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ABSTRACT: Allosteric interactions regulate substrate channeling inSalmonella typhimuriumtryptophan
synthase. The channeling of indole between theR- and â-sites via the interconnecting 25 Å tunnel is
regulated by allosteric signaling arising from binding of ligand to theR-site, and covalent reaction of
L-Ser at theâ-site. This signaling switches theR- and â-subunits between open conformations of low
activity and closed conformations of high activity. Our objective is to synthesize and characterize new
classes ofR-site ligands (ASLs) that mimic the binding of substrates, 3-indole-D-glycerol 3′-phosphate
(IGP) or D-glyceraldehyde 3-phosphate (G3P), for use in the investigation ofR-site-â-site interactions.
The new synthesized IGP analogues contain an aryl group linked to anO-phosphoethanolamine moiety
through amide, sulfonamide, or thiourea groups. The G3P analogue, thiophosphoglycolohydroxamate,
contains a hydroxamic acid group linked to a thiophosphate moiety. Crystal structures of the internal
aldimine complexed with G3P and with three of the new ASLs are presented. These structural and solution
studies of the ASL complexes with the internal aldimine form of the enzyme establish the following. (1)
ASL binding occurs with high specificity and relatively high affinities at theR-site. (2) Binding of the
new ASLs slows the entry of indole analogues into theâ-site by blocking the tunnel opening at the
R-site. (3) ASL binding stabilizes the closed conformations of theâ-subunit for theR-aminoacrylate and
quinonoid forms of the enzyme. (4) The new ASLs exhibit allosteric properties that parallel the behaviors
of IGP and G3P.

Tryptophan synthase fromSalmonella typhimuriumcon-
sists of anR2â2 bienzyme complex withRâ dimeric units
assembled as the tetrameric species via theâ-â subunit
interface (1-6). EachR-subunit catalyzes the cleavage of
3-indole-D-glycerol 3′-phosphate (IGP)1 to indole andD-
glyceraldehyde 3-phosphate (G3P) (Scheme 1A). The indole
produced at theR-site within anRâ dimeric unit is transferred
to theâ-subunit via a 25 Å long interconnecting tunnel (7).
The pyridoxal phosphate requiringâ-subunit then catalyzes
a â-replacement reaction in which indole replaces the
hydroxyl of L-Ser, givingL-Trp (Scheme 1B).

Substrate channeling in the tryptophan synthase bienzyme
complex is regulated by allosteric interactions that ensure
the efficient utilization of IGP for the conversion ofL-Ser
to L-Trp. While the broad outlines of this allosteric regulation
have been established (5, 6, 8-20), the detailed allosteric
mechanism has not been determined.

Conformational Triggers

The binding of substrate, IGP, product, G3P, or analogues
of these ligands to theR-site switches theR-subunit to a
closed conformation (6-13, 17-19, 21-24). The IGP-
mediated switch to the closed conformation of theR-site
triggers an allosteric transition within theâ-subunit that alters
the distribution of intermediates at theâ-site and changes
activation energies for the interconversion of intermediates
in stages I and II of theâ-reaction (16). This IGP-mediated
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1 Abbreviations: R2â2, native form of tryptophan synthase fromS.
typhimurium; R, R-subunit; â, â-subunit; E(Ain), internal aldimine
(Schiff base) intermediate; E(Aex1), external aldimine intermediate
formed between the PLP cofactor andL-Ser; E(GD), gem diamine
species; E(A-A), R-aminoacrylate Schiff base; E(Q1), L-Ser quinonoid
intermediate; E(Q3), quinonoid intermediate that accumulates in the
reaction between E(A-A) and indole; E(Aex2), L-Trp external aldimine
intermediate; PLP, pyridoxal phosphate; IGP, 3-indole-D-glycerol 3′-
phosphate; GP,R-D,L-glycerol phosphate; G3P,D-glyceraldehyde
3-phosphate; ASL,R-site ligand; F6,N-(4′-trifluoromethoxybenzoyl)-
2-aminoethyl phosphate; F9,N-(4′-trifluoromethoxybenzenesulfonyl)-
2-aminoethyl phosphate; F12,N-(4′-trifluoromethylphenyl)-N′-(2-
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phosphate; TPGH, thiophosphoglycolohydroxamate; ANS, 8-anilino-
1-naphthalene sulfonate; TEA, triethanolamine; MVC, monovalent
cation; KDapp, apparent dissociation constant. Structural elements of
tryptophan synthase are designated as follows: loopRL2, R53-60;
loopRL6, R179-193; helixRH8, R249-265; COMM domain,â102-
189; helixâH5, â145-150; helixâH6, â165-181.
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allosteric transition also favors the switching of theâ-site
to the closed conformation. When theL-Ser external aldimine
intermediate, E(Aex1), is converted to theR-aminoacrylate
intermediate, E(A-A), theâ-subunit is switched to the closed
conformation, and theR-site is activated for the cleavage of
IGP (9). Conversion of theL-Trp quinonoid intermediate,
E(Q), to theL-Trp external aldimine intermediate, E(Aex2)
(Scheme 1B), switches off the activity of theR-site (12).
This switching between low- and high-activity states and
between open and closed conformations is critically impor-
tant for the synchronization of catalysis at theR- andâ-sites
during theRâ reaction (6, 8, 9, 12-14, 17). Despite the large
amount of data that is available, the chemical and structural
details of the ligand-mediated mechanism for switching
between the open and closed conformations of theR- and
â-subunits are not well-understood.

To further investigate the details of the allosteric mech-
anism that regulates substrate channeling, we introduce in

this study five new IGP analogues (representing three new
analogue classes) and one new G3P analogue [designated
F6, F9, F12, F19, F21, and TPGH, respectively (Figure 1)].
Previous workers have introduced analogues of IGP and/or
G3P for use in the study of tryptophan synthase (24-27).
Four of the new ASL examples presented in this work (F6,
F9, F12, and F21) incorporate19F spectroscopic probes
intended ultimately for use in19F NMR spectroscopy. These
four ligands have structures that link aromatic groups
containing the spectroscopic probe to the amino group of
O-phosphoethanolamine. The fifth ligand, a G3P analogue,
TPGH, consists of a sodium thiophosphate moiety attached
to N-acetylhydroxamic acid. Similar analogues have proven
to be effective ligands for triosephosphate isomerase (28,
29). Herein, we characterize the binding and allosteric effects
of these ASLs on theâ-site of tryptophan synthase by
examining reactions involvingL-Ser, indoline, and analogues
of these substrates. We also determined crystal structures of

Scheme 1a

a (A) In the R-reaction, IGP is cleaved to give indole and G3P. (B) In theâ-reaction,L-Ser reacts with enzyme-bound PLP to make E(A-A) in
stage I, and then indole from theR-site reacts with E(A-A) to yield L-Trp in stage II. (C)Râ-Reaction.
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three of the new ASLs complexed with the internal aldimine
form of the enzyme and compared these structures with the
structure of the G3P complex and with the structures of
previously determined ASL complexes. It will be shown that
these new analogues exhibit structures, affinities, and allo-
steric properties that modulate substrate channeling in the
tryptophan synthase system, rendering them interesting
probes for investigation of the allosteric site-site interactions.
This work is the first paper in a series (30, 31) where these
analogues are used in combination with optical spectroscopy,
rapid kinetics, X-ray crystallography, and19F or 13C NMR
to develop a detailed mechanistic description of the allosteric
regulation of tryptophan synthase.

MATERIALS AND METHODS

Materials

L-Serine, benzimidazole, 8-anilino-1-naphthalenesulfonate
(ANS), R-glycerol phosphate (GP),O-phosphorylethanol-
amine (PEA), and the diethyl acetal ofD-glyceraldehyde
3-phosphate were purchased from Sigma. Aliquots of G3P
were prepared from the diethyl acetal according to the
manufacturer’s instructions, stored frozen at-78 °C, and
thawed just prior to use. Indoline, 4-(trifluoromethoxy)
benzoyl chloride, 4-(trifluoromethoxy)benzenesulfonyl chlo-
ride, 4-(trifluoromethyl) phenyl isothiocyanate, naphthalene-
2-sulfonyl chloride, 4-fluorobenzenesulfonyl chloride, ethyl
chloroacetate, hydroxylamine as a 50% by weight aqueous

solution, sodium thiolphosphate dodecahydrate, and tri-
methanolamine (TEA) were purchased from Aldrich. Indo-
line was further purified as previously described (17). For
studies in solution, purification of wild-typeS. typhimurium
R2â2 tryptophan synthase and determination of protein
concentration were accomplished as previously described (16,
32-36). For the crystal structure determinations, tryptophan
synthase was purified and crystallized as described in ref
26.

Methods

UV-Vis Absorbance Spectral Measurements.Static UV-
vis absorbance spectra and activity measurements were
performed on a Hewlett-Packard 8452A diode array spec-
trophotometer at 25( 2 °C. All these experiments were
carried out in 50 mM TEA buffer containing 100 mM NaCl
(14) at pH 7.8. The binding of ligands to theR-site was
followed by the changes in absorbance of intermediates
bound to theâ-site at the following wavelengths: 350 nm
for E(A-A), 422 nm for E(Aex1), and 466 nm for E(Q)indoline.

UV-Vis L-Ser Titration Studies. Titrations of the enzyme
with L-Ser were performed to determine the influence of the
new ASLs on the apparent dissociation constants,KDapp, for
the L-Ser reaction at 25( 2 °C in 50 mM TEA buffer
containing 100 mM NaCl at pH 7.8. Measurements were
carried out both in the absence and in the presence of
different ASLs. The disappearance of E(Ain) species, with
a λmax of 412 nm, occurs whenL-Ser is titrated into the
solution. Titration plots of the absorbance at 412 nm versus
theL-Ser concentration were fitted to a hyperbolic equation
(eq 1):

where∆A is the observed absorbance change andA0 andA∞
are the absorbance values at [L-Ser] ) 0 and [L-Ser]
extrapolated to∞, respectively.

Static Fluorescence Spectroscopy.Static fluorescence
measurements were taken using a J-Y Spex Fluorolog II
spectrofluorometer equipped with a 150 W Xe source.
Titrations to determine the dissociation constants for binding
of ligand to the E(Ain) and E(A-A) complexes were
performed using the fluorescence probe, ANS (21). The
excitation wavelength was set at 380 nm, and the emission
spectra were collected over the wavelength range of 400-
600 nm. The accompanying change in ANS fluorescence
provides a sensitive signal that can be used to monitor the
binding of ligands to theR-site. In this paper, the interactions
of the ligands GP, G3P, F6, F9, F12, F19, F21, and TPGH
with theR-site were investigated using ANS as the fluores-
cent probe. To ensure the total concentrations of enzyme
and ANS remained invariant throughout the titrations,
measurements were carried out at 25( 2 °C in 50 mM TEA
buffer at pH 7.8 containing either 100 mM NaCl or 100 mM
NaCl and 40 mML-Ser, by the following methods. (a) Small
aliquots of a solution containing 100 mM NaCl, 10µM R2â2

tryptophan synthase, 20µM ANS, and concentrated ligand
were added to a fluorescence cuvette equipped with a micro
stir bar containing 100 mM NaCl, 10µM R2â2 tryptophan
synthase, and 20µM ANS, or (b) small aliquots of a solution
containing 100 mM NaCl, 10µM R2â2 tryptophan synthase,
20 µM ANS, 40 mM L-Ser, and concentrated ligand were

FIGURE 1: Chemical structures of the substrate, IGP, the product,
G3P, and their analogues (GP, F6, F9, F12, F19, F21, and TPGH). ∆A ) (A∞ - A0)[L-Ser]/(KDapp+ [L-Ser]) (1)
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added to a fluorescence cuvette equipped with a micro stir
bar containing 100 mM NaCl, 10µM R2â2 tryptophan
synthase, 20µM ANS, and 40 mML-Ser. Fluorescence
amplitude measurements were analyzed by fitting the data
to the equation for a rectangular hyperbola (eq 2)

where∆F is the observed change in fluorescence,Fn is the
fluorescence extrapolated to ligand saturation, andFi is the
initial fluorescence value. When fitted to eq 2, plots of
emission intensity at 500 nm versus the analogue concentra-
tion gave values for the apparent dissociation constant,KDapp.

Single-WaVelength Stopped-Flow (SWSF) Kinetic Studies.
SWSF measurements at 25( 2 °C were taken as previously
described (14). To quantify the effects of analogues on the
indoline reaction rate, SWSF measurements were used to
monitor the reaction at 466 nm. Analogues were preincubated
in both syringes of the stopped-flow apparatus with the
enzyme in one syringe and indoline in the other syringe.
Typically, each syringe also contained 100 mM NaCl and
40 mM L-Ser. When the contents of the two syringes were
mixed, the enzyme and the indoline concentrations were
reduced by one-half in this mixing protocol.

1H and 19F NMR Spectroscopy.All 1H and 19F NMR
spectra were recorded on a Varian 300 MHz spectropho-
tometer. All ligands were dissolved in D2O, and experiments
were carried out at 25( 2 °C. 1H chemical shifts are reported
relative to the HOD signal, and19F chemical shifts are
reported relative to trifluoroacetate ion.

N-(4′-Trifluoromethoxybenzoyl)-2-aminoethyl Phosphate
(F6). The synthesis of F6 was carried out by reaction of
O-phosphorylethanolamine (PEA) with 4-(trifluoromethoxy)
benzoyl chloride in aqueous solution under mildly basic
conditions (pH∼8). In a typical preparation, 6 mmol of PEA
and 18 mmol of NaOH were dissolved in 2 mL of water in
an Erlenmeyer flask. To this stirred solution was added
dropwise 6 mmol of 4-(trifluoromethoxy) benzoyl chloride.
The mixture turned cloudy immediately upon addition of
4-(trifluoromethoxy) benzoyl chloride. The resulting mixture
was stirred for 2 h at room temperature, then heated to 50
°C for 1 h, and finally cooled to room temperature and stirred
overnight to ensure the completion of the reaction. To isolate
the product, 6 mmol of CaCl2 dissolved in 2 mL of water
was added dropwise to the stirred mixture to precipitate the
Ca2+ salt of the crude product,N-(4′-trifluoromethoxyben-
zoyl)-2-aminoethyl phosphate (F6). The precipitate was
isolated by vacuum filtration and rinsed with water. Because
of the considerably greater solubility of the Ca2+ salt of PEA,
the Ca2+ salt of F6 was separated from excess PEA by
washing the mixture of Ca2+ salts with four 20 mL aliquots
of water to selectively dissolve the Ca2+ salt of PEA. The
Ca2+ salt of F6 then was re-isolated by vacuum filtration
and the process repeated. The purified Ca2+ salt of F6 was
converted to the Na+ salt by making a slurry of the Ca2+

salt with 10 g of the Na+ form of chelating resin, Duolite
476, in 30 mL of water. The slurry was swirled on a shaker
for 12 h or until the F6 precipitate completely dissolved as
the exchange of Na+ for Ca2+ occurred. Upon completion
of the exchange, the highly soluble Na+ salt of F6 was
separated from the chelating resin by vacuum filtration. The
filtrate was frozen in an acetone/dry ice bath and then

lyophilized to yield the Na+ salt of F6 as a white powder
(yield, 65%). The organic content of this powder was shown
to be more than 96% F6 by one-dimensional1H NMR. The
observed amplitudes, chemical shifts, andJ coupling [1H
NMR δ 3.6 (2H, triplet,J ) 5.4 Hz), 3.8 (2H, quartet,J )
5.8 Hz), 7.4 (2H, doublet,J ) 8.7 Hz), 7.8 (2H, doublet,J
) 8.7 Hz),19F NMR δ 17.8 (singlet)] confirm the structural
assignment.

N-(4′-Trifluoromethoxybenzenesulfonyl)-2-aminoethyl Phos-
phate (F9). The synthesis of F9 was accomplished using a
synthetic protocol similar to that described above for F6. F9
was prepared by reaction of PEA with 4-(trifluoromethoxy)-
benzenesulfonyl chloride. In a typical preparation, 3 mmol
of PEA and 9 mmol of NaOH were dissolved in 1 mL of
water in an Erlenmeyer flask. To this stirred solution was
added dropwise 3 mmol of 4-(trifluoromethoxy)benzene-
sulfonyl chloride. The mixture was stirred overnight to ensure
the completion of the reaction. After 14 h, 8 mL of water
was added to dissolve the white precipitate, giving a
homogeneous solution. Then 3 mmol of CaCl2 dissolved in
1 mL of H2O was added to the homogeneous solution of
crude F9. The purification process was the same as that for
F6. The yield of the purified Na+ salt was>55%. One-
dimensional1H NMR spectroscopy established that the purity
of F9 was>98%; the amplitudes, chemical shifts, andJ
coupling [1H NMR δ 3.12 (2H, triplet,J ) 5.4 Hz), 3.8 (2H,
quartet,J ) 5.8 Hz), 7.6 (2H, doublet,J ) 8.8 Hz), 8.0
(2H, doublet,J ) 8.9 Hz),19F NMR δ 17.7 (singlet)] were
found to be consistent with the assigned structure.

N-(4′-Trifluoromethylphenyl)-N′-(2-phosphoryloxyethyl)-
thiourea (F12).The synthesis of F12 was accomplished using
a synthetic protocol slightly different from the methodologies
described above for F6 and F9. F12 was synthesized by
dissolving 5 mmol of PEA and 10 mmol of NaOH in 2 mL
of water in an Erlenmeyer flask. To this stirred solution was
added dropwise 5 mmol of 4-(trifluoromethyl)phenyl isothio-
cyanate (dissolved in 600µL of CH3CN). The mixture was
heated for 2 h at 50°C, then cooled to room temperature,
and stirred overnight to ensure the completion of the reaction.
Finally, 5 mmol of CaCl2 dissolved in 2 mL of water was
added dropwise to the stirred mixture to precipitate the Ca2+

salt of the crude product (F12). The purification steps were
the same as those used for F6. The purified Na+ salt of the
product was obtained in>47% yield. One-dimensional1H
NMR spectroscopy confirmed that the purity of F12 was
>90%; the amplitudes, chemical shifts, andJ coupling [1H
NMR δ 3.15 (2H, triplet,J ) 5.2 Hz), 3.9 (2H, quartet,J )
5.14 Hz), 7.55 (2H, doublet,J ) 8.4 Hz), 7.77 (2H, doublet,
J ) 8.6 Hz),19F NMR δ 13.5 (singlet)] confirm the structural
assignment.

N-(Naphthalene-2′-sulfonyl)-2-aminoethyl Phosphate (F19).
The synthesis of F19 was accomplished using a synthetic
protocol similar to the methodology described above for F12.
F19 was synthesized by dissolving 3 mmol of PEA and 9
mmol of NaOH in 1 mL of water in an Erlenmeyer flask.
To this stirred solution was added dropwise 3 mmol of
naphthalene-2-sulfonyl chloride (dissolved in 3 mL of CH3-
CN). A white precipitate slowly formed, and the mixture
was allowed to react overnight to ensure the completion of
the reaction. The purification steps were the same as those
used for F6. The purified Na+ salt of the product was
obtained in>65% yield. One-dimensional1H NMR spec-

∆F ) (Fi - Fn)[ligand]/(KDapp+ [ligand]) (2)
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troscopy confirmed that the purity of F9 was>95%; the
amplitudes, chemical shifts, andJ coupling [1H NMR δ 3.12
(2H, triplet,J ) 5.4 Hz), 3.8 (2H, quartet,J ) 5.7 Hz), 7.7
(2H, triplet, J ) 6.9 Hz), 7.85 (1H, doublet,J ) 8.7 Hz),
8.05 (3H, doublet,J ) 9.1 Hz), 8.45 (1H, singlet)] were
found to be consistent with the assigned structure.

N-(4′-Fluorobenzenesulfonyl)-2-aminoethyl Phosphate (F21).
F21 was synthesized by reaction of 4-fluorobenzenesulfonyl
chloride with PEA using the same protocol as described
above for F9. One-dimensional1H NMR spectroscopy
established that the purity of F21 was>98%. The amplitudes,
chemical shifts, andJ coupling for the aliphatic region are
as follows: δ 3.12 (2H, triplet,J ) 5.4 Hz), 3.79 (2H,
quartet,J ) 5.8 Hz). The aromatic region of the1H spectrum
is consistent with an expected A2B2C spin system (where C
) F) involving the two ortho and two meta protons and the
para fluorine. The aromatic region of the1H spectrum shows
a multiplet of at least three lines with chemical shifts of
7.393, 7.364, and 7.334 ppm and a multiplet of at least seven
lines with chemical shifts of 7.974, 7.967, 7.957, 7.950,
7.944, 7.939, and 7.927 ppm. The19F spectrum exhibited a
symmetric mutliplet consisting of seven lines with chemical
shifts (relative to trifluoroacetate ion) of-30.415,-30.227,
-30.239,-30.251,-30.263,-30.275, and-30.288 ppm.

Thiophosphoglycolohydroxamate (TPGH). TPGH was
synthesized by a two-step reaction sequence based on the
procedures of Jones and Werner (37) and Duncan and
Drueckhammer (38) with minor modifications. The first step
involved preparation of monochloroacethydroxamic acid by
reaction of ethyl chloroacetate with hydroxylamine. Hy-
droxylamine (12 mmol), as a 50% by weight aqueous
solution (Aldrich), was added slowly with stirring to 12 mmol
of ethyl chloroacetate in a round-bottom flask. The mixture
was stirred for 5 min at room temperature and then cooled
in an ice bath for 15 min. Further stirring at room temperature
for 3 h gave a product mixture containing a yellow
precipitate. The resulting mixture was then filtered, giving
a yellow solid, presumed to be crude monochloroacetohy-
droxamic acid. TPGH was then prepared by reacting this
material with thiophosphate ion as follows. To a solution of
2.1 mmol of crude monochloroacetohydroxamic acid (dis-
solved in 1 mL of H2O) was added dropwise 3.2 mmol of
sodium thiophosphate dodecahydrate (dissolved in 8 mL of
H2O). The resulting mixture was stirred for 1 h, and then
2.1 mmol of CaCl2 was added to precipitate TPGH as the
insoluble Ca2+ salt. The Ca2+ salt of TPGH was purified
and converted to the Na+ salt using the same protocol
employed above in the preparation of the Na+ salt of F6.
One-dimensional1H NMR spectroscopy established that the
purity of TPGH was>95%. The amplitudes and chemical
shifts [δ 3.21 (1H, singlet), 3.24 (1H, singlet)] verified the
structural assignment.

Crystallization, Complex Formation, Diffraction Data
Collection, and Refinement.Complex formation was achieved
by soaking native crystals for 10 min in a solution containing
90 mM Bis-Tris-Propane (pH 7.8), 150 mM NaCl, 15% (w/
v) PEG 8000, 20% glycerol, and 10 mM F9 or F19. The F6
complexes were made analogously using either 10 or 66 mM
F6, yielding complexes designated as low-F6 or high-F6,
respectively. The G3P complex was obtained by soaking
crystals for 40 min in a solution containing 28 mM Na+-
Hepes (pH 7.0), 12% (w/v) PEG 8000, 30 mM Na-G3P, and

20% glycerol before the mixture was cryo-cooled in liquid
nitrogen. Diffraction data were collected at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) as
listed in Table 1, with the crystal kept at 100 K. The data
were processed with the XDS suite of programs (39). The
starting model used for the refinement of the enzyme
complexes was a coordinate set for the IPP complex with
E(Ain) (PDB entry 1QOP) but with the coordinates of loops
RL2 and RL6, IPP, PLP, the sodium ion, and all water
molecules omitted. For each structure, the initial model was
divided into three substructures [R-subunit, COMM domain
(26), and the core of theâ-subunit] and subjected to rigid
body and simulated annealing refinement by CNS 1.0 or CNS
1.1 (40). Clear electron density was observed for G3P, F6,
F9, F19, and the PLP molecule after the first cycle of
simulated annealing refinement. Thus, these parts of the
structure were included in the subsequent refinement steps.
This was also true for loopsRL2 andRL6 in the G3P, F9,
and F19 complexes with E(Ain). In the F6 complexes, loop
RL6 is rather disordered and, therefore, was not included in
the refinement. Coordinates for water molecules were found
mostly automatically using the CNS 1.1 module WATER-
PICK. The occupancy for all solvent atoms was kept at unity
throughout the refinement. Structures were superimposed
with O (41) and Xfit (42) using all common CR atoms for
each pair of structures except for the CR atoms belonging to
loop RL2, loop RL6, and the COMM domain. During the
course of the refinement of the high-F6 complex, it became
apparent that there is a second, partially occupied position
for an F6 molecule. Its occupancy was set to 0.5.

RESULTS

Static Studies

Influence of ASL Binding on the Spectra of Intermediates
Bound to theâ-Site in the L-Ser Reaction.Figure 2A,
spectrum a, shows the PLP cofactor region of the absorbance
spectrum ofR2â2 alone in TEA. The band at 412 nm
(shoulder at∼330 nm) has been assigned to the internal
aldimine, E(Ain) (1). This spectrum changes upon addition
of L-Ser and the ASLs. Spectra b and c are the absorbance
spectra of the PLP chromophore after the reaction ofL-Ser
with R2â2 has reached equilibrium in the absence (b) and
presence (c) of 50 mM GP. In the absence of GP (spectrum
b), the spectrum shows that the equilibrium distribution of
intermediates in stage I of theâ-reaction is dominated by
two species, E(Aex1) (λmax ) 422 nm) and E(A-A) (λmax )
350 nm, shoulder extending to>500 nm) (43, 44). The
binding of GP (spectrum c) causes a redistribution in which
there is a decrease in the amount of E(Aex1) and a
corresponding increase in the amount of E(A-A) (8, 44).
This behavior can be seen more clearly in the difference
spectrum (spectrum e) generated by subtracting spectrum b
from spectrum c. There is a large positive absorbance at 350
nm that corresponds to an increase in the level of E(A-A)
and a large negative absorbance at 412 nm due to a decrease
in the level of E(Aex1).

The spectra in panels B and C of Figure 2 establish that
the binding of G3P or F9 also causes changes in the spectrum
of the PLP chromophore, and the changes are similar to the
changes caused by GP. Figure 2D summarizes the changes
in the redistribution of species caused by GP, G3P, TPGH,
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F6, F9, F12, F19, and F21. F12 (trace 1) has a slightly
different absorbance spectrum in the region between 300 and
350 nm because it includes contributions from the absorbance

of the ligand. When corrected for these contributions, the
shift in the distribution of PLP forms to favor E(A-A) at
the expense of E(Aex1) is essentially the same for each
ligand, provided the ligand concentration is at or near
saturation.

Effects of Ligands on the Apparent Affinity ofL-Ser for
R2â2. Panels A-C of Figure 3 show absorbance spectra of
R2â2 measured after the addition of increasing concentrations
of L-Ser in the absence (A) and in the presence of G3P (B)
or F21 (C). These titrations show a progression in the
conversion of E(Ain) to the equilibrium mixture of E(Aex1)
and E(A-A) that is dependent on the structure of the ASL.
The other ligands (F9, F12, F19, and GP, data not shown)
were found to have effects similar to those of G3P or F21.
Panel D shows the difference spectra calculated by subtrac-
tion of spectrum a from spectrum n measured in the absence
of an ASL (spectrum 1) and in the presence of F6, TPGH,
G3P, GP, F12, F9, F19, or F21 (spectra 2-9, respectively).
F6 and TPGH do not seem to increase the affinity ofL-Ser
for the â-site of the bienzyme complex (Table 2). Plots of
absorbance at 412 nm versusL-Ser concentration measured
in the absence and presence of 4 mM G3P or 200µM F21
are shown in panels A-C of Figure 4, respectively. The other
ligands behave like G3P and F21. The apparent dissociation
constants forL-Ser obtained in the absence and presence of
these ligands are listed in Table 2. Except for F6 and TPGH,
the enzyme has a significantly higher apparent binding
affinity for L-Ser in the presence of the ASLs than in the
absence.

Table 1: Crystal Parameters, Data Collection, and Refinement Statistics

(G3P)E(Ain) (F6)E(Ain) low (F6)E(Ain) high (F9)E(Ain) (F19)E(Ain)

PDB entry 2CLK 2CLE 2CLF 2CLI 2CLH

Crystal Parameters
space group C2 C2 C2 C2 C2
unit cell dimensions

a, b, c (Å) 182.0, 59.6, 67.4 182.4, 59.6, 67.2 182.0, 59.6, 67.4 182.8, 59.0, 67.4 181.6, 59.0, 67.0
â (deg) 94.56 94.74 94.56 94.78 94.63

Data Collection
beamline 14-1 14-3 14-1 14-1 14-3
X-ray source ESRF ESRF ESRF ESRF ESRF
wavelength (Å) 0.934 0.931 0.934 0.931 0.931

Data Statistics
resolution (Å) 20-1.5 20-1.5 19.2-1.6 19.9-1.7 19.6-1.7
no. of observations 212704 349774 519911 340984 244889
no. of unique reflections 107933 1267111 90154 90393 76588
completeness (total/high) (%)a 93.7/83.1 89.5/95.7 95.4/73.3 95.7/83.5 98.1/95.4
〈I/σ(I)〉 (total/high)a 8.3/1.9 11.4/2.3 11.9/3.2 10.3/2.2 10.5/2.3
Rsym (total/high)a,b 5.5/23.4 5.0/37.3 11/50 8.1/55.1 8.1/37.4

Refinement Statistics
resolution range (Å) 10-1.5 10-1.5 19.15-1.7 10-1.7 18-1.7
refinement program REFMAC CNS 1.1 CNS1.1 CNS1.0 CNS1.1
included amino acids A 1-267 A 1-178 A 1-178 A 1-184 A 1-184

B 2-391 A 194-268 A 194-268 A 195-267 A 194-267
B 2-395 B 2-395 B 2-395 B 2-395

no. of protein atoms 5510 4887 4864 4870 4933
no. of waters 530 600 625 601 552
no. of ligand atoms 25 36 58 36 36
no. of Na+ ions 1 1 1 1 1
Rwork (%)c 17.9 19.4 17.6 18.8 19.6
Rfree (%)d 20.2 21.0 19.6 20.6 22.0
rms deviation for bonds (Å) 0.023 0.005 0.006 0.005 0.005
rms deviation for angles (deg) 2.10 1.36 1.39 1.20 1.30
a Completeness,Rsym, and〈I/σ(I)〉 are given for all data and for the highest-resolution shell. Resolution shells are 1.5-1.6 Å for G3P, 1.5-1.6

Å for the low-F6 complex, 1.7-1.8 Å for the high-F6 complex, 1.7-1.8 Å for F9, 1.7-1.8 Å for F19.b Rsym ) ∑|I - 〈I〉|/∑I. c Rwork ) ∑|Fobs| -
k|Fcalc|/∑|Fobs|. d Five percent of randomly chosen reflections were used for the calculation ofRfree.

FIGURE 2: Influence ofR-site ligands (ASLs) on the static UV-
vis absorbance spectra of E(Aex1) and E(A-A). Representative
spectra are shown for three different ASLs: GP, G3P, and F9 in
panels A-C, respectively. Each of these ASLs shifts the distribution
of intermediates at theâ-site in favor of E(A-A) (spectrum c). In
each panel (A-C), the spectra correspond to (a) 20µM Râ in TEA,
(b) 20 µM Râ, 100 mM NaCl, and 40 mML-Ser, (c) the mixture
for spectrum b with 50 mM GP, 4 mM G3P, or 200µM F9, (d) 50
mM GP, 4 mM G3P, or 200µM F9 in TEA, and (e) the difference
spectrum (c minus b). Panel D summarizes the spectra obtained
(i.e., spectrum c in panels A-C) with each ASL that was
investigated (GP, G3P, F6, F9, F12, F19, and TPGH). Spectrum 1
is the spectrum obtained with F21. Spectrum 2 is the same as
spectrum b in other panels.
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Influence of Analogues on the Distribution of Species
Formed in the Indoline Reaction.In Figure 5A, spectra a
and b are the absorbance spectra of the indoline quinonoid
intermediate, E(Q)indoline, after the reaction of indoline with
E(A-A) has reached equilibrium in the absence a and
presence b of 4 mM G3P. In the absence of G3P (spectrum
a), the spectrum is dominated by E(Q)indoline (λmax ) 466 nm),
and in the presence of G3P (spectrum b and difference
spectrum c), there is a small increase in the 466 nm band.
These spectra show that the fraction of the enzyme in the
form of E(Q)indoline increases in the presence of G3P.

Figure 5B shows that the binding of F9 also stabilizes
E(Q)indoline, and the extent of stabilization is similar to that
caused by G3P. In other experiments, it was found that all
the ASLs give a similar stabilization of E(Q)indoline except
for TPGH. The binding of this ligand does not stabilize
E(Q)indoline.

Determination of Ligand Dissociation Constants by ANS
Fluorescence.The fluorescence emission of ANS is strongly

enhanced by binding toR2â2 (6). The binding of ASLs
decreases this fluorescence by displacement of ANS. Con-
sequently, ANS can be used as a probe to quantify ligand
binding (6, 18, 20, 23). Figure 6 compares fluorescence
spectra and titrations measured for the binding of GP (A
and B) with the binding of F19 (C and D). Panels A and C
of Figure 6 compare the effects of various concentrations of
GP (Figure 6A, spectra b-h) or F19 (Figure 6C, spectra b-l)
on the fluorescence emission spectrum of ANS. Panels B
and D of Figure 6 show plots of the change in ANS
fluorescence at 444 nm (values from panels A and C of
Figure 6, respectively) as a function of the ligand concentra-
tion. To obtain theKDapp for GP and F19, these plots were
fitted to the equation for a rectangular hyperbola (eq 2).

Similar measurements for the other ligands (G3P, TPGH,
F6, F9, F12, and F21, data not shown) were performed in

FIGURE 3: L-Ser titrations in the absence (A) and presence (B and
C) of ASLs. Panels B and C show effects of 4 mM G3P and 200
µM F21, respectively, on E(Ain). Panel D presents the difference
spectra between spectra a and n, labeled 1-9 with no ASL, 1 mM
F6, 10 mM TPGH, 4 mM G3P, 50 mM GP, 200µM F12, 200µM
F9, 200µM F19, and 200µM F21, respectively. The amount of
E(Ain) decreases as theL-Ser concentration increases from 0 to
3230µM. Reaction conditions: [Râ] ) 20µM, [NaCl] ) 100 mM,
[ligand] ) 0, or 50 mM GP, or 200µM F21, and [L-Ser]) 0, 25,
50, 74, 99, 146, 216, 307, 498, 1004, 1508, 2003, 2500, or 3002
µM. All experiments were carried out in 50 mM TEA buffer at pH
7.8.

Table 2: Summary of the Apparent Dissociation Constants,KDapp,
andKDapp

L-Ser

KDapp(µM) via
ANS displacement

E(Ain) E(A-A)
KDapp

L-Ser

(L-Ser reaction) (µM)

no ASL 89.2( 11
GP 5700a ( 500 13.1a ( 4 11.5a ( 1
G3P 164b ( 40 3b ( 0.3 20.2b ( 3
F6 280( 50 38( 4 79.1( 5
F9 50( 5 1.84( 0.2 23.6( 3
F12 54.8( 11 4.55( 0.4 25.9( 2
F19 87.6( 9 3.26( 0.3 23.2( 2
F21 300( 83 18( 1 23.5( 1
TPGH 3000( 200 727( 250 70.2( 10

a Only one isomer of GP binds; therefore, the observed values have
been corrected to reflect theD,L composition of the GP samples by
multiplying by the factor 0.5.b Since it is the aldehyde form of G3P
which binds, the observed values have been corrected for hydration to
the gem diol form (96%) by multiplying by the factor 0.04/0.96 (45).

FIGURE 4: Representative isotherms showing the influence of ASLs
on the reaction ofL-Ser with E(Ain). Changes in absorbance at
412 nm are shown as a function of [L-Ser] both in the absence (A)
of an ASL and in the presence of 4 mM G3P or 200µM F21 (panel
B or C, respectively). In each panel, the absorbance of E(Ain) at
412 nm decreases as [L-Ser] increases, with panels B and C showing
sharper decreases in absorbance in comparison to panel A.KDapp
values were obtained by fitting the data to the hyperbolic equation
A ) [L-Ser](A∞ - A0)/(KDapp+ [L-Ser]), whereA is the absorbance
at 412 nm andA∞ andA0 are the absorbance values when [L-Ser]
is ∞ and 0, respectively.
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the presence ofL-Ser, and apparent dissociation constants
were similarly obtained (Table 2). All of the other ligands
were found to behave like GP and F19. Table 2 summarizes
the apparent dissociation constants measured for each ligand
in the absence ofL-Ser (left column) and in the presence of
40 mM L-Ser (middle column). In aqueous solution, G3P is

extensively hydrated (96%, gem diol form) (45). Therefore,
the KDapp values for G3P in Table 2 are corrected for
hydration. This comparison shows that theKDapp values of
the new ligands are comparable to that of the natural
substrate, unhydrated G3P, and they bind much more tightly
than GP does (Table 2).

Single-WaVelength Stopped-Flow (SWSF) Kinetic Studies

Influence of Analogues on the Indoline Reaction.Figure
7 presents kinetic time courses for the reaction of indoline
with E(A-A) to give the indoline quinonoid intermediate,
measured both in the absence and in the presence of F21,
F6, GP, F12, TPGH, G3P, F19, or F9. These time courses
show that in the absence of an ASL, the formation of the
indoline quinonoid consists of a very fast phase with a large
amplitude, followed by two slower phases with much smaller
amplitudes. The fast phase arises from the nucleophilic attack
of indoline on Câ of the R-aminoacrylate double bond of
E(A-A) (8, 12, 46); the slower phases have their origins in
the conversion of E(Aex1) to E(A-A) and the interconver-
sion of an inactive E(A-A) species to the active (15, 16).
In the presence of a saturating concentration of any one of

FIGURE 5: Static spectra showing the influence of G3P or F9 on
E(Q)indoline at 466 nm. In each panel, spectrum a is the absorbance
spectrum of E(Q)indoline. Conditions: [Râ] ) 17.4 µM, [NaCl] )
87 mM, [indoline] ) 4 mM, and [L-Ser] ) 35 mM. Spectrum b
shows the absorbance spectrum of the solution of spectrum a with
4 mM G3P and with 174µM F9 in panels A and B, respectively.
In each panel, spectrum c shows the difference spectrum (b minus
a).

FIGURE 6: Influence of ASLs on the fluorescence ofR2â2-bound
ANS. Representative spectra documenting the effects of an increas-
ing ASL concentration on the displacement of ANS from the
E(Ain)(ANS) complex are shown in panels A and B for GP, and
panels C and D for F19.|∆F| is the absolute value of the change
in fluorescence. In panels A and B, the concentrations of GP were
0, 1, 5, 10, 15, 20, 25, and 30 mM, corresponding to spectra a-h,
respectively. In panels C and D, the concentrations of F19 were 0,
5, 10, 15, 29, 42, 50, 62, 73, 84, 94, and 104µM, corresponding
to spectra a-l, respectively. Titrations were carried out as described
in Materials and Methods. TheKDapp values were calculated from
the plots of free ASL concentration vs|∆F| measured at 500 nm
(panels B and D).

FIGURE 7: Representative stopped-flow rapid-mixing time courses
are shown in panels A-C for three different time scales, 5 s, 1 s,
and 100 ms, respectively. Each panel presents the kinetic time
course for the appearance of the quinonoid intermediate measured
in the absence of an ASL, for comparison with the time courses
measured in the presence of the different ASLs. ASL concentrations
were 50 mM GP, 5 mM G3P, and 10 mM TPGH, F6, F9, F12,
F19, or F21. In a typical reaction, one syringe contains 20µM Râ,
100 mM NaCl, and 40 mML-Ser; the second syringe contains 10
mM indoline, 100 mM NaCl, and 40 mML-Ser. When present,
each syringe contained identical concentrations of the ASL.
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these ligands, the formation of E(Q)indoline is significantly
slowed (Figure 7A). This phenomenon can clearly be seen
in panels B and C of Figure 7, where the indoline reaction
is monitored on relatively short time scales (1 s and 100
ms, respectively). F9 was found to have the strongest
inhibitory effect on the rate of the indoline reaction (trace
F9).

Crystal Structure of the G3P Complex with E(Ain). As
expected, the structure of the G3P complex shows G3P
bound to theR-site in a fashion that is similar to the binding
of IGP (23, 47, 48) (Figure 8A) and also similar to the
binding of GP to theâK87T andâS178P mutants (24, 49).
The phosphoryl of G3P (and of the other ASLs described
below) binds at the same position that has been observed in
the IGP or IPP complexes (PDB entries 1QOQ and 1QOP)
and is engaged in a H-bonding network with residues
RG234-RA236 ofRH8′ (Figure 8A) and surrounding water
molecules (26).

The 2′-hydroxyl group of G3P is the starting point for a
network of H-bonds involving two water molecules and the
catalytic residue,RAsp60. The OH group forms a hydrogen
bond with Wat216 (3.2 Å), which interacts with Wat138 (2.8
Å) located next to the carboxylate OD2 atom ofRAsp60
(2.7 Å). This atom (OD2) forms a H-bond with the hydroxyl
group of RTyr102 (2.7 Å). The OD1 carboxylate atom of
the catalyticRΑsp60 forms H-bonds with Wat216 (2.7 Å)
and the hydroxyl group ofRThr183 (2.7 Å). The latter
interaction results in complete closure of loopRL6. It is
interesting to note that the carbonyl and hydroxyl groups of

G3P are located at the same positions as the hydroxyls of
1-(2-hydroxyphenyl)amino-3-glycerol phosphate, a transition
state analogue for theR-reaction (18). In this complex, the
amino N (from 2AP) and the OH group at C3 form a H-bond
with the OE1 and OE2 carboxylate atoms ofRGlu49, thus
holding the carboxylate in the active conformation. In the
G3P complex (which is missing the amino group from 2AP),
the carbonyl O atom of G3P cannot form a H-bond with the
RGlu49 carboxylate, inducing the inactive conformation.

Crystal Structures of the F6 Complexes.Depending on
the ligand concentration used for soaking the crystals before
cryotrapping (see Materials and Methods), two different F6
complexes, designated as low-F6 and high-F6 complexes,
were observed. In contrast to that for the G3P, F9, F19, and
high-F6 complexes, the electron density forRL2, RL6, and
the COMM domain were weak in the low-F6 complex,
indicating high mobility. While the protein backbone of the
low-F6 structure is traceable for most of the chain, the
electron density of the side chain residues crucial for
intersubunit communication (RL2 andâH6) or for closure
of the R-site (RL6) is poorly defined. However, there is
strong electron density for F6 itself in both the high- and
low-F6 complexes. The positions of the trifluoromethoxy-
phenyl groups differ slightly in both F6 complexes (Figure
8B), corroborating the mobility of the F6 ligand.

Figure 8B shows details of the structures of F6 bound to
the R-site. F6 binds at a position that is similar to several
other ASLs (compare panels A and C of Figure 8). As
mentioned above, the phosphoryl group is located at the same

FIGURE 8: Structural comparisons. (A) Details of binding of G3P to theR-site (gray; the remaining coloration according to CPK atom
type). (B) Overlay of low-F6 (light blue) and high-F6 (lemon) complexes. (C) Superposition of the F9 (light green) and F19 (coral) binding
sites. (D) Structural details of the potential second F6 binding site in the high-F6 complex (lemon) with a superimposedσA-weighted 2Fo
- Fc electron density map (cutoff of 1σ). The conformation ofâPhe280 of the low-F6 complex is colored light blue. (E) Comparison of
the conformations ofâAsp305 in different E(Ain) structures. In addition to the investigated complexes (for color coding, see above) the
conformation ofâAsp305 in the IGP (cyan) and IPP (magenta) complexes (PDB entries 1QOQ and 1QOP, respectively) is displayed.
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position and forms the usual contacts; O6, one of the
phosphoryl group oxygen atoms, O3, the bridging oxygen
atom, and the F6 amide all form H-bonds with Wat599 (3.1
Å), which is 2.6 Å from Wat598 (high-F6 numbering). The
latter forms a 3.0 Å H-bond with the OD1 carboxylate atom
of RΑsp60 that is barely visible in the low-F6 complex. Loop
RL6 appears to be open and disordered in both F6 structures,
possibly due to the location of two water molecules (Wat598
and Wat599) at the positions normally occupied by the OG1
(∆ 0.4 Å Wat598) and CG2 (∆ 1.2 Å Wat599) atoms of
RΤhr183 in the closed conformation. Although the water
molecules are well-defined in terms of electron density and
do not completely overlap with the OG1 and CG2 atoms of
RΤhr183, we cannot exclude the possibility of a closed
conformation of theR-subunit where loopRL6 is too mobile
to be visible in the electron density.

In both low- and high-F6 structures, the F6 amide carbonyl
oxygen atom, O, forms a H-bond with the hydroxyl group
of RΤyr175 (2.7 and 3.0 Å for the low- and high-F6
complexes, respectively) in a manner analogous to that of
the G3P complex. Additionally, there is a H-bond between
the carbonyl O atom of F6 and the OE1 (2.3 Å) and OE2
(3.1 Å) carboxyl atoms ofRGlu49 that is in the active
conformation in all F6 complexes. This interaction implies
that RGlu49 is protonated. The phenolic ring of F6 is
sandwiched betweenRPhe212 andRLeu100, whileRLeu127
is located in the plane of the ring. The terminal trifluo-
romethoxy group of F6 occupies a hydrophobic pocket made
up by the side chains ofRIle153, RLeu177, RPhe212,
RLeu127,RAla129, andâPro18 at the subunit interface near
the opening to the tunnel that connects theR- andâ-sites.

Additional residual density was observed when the F6
complex was generated with high ligand concentrations. This
new density indicates a second binding site for F6 within
theRâ dimeric unit (Figure 8D). The second F6 molecule is
located behind the so-called “gates” (âTyr278 andâPhe280)
and pervades the tunnel. The F6 phosphoryl, the group with
the highest electron density, occupies the position normally
adopted by the phenyl ring ofâPhe280 and pushes the ring
into an alternative conformation rotated towardâTyr279
without impacting the main chain. The phosphoryl oxygen
atoms, O5 and O6, form H-bonds with the hydroxyl of
âTyr186 (3.2 Å) and the main chain oxygen ofâPhe280
(2.7 Å), respectively. Parts of the trifluoromethoxy group
are visible; this group makes contacts with a number of main
chain atoms involving residuesâGly111,âAla112,âGln114,
and âHis115 in a pocket-like arrangement. The remainder
of the ligand, including the phenyl ring, is poorly defined,
indicating high mobility presumably because it lacks stabiliz-
ing interactions.

Crystal Structures of the F9 Complex.F9, G3P, and F6
all bind similarly to the enzyme (Figure 8A-C). However,
there are significant differences in the F9 structure due to
the interactions caused and provided by the different
hybridizations of the sulfonamide sulfur and its substituent
oxygens. This effect of hybridization results in different
torsion angles of the chain between the phosphoryl group
and the aromatic rings of F6 and F9. In particular, the F9
sulfonamide group is located above the phenyl ring of
RPhe212 (CG 3.5 Å) and is oriented perpendicular to the
plane of the carbamide group found in F6 (Figure 8B,C).
This orientation results in an interaction with a water

molecule, Wat569 (2.8 Å), which corresponds to Wat216 in
the G3P structure, and which analogously forms a H-bond
with the OD1 carboxylate atom ofRΑsp60 (2.6 Å). A second
water, Wat175 (corresponding to Wat138 in the G3P
complex), is H-bonded both to the OD2 carboxylate atom
of RAsp60 (2.8 Å) and to the hydroxyl group ofRΤyr102
(2.7 Å). However, the two water molecules in the F9 complex
are farther apart (4.2 Å) than in the (G3P)E(Ain) structure.

As observed in the G3P complex, the hydroxyl group of
RΤhr183 forms a H-bond withRΑsp60 (3.0 Å), resulting
in a partially closed loop conformation ofRL6 (visible up
to RGly184). One of the F9 sulfonyl oxygens (O22) forms
a hydrogen bond with the side chain hydroxyl ofRΤyr175
(2.5 Å), and the other one is close to the CG atom ofRGlu49,
which is in the inactive conformation.

Although the orientation of the trifluoromethoxy group is
shifted by ∼1 Å toward RLeu127 compared to the F6
molecule in the low-F6 complex, the interactions of the
phenyl and trifluoromethoxy groups of F9 resemble those
in the F6 complex.

Crystal Structure of the F19 Complex.It is not surprising
that the binding mode of F19 is similar to that of F9 as both
ligands share similar functional groups, the sulfonylamido
and phosphoryl groups, that mainly contribute to binding of
F9. In the case of F19, the naphthalene ring system resides
in nearly the same plane as the phenyl ring of F9 and is
sandwiched amongRPhe212,RLeu100, andRLeu127. The
F19 complex exhibits all the structural features of the F9
complex, in particular the closed conformation of loopRL6
and the inactive conformation ofRGlu49 (Figure 8C). All
the aforementioned interactions for F9 (see above) are also
observed in the F19 complex, although some distances differ
slightly.

Impact ofR-Site Ligand Binding on theâ-Subunit.The
overallâ-subunit conformation is essentially the same in the
addressed complexes and in the E(Ain) structures determined
in the absence of ASLs (e.g., PDB entry 1KFK). However,
it has been known for a long time that ASL binding leads to
an ordering of some regions (â139-142,â158-â164, and
âH6) within the COMM domain and to a repositioning of
helix âH6 (â165-â181) (26, 49). When the E(Ain) com-
plexes with different ASLs are compared, small changes in
the â-subunit within these regions are detected that appear
to depend on ASL structure. While the G3P, F9, and F19
complexes superimpose well in all regards and are also in
good agreement with the IPP-bound complex (48), both F6
complexes differ. While there is poor density in the case of
the low-F6 complex for the side chains betweenâ158 and
â181, especially those involved in intersubunit communica-
tion with loopRL2, the main chain is clearly visible and its
orientation resembles that observed in the IGP-bound
structure (48). The main chain of the COMM domain of the
low-F6 complex differs significantly compared to the G3P
complex, leading to a maximum deviation of 1.7 Å (CR

âLys137) among residuesâ139-142 (located at the N-
terminus ofâH5) and of 2.7 Å (CR âSer163) within the
region ofâ158-164 (preceding helixâH6) (Figure 9). The
high-F6 complex, however, exhibits a different behavior. In
comparison with both the F9 and G3P complexes and the
low-F6 complex, the high-F6 complex exhibits an intermedi-
ate conformation that deviates by 0.6 Å (CR âLys137) and
0.8 Å (CR âSer163) from the G3P complex.
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A second difference involves the conformation of the
carboxylate side chain ofâAsp305 (Figure 8E). In the G3P,
F9, and F19 complexes, the carboxylate group points toward
the PLP ring system (as observed in the IPP complex) and
interacts with a network of water molecules stabilized by
the surrounding microenvironment, consisting mainly of main
chain contacts.

In both F6 complexes, theâAsp305 carboxylate points
away from the PLP ring system, the so-called “swing out”
position (49, 50), and interacts with either the amide of
âSer299 (high-F6) or water molecules stabilized by main
chain contacts originating fromâ295-306 (low-F6). A
similar orientation was observed in the IPP-bound E(Ain)
structure (26).

Except for the high-F6 complex, the positions of the gate
residues (âTyr279 andâPhe280) are rather conserved in all
structures. The Phe side chain within the high-F6 complex
is flipped toward the Tyr ring, a conformation so far observed
only in the ASL-free E(Ain) structure at room temperature
(PDB entry 2WSY). Additionally, since there is residual
density of what could be an alternate conformation of either
residue, both residues appear to be somewhat mobile in the
low-F6 complex.

DISCUSSION

Ligand-Mediated Allosteric Transitions in Tryptophan
Synthase. The regulation of substrate channeling in the
tryptophan synthase bienzyme complex depends upon the
switching ofRâ dimeric units between open conformations
of low catalytic activity and closed conformations of high
activity (6). The switching between conformation and activity
states is modulated by binding of substrate to theR-site and

covalent transformations at theâ-site (8, 9, 12, 13, 21, 32).
Investigations of allosteric interactions originating from
binding of substrate to theR-site have been hampered by
three happenstances. (a) Because the physiologicalR-site
allosteric effector, IGP, is also the substrate for theR-site,
studies of IGP binding are complicated by IGP cleavage.
(b) IGP is expensive and inconvenient to prepare, and
preparations are not chemically very stable. (c) Previously
studied IGP analogues (i.e., IPP and IAG) do not have
spectroscopic signatures of binding that are easily studied
(25, 26, 51). The most frequently used G3P analogue,D,L-
R-glycerol phosphate (GP), introduces some ambiguity
because the commercially available material is aD,L mixture
and is contaminated with theâ-isomer, and GP binds
relatively weakly to theR-site. The new sets of ASLs
described in this report are designed to remedy these
impediments.

Designing Ligands. The rapid cleavage of IGP to indole
and G3P has made it difficult to disentangle the allosteric
effects arising from the binding of IGP and G3P. Therefore,
the analogues selected for synthesis in this work (Figure 1)
were designed to be unreactive, while retaining a structural
similarity to either IGP or G3P. The syntheses involve
simple, single-step reactions, and purification is easy and
fast, allowing efficient separation of product from starting
materials and side products. This convenience of synthesis
allows incorporation of spectroscopic probes (here exempli-
fied by ASLs with19F groups for use as probes for19F NMR
spectroscopy). Five of the analogues (F6, F9, F12, F19, and
F21) have a terminal phosphoryl group connected to an
aromatic ring by an aliphatic linker, giving structures with
dimensions approximately the same as those of IGP. Because
of the nature of the linker and the bonding to the aromatic
ring, these five IGP analogues exhibit varying degrees of
flexibility and different geometries. The sixth ASL (TPGH)
is a structural analogue of G3P constructed from reaction of
monochloroacetohydroxamic acid with sodium thiolphos-
phate. This analogue binds to theR-site with an affinity that
is significantly weaker than the affinities of the analogues
with aromatic groups (Table 2). The results presented in
Figures 1-7 and Table 2 show that the new aromatic
analogues exhibit relatively high affinities for theR-site and
mimic the allosteric properties of other IGP analogues,
including IPP (25), IAG (51), and GP (8, 44). The behavior
of G3P (9) and GP (8) is partially mimicked by the G3P
analogue, TPGH. Consequently, these new compounds
appear to be useful ASLs for probing allosteric mechanism
in the tryptophan synthase system.

X-ray Crystallography.The crystal structures of the F9,
F6, and F19 complexes (Figure 8) show that these ligands
bind with high specificity to theR-site of theRâ dimeric
units ofR2â2. When F9 binds to the E(Ain) complex (Figure
8C), theR-site assumes a closed conformation. The trifluo-
romethoxy group of F9 extends into the opening of the 25
Å long tunnel at theR-â subunit interface. The structure of
the F6 complex (Figure 8B) shows a binding mode similar
to that of F9, but with interesting differences.

R-Subunit Conformation and Loop Dynamics Are Influ-
enced by ASL Structure. The crystal structures of tryptophan
synthase complexed with the ASLs, G3P, F6, F9, and F19
(Figure 8A-C) demonstrate how these ligands influence the
conformation of theR-subunit. Previously, it has been shown

FIGURE 9: ASL-dependent shift of theâ-site. The CR traces of
different tryptophan synthase structures are superimposed on the
G3P-bound complex (in worm representation;R-domain colored
black, â-domain colored light gray). Only those regions are
displayed that were found to change upon ASL binding. The F9
and F19 complexes were omitted for clarity since they resemble
the G3P-bound structure. Color coding: cyan for IGP (PDB entry
1QOQ), gray for G3P, light blue for the low-F6 complex, and lemon
for the high-F6 complex.
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that complete closure of loopRL6 is required for creation
of a well-ordered structural environment of theR-site (18,
23, 24, 26, 48, 49) that promotes catalysis and enables the
shuttling of indole through the tunnel after cleavage of IGP.

Comparison of the crystal structures of the ASL complexes
indicates that when theR-site is occupied by GP, F9, or F19,
loop RL6 is partially disordered, indicating it may not be
completely closed, whereas G3P induces a completely closed
conformation of this loop. In all these complexes,RGlu49
takes up an inactive conformation. The placement of the
sulfonyl groups of F19 and F9 disfavors an active conforma-
tion of RGlu49 due to electrostatic repulsion. In the case of
G3P, the product of theR-reaction (Scheme 1), the ligand
is unable to holdRGlu49 in its active conformation.
Conversion of the 3′-hydroxyl of IGP to the carbonyl of G3P
eliminates the H-bonds to theRGlu49 carboxylate. Conse-
quently, theRGlu49 carboxylate must switch to an alternative
position to avoid an unfavorable electrostatic interaction with
the G3P carbonyl oxygen. The switching of theRGlu49
carboxylate to the inactive conformation is reasonable from
a mechanistic point of view, asRGlu49 is neither required
in the further progress of the reaction nor involved in
modulation of theR-site conformation.

In contrast, the F6 complexes display a more open,
disorderedRL6 but, uncharacteristically, an active conforma-
tion of RGlu49. AlthoughRL6 closure has been correlated
with both allosteric signaling and activation and positioning
of the catalyticRAsp60 (23), it is only recently that the
structural basis for loop closure has been addressed in detail
and traced to the exact positioning of the side chain of
RAsp60 (18). The structures described here support this
finding and show that the interaction with the indolyl
nitrogen, or a structural analogue, is not required for loop
closure. SinceRL6 should remain in the closed conformation
in the G3P complex (after cleavage of IGP) to facilitate the
subsequent transfer of indole to theâ-active site, retention
of the closed conformation makes sense in terms of the
enzymatic mechanism. Compared to the IGP-bound and IGP-
like-bound states observed in several structures (PDB entries
1QOQ, 1K8Z, and 1KF8, and in IGP complexes at different
pHs, unpublished results), the conformation ofRAsp60
differs slightly for all ASL complexes investigated in this
study. The interaction between GP (23) and RAsp60,
postulated to be one of the main contacts involved in loop
closure, is mediated by a water molecule (Wat216 in the
G3P structure) that is positioned by a H-bond with the
2-hydroxyl of G3P. There are homologous water molecules
in the F9 and F19 complexes (Wat569 and Wat545,
respectively), which similarly promote loop closure. This
water molecule is located approximately∼0.6 Å from the
position of the CD1 ring atom in the analogous IGP complex.
While the F6 complex hasRAsp60 in the correct orientation
for loop closure,RL6 appears to remain open. However, it
is unclear from the structure of the F6 complex if the loop
is disordered or just loosely closed and thus too mobile to
be observable in the electron density.

We have shown previously, by kinetic and structural
analysis of the isostericRThr183Val mutant, that the H-bond
betweenRThr183 andRAsp60 is crucial for loop closure
(23). The structures of the ALS complexes described here
highlight the importance of the water structure in theR-site

for the allosteric signaling, providing a new twist to the
intricate network of interactions in tryptophan synthase.

The structures presented in this work show that the
conformation of theR-subunit is dependent on the ASL
structure (compare the G3P, F6, F9, and F19 complexes
shown in Figure 8A-C) and correlates with the differences
in affinity for the different analogues (Table 2). The
structures of the G3P, F9, and F19 complexes are similar,
and the apparent affinity for G3P corrected for hydration is
comparable to the affinities of F9 and F19.

While F6 has been shown to bind to theR-site, the binding
of F6 does not induce the same structuring of the site that
occurs in the F9 and F19 complexes. In contrast to the latter
complexes, there is no well-defined electron density forRL6
in either F6 structure. Additionally,RL2 appears to be more
mobile (side chains are less defined in terms of electron
density) in the low-F6 complex. While this lack of structuring
has further repercussions for the intersubunit communication
(see below), the mobility of theR-site may be the structural
basis for the 3- and 6-fold decreases in affinity compared to
those of F9 and F19, respectively. Interestingly, the F6
complex shares more structural features with the IGP
complex (RL6 open), which exhibits a similarRL2 mobility
(as reflected in increased temperature factors).

Apparent Binding Affinities. The fluorescence of ANS
strongly increases when ANS binds to hydrophobic protein
surfaces (52). ANS binds to tryptophan synthase, and the
shifting of the emission maximum suggests that ANS binds
to a hydrophobic region (21). When ligands bind to either
the R-site or theâ-site, the ANS fluorescence decreases,
indicating that ANS is displaced by a ligand-mediated
conformational change of the enzyme (21). Figure 6 dem-
onstrates that the binding of the new ASLs to theR-site also
displaces ANS from the enzyme, causing a decrease in ANS
fluorescence. Previous work (9) has shown that the reaction
of L-Ser at theâ-site increases ASL affinity. The effect of
L-Ser on the apparent dissociation constant for each of the
ASLs is shown in Table 2. These data establish that reaction
of L-Ser at theâ-site changes the affinity of the new ASLs
for the R-site 25 Å away, and conversely, binding of the
new ASLs to theR-site stabilizes E(A-A) at theâ-site. The
extent to which the affinity of theR-site for ASLs is
enhanced by the reaction ofL-Ser at theâ-site exhibits a
considerable dependence on the structure of the ASL. This
effect appears to be much greater for GP, G3P, F9, F12,
F19, or F21 than for TPGH or F6.

Allosteric Effects on the Distribution of Intermediates in
Stage I of theâ-Reaction. At pH 7.8, in stage I of the
â-reaction for the Na+ form of the enzyme,L-Ser reacts with
theâ-site to give comparable amounts of E(Aex1) and E(A-
A) at equilibrium (43, 44). The binding of the IGP analogues,
IPP, IAG, and GP to theR-site alters the distribution of
E(Aex1) and E(A-A), in favor of the E(A-A) intermediate
(Figure 2D) (8, 14, 44, 51, 53). Figure 2D shows that TPGH,
F6, F9, F12, F19, and F21 cause similar allosteric effects
on the distribution of E(A-A) and E(Aex1). F9, F12, F19,
and F21 cause similar decreases in the apparent dissociation
constant forL-Ser binding, while the effects of F6 and TPGH
are small (Table 2).

ASL Binding Modulates the Conformation of theâ-Site.
ASL binding gives complexes that influence the dynamics,
conformation, and catalytic properties of theâ-site (6-8,
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17, 49). This allosteric signaling is mediated through the
conformations ofR-subunit loopsRL2 and RL6 and the
COMM domain of theâ-subunit (9, 11, 18, 23, 24, 26, 49,
54). We conclude that in solution the differences in the
apparent affinity ofL-Ser for theâ-site (Table 2) in the
presence of ASLs arise from the different impact of the
ligands on the structural sensors at theR-site that are involved
in forwarding a structural signal to theâ-site. In the
crystalline state, the overall structure of theâ-subunit is
conserved in all of the ASL complexes that have been
investigated. In these complexes, theâ-subunit retains a
relatively open conformation, but with small changes in some
regions within the COMM domain in response to ASL
binding.

WhenRL2 becomes ordered upon ASL binding, it forms
an extensive H-bonding network withâH6 (residues
âPro165-âSer178) (26) that leads to a reorientation of the
helix. The positioning ofâSer178 was also shown to be
responsible for loop closure ofRL6 (24, 27, 51) through the
H-bonding interaction betweenâSer178 andRGly181. Care-
ful comparisons of the E(Ain) complexes with G3P, IGP
(PDB entry 1QOQ), IPP (PDB entry 1QOP), F6, F9, and
F19 show that further ligand-dependent changes in the
architecture of theâ-subunit can be attributed to residues
â139-142,â158-164, and, to a minor degree,â295-297.
While the IPP, G3P, F9, and F19 complexes are very similar
with well-defined conformations, they differ from both F6
and the IGP complexes which appear to be more flexible
and less rigid (Figure 9), reflecting the structural dynamics
of the IGP and F6 complexes. Although the IGP and low-
F6 complexes are rather similar, the high-F6 structure
exhibits an “intermediate” structure between the IPP-like and
IGP-like structures. This intermediate structure is most likely
induced by the binding of the second F6 in the tunnel (Figure
8D).

We conclude that the ability of an ASL to reorganize the
â-active site correlates with the ability of the ASL to structure
theR-site, and this structuring is conveyed to theâ-subunit
via theRL2-âH6 networking.

Only those ASLs that exhibit an IPP-like conformation
on the structural level (e.g., G3P, F9, and F19) display an
elevated affinity forL-Ser at theâ-site (Table 2). While the
reorganization of theâ-domain in general can be attributed
to the ASL-induced structuring of theR-site, the effect of
ASL on the roles played byâAsp305 inâ-site catalysis and
substrate specificity (26, 49, 50, 55) needs to be assessed.
TheâAsp305 carboxylate is oriented toward the PLP binding
site and coordinated by a similar water network in the G3P,
F9, and F19 complexes (Figure 8E). Interestingly, the
âAsp305 carboxylate has a different orientation in both the
F6 and IGP complexes. By comparison of the different
E(Ain) structures that have been determined with IGP or IPP/
GP (PDB entries 1QOP, 1KFC, and 1K8Y for IPP/GP and
1QOQ and 1KFB for IGP), we conclude that the orientation
of the âAsp305 carboxylate directly depends on ligand
structure (and its effects on theR-site) and does not depend
on RL6 closure. When directed toward PLP, theâAsp305
carboxylate assumes the position in which it normally
H-bonds to the hydroxyl group of the E(Aex1) intermediate
(e.g., see PDB entry 1KFJ). Mutational studies ofâAsp305
have linked the side chain carboxylate to substrate recogni-
tion, substrate specificity, and nucleophile reaction specificity

(50, 55). It was shown that theâD305A mutant slows the
formation of the E(Aex1) species 3-15-fold compared to
the wild-type enzyme. The absence of the carboxylate alters
the interaction ofL-Ser with the â-subunit and impairs
formation of the E(Aex1) species. Therefore, we propose that
the correct orientation of theâAsp305 carboxylate contrib-
utes to the binding and reaction ofL-Ser at theâ-site, which
would further explain the finding that F6 binding does not
significantly increase the level ofL-Ser binding (Table 2).
It is interesting to note that the structure of the (F6)E(Aex1)
complex (31) shows that theâAsp305 carboxylate “swings
in” and H-bonds to the hydroxyl of theL-Ser moiety and
adopts a more IPP-like conformation without closingRL6.

Modulation of the Switch to the Closed Conformation of
the Râ-Dimeric Unit. The experiments of Dunn et al. (8)
were the first to demonstrate that the route of entry of indole
and indole analogues from solution into theâ-site for reaction
with E(A-A) is through theR-site and down the tunnel into
theâ-site. The key experiment involved demonstration that
the binding of an ASL (GP) to theR-site strongly inhibits
the rates, but not the yields, of E(Q)Nu formation when indole
or indole analogues react with E(A-A). These experiments
were the first to directly demonstrate the functional properties
of the interconnecting tunnel and the switching of theRâ
dimeric unit between open and closed conformational states
in response to the formation of E(A-A) at theâ-site and to
the binding of an ASL to theR-site (8). This work was
extended and amplified in a series of subsequent studies (9-
11, 13-17, 20, 56, 57). Consequently, the inhibitory effects
of ASLs on the reaction of indole and indole analogues with
E(A-A) have become a signature of the allosteric behavior
of tryptophan synthase. The time courses presented in Figure
7 compare the effectiveness of the new ASLs with the
behavior of GP and G3P on the inhibition of the rate of
E(Q)indoline formation. These data establish that the new ASLs
exhibit varying degrees of effectiveness in triggering the
switch to the closed conformation of theRâ dimeric unit,
and this comparison also shows that the effectiveness is
strongly dependent on ASL structure but does not correlate
well with ASL binding affinities (Table 2). The mechanistic
reasons for this lack of correlation will be the subject of
future investigations.

L-Serine Binding in the Absence of ASLs Alters theR-Site.
The finding that binding ofL-Ser to theâ-site increases the
affinity of the R-site for ASLs (Table 2) supports our
hypothesis that binding of either substrate to its binding site
leads to a structuring of one site which subsequently increases
the rigidity of the other subunit via intersubunit communica-
tion. Hence, adoption of a conformation that is already
primed for binding instead of inducing the conformation by
ligand binding itself leads to an increase in the affinity for
the ligand. From comparison of the structures of different
E(Aex1) (ligand free) complexes, we predict thatâAsp305
and the release ofâLys87 are involved in signaling the
formation of the E(Aex1) complex toâH6 which impacts
the R-site by the ordering ofRL2.

R-Site-â-Site Allosteric Communication. The R- and
â-subunits of tryptophan synthase have a special way of
communicating during the process ofL-Trp synthesis. For
efficient channeling, the reaction at theR-site must occur in
phase with the reaction at theâ-site (6, 13, 17). Synchroniza-
tion is achieved by activating theR-site when E(Aex1) is
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converted to E(A-A) and then deactivating theR-site when
E(Q3) is converted to E(Aex2) (9, 12, 13, 56) (Scheme 1B).
This conformational switching also insures thatRâ subunit
pairs remain in the closed conformation as E(A-A) is
converted to E(Aex2). “Lids” in the R- andâ-subunits control
the conformation of both subunits, isolating the sites and
the tunnel from solution and trapping indole within the
confines of theR- andâ-sites and the interconnecting tunnel.
Consequently, indole is constrained to react with E(A-A)
in the â-site. Following reaction of indole with E(A-A),
the lids open again when E(Q3) is converted to E(Aex2) with
subsequent release of G3P. The catalytic cycle for synthesiz-
ing L-Trp is then completed by conversion of E(Aex2) via
E(GD)2 to E(Ain), species with predominantly open confor-
mations.

In this work, representative examples of four new classes
of IGP analogues (aryl amides, aryl sulfonamides, aryl
thioureas, and thiol phosphoglycolohydroxamate) have been
successfully synthesized and characterized (Figure 1). Each
of the representatives exerts strong effects on the allosteric
communication between theR- andâ-sites (Figures 2-5 and
7). The specific analogues chosen for this study bind more
tightly to the bienzyme complex than GP does (Table 2) (8).
Solution studies and the X-ray crystal structures show that
these ligands bind with high specificity to theR-site and exert
strong allosteric effects on the chemistry at theâ-site (Figures
2 and 5). Binding of these ASLs drives theR-site to closed
conformations. Conversion to the closed conformations at
theR-site generates an allosteric signal that favors the closing
of theâ-site (9, 17, 20, 44), thereby increasing the apparent
affinity of the â-site for L-Ser (Table 2 and Figure 3) (9)
and shifting the distribution of intermediates in favor of
E(A-A) (Figure 2). These effects all result from ligand-
mediated allosteric communication between theR- and
â-sites in the complex (9-13, 16-21, 32, 44).

CONCLUSIONS

This work reports the synthesis and characterization of
six new ligands for tryptophan synthase representing four
new classes of ASLs that mimic the allosteric properties of
previously studied analogues for IGP and G3P (e.g., IPP,
IAG, and GP). The syntheses of these ASLs are simple and
allow the incorporation of spectroscopic probes for use in
the investigation of the allosteric regulation of substrate
channeling in the tryptophan synthase system.
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