 0.990 s-1, and 1/τ3 ) 0.066
s-1.
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pyruvate with a coupled reaction (22). Table 1 shows a
comparison of thekcat values for pyruvate generation in the
DIT reaction run in the presence of various ASLs with and
without BZI. The three ASLs tested were shown to stabilize
the E(A-A) form of the enzyme and thus reduce the rate of
pyruvate generation by varying degrees when run without
BZI. BZI alone was shown to stabilize the E(A-A) more than
any of the ASLs alone do, a finding that is consistent with
early observations (7). The greatest stabilization of E(A-A)
is achieved when an ASL and BZI are both present, and
these conditions give pyruvate generation rates that appear
independent of ASL structure (Table 1).

DISCUSSION

In enteric bacteria, regulation of thetrp operon ensures
that the tryptophan synthase-mediated manufacture ofL-Trp
(and its precursor, IGP) is significant only when the operon
is derepressed (25). Thus, the cell synthesizes IGP in
response to a demand forL-Trp. In contrast to this situation,
there is a sizable pre-existing pool ofL-Ser in the cell.
Consequently, under conditions in which thetrp operon is
activated and tryptophan synthase has been synthesized, the
pre-existing pool ofL-Ser should ensure that the predominat-
ing form of tryptophan synthase in vivo is theR-aminoacry-
late intermediate, E(A-A). If this analysis is correct, then
under physiological conditions, tryptophan synthase pre-
exists as E(A-A), the species with theR-site activated for
reaction with IGP in the first cycle of turnover (8, 26, 27).
Woehl and Dunn (16) demonstrated that the steady-state rate
of substrate turnover in theâ-reaction (Scheme 1A) exhibits
a primary kinetic isotope effect when [R-2H]-L-Ser is
substituted for isotopically normalL-Ser, indicating the
conversion of E(Aex1) to E(A-A) is rate-determining for
turnover, whereas in theRâ-reaction, L-Trp synthesis is
accelerated and there is no isotope effect, indicating that the
binding and/or reaction of IGP at theR-site alters the rate-
determining step (28). The reaction of E(A-A) with IGP is
orchestrated by a set of allosteric interactions that modulate
the closing and opening of theR- and â-sites and the
switching of the sites between high- and low-affinity/activity
states that function to synchronize the activities of the two
subunits and to prevent the escape of the channeled
intermediate, indole (5, 7-12, 29). However, these allosteric
interactions are incompletely understood. The work presented
in this study further examines the allosteric effects arising
from the binding of IGP by employing chemically stable IGP
analogues and anL-Trp analogue to investigate the mecha-
nism by which theRâ-dimeric unit of tryptophan synthase
is switched between open and closed states.

In the reaction of DIT with tryptophan synthase (eq 4),
Harris and Dunn (17) demonstrated that the binding of the
ASL, GP, to tryptophan synthase results in the transient
trapping of the indoline quinonoid intermediate, E(Q)indoline

(eq 5). The work presented herein shows that a new, higher-
affinity ASL, F9, is more effective in trapping E(Q)indoline.
Furthermore, when the trapping reaction is performed with
GP in the presence of BZI, the combination of GP and BZI
is significantly more effective than either GP or F9 alone.
These observations provide new insights with respect both
to the mechanism of escape of indoline from the trap and to
synergistic effects arising from ligand binding to theR-site.

Synergistic Binding of BZI and GP to theR-Site. Figure 3
shows that in the absence of BZI, the indoline trapping effect
is stronger and longer-lasting with F9 than with the weaker
binding GP. In the examination of the BZI displacement of
E(Q)indoline (see eq 7 and Figure 2), the question of why GP
slows the displacement more than F9 arose, even though F9
binds more tightly to theR-site than does GP. Furthermore,
in the DIT reaction, the combination of GP and BZI was
found to be more effective than either GP alone or F9 alone
in trapping E(Q)indoline (Table 1 and Figure 3), whereas F9
and BZI were less effective than F9 alone. BZI alone gave
no trapping.

The most reasonable interpretation of these results is that
BZI exerts a strong synergistic effect on the binding of GP
at theR-site, but not on the binding of F9. As depicted in
Figure 4, the simultaneous binding of GP and BZI could fill
the R-site binding pocket, almost exactly mimicking the
binding of the wild-type substrate, IGP. The synergism
implied by this binding model then would account for the
stronger effects arising from the combination of BZI and
GP.

In the absence of an ASL, BZI also binds to theâ-sites of
both E(Ain) and E(A-A), but the affinity for E(A-A) is much
greater (7). When BZI and GP are both present, the rate of
E(Q)indoline formation in the DIT reaction is reduced (Table
1). For the DIT reaction run with GP in the absence of BZI,
the rate of E(Q)indoline formation (1/τ1) equals 2.47 s-1,
whereas with BZI, the rate decreases and 1/τ1 ) 0.143 s-1,
a 17-fold reduction in rate. The corresponding rates with F9
in the absence and presence of BZI are 1.20 and 0.538 s-1,
respectively, an∼2-fold reduction in rate. The rate of decay
of the trapped E(Q)indoline also is greatly reduced by the
combination of GP and BZI (31-fold), but almost unchanged
by the combination of F9 and BZI (1.5-fold) (Table 1).

The large effects of BZI on both 1/τ1 and 1/τ2 in the
presence of GP (Table 1) are curious in view of the relatively
small effect of BZI in the presence of F9. The decrease in
1/τ1 likely has two origins: binding of BZI to theâ-site

FIGURE 4: Cartoon comparing the proposed model for the binding
of IGP (A) or the combination of GP and BZI (B) to theR-site.
The combination of GP and BZI emulates the structure of IGP
almost exactly, only replacing the covalent bond between the BZI
ring and the glycerol C-3 atom with a van der Waals contact.
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weakly inhibits DIT binding and reaction, thus reducing the
value of 1/τ1, and/or the strong synergistic effect of GP and
BZI may shift the distribution of conformations of the E(Ain)
â-site toward the closed conformation, thus reducing the rate
by restricting access of DIT to theâ-site. Since BZI reduces
the value of 1/τ1 by only ∼2-fold when the ASL is F9, it
appears that inhibition of DIT binding by the binding of BZI
to theâ-site makes only a small contribution to the decrease
in 1/τ1. Since it is likely that DIT binding occurs via the
open conformation, the stabilization of a closed conformation
of the â-site of E(Ain) via the allosteric effects of ASL
binding to theR-site likely is the major contribution to the
reduction in 1/τ1.

Escape of IndolineVia Subunit Dissociation in anRâ-
Closed Enzyme. The investigation of the mechanism by
which trapped indoline escapes required the development of
a plausible set of testable leakage models (see Scheme 2).
Indoline generated by the DIT reaction could escape into
solution via dissociation of the subunits through the newly
opened end of the tunnel. If the trapped indoline escaped by
this mechanism, then the rate of indoline leakage would be
limited by the subunit dissociation rate. The rate of subunit
dissociation has been determined in previous work for the
Escherichia colienzyme (30). That work demonstrated a
two-step process (eq 8) where an isomerization of the
â-subunit limited the rate of dissociation.

The rate-limiting isomerization step,k-2, was shown to have
a rate of 9× 10-4 s-1 in the absence ofL-Ser or ASLs and
a rate of∼3 × 10-5 s-1 in the presence ofL-Ser (30). As
can be seen from Table 1, the rates for the DIT-generated
indoline leakage for either the GP or F9 complexes are 3
orders of magnitude greater than the rates for subunit
dissociation, thus eliminating the possibility that indoline
escapes via subunit dissociation as the major leakage
pathway. The fact that the enzyme system has evolved to
retain indole cleaved from IGP for a time period sufficient
to allow reaction with the E(A-A) is consistent with the
finding that the subunit dissociation rate is a significantly
slower process. It is interesting that the pyruvate production
rates (Table 1) are similar to the rate of subunit dissociation.

Escape of IndolineVia a Side Wall Pore in anRâ-Closed
Enzyme. This model assumes exit from a tunnel side wall
pore (Scheme 2, a closed-closed exit model). It must be
noted that any pathway that allows indoline to escape from
the closed-closed form of the enzyme must also allow
indoline (or its analogues) entry by the same path. Because
of the rapid and reversible formation of E(Q)indoline, BZI is
able to rapidly displace the equilibrium for E(Q)indoline

formation in favor of the E(A-A)(BZI) complex (7) (eq 7).
When BZI is mixed with E(Q)indoline, BZI enters theâ-site
via the R-site and the tunnel. However, the binding of an
ASL greatly slows the entry of BZI into theâ-site by
blocking theR-site opening (7). As is seen in Figure 2,
indoline is quickly displaced from E(Q)indoline in the absence
of an ASL, and this displacement is slowed when an ASL is
bound. If the entry path of BZI into the closed-closed
conformation of the (ASL)E(Q)indoline complex occurred
through some static side wall pore, then the entry rate should

not depend on the structure of the bound ASL. Contradicting
this prediction, the data presented in Figure 2 and Table 1
show that the leakage rate is strongly dependent on ASL
structure.

When an ASL binds to theR-site, a conformation change
is induced in theR-subunit (6, 7, 10, 11, 16, 19, 20, 31-
36). This conformational transition has been demonstrated
by fluorescence energy transfer methods to significantly
increase the rigidity of theâ-subunit (38), and to alter the
equilibrium distribution of intermediates in theâ-reaction
in favor of E(A-A) and E(Q)indoline (8, 27, 31). This induced
rigidity likely would have the effect of restricting the
breathing motions of the enzyme, and thus reduce the
frequency of transient side wall passage formation. The
binding of an ASL likely increases the enzyme rigidity and,
therefore, could give a positive correlation between ASL
binding affinity and the indoline leakage rates.

Escape of IndolineVia the â-Site.Two types of mecha-
nisms involving leakage of indoline from theâ-site were
considered (Scheme 2). One involves interconversion of
closed and open conformations of E(A-A). If escape occurs
via the conversion of the closed E(A-A) structure to an open
E(A-A) structure, then the sensitivity of the rate of this
conformational transition to the affinity of the ASL must be
an allosteric effect.

The alternative mechanism involves the conversion of the
closed conformation of E(A-A) to an intermediate on the
reaction pathway with an open conformation, either E(Aex1)
or E(Ain) (Scheme 2). Equation 9 shows three possible
indoline escape routes (dashed lines), involving escape from
E(Aex1), the E(Ain)(L-Ser) complex, or E(Ain).

In eq 9, the E(Ain) and E(Aex1) species exist predomi-
nantly in the open conformation while the E(A-A) and
E(Q)indoline species have the closed conformation (15). It is
known that thek1, k-1 andk2, k-2 steps are fast (27, 37) and
that thek4, k-4 step is also fast (7, 17). When excessL-Ser
is present, the equilibria in the absence of indoline favor
conversion to a mixture dominated by E(Aex1) and E(A-A).
When indoline is sequestered within the enzyme, then
E(Q)indoline is favored (17). In the DIT reaction, no E(Aex1)
fluorescence was detected, indicating there is no accumula-
tion of this species. When the DIT reaction is run in the
presence of lowL-Ser concentrations (100 to 500 mM), the
GP trapping of E(Q)indoline is not enhanced, suggesting that
conversion to E(Ain) andL-Ser (eq 9) does not play a
significant role in the escape of indoline.

When structures of theâ-site with L-Ser bound are
examined (for example, PDB entries 2TRS, 1KFJ, and
1BEU) (16, 32, 36), it can be seen that the reaction ofL-Ser
givesâ-site structures where the passage between site and
solution is partially blocked by theL-Ser moiety. The extent

R + â2 {\}
k1

k-1
Râ2 {\}

k2

k-2
Râ*â (8)
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to which the opening is blocked varies from structure to
structure; however, in all of these structures, the opening
appears to be too small to allow the passage of molecules
the size of indole or indoline. These structures strongly
suggest that indoline would not be able to escape from the
â-site when sequestered within the E(Aex1) or E(A-A)
species. However, the opening from solution into the tunnel
through theâ-site appears to be sufficiently large in the
E(Ain) structure to allow the passage of indole or indoline
(see, for example, PDB entries 1BKS and 1KFK) (36). If
the rate of conversion to E(Ain) limits the rate of indoline
escape (1/τ2), then it is not obvious why the rate of this
process would show such a strong dependence on the affinity
of the ASL (Table 1).

Harris and Dunn (17) showed that in the DIT reaction,
DIT ultimately is converted to pyruvate, NH4

+, and E(Ain)
via the side reaction of E(A-A) with water, thus potentially
providing an alternative mechanism for the release of
indoline. However, the 10-100-fold disparity in the rates
of pyruvate formation and the values of 1/τ2 (Table 1)
indicates that the predominate leakage pathway does not
occur via the pyruvate side reaction.

Escape of IndolineVia the R-Site Due to Dissociation of
ASL from the R-Site. Of the models that have been
considered, the openR-site exit model provides the strongest
correlation with the data. It was shown (16, 33) that when
an ASL binds to theR-site, loopRL6 folds over onto loop
RL2, sequestering the ligand within the site. Visual examina-
tion of the external aldimine structures (PDB entries 1A50
and 1QOP) (20, 33) with bound ASLs indicates there is too
much steric hindrance at theR-site opening to allow the exit
of a trapped indoline without a significant change in the
R-subunit conformation. If indoline leakage were due to a
rate-determining switching from a closed to an open con-
formation at theR-subunit followed by rapid dissociation
of the ASL and indoline (Scheme 2,R-site exit model), then
it is reasonable to expect that the rates of leakage should
correlate with the apparent dissociation constants of the
different ASLs. F9 binds to theR-site with significantly
higher affinity than does GP (Table 1), and F9 is more
effective in trapping E(Q)indoline (Figure 1). The increased
yield of E(Q)indoline (Figure 1) results from a slower indoline
leakage rate, 1/τ2, suggesting that an increased binding
affinity of the ASL decreases the rate of indoline escape.
The correlation with affinity is further supported by the
synergistic effects of BZI on the GP trapping of E(Q)indoline

(Figure 3). The binding of BZI strongly enhances the affinity
of the R-site for GP (Table 1), and the combination of GP
with BZI gives a very slow indoline leakage rate (Table 1).

In summary, the discovery of the synergistic binding
effects at theR-site between GP and BZI suggests that the
more closely the ASL mimics the natural ligand, IGP, the
stronger the trapping effect. The likely similarity of the
ternary complex of GP and BZI to IGP is consistent with
the previously proposed allosteric role of IGP in stabilizing
the closed conformations of the E(A-A) and E(Q) species
during theRâ-reaction (12, 14, 27, 28).

We conclude that the most plausible mechanism for escape
of indoline from the trapped E(Q)indoline intermediate involves
leakage through theR-site triggered by dissociation of the
R-site ligand. The evidence indicates that the alternative
leakage mechanisms considered appear to be inconsistent

with the observed rate and equilibrium data. However, the
possibility of a side wall escape of indoline during enzyme
breathing motions could not be discounted entirely. The high
affinity of the new ASL, F9, renders this analogue much
more effective than GP in trapping E(Q)indoline, and the
combination of GP and BZI was even more effective, thus
strengthening the case for theR-site exit model.
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