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ABSTRACT: In an effort to use a structure-based approach for the design of new herbicides, the crystal
structures of complexes of tryptophan synthase with a series of phosphonate enzyme inhibitors were
determined at 2.3 A or higher resolution. These inhibitors were designed to mimic the transition state
formed during thex-reaction of the enzyme and, as expected, have affinities much greater than that of
the natural substrate indole-3-glycerol phosphate or its nonhydrolyzable analogue indole propanol phosphate
(IPP). These inhibitors are ortho-substituted arylthioalkylphosphonate derivatives that hatgorislized

sulfur atom, designed to mimic the putative tetrahedral transition state at the C3 atom of the indole, and
lack the C2 atom to allow for higher conformational flexibility. Overall, the inhibitors bind in a fashion
similar to that of IPP. Glu-49 and Phe-212 are the two active site residues whose conformation changes
upon inhibitor binding. A very short hydrogen bond between a phosphonate oxygen and the Ser-235
hydroxyl oxygen may be responsible for stabilization of the enzyimkibitor complexes. Implications

for the mechanism of catalysis as well as directions for more potent inhibitors are discussed.

De novo biosynthesis of aromatic amino acids is a unique 3-glycerol phosphate (IGP) is cleaved to indole amd
feature of prokaryotic and lower eukaryotic organisms. The glyceraldehyde 3-phosphate (G3B)rgaction). The nascent
genes encoding proteins in these biosynthetic pathways arendole reacts with the activated-serine in a pyridoxal
present in bacteria, fungi, and plants, but have been deletedohosphate (PLP)-dependent reaction in the active site of the
from animals during the course of evolution. Therefore, en- S-subunit to form.-tryptophan and watef¢reaction). The
zymes that function in these pathways could be molecular three-dimensional structure of tryptophan synthase (TRPS)
targets for the development of new antibacterial, antifungal, from Salmonella typhimuriurhas been determined by X-ray
or selective herbicidal agents with limited animal toxicity. crystallography and reveals that a 25 A long hydrophobic
Two inhibitors of the shikimate pathway are among the tunnel connects the active sites of treand-subunits 6).
examples that support the belief that targeting these pathwaysThis hydrophobic tunnel is believed to have two roles. It
could be fruitful. (6R)-6-Fluoro-5-enolpyruvylshikimate-3-  allows indole, the product of the-reaction and the substrate
phosphate is an antibacterial and antifungal inhibitor of of the -reaction, to diffuse through the protein, thereby
chorismate synthasé); and the herbicidal agent glyphosate preventing its loss by diffusion through the cell membrane.
is an inhibitor of 5-enolpyruvylshikimate-3-phosphate syn- The tunnel also is involved in the allosteric interactions that
thase ). synchronize the reactions in the two subunits.

Tryptophan synthase (TRPSEC 4.2.1.20) catalyzes the In addition to the unliganded enzyme, structures of mu-
final two reactions in the de novo biosynthesis of tants and wild-type enzymes complexed to a variety of
tryptophan (reviewed in ref8—5). The bacterial protein is ~ substrates and inhibitors have been reporéeeil(l). These
a bifunctional enzyme with an,, subunit stoichiometry. ~ crystallographic studies have been complemented by ex-

Thea-subunit catalyzes a retroaldol reaction in which indole tensive kinetic analyses of wild type and site-directed mu-
tants of the enzyme in providing a detailed view of the
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Ficure 1: Mechanism of thex-reaction catalyzed by tryptophan synthase. In the first step, the baseldizes the N-H bond of indole

and abstracts the proton. The acigHBprotonates the C3 atom and facilitates the electronic rearrangement that leads to the formation of
the indolenine tautomer. In the second step, the actudl Gond cleavage is catalyzed by the basevihich abstracts the proton from the

C1 hydroxyl of the glyceryl side chain of indole 3-glycerol phosphate. This event leads to the formation of indaleyeeraldehyde
3-phosphate.

the enzyme &3). According to the proposed mechanism ylthio)-1-butenylphosphonic acid, 1:2 salt with isopropyl-
(Figure 1) @, 4), the rate of thex-reaction is enhanced by amine (); 4-(2-hydroxyphenylthio)butylphosphonic acid, 1:2
“push—pull” general acid-base catalysislg). Specifically, salt with diisopropylamine?); 4-(2-aminophenylthio)butyl-
the cleavage of the G3C3 carbon-carbon bond in IGP is  phosphonic acid3); 4-(2-hydroxy-5-fluorophenylthio)butyl-
activated by tautomerization of the indole ring to yield the phosphonic acid, 1:1 salt with diisopropylamid; @nd 4-(2-
indolenine tautomer. Two groups;B and B, facilitate this hydroxyphenylsulfinyl)butylphosphonic acifl)( The chemi-
tautomerization. Asp-60 has been identified ag@ 8, 11, cal synthesis of these compounds and a more complete
17, 18), but the identity of BH remains unclear. Glu-49 could  characterization of their inhibitory activities has been pub-
function as BH, but the available evidence is inconclusive lished elsewhere6Q).
(4). B;H protonates the indole ring at C3, while Bbstracts Enzyme Actiity MeasurementsThe expression and puri-
the proton on N1 of the ring to yield the tautomeric form. fication of the tryptophan synthase3, complex fromsS.
The actual aldol cleavage step is catalyzed byidentified typhimuriumhave been described previously). The ability
as Glu-49 9), which abstracts a proton from the 'C§droxy! of the arylthioalkylphosphonate compounds to inhibit the
of the glyceryl side chain, an event that leads to the formation a-reaction of tryptophan synthase was confirmed by measur-
of indole and G3P. ing the decrease of the initial rate at various concentrations
Here we describe structural studies on five arylthioalkyl- of the inhibitors. The assay conditions that were used were
phosphonate transition-state analogues designed to inhibithose described by Creighton and YanofsR@)(with some
the o-reaction 63).2 To establish the molecular basis of of the modifications introduced by Kirshner et &1y. The
inhibition by these agents, the crystal structures of the inhibitors were tested at concentrations ranging from 0.1 to
corresponding complexes have been determined at 2.3 A or5 M. On the basis of these measurements, i@lues were
higher resolution. The information provided here has impli- calculated by using a nonlinear regression analysis of the
cations for the mechanism of catalysis and can be used as alirect data implemented in Kaleidagraph (Synergy Software,

guide for the design of more potent inhibitors. Reading, PA).
Crystallization and X-ray Data CollectioM.he protein-
MATERIALS AND METHODS inhibitor complexes were prepared by mixing the individual

ChemicalsThe following tryptophan synthase inhibitors components so that the final protein and inhibitor concentra-

were provided by American Cyanamid: 4-(2-hydroxyphen- tions were 5-10 mg/mL and 1 mM, respectively. Crystals
of the complexes were grown under conditions (50 mM

- X 0
2 Langevine, C. M., and Finn, J. M. (1997) Arylthioalkyl- and aryl- Bicine, 1 mM. NaEDTA, 0'8-1'.5 mM spermine, and 12./9
thioalkenylphosphonic acids and derivatives thereof useful as herbicidal PEG 4000 adjusted to pH 7.8 with NaOH) that were modified
agents, U.S. Patent 5,635,449. from the original protocol to crystallize the unliganded
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Table 1: Crystal Parameters and Data and Refinement Statistics

TRPS-1 TRPS-2 TRPS-3 TRPS-4 TRPS-5

crystal parameters

unit cell dimensions, b, ¢ (A) 182.3,58.9,67.4 183.8, 60.8, 68.2 182.7,59.3,67.3 184.2,60.5, 67.8 183.3,59.9, 67.7

unit cell dimensiorp (deg) 94.4 94.4 94.5 94.4 94.5
data statistics

resolution (A) 42.2-2.3 45.8-2.2 42.72.3 45.9-2.3 45.72.0

no. of collected reflections 245222 223028 110360 95281 238914

no. of unique reflections 29830 35625 30288 31780 47432

completeness (total/high) (%) 92.6/85.2 93.5/87.2 90.6/70.8 95.2/79.6 95.8/91.8

Rm (total/high) (%¥ 7.6/16.1 7.8/18.3 11.7/27.6 7.3/17.3 5.4/13.4

MV o(I)(total/high} 12.9/3.9 7.412.9 8.0/4.1 11.2/4.5 15.4/5.9
refinement statistics

resolution range (A) 362.3 30-2.2 30-2.3 30-2.3 30-2.0

no. of reflections wittF > 2¢(F) 29402 35371 29619 31553 43982

no. of protein atonts 4928 4928 4928 4928 4928

no. of waters 162 160 157 188 184

no. of other atonfs 32 32 32 33 33

Riree, Rwork (%0) 27.5/20.6 26.9/20.8 27.6/21.0 27.1/22.1 25.3/21.7

rmsd for bonds/angles (A/deg) 0.010/1.74 0.010/1.81 0.008/1.68 0.009/1.69 0.011/1.86

disallowed @ andW¥) residue$ Phe-212 Phe-212 Phe-212

B(mc/sc/wat) (R)e 14.6/16.7/15.7 11.6/15.1/18.8 16.3/19.6/17.1 13.9/17.4/15.3 15.9/19.6/22.9

[esd)A)’ 0.25 0.22 0.28 0.25 0.23

a Completenessy, ando(l)Care given for all data and for data in the highest-resolution sRgh= =|I — OIV=I. ® No unambiguous electron
density was found for the following residues in the atomic moael; 190,191, 0268, 31, and;390—/3397. ¢ Other atoms represent PLP and
a sodium ion in all cases and the corresponding phosphonate inhibitor in each cohiiadlowed @ and W) residues are defined as those
residues with backbone torsion angles that are outside the allowed regions of the Ramanchandran°dvégaarthermaB factors are given for
main chain (mc) and side chain (sc) protein atoms and water molecules ({@atlJis the mean coordinate error estimated by the SIGMAA
method.

enzyme 6). The crystals exhibit symmetry of space group the coordinates an® factors of the atomic model were
C2 with anog pair in the asymmetric unit. refined by using the conjugate gradient minimization algo-

K) on an Raxis IIC image plate system with CaK-rays
generated from a Rigaku RU-200 rotating anode operating RESULTS AND DISCUSSION

at 50 kv and 100 mA and equipped with a Yale double-  Rationale for Inhibitor DesignThe design strategy was
mirror system. The crystal to detector distance was 100 mmpased on the inhibitor indole propanol phosphate from the
and the oscillation range®1 Reflection intensities were  crystal structure of the TRPSPP complex and the pre-
integrated with DENZOZ2) and scaled with the CCP2§) sumed mechanism of the reaction. The first compounds
suite of programs. prepared and tested for enzyme inhibitory and herbicidal
RefinementThe starting model for all five structures was activity were the phosphonate isosteré3)( The phospho-
the coordinate set of a refined model of native TRPS (PDB nate group was chosen to provide a combination of desirable
file name 1a5s) 11) without the cofactor PLP. X-PLOR, pharmacodynamic and pharmacokinetic properties. This
version 3.85124), was employed for all calculations. The group is expected to possess hydrogen-bonding capability
graphics program 26) was used for the display of electron  similar to that of the phosphate group, and it is not susceptible
density maps @ops — Fcac and Fops — Feac difference to metabolic inactivation by phosphatases. The initial phos-
syntheses at varying contour levels) and manual rebuilding phonate analogues possessed enzyme inhibitory and herbi-
of atomic models. Th&e. (26) was implemented from the  cidal activity with micromolar 1Gss (63). To improve the
beginning and its value used as a criterion for model potency of the phosphonate inhibitors, compounds were
improvement during the course of the refinement. After an designed to mimic the transition state. The ortho-substituted
initial round of rigid-body refinement, the model was arylthioalkylphosphonates are believed to share physico-
subjected to a simulated annealing protocol starting at 4000chemical (electronic and stereochemical) properties with the
K. At this point, atomic models of the phosphonate inhibitor putative transition state of the-reaction and are likely to
for each complex and of the common cofactor PLP that were bind the enzyme with higher affinity than the unmodified
generated and geometrically minimized with Insightll (Mo- substrate or product. During the chemical transformation in
lecular Simulations Inc., San Diego, CA) were built into the thea-reaction, the C3 atom of indole undergoes a hybridiza-
corresponding electron density. Several rounds of slow tion change from shin IGP to sg in the transition state.
cooling protocols with varying weights and starting temper- An sp*-hybridized sulfur atom replaces this tetrahedral carbon
atures, grouped and individu@ factor refinement, and in all of the phosphonate inhibitors used in our study. In
manual rebuilding followed. Placement of water molecules addition, the C2 atom of indole has been removed to allow
was achieved by selecting the peak§&ig — Fcac difference for higher conformational flexibility. The 16s of the five
maps that had heights ef4o and fulfilled hydrogen bonding ~ compounds for inhibition of thex-reaction of TRPS are
criteria. A two-parameter bulk solvent correcticir was provided in Figure 2.
applied, and this allowed low-resolution€80 A) reflections Quality of the Structures and Error Estimatekhe five
to be used in the refinement. In the final stages of refinement, structures reported in this study have been refined to 2.3 A
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FIGURE 3: 2Fqps — Feac 0a-weighted simulated annealing omit
3 (178 nM) electron density may®2, 31) for the tryptophan synthasenhibitor
5 complex at then-subunit active site contoured at &.0A total
E o of 265 protein and inhibitor atoms were omitted from the model
S\CA/CL*\C/Q\P// before a final simulated annealing run and map calculation.
2
\
HO/ OH An estimate of the average coordinate error of the refined
atomic models can be obtained either by the Luzzatti method
OH (28) or theoa plot (29, 30). Theoa-based estimates, which
4 (499 nM) use normalized structure factors and are thus insensitive to
o scaling errors, are provided in Table 1. The Luzzatti plot
|| gives comparable estimates for the structures. These error
S Cs c 0 estimates are consistent with the rms differences obtained
\04/ \c e ‘\// by pairwise least-squares superposition of the main chain
2 /P\ atoms for the protein residues of the five inhibitor complexes.
HG OH The rms differences range between 0.2 and 0.4 A. Therefore,
OH 0.4 A can be considered an upper limit for the estimate of

coordinate error in our structures, since the only difference
5 (715nM) is the nature of the inhibitor in the active site. The overall
estimates of errors are useful for assessing the significance
FIGURE 2: Chemical structures and 4§values of the transition- ~ Of comparisons between different structures. For assessing
state analogue-based phosphonate inhibitors of tryptophan synthasdhe accuracy of the positions of individual atoms in a
The IGp values are shown in parentheses next to the number structure, inspection of the electron density map is appropri-

representing each inhibitorl, 4-(2-hydroxyphenylthio)-1-bute- 40 Figure 3 presents thg-weighted simulated annealin
nylphosphonic acid2, 4-(2-hydroxyphenylthio)butylphosphonic oy, mga forg re resentativeginhibitdﬁ)(and active siteg
acid; 3, 4-(2-aminophenylthio)butylphosphonic acidi; 4-(2-hy- p p

droxy_s_ﬂuoropheny|thio)buty|phosphonic acid; am 4_(2_hy_ reSidUeS. The eleCtI’Oh denSity |nd|CateS that the pOSItlon Of

droxyphenylsulfinyl)butylphosphonic acid. the atoms of each phosphonate inhibitor in the active site of
TRPS is well-defined.

or higher resolution witfRye. values ranging from 25.3 to Enzyme-Inhibitor Interactions.As expected, the phos-

28.1% and very good stereochemistry (Table 1). The protein phonate inhibitors bind to the-reaction active site. Potential
residues that have been included in the final atomic modelshydrogen bonding interactions and relative distances from
area2—0189,0192—0267, and33—p389. Electron density  active site residues for the different inhibitors are shown in
for the N- and C-terminal residues is not visible. Electron Figure 4A—-E. Some interactions are common to all inhibi-
density exists between residugs89 andu192, but attempts  tors, while others are unique. The phenyl ring and side chain
to build the two intervening residues as a continuous peptide (thiobutyl, thiobutenyl, or sulfinylbutyl groups) of all inhibi-
chain were unsuccessful. All residues, with the exception of tors make contact with a number of hydrophobic residues,
oPhe-212, appear in the allowed regions of the Ramachan-including Phe-22, Leu-100, Leu-127, Phe-212, Leu-232, and
dran plot. This residue is involved in inhibitor binding and the methyl group of Thr-183. This is very similar to the
is discussed in more detail below. As previously described, packing of the indole and propyl moieties of the substrate
the a-subunit of TRPS is an eight-fold/s barrel, and the  analogue FIPP1(1). The alkylphosphonate portion of the
pB-subunit is a two-domain protein with a unique folg).( inhibitors extends approximately at a right angle with the
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Ficure 4: Schematic drawings of hydrogen bonding interactions between the five phosphonate inhibitors and putative catalytic residues at
the o-subunit active site. Distances from Glu-49 and Tyr-175 to the sulfur atom of four of the inhibitors are also shown: (A) idhibitor
[4-(2-hydroxyphenylthio)-1-butenylphosphonic acid], (B) inhibifj@-(2-hydroxyphenylthio)butylphosphonic acid], (C) inhibi®{4-(2-
aminophenylthio)butylphosphonic acid], (D) inhibitdf4-(2-hydroxy-5-fluorophenylthio)butylphosphonic acid], and (E) inhibBdd-(2-
hydroxyphenylsulfinyl)butylphosphonic acid].

phenyl ring, and the phosphonate oxygens form hydrogen 213, Gly-234, and Ser-235. The interaction with the hydroxyl
bonds with the hydroxyl group of Ser-235, two water of Ser-235 appears to be particularly strong in the complexes
molecules, and the main chain nitrogens of Gly-184, Gly- of TRPS withl and3—5. The significance of this interaction
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is discussed below. As with IPP (and FIPP), no basic amino hydrogen bonds. These bonds have been observed in crystal
acid side chain makes direct interactions with the phospho- structures of salts of carboxylic and phosphorus-containing

nate. The side chain of Arg-179 is in the vicinity of the
phosphonate group but at distances that are too larg8 (4
A) for any hydrogen bonding interaction to occur. However,
in the low-dielectric environment within the protein, Arg-

acids @89—41). In the case of phosphate crystatshonding

(of the d,—p- type) within the phosphoryl group with its
stronger potential acidity has been implicated as being
responsible for a reduction of the effective radius of the

179 may be involved in substantial electrostatic interactions oxygen atom, thus leading to a shortening of otherwise
with the phosphonate. The phosphonate group also binds neanormal hydrogen bonds39). Again, however, there is no

the N-terminus of helix H8(terminology of ref6). The
o-helix macrodipole may play a role in fine-tuning its fit to
the active site as has been previously propogedipe ortho

general agreement (in the small molecule literature) for the
cutoff value of the distance between the two heteroatoms
that can distinguish these bonds from ordinary (high-barrier,

substituent of the phenyl ring consistently interacts with the double-welled) hydrogen bond43, 43). There is a single

carboxylate of putative catalytic residue Asp-60—&
distances range from 2.7 to 2.9 A, where X is O or N).
In 1, the rigidity introduced by the double bond does not

case of a proteirligand complex (phosphate complexed to
phosphate binding protein) refined at 0.98 A resolution in
which a very short hydrogen bond is unambiguously

perturb the potential for hydrophobic and van der Waals observed 44). In this example, coordinate errors can be
interactions, yet presumably favors binding due to entropic derived rigorously for all atoms by inversion of the final
effects (i.e., fewer degrees of freedom are lost upon binding least-squares matrix, and are estimated to be 0.007 A for
than in the case of a saturated-C bond). Furthermore, in  the heteroatoms involved in the hydrogen bond. Interestingly,
the rigid conformation imposed by the double bond, one of this bond was also observed in a lower-resolution structure
the phosphonate oxygens is brought into very close contact(45). Very short hydrogen bonds have also been observed

with the hydroxyl of Ser-235, forming a strong, possibly low-
barrier, hydrogen bond (®0 interatomic distance refined
to 2.4 A) 32—35). The length of this hydrogen bond is the

in a number of structures at resolutions varying between 1.6
and 2.3 A involving phosphonate or phosphinate transition-
state analogues complexed to carboxypeptidasé6A47),

shortest among the inhibitors in this study and presumably thermolysin 48, 49), penicillopepsin %0), HIV-1 protease

reflects the strength of the interaction. Tdvaydroxyl group

of 2 forms a strong interaction with the carboxylate of Asp-
60 (O—0 distance of 2.8 A), and the length of this hydrogen
bond is the same as the one formed in the TRP8omplex.
Theo-amino group of3 also makes one hydrogen bond with
the same carboxylate oxygen €@ distance of 2.9 A).
Compounds4 and 5 possess two unique atoms that were
designed to enhance interactions with TRPS. fiflegorine
substituent of the ring id does not participate in any polar
interactions and is in proximity only to the CD1 carbon of
lle-153 (F—C distance of 3.1 A). The sulfoxide oxygen®f

(51), and endothiapepsin?). In all of these complexes, one
of the oxygens of the phosphorus-containing groups is shown
to interact with one of the carboxylate oxygens of either a
glutamic acid or an aspartic acid residue. The hydrogen bond
distances (©-0 distances) range between 2.2 and 2.5 A. It
has been proposed that such short, very strong, low-barrier
hydrogen bonds can make a significant contribution to
enzymatic catalysis and can have energies that are roughly
10 times higher than those of ordinary H-bon82-(35, 53).

In addition to very short distances, other criteria are also
important for the establishment of low-barrier hydrogen

seems to make a strong hydrogen bond with the hydroxyl bonds: (1) similar g, values for the functional groups

group of Tyr-175 (O-O distance of 2.6 A).

Do Low-Barrier Hydrogen Bonds Exist in the Enzyme
Inhibitor Complexes?In the complexes of TRPS with
inhibitors 1 and 3—5, the distance between one of the

involved in the hydrogen bond and/or (2) the presence of
permanent charge(s) in one of the two participating groups.
The presence of a charge on the phosphonate group is
supported by the lack of activity of analogues that are

oxygens of the phosphonate group and the hydroxyl oxygenuncharged. The participation of charges in low-barrier

of Ser-235 has been refined to values=dt.5 A, implying
the involvement of a strong, low-barrier hydrogen bond
(LBHB) in the stabilization of the enzymenhibitor com-

hydrogen bonds is particularly important for intermolecular
interactions $4). The bond becomes stronger with the
increasing strength of the electrical monopole. Formation of

plexes. The specific distance of this hydrogen bond for eachthese bonds should be favored in sterically crowded active

of the inhibitors is as follows:1, 2.4 A; 2, 2.6 A; 3, 2.5 A;
4, 2.5 A; ands, 2.5 A. While the resolution of our data and

sites where some of the energy of the bond is used for the
relief of steric strain, as has been recently proposed for serine

the estimated coordinate errors for the derived models doproteases §5). However, we should note that it is not
not allow us to ascribe statistical significance to these very possible to isolate the contributions of the charge on the

short distances, their presence in four out of five of our
inhibitors supports further studies for verifying their signifi-
cance. Confirmation of a low-barrier hydrogen bond will
require NMR experiments to determine whether low-field
proton chemical shifts and low fractionation factors are
present.

The existence of LBHBs within enzyme active sites is
controversial in light of recent theoretical (molecular me-
chanics and ab initio quantum mechanical) calculati@és (
37) and NMR spectroscopic dat88). Nonetheless, small
molecule and macromolecular crystallography at very high
(atomic) resolution have confirmed the validity of very short

phosphonate to chargeharge interactions with the helix
dipole or to the LBHB.

There are two other examples of very short hydrogen
bonds in enzymeligand complexes that bear the closest
chemical resemblance to the ones observed in our structures.
In the complex of cytidine deaminase with a TSA inhibitor,
an interaction occurs between an alcoholic hydroxyl of the
inhibitor and a glutamate carboxylate oxygen with a refined
O--+O interatomic distance of 2.4 A56). A very similar
bond between an aspartate carboxylate group and a hydroxyl
of a sugar moiety of a trisaccharide is also found in the
structure of a lysozymetrisaccharide complexs(). In the



Transition-State Analogues of Tryptophan Synthase Biochemistry, Vol. 38, No. 39, 19992671

case of cytidine deaminase, the hydroxyl group is the
predominant feature that distinguishes the transition state
from the ground state of the substrate cytidine. In the case
of lysozyme, however, this particular hydrogen bond is
observed at a site far from where cleavage of the glycosidic
bond of the sugar is proposed to occur. Thus, it may simply
confer higher affinity of the ligand for the enzyme. In the
case of tryptophan synthase, the hydroxyl of Ser-235 is
playing a similar role in its interaction with the phosphonyl
oxygen. To the best of our knowledge, this is the first time
that such a strong hydrogen bond between a phosphonyl
oxygen and an alcoholic hydroxyl oxygen is observed in
enzyme-inhibitor complexes.

Comparison of Inhibitor, Substrate (IGP), and Substrate
Analogue (IPP and FIPP) Bindindn all of our complexed
structures, the inhibitors and protein active site residues
superimpose fairly well (Figure 5A). The major differences
occur with the alkyl carbon atoms that link the aromatic and
phosphonate groups, particularly for inhibit@&and4. This
difference is larger foB. The overall positioning of its alkyl
chain is associated with an altered orientation of the
phosphonate group relative to the other inhibitors. The altered
position results in a weaker interaction between the phos-
phonate of3 and the backbone amide of Gly-184 (O
distance of 3.5 A compared to 2:8.0 A for the other
inhibitors).

Structures of the substrate IGB) @nd of the substrate
analogues IPPg] and FIPP {1) complexed to TRPS have
been reported. Most of the interactions of the phosphonate
group and the ortho substituent of the phenyl ring of our
inhibitors are similar to those of the phosphate group and
the indole nitrogen, respectively, of IGP in the TRAGP
complex (Figure 5B). However, the various proteligand
complexes differ significantly in the conformations of active
site residues Glu-49 and Phe-212. Glu-49 points away from
the ligand in the complexes of TRPS with the phosphonate
inhibitors (this study), IPPg, 8) or FIPP (1), whereas it is Ficure 5: Structural comparisons ef-site ligands of tryptophan
in an extended conformation in the free enzyregnd in synthase. (A) Relative location af-site ligands obtained by
the complex of theD60N mutant with the natural substrate SUPerposition of thea-subunits of each phosphonaienzyme

. . complex. The superposition shows that the relative orientation of
IGP (9). The extended conformation of Glu-49 allows it to active site residues is the same for each inhibitar(red), 2

form a hydrogen bond with IGP. Surprisingly, Glu-49 forms  (yellow), 3 (green) 4 (blue), ands (purple). (B) Superposition of
no apparent polar interactions in the active site of the free theoa-subunit active site residues of ta®60N tryptophan synthase

enzyme. Modeling of the phosphonate inhibitors, IPP, or mutant complexed with indole 3-glycerol phosphate and the wild-
FIPP in the active site of the free enzyme shows no steric YP€ TRPS complexed with a representative inhibifgrfom our

. - : . study: IGP (red) and (purple).
clashes with Glu-49 (with the exception of the sulfoxide
oxygen of5 which would clash at distances of 2.2 and 2.1 Furthermore, if Phe-212 had the same orientation in our
A from the side chain oxygens of Glu-49). The major reason structures as in the free enzyme and IGP complex, it would
for the different conformation of Glu-49 appears to be the sterically clash with Arg-179 (this residue is not visible in
loss of enthalpic stabilization provided by a hydrogen bond the free enzyme and IGP complex crystal structures).
between the carboxylate of Glu-49 and the hydroxyl of C3 Therefore, the change in the conformation of Phe-212
of the glyceryl group of IGP. This in turn arises from the stabilizes TRPS complex formation with the phosphonate
lack of a hydrogen bond donor at the C4 position of our inhibitors through hydrophobic and van der Waals interac-
inhibitors (equivalent to the C®f IGP) and also at the C3  tions.
position of IPP and FIPP. The conformation of Glu-49 with  Conformation of Flexible LoomL6. In contrast to the
the phosphonate inhibitors in the active site is stabilized by conclusion drawn by Rhee et aB)(that both thea- and
a new hydrogen bond network formed by Tyr-173, Tyr-104, S-subunit active sites must be occupied with substrate to
and two water molecules. Differences are also observed ininduce closure of loopalL6 (residues 177191 in the
the conformation of Phe-212. The side chain of Phe-212 a-subunit), and in agreement with the results obtained by
packs against the phenyl ring of the phosphonates and theSchneider et al.1(1), we observe that the presence of an
indole rings of FIPP and IPP but adopts a different position a-site ligand alone is sufficient for the ordering and closure
in the free enzyme and the IGP complex, where it points of loop oL6 at the top of thex-site. Most of the residues of
away from the active site and becomes a surface residueloop alL6 are visible in our complex structures (Figure 6).
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'S donor) on the C4 of the alkyl group, which is equivalent to
the C3 of the indole of IGP. Such a group could potentially
mimic the interactions of the Cahydroxyl of IGP. Its
absence from our inhibitors prevents us from confidently
drawing conclusions based on these structures with respect
to the nature of basesBHowever, the recently determined
structure of the complex of @D60N mutant of TRPS with
the natural substrate IGB)(revealed a strong hydrogen bond
between one of the carboxylate oxygens of Glu-49 and the
C-3 hydroxyl of IGP, implying that this group can serve as
a base that will deprotonate the '@%droxyl during catalysis
and facilitate IGP cleavage.
g The structures in this study cast doubt on the proposed
“ﬂf_:;;? role of Glu-49 as the acid (Bl) that protonates the C3 of
indole. The carboxylate of Glu-49 points away from the
sulfur atom (which mimics C3 of indole) in all of our
FIGURE 6: 2Fope — Feaic 0a-weighted simulated annealing omit inhibitors. The distance between the sulfur atoms and the
electron density map for residuesl77—al183 of loop alL6 of carboxylate oxygen of GIu-4_19 IS reflr_led to valut-?-s ranging
tryptophan synthase contoured atd.Showing the continuous ~ between 4.4 and 6.0 A. This could imply that (i) another
density of the loop. functional group participates in protonation of C3, (ii) our
inhibitors do not represent an appropriate model of the
In particular, there is clear density for residues +7183 transition state of thex-reaction, or (iii) close proximity
which also have loweB factors compared to those of the between the carboxylate of Glu-49 and C3 (or S) is achieved
remaining portion of the loop. Residues 190 and 191 remain only transiently in the active site and is unobservable in our
unobserved in our complexes, although some electron densitytime-averaged diffraction experiment. The enzyrimhibitor
exists between residued 89 andn192. Gly-184 is the only  structures here highlight the possible role that Tyr-175 can
loop residue that forms a hydrogen bond (involving its play in this part of thex-reaction. In particular, the distance
backbone nitrogen) with one of the phosphonate oxygens ofbetween the hydroxyl of Tyr-175 and the sulfur, which
the inhibitors (N-O distances of 2:93.0 A). Furthermore,  mimics the C3 atom that becomes protonated during the
in this conformation, Thr-183 stabilizes Asp-60 by forming reaction, varies between 3.5 and 3.9 A in all of the inhibitor
a hydrogen bond with one of its carboxylate oxygens. structures, and is significantly shorter than the corresponding
Implications for the Mechanism of Catalysige transition distance from the carboxylate of Glu-49. It is interesting that
state of thea-reaction is presumed to involve a tetrahedral Tyr-175 is one of the sites of missense mutations that
carbon atom (Figure 1). The %pybridized sulfur atom in inactivates thex-subunit £8, 59).
the inhibitors is meant to mimic this transition state.  The significant catalytic activity reported for tloey 175F
Therefore, analysis of the interactions between the inhibitors mutant suggests that Tyr-175 is not the acid cataly8}. (
and the enzyme could be useful in understanding the catalyticNagata et al. conclude that the only other functional group
mechanism. The €S—C angle in all of the arylthioalkyl-  that could fulfill this role is Glu-49. However, other
phosphonate inhibitors in this study varies betweerf Hofl conclusions regarding the catalytic roles of these residues
113, which is close to the expected value for a tetrahedrally are also possible. For example, the phenolic hydroxyl of Tyr-
coordinated atom (1028). This implies that the sulfur atom 175 may function as the catalytic acid in the wild-type
mimics the putative tetrahedral carbon atom in the transition enzyme. Upon replacement with phenylalanine, the mutant
state. It is interesting to note that among all of the inhibitor enzyme may undergo a change in mechanism that now
atoms, the position of the sulfur atom is most dissimilar from allows Glu-49 or a water molecule that is sufficiently
the corresponding $ghybridized atoms of IGP, IPP, and polarized in the low-dielectric environment of the active site
FIPP (Figure 5B). The most likely explanation is the absence to compensate for the absence of Tyr-175 and function as
of ring constraints for our inhibitors, but substantial move- the catalytic acid. Such a change in catalytic mechanism has
ment at this position as substrate is converted to productbeen observed in a mutant of triosephosphate isomerase with
cannot be ruled out. the replacement of a catalytically important electrophilic
The transition state in the-subunit active site is formed group in the active site60). The absence of detailed
with the assistance of three functional groupsHBB,, and structural and mechanistic information for the Y175F mutant
Bs. Asp-60 and Glu-49 have been previously identified as does not allow the significant catalytic activity observed for
B, and B, respectively, but the identity of;Bl has remained  the a-reaction to be interpreted with confidence. Additional
unknown Q). The structures presented here reinforce the ideastudies of the Y175F mutant are required to resolve this issue.
that Asp-60 plays a catalytically important role as a base Design of More Potent InhibitorsThe design of indole-
(B») that abstracts the proton from the indole nitrogen (NH) nine-based compounds may also produce potent inhibitors
and facilitates indolenine tautomerization of IGP. In all of of TRPS. This idea stems directly from the proposed
the complexes, the ortho substituent of the phenyl ring, which mechanism for thei-reaction of TRPS (Figure 1). Formation
is in a position equivalent to that of the NH of indole and of an indolenine tautomer is suggested to facilitate theCC
exerts similar electronic effects on the ring, interacts with bond cleavage in IGP. It is noteworthy that in an effort to
the carboxylate of this particular aspartate residue. Our study the mechanism of thereaction, indoline derivatives
inhibitors do not possess any polar substituent (H-bond (2,3-dihydroindoles that contain a tetrahedral carbon at C3)




Transition-State Analogues of Tryptophan Synthase

were synthesized and shown to be strong competitive
inhibitors of the tryptophan synthase reactiéf, 62). These
compounds, however, exhibited-1000-fold weaker activity

than the phosphonate inhibitors used in the study presented

here. This could be due to the fact that the indoline
compounds, oxindolyl-alanine and 2,3-dihydro-tryp-
tophan, contain an aminocarboxyethyl instead of the phos-
phonylbut(en)yl side chain of our inhibitors. Presumably, the
indoline analogues cannot form electrostatic and hydrophobic
interactions with active site residues that are as potent as
those of our inhibitors.

Examination of the binding site for arylthiolphosphonate
inhibitors in this study or previously published inhibitors of
tryptophan synthase reveals additional interactions that could
be exploited to improve affinity. For example, in many of
the inhibitors, favorable van der Waals contacts with lle-64,
Thr-183, and Gly-234 could be made by replacing hydrogen
atoms along the alkyl chains with larger atoms or functional
groups. The actual positions that should be substituted are
different for each inhibitor due to subtle differences in
binding orientations between each inhibitor. The differences
in binding among the ligands of tryptophan synthase that
impact analogue design are best illustrated by the arylthi-
olphosphonate inhibitors of this study. The C4 atom of the
arylthiolphosphonates should mimic the 'G&om of the
natural substrate to which a hydroxyl group is attached.
However, placement of a hydroxyl group at C4 of these
inhibitors is unlikely to exploit the potential interaction with
Glu-49 due to stereochemical differences that result from
the different position of sulfur relative to the C3 position of
the indole ring of the substrate and substrate analogues.
Indoline analogues may be more appropriate for hydroxyl
modification at this position because the constraints imposed
by the five-membered ring would allow the hydroxyl to
occupy a position similar to that of IGP. Incorporating
features from indoline rings with the phosphonate-based side
chains used in the study presented here may result in further
improvements in the potency of inhibitors for TRPS and lead
to effective antibacterial, antifungal, and herbicidal agents.
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