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Abstract

Four new X-ray structures of tryptophan synthase (TS) crystallized with varying numbers of the
amphipathic N-(4’-trifluoromethoxybenzoyl)-2-aminoethyl phosphate (F6) molecule are
presented. These structures show one of the F6 ligands threaded into the tunnel from the -site and
reveal a distinct hydrophobic region. Over this expanse, the interactions between F6 and the tunnel
are primarily nonpolar, while the F6 phosphoryl group fits into a polar pocket of the $-subunit
active site. Further examination of TS structures reveals that one portion of the tunnel (T1) binds
clusters of water molecules, whereas waters are not observed in the nonpolar F6 binding region of
the tunnel (T2). MD simulation of another TS structure with an unobstructed tunnel also indicates
the T2 region of the tunnel excludes water, consistent with a dewetted state that presents a
significant barrier to the transfer of water into the closed p-site. We conclude that hydrophobic
molecules can freely diffuse between the a- and p-sites via the tunnel, while water does not. We
propose that exclusion of water serves to inhibit reaction of water with the a-aminoacrylate
intermediate to form ammonium ion and pyruvate, a deleterious side reaction in the af3-catalytic
cycle. Finally, while most TS structures show fPhe280 partially blocking the tunnel between the
a- and B-sites, new structures show an open tunnel, suggesting the flexibility of the fPhe280 side
chain. Flexible docking studies and MD simulations confirm the dynamic behavior of fPhe280
allows unhindered transfer of indole through the tunnel, therefore excluding a gating role for this
residue.
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Introduction

Knowledge of the mechanisms by which small molecules are transported has been
dependent on the determination of structures for the macromolecular protein assemblages
involved in modulating transport. For example, the substantial body of structural
information now available for membrane proteins shows that transport mechanisms are
fundamentally dependent on the presence of macromolecular structures which form pores
with dimensions and polarity designed to provide selective transfer of the desired small
molecule or ion.[1-6] These pores or “channels” are capable of considerable selectivity, viz.
the potassium channel.[1, 2] It is now apparent that similar transport processes take place
within assemblages of enzymes in certain metabolic pathways. The functions of these
transport processes are postulated to protect labile small molecule intermediates from
deleterious side reactions, to enhance catalytic efficiency, and to prevent loss of
hydrophobic molecules by adsorption into hydrophobic environments such as the
membranes of the organelles comprising the cell.

Substrate channeling plays an important role in many different enzymatic reactions wherein
a common metabolite must be transferred from one enzyme active site to another within a
multi-enzyme complex.[7-9] Channeling typically involves diffusion through a largely
hydrophobic tunnel, and the phenomenon has been implicated in many multi-enzyme
complexes. For example, the structurally well-described amidotransferase family of
enzymes employs tunnels to channel ammonia and other substrates between the active sites
of the protein complexes.[9-12] The most remarkable member of this family, the carbamoyl
phosphate synthase complex, transfers NHs, carboxyphosphate, and carbamate among three
active sites through a 100 A-long network of tunnels.[9, 11, 12] Gating mechanisms have
been postulated to play a role in the regulation of substrate channeling in some enzymes, for
example imidazole glycerol phosphate synthase. Yet, it has been demonstrated by Amaro et
al.[13, 14] that gating is not significant, and, interestingly, molecular dynamics studies
indicate that the channel in this complex disfavors the conduct of water while optimizing
ammonia transport.[15]
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In the pyridoxal-5’-phosphate-requiring family of enzymes, the 143 kDa tryptophan
synthase complex (TS, EC 4.2.1.20) has been shown to transfer the common metabolite
indole from one site to another via a 30 A tunnel.[16] Bacterial TS[16] catalyzes the
biosynthesis of L-tryptophan from substrates indole-3-glycerol phosphate (IGP) and L-
serine (reactions 1-3).[17] The enzyme consists of two a-subunits (29 kDa each) and two [3-
subunits (43 kDa each), arranged in a nearly linear assembly of aff dimeric units to give an
appa structure. TS was the first enzyme system demonstrated to use substrate channeling to
connect two active sites for sequential reactions.[16, 18, 19] The TS catalytic mechanism
depicted in Scheme 1ab shows indole is produced in the a-site reaction and consumed in the
B-reaction.[17, 20, 21]

Early studies of TS showed that free indole is not found in solution during the overall af
reaction, leading to the hypothesis that the active sites of both subunits are buried in the
interior of the complex adjacent to each other.[17, 19, 22, 23] This hypothesis provided a
structural basis for the lack of any build-up of indole during the o reaction. In the late
1980s and 1990s, investigations of the tunnel hypothesis involving both solution and
structural studies were undertaken in parallel. The 2.5 A resolution crystal structures of the
TS internal aldimine, E(Ain), and the complex of E(Ain) with indole propanol phosphate
(IPP) were published in 1988.[16] These structures indicated that rather than aligned
adjacent to each other, the active sites within each aff dimeric unit are actually separated by
a distance of approximately 30 A and are connected by a 25 A long hydrophobic tunnel. The
dimensions of the tunnel appeared sufficient to accommodate the passage of indole from the
a-site to the B-site. Kinetic analyses revealed that formation of the a-aminoacrylate
intermediate at the p-site increased IGP cleavage at the a-site nearly 30-fold and that indole
channeling is rapid relative to the turnover of substrates in the af reaction. A series of
kinetic studies[24-29] demonstrated that the tunnel is functional in the transfer of indole
from the a-site to the B-site and that, in the af-reaction, the transfer occurs within aff
dimeric units wherein the a- and p-subunits have closed conformations, postulated to
prevent the escape of indole.[25, 27, 28, 30] Thus, allosteric communication between the a-
and B-sites within ap-dimeric units of the tetrameric assembly switches the subunits between
open (inactive) and closed (active) conformations that synchronize the catalytic cycles of the
a- and B-sites and prevent the build-up and escape of indole during the ap-catalytic cycle.
[12, 20, 25, 30-32]

Computational simulations have provided important contributions to understanding both the
flexibility of the tunnel and the conformational allostery that play a large role in regulation
of channeling in TS. Bahar and Jernigan[33] explored allosteric communication between
subunits in both wild type and mutant forms of the enzyme and identified specific flexible
residues integral to structural changes necessary for catalysis. Spyrakis et al.[34] undertook
MD studies to focus on the conformational transition between the open and closed
conformations of the a-subunit, the changes this conformational transition brings about in
the af3-subunit interface, and the pathway for the entry of substrate into the a-site from
solution. Fatmi and Chang[35] employed MD and Brownian dynamics simulations to probe
the effect of conformational changes in the protein on the channeling of indole. These
simulations suggested that indole can freely pass through the tunnel with little steric
clashing.
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Efforts have been made to prepare TS variants with site-directed mutations designed to
block the tunnel.[36-39] The results of these efforts were ambiguous in that the BA169L/
BC170W mutant exhibited altered substrate reactivities and specificities as well as a
perturbed three dimensional structure. This mutant may block the transfer of indole, but the
crystal structure shows a ~2 A shift in the position of the COMM domain relative to wild-
type enzyme that likely destroys the allosteric interactions between the sites[38] and
perturbs the subunit interface in the vicinity of the tunnel. Further experiments with Nile
Red led to the proposal that it was sequestered within the nonpolar region of the tunnel
between BC170 and BF280, yet no crystal structure was reported.[39]

The evidence for the switching of af dimeric units between open and closed states during
the af} catalytic cycle[24-29] was strongly reinforced by the determination of the crystal
structure of the complex of G3P with the E(A-A) complex.[40] This structure showed that
both the a- and B-subunits have conformations wherein the a- and p-active sites are closed;
closing of the a-subunit is associated with motions in a-loop L6 (aL6, residues a176-196)
that switch the subunit from a disordered (open) to an ordered (closed) state, while closing
of the B-subunit involves motion of the communication (COMM) domain (residues 102—
189) and concomitant formation of a salt-bridge between fArg141 and pAsp305. Evidence
that small molecules with dimensions similar to indole could be sequestered within the
confines of the tunnel and the a- and p-sites when the af-dimeric unit is in the closed state
was provided by the demonstration that the indole analogue, indoline, could be trapped
within the complex by stabilizing the closed conformations of the af-dimeric unit via
binding of high affinity ligands to the a-site of the a-aminoacrylate form.[41, 42] The
studies of Brzovic et al.[27, 28] provided strong evidence that the switching from the open
to the closed conformation occurs when L-Ser reacts with the PLP cofactor to form E(A-A),
and Leja et al.[43] demonstrated that conversion of the L-Trp quinonoid, E(Q3), to the L-Trp
external aldimine, E(Aex»), triggers both the conformational switch back to the open form
and deactivation of the a-site. These conclusions have been further extended using 1°F
NMR to investigate the binding of the ligand N-(4’-trifluoromethoxybenzoyl)-2-aminoethyl
phosphate (F6, an inhibitive analogue of IGP) to probe conformational switching and
catalysis in the structure and function of tryptophan synthase.[44] This switching between
open and closed states likely brings about synchronization of the a- and B-reactions and
prevents the loss of indole during the ap catalytic cycle.[12, 20, 25, 30-32, 43, 44]

Although the existence of an interconnecting tunnel between the a- and p-sites has been
proposed based on the X-ray structures of TS, only one structure has been published
showing a ligand bound within this tunnel. In 2007,[45] Ngo et al. reported that at relatively
low concentrations one F6 molecule binds to the a-site of TS (PDB ID: 2CLE). When
present in high concentrations, F6 gave an internal aldimine crystal structure wherein F6
was bound both to the a-site and to the tunnel within the B-subunit (PDB ID: 2CLF). The
structural studies presented herein show that depending on the concentrations of F6 present,
crystals containing one, two or three molecules of F6 per af3-dimeric unit can be formed
wherein one F6 molecule is threaded into the tunnel from the -site. Thus, F6 can bind to
three well-defined sites: the a-subunit catalytic site,[45] a site located along the ap-subunit
interface adjacent to the a-site near the tunnel (this work), and a site within the B-subunit
portion of the tunnel[45] (this work). We present here a detailed analysis of the binding of
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F6 to these three sites via single crystal X-ray crystallography, the transfer of indole via a
flexible docking study, and the dynamic modeling of water along the tunnel via molecular
dynamics (MD) simulations using another crystal structure with a clear tunnel (PDBID:
4HN4). We also discuss the implications of these binding interactions to the structure and
function of TS.

Experimental Methods

Crystallization, Data Collection, and Structural Determination

TS was purified as previously described.[46] About 10 mg of pure TS was applied to a
HiPrep 16/60 Sephacryl S-200 HR column (GE Healthcare) equilibrated in 50 mM bicine-
NaOH, pH 7.80, 20 uM PLP, and 100 mM NaCl to ensure sodium ion in the metal
coordination site of the B-chain. Fractions with Ay, 280 nm were analyzed in 15% SDS-
polyacrylamide gel electrophoresis[47] stained with Coomassie Brilliant Blue R250.
Fractions of interest containing high amounts of pure TS were pooled and concentrated
using a 30 kDa Amicon tube at 293 K. Protein concentration was determined,[48] and the
sample concentration was adjusted to 10 mg/mL in the column buffer. All crystallization
experiments were carried out as sitting-drop vapor-diffusion experiments with equal
volumes (5+5 L) of protein solution and reservoir solution droplets using 24-well, 500 uL
reservoir Cryschem plates (Hampton Research). The plates were sealed with sealing film
and incubated at 293 K in the dark for up to 2 weeks. Optimized large, plate-like single
crystals were grown in a solution containing 50 mM Na-bicine adjusted to pH 7.8,
containing 100 mM NaCl, 8-10% PEG-8000, and 2% spermine. To determine the TS crystal
structures in complex with the F6 inhibitor, a single plate-like crystal was harvested and
soaked in reservoir buffer containing 1 mM F6 inhibitor and PEG-400 as cryoprotectant
agent (F6-PEG buffer). In order to prevent cracks or fissures in the diffraction-quality
crystals promoted by sudden exposure to high cryoprotectant concentration, the loop-
mounted crystal was consecutively equilibrated for 3 minutes each in F6-PEG buffer
enriched with increasing concentrations (5, 10, 15, and 20%) of PEG-400 (PDB ID: 4WX2).
A second crystal (PDB ID: 5BW6) was soaked in the same buffers but equilibrated for 1
minute each in F6-PEG buffer, as described above. A third crystal was soaked in 10 mM F6
in F6-PEG buffer, and the loop-mounted crystal was consecutively equilibrated for 1 minute
in F6-PEG buffers containing higher PEG-400 concentration as described above (PDB ID:
4Y6G). A fourth crystal was consecutively equilibrated for 2 minutes in reservoir buffer
containing 10 mM F6 inhibitor containing DMSO as cryoprotectant agent (F6-DMSO
buffer) and the loop-mounted crystal was soaked for 2 minutes in F6-DMSO buffers
containing 10, 20, and 30% of DMSO (PDB ID: 4ZQC). The crystals were then flash-cooled
at 100 K in a stream of gaseous nitrogen, and a single-wavelength near-complete X-ray data
set was collected using a Rigaku MicroMax-007HF rotating-anode X-ray generator and the
Rigaku RAXIS IV++ image plate detector (UC-Riverside, Biochemistry Department) or
using synchrotron radiation at SIBYLS (Advance Light Source beamline 12.3.1) and the
ADSC QUANTUM 315 CCD detector (Berkeley-CA, USA). All further data and model
manipulation was carried out using the CCP4 suite of programs.[49] All X-ray diffraction
data were indexed and merged with iMOSFLM[50] and then scaled with SCALA.[51]
Phases for the native crystal structure were determined using the molecular-replacement
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method as implemented in MOLREP[52] using the TS crystal structure from S. typhimurium
with the F6 inhibitor in the a-site as a search model (PDB ID: 4KKX).[44] The resulting
model was further refined with REFMACS5[53] to generate the initial electron-density maps.
Models were improved after extensive cycles of manual modeling in Coot[54] and
restrained refinements in REFMAC. Water molecules were added in REFMACS, and their
occupancies were manually checked in Coot. The TLS protocol was implemented in the
final stage of refinement using TLS groups generated by the TLSMD web server.[55] After
final refinement, the stereochemical quality of the protein structure data was checked using
PROCHECK.[56]

Since the orientation of F6-1 in both PDB IDs: 4WX2, 4ZQC, and 4Y6G is flipped relative
to that of F6-1 in PDB ID: 2CLF, we were interested in re-refining the model of PDB ID:
2CLF with rotation of the F6-1 molecule to the orientation we observed in our models PDB
ID: 4WX2 and PDB ID: 4Y6G (see Results). Re-refinement of model PDB ID: 2CLF
(rr2CLF) was accomplished using the coordinate file and the structure factor (SF) file of
model PDB ID: 2CLF downloaded from the PDB web-site and then uploaded in the
Structure Factor Conversion and Validation (sf-valid) version 2.03 (http://sf-
tool.wwpdb.org/) to convert the SF file from the mmCIF format to MTZ format, using 5.0%
of the reflection data (free R) for cross-validation (See Supplemental Material).

Publication quality images were drawn using the PyMOL molecular-graphics program.[57]
The coordinates of the refined structures were deposited in the Protein Data Bank. The
crystallographic data-collection and structure refinement statistics are summarized in Table
1.

MD Simulations

The MD simulation performed with a closed a-aminoacrylate structure (PDB ID: 4HN4)
was used to investigate the dynamic behavior of residues in the tunnel.[58] We performed
MD simulations using Amber14,[59] with the Amber 99SB force field for the protein and
general amber force field (GAFF) for the ligands. First, we checked the protonation state
using the MCCE program.[60, 61] We then conducted energy minimization for hydrogen
atoms, protein side chains, and the whole system for 500, 5000, and 5000 steps,
respectively. The systems were then solvated in a rectangular box of 12 A explicit TIP3P
water model by the tleap program in the Amberl14 package.[62] Placement of the counter
ion of Na* was based on the Coulombic potential to keep the whole system neutral, and
particle mesh Ewald was used to consider long-range electrostatic interactions.[63] Before
equilibration, we ran energy minimization of 10000 and 20000 steps for the waters and the
system, respectively, and then gradually heated the systems from 250 K for 20 ps, 275 K for
20 ps, and 300 K for 160 ps. We collected the resulting trajectories every 1 ps with a time
step of 2 fs in the isothermic—isobaric (NPT) ensemble. The Langevin thermostat with a
collision frequency of 2 ps~1 was employed to maintain a temperature of 300 K. We also
used the SHAKE procedure to constrain hydrogen atoms during MD simulations.[64]
Finally, the production runs were performed for 50 ns at 300 K.

We manually replaced the ligand N-(4’-trifluoromethoxybenzenesulfonyl)-2-aminoethyl
phosphate (F9, Scheme 1) in the a-site of 4HN4 with G3P and indole molecules and
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performed MD simulations for 10 ns. We used the structure formed after 10 ns MD
simulation to perform a docking simulation. Indole docking was performed by the
Autodock[65] program with the Lamarckian genetic algorithm, and the side chains of nearby
residues were set flexible. The VVcharge[66] program was used to assign partial charges to
the indole molecule. The Autodock scoring function is a subset of the AMBER force field
that treats molecules using the United Atom model. We performed docking of indole at five
different sites along the tunnel. The final docking result was obtained by 10 runs of
simulation with 2.5 million rounds of energy evaluation in each run. Each round of energy
evaluation was for one possible orientation of the indole molecule at the docking site.

Accession Numbers

The Worldwide Protein Data Bank accession file names for the new TS X-ray crystal
structures presented in this work are as follows: structures with three, three, two, and one
molecule(s), respectively, of F6 bound per af dimer, PDB ID models 4WX2; 4ZQC; 4Y6G,
and 5BW6. The crystal parameters, data collection, and refinement statistics are summarized
in Table 1.

Results and Discussion

The Binding of F6 to Tryptophan Synthase

The crystal structure PDB ID: 4WX2 contains one F6 molecule (F6-1) in the f-subunit, and
two F6 molecules (F6-2 and F6-3) within the a-subunit near the af-subunit interface region
(Figure 1). The F6 ligand is an amphipathic compound; the hydrophobic head located at one
end of the molecule consists of the trifluoromethoxy and phenyl groups; the polar tail is
composed of the carboxamido and the ethyl phosphoryl groups. Fluorine atoms covalently
bound to carbon atoms are very poor hydrogen bonders and rarely act as hydrogen-bond
acceptors.[67] Consequently, the hydrophobic trifluoromethoxy group of F6 in these sites
mainly interacts through weak contacts with neighboring amino acid residues. In each of the
three sites hydrogen bonding interactions occur through the carboxamido and phosphoryl
groups (Figure 1b,c) and are listed in Table SLA-C. The conformations of bound F6
determined from different sites and different crystal structures are compared in Figure 1d.
Inspection of Figure 1a shows that the aromatic ring and carboxamido nitrogen of F6-3
appears solvent-exposed in the crystal structure (left side of the structure). This surface of F6
is the region that would be expected to be enclosed by the amino acid residues of loop aL6.
As discussed earlier, this portion of the loop is disordered.

The F6-1 Binding Site

Prior to this work, out of the more than 70 X-ray structures reported for TS in the PDB, only
one structure (PDB ID: 2CLF) includes a ligand bound in the interconnecting tunnel. The
binding site for F6-1 in PDB ID: 4WX2 (Figure 1b; Figure 2) resides almost completely
within the tunnel connecting the -site with the a-site. The hydrophobic head makes weak
contacts in the B-subunit with residues Cys170, Leul74, Leul88, Tyr186, Pro194, Phe280,
Phe306, and water $894. The polar tail makes extensive hydrogen bonding contacts with
amino acid residues Lys87, Glu109, Thr110, Gly111, Alal12, and His115, neighboring
water molecules 3641, 667, and 874, and the PLP C-4’ carbon (Table S1A). These amino
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acid residues form part of the tunnel wall in the -subunit and extend from Lys87 and
GIn114 in the B-catalytic site to the side chains of Leu174 and Phe280 approximately 18 A
away. Two of the waters are hydrogen-bonded to the F6 phosphoryl group, and one is
hydrogen-bonded to the oxygen of the F6 carboxamido group.

When we compared the X-ray structure PDB ID: 2CLF with PDB ID: 4WX2, we concluded
that a careful reevaluation of the orientation and weak ligand-protein interactions of F6 was
needed. The position of F6-1 in the tunnel of the model PDB ID: 4WX2 was found to
overlap with the position assigned to F6 in the structural model PDB ID: 2CLF[45] (Figure
2). However, the orientation of F6-1 is flipped by approximately 180° in structural models
PDB IDs: 4WX2, 4Y6G, and 4ZQC in comparison with that assigned to F6[45] in the model
PDB ID: 2CLF. We chose the flipped orientation for two reasons: (1) this orientation gives a
significantly better fit to the electron density map (Figure 2; Table S2). See the
Supplemental Section for a more detailed account of the fitting of the electron densities in
PDB IDs: 4WX2, 4ZQC, 4Y6G, and the re-refinement of PDB ID: 2CLF as rr2CLF. (2) The
flipped orientation places the hydrophobic head of F6-1 into a highly nonpolar region of the
tunnel, and the carboxamido nitrogen within hydrogen-bonding distance of BGlu109, while
the polar phosphoryl group occupies a polar subsite of the -catalytic site designed for the
binding of the carboxylate moieties of the substrates L-Ser and L-Trp (Figure 1b, Table S1).
We concluded that the alternative fit in PDB I1D: 2CLF[45] contradicts intuitive models of
electrostatic interactions.

with F6-2 and F6-3

Molecules F6-2 and F6-3 in PDB ID: 4WX2 are bound to sites within the a-subunit near the
af-subunit interface and are hydrogen-bonded to each other (Figure 1c; see below). Weak
contacts between protein residues and the hydrophobic head of F6-2 involve a-subunit
residues Phe22, Ala59, Asp60, Leul00, Leul27, Alal29, 1le153, Tyrl75, and Phe212, and
B-subunit residue Pro18, and waters a437 and a626. The a-subunit residues Gly213,
Gly234, and Ser235, and water molecules 458 and 523 all form hydrogen-bonds to polar
atoms on F6-2 (see Table S1B, C). Molecule F6-3 binds within the a-subunit active site at a
locus which overlaps with the substrate IGP binding site (Figure 1c) as previously discussed.
[45] The orientation and position of the F6-2 ligand in PDB IDs: 4WX2, 4ZQC, 4Y6G, and
5BW6 matches well with the same molecule in PDB IDs: 2CLE and 2CLF (Figure 1d). The
F6-3 ligand was not observed in PDB IDs: 2CLE, 2CLF[45] or 5BW6. Under soaking
conditions with lower F6 concentrations (1 mM) we also obtained a crystal structure (PDB
ID: 4Y6G) with F6 bound to two loci, corresponding to the locations and orientations of
F6-1 and F6-2. However, lowering the soaking time at the same concentration we obtained a
crystal structure (PDB ID: 5BW6) with F6 molecule (F6-2) bound exclusively in the a-site.

Effects of F6 Binding on Conformation

The a-subunits of PDB IDs: 4WX2, 4ZQC, 4Y6G, and 5BW6 exhibit the conformation
common to many of the TS complexes with substrate analogues of IGP bound to the a-
subunit. In this conformation (see Figure S1), the ligand occupies the a-catalytic site, an
amphipathic cavity characterized by a phosphoryl group binding subsite defined by the N¢
atoms of Gly213, and Gly234, and the N and OY of Ser235, and a hydrophobic region
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which accommodates the nonpolar surfaces of the glycerol chain and the indolyl ring
system. In comparison, the binding of IGP involves a total of six hydrogen bonding
interactions with the protein (Asp60, Tyr175, Glu49, Gly213, Ser235): four with the
phosphoryl group, one with a hydroxyl group of the glycerol chain, and one at N-1 of the
indolyl ring.[16, 37]

a-Loops 2 and 6 (aL2 and aL6, respectively) play important roles in forming a closed or
partially closed conformation of the a-subunit.[27, 28] When the cofactor is in the internal
aldimine form (with an open B-subunit), the a-subunit typically gives ligand complexes
where the portion of aL6 which folds over the opening to the a-site (residues 179-196) is
partially disordered. These complexes are considered to be open or partially open
conformations where the substrate for the a-site, IGP, has easy passage between solvent and
site. In the structure PDB ID: 4WX2, 15 of 18 aL6 residues (a179-193) are disordered and
therefore the site is solvent-exposed (viz. Figure 1a). When the a-subunit of PDB ID: 4WX2
is aligned with the a-subunit of PDB ID: 4Y6G, the folding is highly similar and the overlap
is typically within experimental error, except where there are differences due to localized
perturbations from ligand-protein interactions and differences in the degree of disorder in
alL6 (15 disordered residues in PDB ID: 4WX2 and 11 residues (a182-192) in PDB ID:
4Y6G when the electron density map was contoured at 1.0 rms). At the same map contour
level in PDB IDs: 4ZQC and 5BWS, respectively, 12 of 18 (a181-192) and 13 of 18 (a180-
192) aL6 main chain residues could not be traced. However, in PDB ID: 4ZQC, partial
electron densities are observed for the main chain residues aGly181, aThr183, aGly184,
aAlal8s, aAsnl87, aGly189, aAlal90, and aProl192 (data not shown). All 18 a L6 residues
are traceable when the electron density map was contoured at 0.4 rms. Interestingly, R and
Rree Values slightly increased (13.72/18.89%) when residues a181-192 were removed from
the current PDB ID: 4ZQC (13.57/18.66%) during the restrained refinement cycles in
Refmac5. Consequently, there are small differences in folding, which appear to arise from
the binding of F6-2 at this locus (Figure S1).

The B-subunit retains an open conformation in all of the F6 complexes presented herein.
However, it appears that in the PDB ID: 4WX2 structure, the COMM domain has undergone
a small translation/rotation which alters part of the af-subunit interface (see Figure S1). The
COMM domain motion is similar to the motion seen in structures where the -subunit is
switched to the closed conformation (i.e., conformations seen in structures of the a-
aminoacrylate and quinonoid intermediates[40, 44]). Thus, it appears that the binding of the
additional F6 molecule along the subunit interface brings about a partial shift in the
conformation of the B-subunit toward the closed -subunit conformation.

Overall the three TS structures are almost the same despite containing either one (PDB ID:
2CLE or 5BW6), two (PDB ID: 4Y6G or 2CLF), or three (PDB ID: 4WX2 or 4ZQC) F6
molecules. All three structures exhibit significant disorder in the aL6 loop (residues a179-
196). The RMSD for the PDB ID: 4WX2 structure superimposed with PDB IDs: 2CLE,
4ZQC, 4Y6G, and 5BW6 is, respectively, 0.338 A for 568 C® atoms, 0.177 A for 567 C¢
atoms, 0.224 A for 567 C® atoms, and 0.300 A for 540 C atoms, indicating PDB ID: 4WX2
is more closely related to PDB ID: 4ZQC and PDB ID: 4Y6G than to the PDB IDs: 2CLE
and 5BW6. However, these three structures show noticeable differences at the af-interface.
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Compared to the PDB ID: 2CLE structure, the COMM domains in the PDB IDs: 4WX2,
4ZQC, 4Y6G clamp down on to the B-subunit, possibly due to the binding of the F6-1
molecule in the tunnel near the B-active site (Figure S1). In contrast to most TS structures
displaying an unobstructed tunnel, all the structures with an F6 molecule in the tunnel show
[BPhe280 folded into the tunnel wall, opening the tunnel and indicating the flexibility of
[3Phe280.

Properties of the Tunnel

The interactions observed between F6-1 and the B-subunit residues which comprise the
tunnel emphasize the highly nonpolar nature of the tunnel within the B-subunit. Therefore,
the new structures described in this work provide important insights into the properties of
the tunnel. The tunnel can be divided into two sections: T1, which includes F6-2 and F6-3 in
the structures discussed above, is more polar and extends from the a-site to fPhe280 in the
jB-site; and T2, which extends from fPhe280 to PLP in the B-site, is less polar and binds F6-1
(Figure 3). Section T1 is about 18 A long and T2 is about 12 A long. Therefore, indole
travels approximately 30 A after it is released from the a-active site to reach the p-active
site. The tunnel is widest at the af-interface, narrows at the position of fPhe280 near the
0-7 of the F6-1 molecule to about 6.7 A, and then widens again.

The tunnel section designated T1 is filled with water molecules arranged along the af-
interface and extends down to the CF3 group of F6-1. In all TS crystal structures with
resolutions sufficient to allow identification of water molecules bound to specific sites on
the protein, the T1 cavity is occupied by two lattices of water molecules: one with four
waters H-bonded to each other and to the protein via the carbonyl oxygens of alLeu58,
aGly181, and aArg179, the other with three waters H-bonded to each other and to the
carbonyl oxygens of fTyr16 and aAsp56 and to the amide nitrogens of pGly281 and
[BPhe280. It is important to notice that in the subset of these structures which do not have F6
bound in the T2 section of the tunnel, there is no electron density assignable to water
molecules. Consequently, it appears either that T2 contains no water, or that waters in the T2
cavity are highly disordered.

To further investigate the properties of the tunnel, we undertook MD studies on 4HN4 to
model the motions of water molecules in the tunnel. During 50 ns MD simulations, a bridge
of five water molecules occasionally forms, linking fTyr16 and BLys167 in region T1. More
stably, another four water molecules bridge the interaction between plle20 and fSer178 at
the ap-subunit interface, while most of the time there is either one or no water molecule in
region T2 of the tunnel between BPhe280 and the B-catalytic site (Figure 3). Similar MD
studies have been reported as a means for investigating the transport of ammonia and water
in the imidazole glycerol phosphate synthase complex.[13-15]

Functional Significance of Tunnel Water and Tunnel Vacuum

There is a growing body of literature concerning the properties and function of hydrophobic
tunnels in the regulation of water and ion transport across biological membranes. Water in
hydrophaobic tunnels, both in artificial carbon nanotubes and in biological membranes, can
exhibit properties that are quite different from the behavior of bulk water.[3] As to be
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expected, the transport of water molecules in hydrophobic tunnels becomes increasingly
unfavorable as the tunnel narrows. At diameters less than about 14 A, the unfavorable
interaction leads to stochastic liquid—vapor transitions between pore interiors that fluctuate
between hydrated or “wetted” and dry or “dewetted” states. [13-15] This effect becomes
most pronounced at diameters of 9 to 12 A. Below 9 A hydrophobic pores are essentially
dry. While the hydrated state is capable of transferring water molecules along the
hydrophobic pore, the dry state has a significant energy barrier to the transfer of water
molecules (and ions). Thus narrow hydrophobic nanopores generate significant energy
barriers to the transfer of water, polar, and ionic small molecules.[3, 13-15]

According to the behavior expected of narrow hydrophobic nanotubes, the tunnel between
BPhe280 and the f-site is dewetted or dry, and in agreement with the MD simulations, region
T2 provides a high energy barrier for transferring water or ions between the a- and B-sites.
Hence, the dry, nonpolar nature of T2 would also preclude transfer of, for example, G3P
from the a-site to the B-site. As indicated by the MD docking simulations (see Figure 4), due
to its highly nonpolar character, indole can pass through both the wetted and the dewetted
regions of the tunnel. We speculate that the barrier to the transfer of polar molecules and
ions functions to prevent the transfer of water into the p-site where attack of water on the CP
of the a-aminoacrylate intermediate results in the formation of pyruvate and ammonium
ions.[68]

Modeling the Channeling Hypothesis

According to the channeling hypothesis for TS, indole produced by cleavage of IGP in the
a-site is channeled to the p-site to react with the a-aminoacrylate intermediate via the
interconnecting tunnel. To better understand the mechanism of indole channeling we
performed flexible docking studies with indole placed at different positions in the tunnel to
model its passage (Figure 4a). This modeling clearly shows that indole can pass through the
tunnel with little steric clashing, in agreement with previous computational studies
performed with coarse-grained Brownian dynamics simulations.[35] Because both indole
and the tunnel are mainly nonpolar, there are no major attractive forces that steer the
diffusion of indole from the a-site to the -site. However, the indole subsite of the $-subunit
shows considerable specificity for the binding of indole and structural analogues of indole,
[44, 69, 70] and the free energy change associated with indole binding to this site provides a
driving force for the transfer of indole. The docking study shows that (a) steric clashing is
easily alleviated by the expected thermal motions of protein side chains along the length of
the tunnel; (b) indole can be docked in the large cavity between the a-site and the
hydrophobic entrance at the afp-interface; (c) at the interface, the phenyl ring of aPhe212
slightly rotates to give way, allowing indole to move across the ap-interface; fLeu21 rotates,
allowing indole to enter the B-subunit portion of the tunnel; (d) when the side chain of the
BPhe280 phenyl ring rotates away due to fluctuations, the tunnel is cleared for the passage of
indole; and (e) finally, indole enters the p-catalytic site cavity and binds to the indole ring
subsite, positioning indole for reaction with the a-aminoacrylate intermediate to give
E(Qy3) in stage Il of the B-reaction. The indole binding cavity is adjacent to the $-carbon of
the a-aminoacrylate complex and is bounded by the fGIlu109 carboxyl, which hydrogen
bonds to N-1 of the indole ring, and by the side chains of BLeul66, Cys170, fThr190,
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BHis115, and BPhe306, which form weak interactions with the indole rings. After reaching
this cavity, adjustments involving diffusion and rotation allow indole to eventually bind and
react to form a C-C single bond between C-3 of indole and CP of the a-aminoacrylate
intermediate. Here we aligned and manually placed benzimidazole (BZI) from crystal
structure PDB ID: 4HPX,[44] which shows BZI and the a-aminoacrylate complex in the -
site, to indicate the position of indole just prior to nucleophilic attack of the indole C-3 at CP
of the a-aminoacrylate intermediate (Figure 4b). Investigation of the flexibility of the tunnel
was also undertaken by comparing the B factors of C® of residues along the tunnel from two
different TS structures (Figure S3).

One of the controversial features of the mechanism proposed for TS channeling has been the
postulated gating of the tunnel by the side chain of fPhe280. Crystal structures show that
this side chain takes up two conformations: one where the phenyl ring partially blocks the
tunnel (most structures) and one where it is folded into the tunnel wall giving an open
conformation. We performed 50 ns molecular dynamics (MD) simulations using the PDB
ID: 4HN4 crystal structure of the a-aminoacrylate intermediate.[44] Its a-site ligand F9, an
inhibitive analogue of IGP, is a close match to F6-2 both structurally and conformationally.
The simulation trajectory indicates that the BPhe280 side chain will occasionally swing back
and forth between blocked and open conformations within the 50 ns period (Figure 5). The
dihedral angle y(N-C®-CB-CY) has two main rotamers at 101° (tunnel open) and 190° (tunnel
blocked), respectively. To confirm the rotamer switch of this dihedral angle, we performed
another MD simulation with a different random number seed and came to similar results
(Figure S4). Following cleavage from IGP, the docking study shows that indole enters into
the tunnel from the a-site into the space surrounded by B-subunit residues Leu21, Leul74,
and Phe280, waiting for the phenyl ring to move aside, and then quickly goes through into
the B-site when the open conformation forms. The MD simulation shows the flipping of the
Phe280 side chain occurs on a nanosecond timescale, while the experimentally measured
rates of indole transfer from the a-site to p-site, covalent reaction, and turnover occurs on
timescales of microseconds, milliseconds, and seconds, respectively,[25, 27, 30, 41, 42, 71]
indicating that steric hindrance by the Phe280 side chain cannot play a gating role in the
regulation of channeling in tryptophan synthase. Consequently, both dynamic modeling
simulations and experimental measurements suggest that the gating effect from residues
positioned along the length of the tunnel is insignificant to tunnel function.[72] This finding
is similar to the conclusions drawn by Amaro et al.[13-15] concerning the ammonia-
channeling imidazole glycerol phosphate synthase complex.

In summary, the results of these structural studies unambiguously establish that the
interconnecting tunnel between the a- and f-sites of tryptophan synthase can accommodate
small hydrophobic molecules, such as the amphipathic F6, with cross-sections and polarities
similar to indole; the flexible docking and molecular dynamics studies confirm that transfer
of indole is not significantly hindered by steric clashing with the phenyl ring of pPhe280.
Therefore, we conclude pPhe280 does not play a gating role in the regulation of channeling.
Inspection of high resolution structures taken from the tryptophan synthase structural data
base and molecular dynamics analyses indicate that a portion of the tunnel is too
hydrophobic to allow passage of water molecules between the a- and B-catalytic sites but
will accommodate the non-polar head of F6. We propose that this hydrophobic section of the
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tunnel restricts access of water into the B-site and thereby inhibits the deleterious side
reaction of water with the a-aminoacrylate intermediate to form pyruvate and ammonium
ions. Thus the tunnel is a hydrophobic, dewetted nanopore, which selectively transfers
indole but discriminates against the passage of water. Work is now underway to further
investigate the proposed function of the dewetted portion of the tunnel as a selectivity filter
which rejects water but transfers nonpolar small molecules.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

TS

tryptophan synthase from S. typhimurium
N-(4/-trifluoromethoxybenzoyl)-2-aminoethyl phosphate

N-(4’-trifluoromethoxybenzenesulfonyl)-2-aminoethyl phosphate

PLP pyridoxal-5’-phosphate

IGP 3-indole-D-glycerol 3’-phosphate

G3P D-glyceraldehyde 3-phosphate

E(Ain) the internal aldimine (Schiff base) intermediate

E(GDy) the L-Ser gem diamine species

E(Aexy) the external aldimine intermediate formed between the PLP cofactor and
L-Ser

E(Q1) the L-Ser quinonoid intermediate

E(A-A) the a-aminoacrylate Schiff base intermediate

E(Q3) the quinonoid intermediate that accumulates in the reaction between

E(A-A) and indole

E(Aex»,) the L-Trp external aldimine intermediate
E(GDy) the L-Trp gem diamine species

F6-1, F6-2, the binding sites for F6 in the - and a-subunits
F6-3

MD molecular dynamics
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loop alL2 residues a53-a60
loop aL6 residues a179-a193
COMM residues 3102-$189
domain
section T1 the tunnel extending from the a-site to fPhe280 in the B-subunit
section T2 the tunnel extending from BPhe280 to PLP in the B-site
B factor indicator of the relative vibrational motion of atoms in crystal structures
MR molecular replacement. The Worldwide Protein Data Bank accession
numbers for all published structures are provided in the text
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Highlights

e X-ray structures of a ligand threaded into the tunnel connecting the a- and -
sites

» [Phe280 appears not to play a gating role in transfer of indole through the tunnel
e X-ray structures and MD simulations indicate a dewetted channel
« Hydrophobic indole freely diffuses between the a- and B-sites via the tunnel

»  Exclusion of water inhibits a deleterious side reaction in the catalytic cycle
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Figure 1.
(a) Stereo view showing F6 bound to the three sites identified in PDB ID: 4WX2 designated

as F6-1, F6-2, and F6-3. The location of fPhe280 is also shown. Color scheme: a-subunit
green, B-subunit gold, C yellow, and other atoms shown in CPK colors. (b) Details of the
atom contacts in the B-subunit between F6-1, site residues, waters and PLP. (c) Details of the
atom contacts in the a-subunit between F6-2 and F6-3 and with site residues and waters.
Color schemes in (b) and (c); waters shown as red dot surfaces, a-subunit residues, orange;
[-subunit residues, green; F6-1, F6-2 and F6-3, C yellow; all other atoms shown in CPK
colors; PLP is shown in standard CPK colors. (d) Overlay aligning aromatic rings of F6
molecules from crystal structures PDB IDs: 2CLE, 2CLF, 4WX2, 4ZQC, and 4Y6G. For
better visualization, F6 molecules were colored differently; PDB ID: 2CLE (F6-2, cyan),
PDB ID: 2CLF (F6-1, orange; F6-2, yellow), PDB ID: 4WX2 (F6-1, blue; F6-2, marine;
F6-3, light blue), PDB ID: 4Y6G (F6-1, green; F6-2, limon),PDB ID: 4ZQC (F6-1, red;
F6-2, warm pink; F6-3, salmon).
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Figure 2.

Representations of the electron density maps for the F6-1 binding site in the f-subunit PDB
IDs: 4WX2, 4ZQC, 4Y6G, 2CLF, and rr2CLF. (a) PDB ID: 4WX2; (b) PDB ID: 4ZQC; (c)
PDB ID: 4Y6G,; (d—), PDB ID: 2CLF; (e), re-refined model rr2CLF. Sections of the
electron densities contoured at 1.2 rms (a—d), 0.5 rms (e), and 0.7 rms (f) from the 2Fo-Fc
maps. The coordinate and structure factor files were loaded in Coot 0.8.1. The Fo-Fc
electron density maps were deactivated and the clipping planes (a.k.a. “slab”) were adjusted
to improve the visualization of the electron density of interest surrounding each F6-1
molecule.
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Figure 3.
The water networks link pTyr16 to fLys167, and Blle20 to fSer178 along the tunnel

(structure PDB ID: 4HN4). All water molecules within 8 A of F9, pPhe280 and A-A are
shown in the Figure. The brackets indicate regions T1 and T2 of the tunnel.
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(a) B-COMM domain

Figure 4.
Indole docked along the tunnel (PDB ID: 4HN4). (a) Results of docking showing the path of

indole movement in the tunnel. (b) aPhe212, fLeu21, BPhe280 side chain rotations giving
way for indole. The indole subsite in the p-catalytic site is modeled by the position of
benzimidazole bound to the a-aminoacrylate intermediate (PDB ID: 4HPX).
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Figure 5.

25
Time (ns)

Side chain rotation of pPhe280 during the passage of indole through the tunnel (structure
PDB ID: 4HN4). (a) Representation of two averaged positions (yellow blocked position and
red open position) of BPhe280 in the tunnel. (b) Histogram of the main rotamers of the
BPhe280 side chain. (c) BPhe280 side chain dihedral angle y(N-C®-CB-CY) changes during a

50 ns MD simulation.
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Scheme 1.

Chemical processes catalyzed by the a- and p-sites of the tryptophan synthase bienzyme
complex. (a) a-Reaction. (b) f-Reaction. (c) Structure of F6. (d) Structure of F9.
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Table 1

Crystallographic data and model refinement. Values in parentheses are for the highest resolution shell.
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PDB ID: 5BW6 4Y6G 4WX2 47QC
X-ray source MicroMax-007HF MicroMax-007HF MicroMax-007HF ALS-SIBYLS
Wavelength (A) 1.5418 1.5418 1.5418 0.9793
C121(No.5) C121(No.5) C121(No.5) C121(No.5) C121(No.5)

Unit-cell parameters
a, b, c(A)
a, B,y (%)
Rotation (A)
No. of images
Resolution range (A)
No. of reflections
No. of unique reflections
Rmerge T (%)
Completeness (%)
Redundancy
Mean 1/o(l)
CCup 7 (%)
Mosaicity (°)
Refinement statistics
Resolution (A)

Total of reflections

Rwork/Rfree ¥ (%)
No. of non-H atoms
Protein
PLP
F6F
EDO
PEG
Na
DMSO
Water
Average B-factors (A?)
Protein
PLP
F6F
EDO
PEG
Na
DMSO
Water

183.03, 58.90, 67.23
90.00, 94.91, 90.00
122

244

20.00-1.82 (1.92-1.82)
100061 (13824)

46573 (6445)

43 (45.4)

72.8 (69.7)
21(2.1)

13.1 (2.00)
99.9 (75.6)

1.68
19.83-1.82

44334
16.82/21.43

4924
15
21

650

24.57

14.09

39.18

12.55

35.23

184.17, 59.84, 67.30
90.00, 94.91, 90.00
160

320

21.69-1.65 (1.74-1.65)
276270 (37626)

87302 (12471)

46 (45.8)

99.4 (98.0)
32(3.0)
11.9 (2.3)
99.9 (85.0)

0.63
21.69-1.65

82910
15.82/17.91

4943
15
42

732

25.90

16.62

33.77

16.85

38.36

183.81, 58.89, 67.27
90.00, 95.21, 90.00
175

350

20.95-1.75 (1.84-1.75)
250959 (35470)

72402 (10537)

6.9 (46.1)

99.9 (100.0)
35(3.4)
9.9 (2.10)
99.8 (89.9)

0.81

20.95-1.75
72402
15.84/18.85

4905
15
63

604

25.97
18.20
34.35
53.59
40.82
14.62

35.62
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183.53, 58.63, 67.22
90.00, 94.92, 90.00
200

200

30.00-1.54 (1.62-1.54)
376716 (53926)

99870 (14139)

10.5 (55.6)

95.0 (92.4)
38(3.8)
72(2.1)
98.7 (81.3)

0.64

29.31-1.54
94912
13.57/18.66

5018
15
63

48
831

17.84
11.29
21.16

12.33
30.15
34.89
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PDB ID: 5BW6 4Y6G 4WX2 4ZQC
R.m.s. deviations from ideality
Bond lengths (A) 0.014 0.020 0.016 0.016
Bond angles (°) 1.659 1.951 1.720 1.736

Ramachandran plot ¥

Most favored regions 516 (93.8%) 521 (94.2%) 514 (93.8%) 529 (94.1%)
Allowed regions 33 (6.0%) 31 (5.6%) 33 (6.0%) 32 (5.7%)
Generously allowed regions 1 (0.20%) 1 (0.20%) 1 (0.20%) 0 (0%)
Disallowed 0 (0%) 0 (0%) 0 (0%) 1 (0.20%)

TRmerge = 3hkl Zi [li(hkl) = <I(hkl)>| / hkl Zj li(hkl), where li(hkl) and <I(hkl)> are the observed individual and mean intensities of a reflection
with the indices hkl, respectively, Xi is the sum over i measurements of a reflection with the indices hkl, and £hkl is the sum over all reflections.

+

CC1/2 indicates the percentage of correlation between intensities of random half data sets.[73]
¥ . . . .
R = Xpk| ||Fobs| — |Fcalc|| / £hkl|Fobs|. Rfree is the R value calculated for a random 5% of the data set not included in the refinement.

¢Percentage of residues in Ramachandran plot regions were determined using PROCHECK_.[56]
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