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ABSTRACT: Crystal structures of wild-type tryptophan synthaggs, complexes fromSalmonella
typhimuriumwere determined to investigate the mechanism of allosteric activation af-thaction by

the aminoacrylate intermediate formed at thactive site. Using a flow cell, the aminoacrylate (A-A)
intermediate of thg8-reaction (TRPS'Y") was generated in the crystal under steady state conditions in
the presence of serine and thesite inhibitor 5-fluoroindole propanol phosphate (F-IPP). A model for
the conformation of the Schiff base between the aminoacrylate an@-subunit cofactor pyridoxal

phosphate (PLP) is presented. The TR}%’ structure is compared with structures of the enzyme
determined in the absence (TRPS) and presence (TRPSof F-IPP. A detailed model for binding of
F-IPP to thea-subunit is presented. In contrast to findings by Hyde et al. [(1988jiol. Chem. 263
1785717871] and Rhee et al. [(199Bjochemistry 367664-7680], we find that the presence of an
o-site alone ligand is sufficient for loopL6 closure atop thet-active site. Part of this loomThr183,

is important not only for positioning the catalytid\sp60 but also for coordinating the concomitant ordering

of loop aL2 upon F-IPP binding. On the basis of the three structures, a pathway for communication
between thax- and-active sites has been established. The central element of this pathway is a newly
defined rigid, but movable, domain that on one side interacts witlithebunit via loopaL2 and on the

other side with thegg-active site. These findings provide a structural basis for understanding the allosteric
properties of tryptophan synthase.

Tryptophan synthase (TRPEC 4.2.1.20) is amf, phosphate f-reaction) as illustrated in Scheme 1. Tryp-
tetrameric enzyme complex that catalyzes the last two tophan synthase is considered a classic example of an enzyme
reactions in the biosynthesis of tryptophan (for reviews, see that exhibits substrate channeling, where a metabolic inter-
refs 26, 45, 46, and 54). The physiologically important  mediate is transferred from one active site to another without
reaction is termed thefS-reaction and involves the conver- free diffusion. The three-dimensional structure of the
sion of indole 3-glycerol phosphate (IGP) and serine to enzyme fromSalmonella typhimuriunprovides physical
tryptophan and wated, 20, 40). Thea-subunit catalyzes  evidence for a 25 A long hydrophobic tunnel connecting the
the cleavage of IGP to indole and glyceraldehyde 3-phos- - and g-active sites 25) through which the metabolic
phate (G3P)d-reaction), while theg-subunit catalyzes the  intermediate of theys-reaction, indole, would be transferred
condensation of indole with serine mediated by pyridoxal from thea- to the-subunit (see Figure 1). The tunnel not
only acts to direct the diffusion of indole in order to prevent

*This work was supported by NIH Grant GM45343 (K.S.A.) and its loss by diffusion through the cell membrane but also takes
B'\4?";fgigtr(g)iig?;slzg}‘stﬁlésgt'ructures have been deposited with the part in the allosteric interactions that synchronize the
Brookhaven Protein Data Bank (PDB entries 2wsy, 12150, and la55).reacjt'0nS taking p!ace at k_)Oth f—}nds of the tunngl. In

* Author to whom correspondence should be addressed. particular, the reaction of serine with the cofactor pyridoxal

§ Max-Planck-Institute for Molecular Physiology. phosphate (PLP) of thg-site modulates the formation of

"Present address: Institute of Inorganic Chemistry, University of ; i :
Gottingen, Tammannstrasse 4, 37077i@gen, Germany. indole at thex-site as well as its passage through the tunnel

I Department of Pharmacology, Yale University School of Medicine. SO that indole does not reach tifiesite before a highly
! Abbreviations: PLP, pyridoxal'phosphate; IGP, indole 3-glycerol  reactive aminoacrylate [E(A-A), see Figure 2] has been

phosphate; G3P, glyceraldehyde 3-phosphate; IPP, indole propanolimeq there. This effectively prevents the accumulation
phosphate; F-IPP, 5-fluoroindole propanol phosphate; TRPS, native . . . L
wild-type tryptophan synthase; TRPSP, complex of TRPS with of indole at then-site or in the tunnel. This kinetic feature,

F-IPP; TRPE P complex of TRPS with F-IPP and-Ser; TIM, together with the very rapid diffusion of indole through the
triosephosphate isomeragi87T—Ser-IPP, complex of thggK87T tunnel and the fast and largely irreversible reaction of indole

mutant withL-Ser and IPP (61)fK87T—Ser-GP, complex of the ; ; ; ;
PK87T mutant withL-Ser and G3P (61)3K87T—Ser, complex of the with the aminoacrylate which forms tryptophan at fhsite,

BK87T mutant withL-Ser (61); rms, root-mean-squar@sd] mean makes the bifunctional tryptophan synthase a very efficient
coordinate error; E(Ain), internal aldimine; E(AgxL-Ser external enzyme 6).

aldimine; E(Q), quinonoidal intermediate formed fromSer; E(A- . . . .

A), a-aminoacrylate Schiff base; E(MK), methyl ketoamine tautomer 1€ Necessity to coordinate two chemical reactions over

of E(A-A); NMR, nuclear magnetic resonance. a distance of 25 A and to control the channeling of the
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Scheme 1 However, the structural changes related to the formation of
aminoacrylate at thg-site still remain to be elucidated.
OH «__ H O + Crystals_, of tryptophan synthase are cata_lytically actye (
y—N -7 \ﬁ\ N H Mozzarelli et al. have demonstrated that wild-type TRPS can
HO H— bind substrates in the crystalline state and that ligands bound
HO O\@ to the a-site alter the distribution of intermediates formed

O
® at the g-site @7). Nonhydrolyzable analogues of-site
substrates, such as indole propanol phosphate @8BP¢an

a-Reaction be introduced into crystals of tryptophan synthase by soaking
(25, 47) or cocrystallization, and intermediates of the
+ HO - + Hy0 p-reaction can be produceql and_crystallographically ol_)served
N p—N _under steady state coqdlt!on_s ina flow cgll. In particular,
H— H H3N(“9 CO5 O3 in the presence of am-site inhibitor, the aminoacrylate can
HaN® be accumulated at the-site 47, 56, 73).

In this work, we have determined the crystal structure
(TRPS,?H) of the aminoacrylate intermediate of wild-type
TRPS under steady state conditions in the presence of the
intermediate through the tunnel render tryptophan synthasea-ligand 5-fluoroindole propanol phosphate (F-IPP). In
an ideal system for the study of long-range allosteric addition, we have determined the structures of wild-type
interactions. Spectroscopic and kinetic studies have shownTRPS in the absence of th&site ligand, both with and
that thea3, complex undergoes extensive conformational without F-IPP (TRP5'PP and TRPS, respectively). We
changes upon ligand binding to thesite @, 15, 53, 66. present a detailed description of these structures and a
One component of these conformational changes has beerromparison with related structures of the mujak87T. We
identified as the ordering and closure of a flexible surface derive a detailed structural model for the—> 5 communica-
loop atop thex-site similar to the loop closure observed in tion. A critical test for the model is the ability to explain
trypanosomal triosephosphate isomerase (TIM\6) 88, 61). how the presence of a ligand at theactive site shifts the
Besides this localized change, which sealsatsite and the equilibrium at thes-active site to the aminoacrylate inter-
corresponding end of the tunnel from solvent, ligand binding mediate. Thus, the structural study serves as a basis for a
at thea-site also modulates thsite so that the aminoacry-  better understanding of functional and structural aspects of
late [E-(A-A)] becomes the most favored intermediate (see allosteric interactions and substrate channeling between the
Figure 2) B, 42, 47, 56). The formation of this highly  active sites of the bifunctional tryptophan synthasg.
reactive species is communicated back todkste and leads ~ complex.
to a dramatic enhancement in the rate of IGP cleavage, as
observed in rapid chemical quendd) @nd rapid scanning MATERIALS AND METHODS
stopped-flow experimentd.8, 37). Additional evidence for Synthesis of 5-Fluoroindole Propanol PhosphateFIu-
the importance of the aminoacrylate complex for intersubunit oroindole propanol phosphate (F-IPP) was synthesized by
communication is provided by a mutant of tryptophan condensing 5-fluoroindole with acrylic acid to form the
synthase in which the lysine involved in the Schiff base indolylnitrile that was subsequently hydrolyzed to produce
formation with PLP is replaced by a threonine residue the 5-fluoroindolyl propionic acidq7). This was reduced
(BK87T). In this mutant, the aminoacrylate can be created with lithium aluminum hydride to form 5-fluoroindolyl
only by a “chemical rescue” metho®9); otherwise, the propanol. The alcohol was converted to the phosphate by
pB-reaction does not proceed further than the formation of treatment with 2-cyanoethyl phosphate, pyridine, and dicy-
the external aldimine [E(Aa¥ Figure 2]. The marginal clocarbodiimide 28, 32 68). Treatment with ammonium
activation of theo-reaction in the mutant enzymer)( hydroxide and anion exchange chromatography gave the
indicates an unfavorable effect of the mutation on intersub- ammonium salt of the desired F-IPP. The structure of the
unit communication. The most intriguing questions arising final compound was verified byH-NMR,*3C-NMR, 1°F-
from the wealth of available data include the nature of the NMR, 3*P-NMR, mass spectroscopy, and HPLC.
reciprocal communication from the- to thes-site and the Fluorescence Titration ExperimentsThe K4 value for
structural changes that control the passage of indole throughnteraction of F-IPP with tryptophan synthase was determined
the tunnel. It is believed that the tunnel is opened by as previously described1l®, 21). Measurements were
movement of two aromatic residugslfyr279 andsPhe280) performed using an SLM 4800 fluorimeter (Urbana, IL) at
that are anchored in the tunnel wall and are thought to act25°C. The excitation wavelength was 305 nm (1 nm band-
as a molecular gatd 4, 60, 63, 6J. Key stepsin answering pass), and the emission (8 nm band-pass) was 320 nm. The
these questions are crystal structures of complexes representecrease in intrinsic fluorescence of a solution of TRPS was
ing intermediate states occurring during the reaction. monitored by titrating in a solution of F-IPP. The fluores-

At present, the structures of the unliganded native enzymecence intensity was recorded as the average of four 10 s
at 2.5 A resolution and the native structure in the presencereadings, and three independent experiments were carried
of monovalent cations26, 61) are available. The crystal out. The data were fit to a quadratic equation relating the
structures of four enzymeigand complexes of th8K87T observed fluorescence to the concentration of bound ligand
mutant containing external aldimines at fhsite have been  as previously described) using nonlinear regression on a
determined recently6() and have provided valuable insight Macintosh computer with the KaliedaGraph curve-fitting
into the structural basis of intersubunit communication. program (Synergy Software).

B-Reaction
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Ficure 1: Schematic representation of the overall fold of ¢ifedimer based on TRPSFP. F-IPP and PLP bound to the andj-subunit
are represented by balls and sticks. The tunnel connecting-thad 3-sites is indicated by a dashed line. The figure was prepared using

MOLSCRIPT (34). The a- and S-reactions are shown in Scheme 1.
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FiGUrRe 2: Reactions at the active site of tifiesubunit. In the
absence of-Ser, PLP is covalently bond (i ys87 [E(Ain)]. When
L-Ser binds, the amino group of serine replacesthenino group

of the lysine forming an external aldimine [E(A8k This is
followed by a deprotonation step which leads to a quinoid [BH(Q
which subsequently is protonated and then loses water which lead
to an aminoacrylate [E(A-A)], which is in equilibrium with a methyl
ketoamine tautomer [E(MK)]. In the absence of indole, the
aminoacrylate slowly hydrolyzes to pyruvate and ammonia.

Crystallization and Introduction of Substrate$he tryp-
tophan synthaset,5, complex fromS. typhimuriumwas

S)

crystallized by mixing 5L of the enzyme solution [10 mg/
mL TRPS in 50 mM bicine (pH 7.8), 1 mM EDTA, 5 mM
dithioerythritol, and 2Q:M pyridoxal phosphate] with &L

of the reservoir solution [50 mM bicine (pH 7.8);-2 mM
spermine, and 10% PEG 8000] and equilibrating the drops
against the latter using hanging drop geometty (The
crystallization setups were kept in the dark at room temper-
ature. Monoclinic crystals grew within 2 weeks and belong
to the space grou@2 with oneaS-dimer in the assymetric
unit and unit cell dimensions as given in Table 1. The F-IPP
complex of TRPS was obtained by cocrystallization in the
presence of 0.4 mM F-IPP. The crystals of TRP%® are
isomorphous to those of the native enzyme. The aminoacry-
late complex of TRPS (TRESL) was generated by
mounting a TRPS'PP crystal in a flow cell (0.7 mm in
diameter) using pipe cleaner fibers to immobilize the crystal
(57, 72). We chose to work at pH 7.0 since the decay of
the aminoacrylate to pyruvate and ammonia is pH-dependent.
A solution containing 100 mM Na-Hepes (pH 7.0), 2M
PLP, 0.4 mM F-IPP, 5 mM dithioerythritol, 20% PEG 8000,
and 200 mMc-Ser (pH adjusted to 7.0 with NaOH) was
passed across the crystal at a flow rate of ga./nin. Data
collection was started 30 min after initiating the flow.

X-ray Data Collection. Diffraction data were collected
at 4°C on beamline BW7B at EMBL c/0 DESY6%) (TRPS)
and on beamline X12C at the NSLS (TRP'%" and
TRPS_FF) at wavelengths of 0.86 and 1.15 A, respec-
tively, using a MAR detector. The crystal to detector
distance was 250 mm (TRPS) or 264 mm (TRPS and
TRPS_"). Data were processed using thkl suite of
programs $2). The data statistics are given in Table 1.

Refinement.The starting model used for all three refine-
ments was the coordinate set of native TRPS [PDB entry
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Table 1: Crystal Parameters, Data Collection, and Refinement Statistics

TRPS

TRPS PP

TRPS PP

crystal parameters

unit cell @ x b x c) (A)

185.1x 61.2x 67.6

182.8x 60.7x 67.5

182.7x 60.8x 67.5

unit cell (3) (deg) 94.7 94.5 94.6
data statistics
resolution (A) 10.6-3.05 26.96-2.30 30.6-2.30
no. of collected refections 28 423 66 781 68 449
no. of unique reflections 13162 31823 31198
compl. (total/high) (%) 90.9/94.7 95.6/91.6 93.8/89.8
Ry, (total/high) (%0} 3.4/5.6 6.0/13.1 6.7/20.7
/(1) total/high) 20.2/11.8 13.4/6.4 13.5/4.2
refinement statistics
resolution range (A) 10:63.05 10.6-2.29 16-2.30
no. of reflections withF > 20(F) 12 850 31627 30 327
no. of protein atonfs 4632 4919 4992
no. of waters 0 238 116
no. of other$ 16 34 40
bulk solvent k/B) (eA-3/A2) 0.37/46.2 0.37/41.2 0.39/66.6
Ruorks Riree (%0)° 19.7/29.9 16.2/22.1 17.7124.7
Reryst (%0)f 20.2 16.4 18.1
rmsd for bonds/angles (A/deg) 0.003/0.9 0.006/1.3 0.006/1.3
disallowed (b, ¥)9 PArg275 aPhe212 oPhe212
BO(mc/sc/wat) (B)" 20.4/20.9+ 17.5/20.9/25.4 23.8/26.8/23.8
[esdiA) 0.37 0.21 0.27

2 Completeness$yw, and/a(1)Care given for all data and for data in the highest-resolution sh&jl,= 5|l — V3 1. ¢ No unambigous electron
density was found for the following residues in the respective models: T&B¥S;62, a177—195,aPhe2120249-250,5139-142,/3158-165,
$389-397; TRPS P a1, 01188-193,0268,41, 4394-397; and TRPS ", a1, 0188—195,0268; 41—2, 4390-397.¢ Other atoms correspond
to one N4 cation in all cases and PLP in TRPS, F-IPP, and PLP in TRPSand F-IPP, PLP, and aminoacrylate in TF§E§. € For definition
of Ruork andRyee, S€€ Materials and MethodsReyst = ¥ ||Fol — |Fe||/3|Fol. ¢ Combinations ofb andW angles that fall into the disallowed region
of the Ramachandran plot as defined in PROCHECKean values are given for main chain (mc) and side chain (sc) atoms and water molecules
(wat).

1WSY (9, 25)] omitting the cofactor PLP. X-PLOR(online)  density maps ligated to the carbonyl oxygens58he306,
3.851 (1) was employed for all calculations and the graphics $Ser308, Gly232, and two water molecules as described by
program O 80) was used for map interpretationHgs — Rhee et al. §0).

2Fcaic@ndFobs — Feac difference syntheses at varying contour  strycture ComparisonsMean coordinate errorg@sd)
levels) and manual rebuilding. The strategy used was were estimated by using tle method 69). To reduce bias
essentially the same for all three refinements. After an initial jntroduced by subjective choice of atoms for least-square
round of refining theo- and f-subunit as rigid bodies, the  syperposition of the various models, difference distance
model was subjected to a simulated annealing protocol matrices for G atoms A;, were calculated between models.
starting at 3000 K to remove model bi2). The resulting  only matrix elements withh; of >+/(@esd? + esdd),
model was inspected carefully and suspicious regions wereyhere a and b stand for two different models, were
omitted for later rebuilding. Several rounds of slow cooling - considered significant and included in a graphical representa-
protocols with varying weights and starting temperatures, tion, Then superpositions were performed on the basis of

individual B-factor refinement, and manual rebuilding fol-  the parts classified as rigid by visual inspection of the
lowed. In contrast to common practice, tBefactors for matrices.

the low-resolution data set (TRP&,i, = 3.05 A) were not
refined in groups but individually with tight restrainteg(

= oa = 0.5 A?) for neighboring atoms, except,@toms ¢g

= 1.5,04 = 2.5). Placement of water molecules (only in
the refinements of TRPSPP and TRP§ X" was done

RESULTS AND DISCUSSSION

Quality of the Models.All three models are of high quality
as reflected in the low values fé¥.. and the small mean
mostly automatically by selecting the peaksHgys — Fcarc deviations of geometrical parameters from their ideal values
difference maps that had heights greater thans 46d (Table 1). The mean values for individual isotropi¢actors
fulfilled hydrogen bonding criteria. Water molecules were and the mean coordinate errors are within the expected range.
rejected when theB-factors became greater than an arbitrary In all three structures, there are only three cases for which
threshold of 45 Aupon refinement. After automatic water the backbone dihedral angles fall into the disallowed region
placement, all remaining peaks with abs(peakheight) valuesof the Ramachandran ploB§, 58). In the first case,
of > 5.00 were inspected systematically. A two-parameter SArg275 in TRPS, the electron density does not allow an
bulk solvent correction29) was applied throughout and unambigous placement for both neighboring peptide planes.
recalculated after each round of rebuilding. In the final The other two cases concern residuBhe212, which is
stages of the refinement conjugate gradient refinements offlanked by glycine residues on either side and whose side
coordinates anB-factors were carried out. The refinements chain is invisible in TRPS. In TRFSPP and TRPE L',
were considered complete when no more interpretable peakghe aromatic ring oblPhe212 is involved in binding of the
higher than 5.6 were found in &.,s — Fcacdifference map.  substrate analogue, leading to a strained conformation of the
In each of the structures, a N@n was located in difference  main chain dihedrals.
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terminus of theo-subunit, ano-helix (HO) is attached to
the bottom, i.e. the side opposite the active site, of the barrel.
On the top of the barrel, thes-barrel structure is supple-
mented in three locations. Between stra@2 and helix
oH2, ana-helix (helixaH2") preceded by a loop (loogplL 2)

is inserted. The latter loop contains several residues that
play key roles in catalysis and intersubunit communication
(ref 46 and below). Another important loop (load_6) is
found between strandS6 and helixaH6 in a position which

is topologically equivalent to the position of the flexible loop
in TIM (69). Finally, an additional helixq{H8'), oriented
with its N terminus toward the phosphate binding site, is
inserted before helixtH8.

At present, thgg-subunit of TRPS represents a unique fold.
No close similarities were detected by a DALI sear2B){
and no equivalent folds are listed in the current release of
SCOP §8). Hyde et al. have described the fold of this
subunit in terms of two nearly equally sized and topologically
similar domains 25). These were named the N- and the C
domain [residueg$1—£3204 and residue$205—-3397, re-
spectively, with a short piece of the N domain (residues
p53—/85) crossing over into the C domain (Figure 3)]. On
the basis of the results of this study, we suggest a different
division of the S-subunit into domains. Both N-terminal
helices fH1 and fH2), the crossover domain, and the
following helix SH3 wrap around the C domain (redefined
to comprise residug190—,5397). This N-terminal domain
is anchored to the protein by coupling@ftrands3S1 and
S2 (the previous crossover domain) to the cerfiraheet
of the C domain on one end and interactions between residues
p7—p16 andB275—-3286 of the C domain on the other end.
L The remaining part of the previous N domain (residues
FicURe 3: Schematic view of the topology of the andg-subunit ~ #Gly102-5Gly189) constitutes a domain that has only very
(panels a and b, respectively) of the tryptophan synthg8e  few interactions with the rest of the protein. As will be
complex. The color coding is identical to that used in Figure 1; shown below, this domain plays an important role in the
e e e e e dlmams ar lIOSErc communication between theand thesie, and
cg)ivst‘en asgdeterminedgbyROCHECK(31, 36). T)rlle color coding in %herefore' we name it the_ COMM df)mam' Apgrt fro_m_ be'ng
panel a is as follows: red for the canoniegd-barrel part of the nine residues shorter at its N-terminal end, this definition of
a-subunit and light red for extensions. In panel b, the domain the COMM domain is identical to that of the mobile region

wrapping around the redefined C domain (shown in blue) is shown (residueg3Gly93—/3Gly189) introduced by Rhee et ab1).
in light blue, and the newly defined COMM domain (see the text) . .
is shown in yellow. In both panels, important loop regions are ~ Native Structure. The model for TRPS contains 612 out

marked as L2, L6, and L3, respectively. Loop regions involved in of 665 residues, i.e. 21 residues less than the preliminary
phosphate binding at thesite are marked by P. For tiflesubunit, model of TRPS deposited in the protein data bank [1WSY

the division into domains as given in Hyde et &5) is indicated P ;
by gray boxes. In the text, secondary structure elements af-the (9, 29]. This is due to the lower resolution of our data and

and 8-subunit are referred to with prefixesandp, respectively. ~ the use of very stringent criteria for chain tracibility. The
parts of the protein that were not modeled, clearly, have more

Architecture of theo8 Complex. The secondary and than one conformation when the respective electron densities
tertiary structure of the complex is the same with respect to are compared to those corresponding to ordered parts. In
the three different states of the enzyme investigated here.the a-subunit, the following regions are missing from our
The following description of the the overall structure of the model: al2, a54—062 (056—a58 in 1WSY) andal6,
complex is based on the most accurate model, TRPS al77-0195 @178-a191 in IWSY),aPhe212 was omitted
Although the beginnings and ends of secondary structurefrom the model as there was no electron density for this
elements deviate in several cases, the overall topology (Figureresidue, which is flanked by glycines on both sided.ys249
3) is equivalent to the one described by Hyde et 2B).( andaGly250 inaH8 are missing from our model, but were
However, on the basis of functional and topological consid- modeled in IWSY. The following residues of thesubunit
erations, we introduce a division of th@subunit into are not included in our modelSVal139-4GIn142 in the
domains, which is substantially different from the definition loop region betweegS4 andgH5 (the secondary element
by Hyde et al. and similar to the one suggested by Rhee etassigment is based on 1IWS¥Rro158-4Thrl65 in the loop
al. (62) (Figures 1 and 3). region betweerS5 andfH6, and the C terminus of the

The fold of thea-subunit is that of a canonical eight-fold  S-subunit from3389 onward. After superposition using 506
aB-barrel with several structural elements added. At the N C, atoms withB values< 35 A2in TRPS, the rms difference
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Ficure 4: Simulated annealingR2ps — Fcac oa-weighted omit map32, 59), contoured at the level, around the F-IPP bound to the
o-site. Two hundred twenty-one atoms, including F-IPP and those in the vicinity of it, were omitted before the map calculation. The figure
was prepared using BOBSCRIPTY.

between positions of equivalent,Catoms is 0.64 A,
indicating that, within the limits of the combined coordinate
errors, the two models are identical in the well-defined
regions of the polypeptide chain.

Binding of F-IPP to thea-Site. Apart from residues at
the termini of both polypeptide chains, the only part of the
TRPS PP complex that remains too disordered to be built
into electron density is the C-terminal part of loof.6
(0Arg188—aleul93).

In addition to the localization of the binding site, the highly
refined structure of TRPS with F-IPP bound (TRPY)
gives a very detailed view of the interactions between the
inhibitor and the protein residues in the vicinity of it (Figure
4). As previously described for the binding of IPP to the
wild-type enzyme 25) and to the mutantK87T (61), F-IPP
binds in a depression on the surface of theubunit that
offers several hydrogen bonds to the phosphate group at one
end and a hydrophobic environment to accommodate the
indole moiety at the other end (Figure 5). The binding of
the phosphate group of F-IPP takes place in a region of the ] o ] .
a-subunit that is topologically equivalent to the phosphate FIGURES: a-Subunit substrate binding. The surface ofdhsubunit

L . is shown in red (hydrophobic), blue (polar), and white (others).
binding sites of several otherS-barrel enzymes70). In F-IPP is represented by gray sticks at the bottom of the binding

fact, the local geometry of binding of the F-IPP phosphate pocket.aPhe212 (green) is sandwiched between the indole moiety
group is almost identical to that of the respective region of F-IPP and loopal6 in its closed conformation (residues

where G3P binds to TIMF1). The N terminus of helixxH8' 0Arg1l79-aGlul84 are shown as yellow sticks, hydrogen bonds
(aGly234—aSer235-aAla236) provides direct and water- 25 thin yellow lines). The figure was prepared using the program
: GRASP (50).
mediated hydrogen bonds to the phosphate oxygen atoms
OP1 and OP2 (Figure 6). It has been suggested that thebecomes ordered upon substrate binding in a way similar to
dipole of this helix provides a positive electrostatic field the loop closure observed in TING9). In the closed state,
supplementing or fine tuning the phosphate binding capability loop aL6 forms an almost circular lid, stabilized by a number
of this site @5, 64). Loop aL? (aGly211l-aPhe212- of hydrogen bonds originating from the guanidinium group
0Gly213—alle214) has been found to be absolutely con- of aArgl79 and extending radially like spokes, sandwiching
served in a number of sequences encoding TRR8bunits oPhe212 onto the indole moiety of F-IPP (Figures 5 and 6).
in different species1(7) and not only provides hydrogen Replacement oftArgl79 by other amino acids will clearly
bonding partners for OP2 and OP3 but also interacts with disrupt the structure of this wheel-like arrangement, explain-
the indole moiety of the inhibitor via the aromatic ring of ing the lower substrate-binding affinity observed by Brzovic
aPhe212, which lies on top of the indole in an edge-to-face et al. for the mutanttR179L (15). On the protein side, the
arrangementl). The two glycine residues flankirgPhe212 fluoroindole moiety of the inhibitor fits well into the
act as hinges, rendering this residue very flexible and hydrophobic pit lined by residuesPhe22 olle64, alLeul00,
facilitating both substrate entry and binding. Their impor- aTyrl02,aleul27,alle153, andaTyrl75, residues previ-
tance is reflected in being either a site of missense mutationously found to interact with the hydrophobic part of IPP by
(Gly211) or a site of a second-site revertant (Gly24) ( Hyde et al. and Rhee et ak§, 61). We chose to study
The third part of thex-subunit interacting with the phosphate F-IPP as opposed to IPP since it offers the possibility of
oxygens of F-IPP is mobile loomlL6, most of which F-NMR investigations [see studies using 5-fluartryp-




5400 Biochemistry, Vol. 37, No. 16, 1998

Schneider et al.

Ficure 6: Schematic view of hydrogen bonds (broken lines) present after binding of F-IPP to TRPS. Hydrogen bonds witisnlttieit
(red background) are shown in red. Interactions across the interface betweeratie thes-subunit (blue and yellow background, where

yellow indicates parts of the COMM domain) are shown in black.

tophan @4)]. In the TRPS$ PP and TRP§%" structures,
the fluorine atom points towardscof allel53. Since no

coordinates of the wild-type tryptophan synthase IPP com-

Besides its importance for thereaction itself, the interaction
between the carboxylate ofAsp60 and F-IPP-N1, together
with three hydrogen bonds involvingThrl83 @Thr183-

plex are available, we cannot determine the influence of the O,1°**0Asp60-Qy, aThr183-Q;-+-aGly61-N, andoThr183-

fluorine atom on the protein structure.

In contrast to the conclusion drawn by Rhee et al. that
both thea- and thes-site have to be occupied with substrate
to induce closure of loopL6, we find that binding of F-IPP

N---aAla59-0) may form the basis for the concomitant
ordering of loopsL2 andal6 upon substrate binding. A
prominent role foraThrl83 is supported by the fact that
single amino acid substitutions at this site result in complete

alone suffices to trigger the simultaneous ordering of loops inactivity of the enzyme toward IGF74§).

oL6 andalL2. Although binding of F-IPP to wild-type TRPS
is slightly tighter than binding of IPP, as indicated by the
Kq values (0.2-0.5 vs 2 uM, data not shown), it is
unlikely that the additional fluorine atom leads to a signifi-
cantly different binding of the substrate analogue to the wild-
type enzyme. It cannot be excluded that the different
behavior of thefK87T mutant protein in terms of loop
closure at thea-site is an indirect consequence of the
mutation performed at thg-site.

Concerning thex-reaction, the TRPS structure supports a
general “push-pull” acid—base mechanism for the reversible
cleavage of the £-C; bond of indole 3-glycerol phosphate,
in which adAsp60 andaGlu49 act as base8% 49). The
carboxylate group oftAsp60 forms a strong hydrogen bond
to the nitrogen atom of the indole moiety (2.7 A), thus
allowing abstraction of the respective proton or a tautomer-
ization of the indole ring. The carboxylate groupodblu49
is located in the vicinity of the indole moiety surrounded by
sufficient space to allow the transfer of a proton from glycerol
phosphate to indole as suggested by Nagata et4§). (

Communication of Substrate Binding from thieto the
pB-Site. The ordering and mutual stabilization af.6 and
L2 upon binding of F-IPP substantially change the inter-
subunit interface. In addition to the interactions facilitating
subunit association, new, mainly polar, interactions connect-
ing loopalL 2 of theo-subunit and heliygH6 of theS-subunit
are established (Table 2 and Figure 6yAsp56-
Os2*++fLYs167-N, aAsp56-Qy-+-fAsN171-N,, aPro57-
O---fArgl75-N, oPro57-0O-:fArgl75-N,,, aAsp60-
O---fArg175-N, and GIn65-N,---fArgl75-N.. Apart from
these, two other weak hydrogen bondeGly181-
N--+$Ser178-0 (3.4 A) andSer55-Q-+-Blle294-N (3.0 A),
are formed in other regions of the subunit interface. The
formation of the above intersubunit interactions leads to an
ordering and repositioning of helgH6 (Figure 3) with the
largest changes occurring at its N terminus; resigiigs8—
p164, found to be disordered in TRPS, become ordered.
Similarly, residue$3139-£142, located at the N terminus
of SH5, become ordered as well. All these newly ordered
regions belong to the COMM domain. Inspection of the
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Table 2: Polar Interactions between the COMM Domain and the
Rest of theas Complex

distance (A3

COMM interacting

domain atom  atom TRPS TRPSPP TRPS T Si'Ffclass
PLys103-N  SAla98-0O 3.0 2.9 3.0 nterm
pLys103-N:-  SGIn27-N. 3.2 (4.0) 3.2 nterm
pGIn114-N, pGly83-O (4.6) 3.1 (4.0 plp
pLeul26-O pLys99-N: 3.1 3.7) 2.7 weak
pLysl67-O pTyr279-Q, (4.0) 3.1 3.1 gate
BLys167-N-  blle294-O 3.0 (4.5) (4.6) of
pLys167-N.  aAsp56-Q, — 2.8 2.8 of
BAsN171-N, BTyr279-Q, 3.3 2.9 31 gate
BAsn171-Q: BTyr279-0, (3.6) 3.0 3.3 gate
BAsSN171-Q; 0ASp56-Q; — 3.0 3.0 of
BArgl75-N.  oPro57-0O - 3.3 34 of
BArgl75-N.  aAsp60-O - 3.0 3.1 of
BArgl75-N.  aGIn65-Q;  (5.0) 3.1 3.3 aB
PArgl75-N,; oPro57-O - 2.9 3.0 of
PArgl75-N, aGIn65-Q; 3.2 34 3.3 of
BSer178-0 oGlyl81-N  — 34 35 af
BTyr181-Q, aAsni57-Np 3.1 3.3 3.3 of
PHis185-N. (GIn94-Q; (4.2) 2.9 35 cterm
BTyrl86-0  pGIN94-Q;  (3.7) 35 35 cterm
pTyrl86-O fTyrl97-Q, 3.0 2.6 2.6 cterm
pLeul88-O  GIn90-N 3.2 3.0 3.0 cterm
pLeul88-O [SGIN94-N,  (3.9) 3.1 3.2 cterm
pLeul88-N SGIn94-Q; 3.2 (3.8) (4.8) cterm
pGly189-O  bThr190-N 2.2 2.2 2.2 cterm
BGly189-N  Thr190-N 2.9 2.9 2.9 cterm
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PK167T, which breaks the salt bridge betweehsp56-Q;
andfLys167-N: (Figure 6), results in a 25-fold lower rate
for the S-reaction ¢3).

Binding ofL-Ser and Formation of the Aminoacrylatés
for TRPS PP the model for the complex between TRPS,
F-IPP, andL-Ser (TRPS‘,’K'3 contains all of the protein
residues apart from residues at the termini of both polypep-
tide chains and the C-terminal part of lo@d6. The
cofactor itself and -Ser are clearly visible in electron density
maps (Figure 7); the Schiff base linkage betwgikys87
and PLP is broken, andSer has been coupled to PLP. In
comparison to TRPS'PP, the phosphate tail of PLP is
essentially in the same position, whereas the pyridoxal ring
is tilted by approximately 20about its G—C, axis (Figure
8c). Nevertheless, it cannot be derived from the electron
density alone which of the intermediates occurring upon
binding of L-Ser (Figure 2) is predominant under the
conditions given in the crystal.

The influence of pH, temperature, angsubunit ligands
on the distribution between different intermediates at the
p-site has been investigated in solutiob6) and in the
crystalline state47, 62), yielding comparable results; lower
pH and/or the presence afsite ligands strongly favors the
aminoacrylate intermediate over the external aldimine. The

a|nteratomic distances of less than 3.4 A between polar atoms are crystalline aminoacrylate complex can be generated by
considered polar interactions, and interactions beyond this limit value passing serine across a crystal mounted in a flow cell. Under

are enclosed in parenthesesindicates that an atom is not included
in the respective mode®.Interactions are classified as follows: nterm
or cterm, first atom close to the N or C terminus of the COMM domain;
plp, interaction with PLP positioning residue; weak, weak interaction;
gate, second atom belongsA®yr279; o3, polar interaction bridging
the intersubunit interface.

polar interactions originating from the COMM domain after
binding of F-IPP to thex-subunit (Table 2) reveals that, apart

from the hydrogen bonds bridging the subunit interface, there

are only very few hydrogen bonds between the COMM

steady state conditions, the aminoacrylate will be highly
populated in a TRPS'FP cocrystal since the aminoacrylate

is formed at a rate of 45 % and decays with a rate constant
of only 0.2 s to pyruvate and ammoni®), To maximize

the occupancy of the aminoacrylate, we chose to work at
pH 7.0 since the decay of the aminoacrylate is faster at higher
pH values.

In a recent study, McDowell et al4{) have shown by
solid state NMR spectroscopy on microcrystalline samples

domain and the rest of the enzyme that are not close to the0f TRPS that when IPP is bound to thesite two tautomers

hydrogen bonds betwegiTyr279-Q,, fLys167, ang3Asnl171

aminoacrylate Schiff base and its methyl ketoamine tautomer

are particularly interesting, since they establish a link between (Figure 2). The currently available diffraction data do not

the a-site and the pair of aromatic residuglyr279 and

allow simultaneous refinement of both of these conformers.

BPhe280, that are thought to have a gating function in the TO account for both possibilities, we used only a single

tunnel (see refd4, 60, 63, and67] and below).

conformer and refined it without restraints on the dihedral

Due to the lack of strong interdomain interactions, the angles of the aminoacrylate moiety while keeping all carbon
COMM domain as a whole can be considered relatively 8toms and the-Ser nitrogen involved in the Schiff base
independent from the rest of the protein. The displacementinkage planar. Consequently, the resulting model does not

of the 3109114 region (loogsL3) upon binding of F-IPP

correspond to one conformer but to a mixture of E(A-A)

to thea-site (Figure 8a,b) can be explained as a consequencednd E(MK).

of the displacement of heligH6 at the other end of the
COMM domain that is communicated solely by intradomain
interactions. In addition to the backbone atoms of 166,

the side chains gfGIn114 and3GIlul09 are repositioned

In the current model, the aminoacrylatg &om points
toward the tunnel and the carboxylate group is oriented
toward loopSL3 (Figure 8), a region whose sequence is
highly conserved in tryptophan synthases from various

relative to the cofactor PLP. In particular, the carboxylate species§, 10, 17). The electron density for the carboxylate

group of AGIlul09, which is believed to play a role in
catalysis of thgs-reaction (2), moves 1.5 A closer to PLP.
These changes at tifiesite, which originate from the-site,

group of the aminoacrylate is smeared out and in principle
allows different positions of this group related by rotation
about the G—C bond. This may be due in part to the

may be the basis for the changes in binding affinities and in simultaneous presence of the two aforementioned tautomers,

the distribution of intermediates observed at fhsite upon
binding of substrates to the-site (L3). The proposed
pathway for the allosteric interaction between titeand
[-sites @-site— oL.2 — fH6 — COMM domain— j-site)

but more likely corresponds to a situation with no clear
energetically favorable position due to the large number of

spatially close hydrogen bond donors supplied by I6bB

and neighboring residues (Figure 8f;hr110-O4, fAlal12-

is in agreement with the observation that the mutation N, fGly113-N,3GIn114-N,SHis115-N, and Wat51 are all
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Ficure 7: Simulated annealingFR2ps — Fcac oa-weighted omit map22, 59), contoured at the level, around thes-site. Two hundred
thirty-nine atoms, including, PLR3Lys87, and the aminoacrylate, were omitted before map calculation. The figure was prepared using

BOBSCRIPT 75).

within hydrogen bonding distance from at least one of the hinges around which the entire domain pivots as a rigid body.
carboxylate oxygens, independent of the rotameric state. ThisSide chains within the COMM domain also show identical

flexibility is in fact functionally important in allowing
accomodation of different groups ligated to thg & the

conformations, the only exceptions beid®In114, which
moves together with PLP (Figure 8), and the aromatic ring

aminoacrylate without sterical problems, e.g. the external of SPhe147, which loses contact with the sec@rslibunit

aldimines of.-Ser and.-Trp (61). The present conformation
of the aminoacrylate not only allows favorable interactions

in the a8, complex. The rigid-body displacement of the
COMM domain upon formation of the aminoacrylate is most

of the aminoacrylate carboxylate group but also is consistentjikely caused by the interaction of the aminoacrylate car-

with the suggestion by Hur et ak4) and Lu et al. 89) that
PLys87 abstracts the-proton from E(Aex) to form E(Q);

for L-Ser, this conformation allows an interaction between
its o-proton andsLys87, whereas fop-Ser, toward which
the -subunit shows no activity2d), the a-proton would be
pointing away fromBLys87.

After being liberated from PLP, the side chaingifys87
moves away from the cofactor into a position where it is
not solvent accessible and it &tom forms hydrogen bonds
with BHis86-N., (3.1 A) andSer235-Q (3.2 A). These

boxylate group with looL3 and leads to a slight stretching
of most of the hydrogen bonds between h@i6 and loop
oL2 (Table 2). The resulting strain could be propagated to
the scissile bond of the natural substrate of thsite via
the hydrogen bond betwe@®sp60-Q; and the indole N
atom (Figure 6) and thereby activate theeaction.

Superposition of thg-subunits of the recently determined
structure of the mutaftK87T complexed with IPP§1) and
TRPS_" reveals that, although most of th@subunit

findings support evidence from spectroscopic experiments rétains an identical structure in the mutated protein, there
that suggest the proton abstracted from is sequestered in &€ substantial differences in the conformation of the COMM
solvent-excluded site and possibly stored in a low-barrier domain in the3135-150 and5157—/3166 regions (Figure

hydrogen bondZ4).

Activation of theo-Reaction. Kinetic investigations have
shown that the formation of the aminoacrylate at fhsite
activates the cleavage of IGP at thesite and the subsequent

release of indole into the tunnes,(7, 13). In TRPS_F,

10). Since Rhee et al. do not observe the aminoacrylate in
the -site, but rather the external aldimine (Figure 2), the
additional interactions between the,,Oof the external
aldimine formed and loopL3 may be a reason for these
differences (Figure 11). However, they can also be a

the overall reaction does not proceed further than the consequence of the replacemenpbf/s87 by threonine. In

activation step, since F-IPP cannot be hydrolyzed.

the SK87T mutant, the ¢y atom of SThr87 expels a water

Difference distance matrices for atoms indicate that the molecule (Wat28), which, in the wild-type structure, provides
only significant difference between the polypeptide backbone two hydrogen bonds linkingThr88-O,, and fGlu114-N,

of TRPS PP and TRP&'" is a rigid-body displacement
of the COMM domain. This is also clearly visible when
both models are superpositioned using only &oms not

that position3L3 relative to the backbone atomsifys87.
These hydrogen bonds are replaced by a pair of hydrogen
bonds originating fromBThr87 (3Thr87-Q,:--fGlu114-O

belonging to the COMM domain. These atoms can be andSThr87-Q,--+fThr88-N) resulting in loop3L3 being

superimposed with an rms difference of 0.24 A (rms
difference= 0.47 A for G, atoms of the COMM domain,

pulled closer to the regiof87—/388 by about 0.5 A (Figure
11). The latter change, or possibly both changes together,

using the same superposition), showing that, apart from thelead to a chain reaction by which a completely new hydrogen

COMM domain, the polypeptide backbone of the entif®
complex is in essentially the same conformation in TRIPS
and TRP§'YP (Figure 9). Superposition of Latoms
belonging to the COMM domain gives an rms difference of
0.23 A with the positions of the COMM domains in
TRPS'"P and TRP§_L" being related by a rotation of
~2° approximately around the axis connectp@ly102-G,

bonding network is built up for th8135-3144 and3156—
p166 regions, leading to a substantially different structure
of the COMM domain. Clearly, this will have an effect on
the allosteric interaction between tffe and thea-site and
may thereby explain the much less pronounced activation
of the a-reaction when, in thgK87T—IPP—Ser complex,
the external aldimine is chemically converted to aminoacry-

and 5Gly189-G,. This suggests the two residues act as late (39).
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FicURe 8: Ball-and-stick representation of the vicinity of tffesubunit cofactor PLP in (a) TRPS, (b) TRPSP, and (c) TRP§ %"

Carbon atoms and bonds belonging to the cofactor are shown in white and other carbon atoms and bonds in light gray. Nitrogen atoms are
shown in dark gray and oxygen atoms in black. Hydrogen bonds are displayed as dashed lines. All interactions involving the phosphate
group are omitted for clarity. In panel c, thg &om of the aminoacrylate is shown as a ball with a diameter larger than that of the other
atoms. The figure was prepared usmgLSCRIPT (34).

Influence of thex-Ligand on the Nature of thg-Ligand. relative to PLP discussed above, the position of the car-
Spectroscopic studies have shown that binding of IPP, G3P,boxylate group offAsp305 with respect to the bound serine
or phosphate to the-active site shifts the distribution of seems to play a major role. In ti#K87T—Ser structure,
enzyme-substrate intermediates at fhactive site to the the hydroxyl group of the external aldimine E(AgXsee
aminoacrylate §6). In addition to the motion of loopL3 Figure 2) forms a hydrogen bond with the side chain
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FIGURE 9: Superposition of TRPSIPP (thin line), and TRPSA¥ (thick line) based on Catoms of residues not belonging to the COMM
domain. The rms difference between the superpositionedt@ns is 0.24 A. The orientation of the molecules is rotatetvith respect
to the orientation in Figure 1. The figure was prepared usiogscrIPT (34).

beta-H6 beta-H6

FIGURE 10: G, traces of COMM domains from TRESL" (thick line) and the3K87T—IPP—L-Ser complex [thin line, PDB entry 2TRS
(61)] after superposition of residugd.0—5100 and3200—£380 using the program CB(Q). The regions exhibiting major conformational
differences £135-3150 and3157—3166) are shown as dashed lines. H¢l&is marked. The figure was prepared usimg scriPT (34).

' "‘
St

Ficure 11: Ball-and-stick representations of tfiesite from TRPS__':P (red) and theSK87T—IPP—L-Ser complex (PDB entry 2TRS,
green) using the same superposition as in Figure 10. Thet@n of residugg87 is marked. Hydrogen bonds are shown as dashed lines.
The figure was prepared usimgLSCRIPT (34).

carboxylate opAsp305 [2.7 A distance, “swing-in” position ~ forces for this transition due to the significantly different
(61)], stabilizing this intermediate. In both the wild-type arrangement of some parts of the COMM domain between
and theBK87T mutant structures, the COMM domain moves the wild type and thgsK87T mutant. In the latter case,
upon binding of a ligand to the-site and forcegAsp305 BAspl38 seems to destabilize the swing-in g@#rgl4l

to move away from the swing-in position, most likely into seems to stabilize the swing-out position after movement of
the “swing-out” position where its carboxylate group points the COMM domain. In wild-type TRPS, these two residues
away from PLP gK87T—Ser—GP, fK87T—SerIPP, and do not play a role. Here a close contact betwegA1d1
TRP$:'X'3. There may be subtle differences in the driving (part of looppL3) and the swing-in position may trigger the
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transition. The result is the same in both cases; after thereading of the manuscript. We are grateful to Robert M.
loss of the interaction witlAsp305, water can protonate Sweet for continuous support.

the E(Aex) hydroxyl group, and by elimination of a water

molecule, the aminoacrylate is formed. This explanation is REFERENCES

also consistent with the cation-specific distribution of the
external aldimine and the aminoacrylate5( 71) since
structures of TRPS complexed with eithet,KCs', or Na
show that the3Asp305 position depends on the metal that
is present§0). The importance of th8Asp305 side chain
also becomes obvious when it is mutated to A3n (

Mechanism of the TunnelThe tunnel connecting the-
and thef-site changes in several respects upon binding of
F-IPP. The rearrangement of loojh2 and helix5H6 leads
to a complete blockage of the tunnel first by the ordered
position ofalL2 itself (Figure 5) and second by a concerted
reorientation of the side chains 6Tyr279 and3Phe280 into
the position obstructing the tunnel, as previously found by
Rhee et al.§0). This reorientation is facilitated by hydrogen
bonds between the hydroxyl oxygen @Tyr279 and
aAsp56-Q,, the amide group gfAsnl171, and the carbonyl
oxygen of fLys161 that are formed upon the concurrent
ordering of loopaL2 and helix GH6.

How can the tunnel be made permeable after indole is
produced by cleavage of th&—Cz bond of thea-subunit
substrate? We speculate theasp60, one of the anchoring
points of the closed conformation of looplL2, gains
conformational flexibility as soon as the bond between indole
and G3P is broken. Strain built up prior to the bond cleavage
is then released in a displacement of the COMM domain.
Such a conformational change would result in lomb2
opening the tunnel, while loopL6 remains in its closed
conformation preventing solvent access. Simultaneously, the
hydrogen bonds between loof.2 and the COMM domain
responsible for keepingTyr279 angsPhe280 in the “tunnel-
blocked” position would be lost, allowing the two side chains
to swing back into the “tunnel-open” position, thus rendering
the tunnel fully permeable.

Conclusions. The results presented here allow the de-
scription of several important features of the catalytic cycle
of tryptophan synthase in structural terms. Binding of an
a-site substrate triggers the ordering of two previously
disordered loop regions and thereby creates a reaction volume
for the a-reaction that is secluded from both solvent and
the tunnel leading to th@-site. Simultaneously, a newly
defined domain, the COMM domain, becomes ordered and
establishes a pathway by which information can be com-
municated allosterically from the- to the 5-site and vice
versa. The actual communication between the two sites
involves only a small number of key interactions bridging
the intersubunit interface and connecting the COMM domain
to thes-site, the transmitter between these being rigid-body
displacements of the entire COMM domain. Two central
steps of the catalytic cycle, the adjustment of the equilibrium
at the g-site upon substrate binding at tleesite and the
activation of thex-reaction after formation of aminoacrylate
at theg-site, can be explained by this model. Related to
these findings, a possible mechanism for control of the tunnel
permeability is suggested.
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