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ABSTRACT. Three-dimensional structures are reported for a mufaii87T) tryptophan synthase,s.
complex with either the substrateserine fK87T-Ser) or product-tryptophan gK87T-Trp) at the active

site of theS-subunit, in which both amino acids form external aldimines with the coenzyme, pyridoxal
phosphate. We also present structures wiierine bound to thg site and eitheo-glycerol 3-phosphate
(BK87T-Ser-GP) or indole-3-propanol phosphat&87T-Ser-1PP) bound to the active site of thesubunit.

The results further identify the substrate and product binding sites in each subunit and provide insight
into conformational changes that occur upon formation of these complexes. The two structures having
ligands at the active sites of botlr and S-subunits reveal an important new feature, the ordering of
o-subunit loop 6 (residues 1794.87). Closure of loop 6 isolates the active site of ¢heubunit from
solvent and results in interaction betweerhr183 and the catalytic resida#\sp60. Other conformational
differences between the wild type and these two mutant structures include a rigid-body rotation of the
o-subunit of~5° relative to thes-subunit and large movements of part of ffisubunit (residues 93

189) toward the rest of th@-subunit. Much smaller differences are observed ink87T-Ser structure.
Remarkably, binding of tryptophan to tifeactive site results in conformational changes very similar to
those observed in th8K87T-Ser-GP angK87T-Ser-IPP structures, with exception of the disordered
a-subunit loop 6. These large-scale changes, the closure of loop 6, and the movements of a small number
of side chains in the.—p interaction site provide a structural base for interpreting the allosteric properties
of tryptophan synthase.

The control and coordination of chemical events in the (1972)]. In the first step, IGHs cleaved to G3P and indole
living cell are often achieved by allosteric proteins (Perutz, at the active site of the-subunit ¢ reaction). In the second
1989). Allosteric interactions occur when the binding of one reaction, indole reacts with-serine in a PLP-dependent
ligand at a specific site is influenced by the binding of reaction atthe active site of tifesubunit f reaction). The
another ligand at a different (allosteric) site. An important ©Verall reaction, which is formally the sum of teeand 8
problem in the elucidation of the allosteric mechanism is reactions, is termed thef3 reaction.
the structural basis for ligand-mediated communication o reaction: IGP— indole+ G3P
between topologically distinct binding sites. An ideal system ] ] )
for investigating this problem is the bacterial tryptophan A réaction: L-serine+ indole— -tryptophant+ H,0
synthasen,3, complex (EC 4.2.1.20) that catalyzes the last
two steps in the biosynthesis oftryptophan [for reviews
see Miles (1979, 1986, 1991a, 1995), Miles et al. (1994),
Swift and Stewart (1991), and Yanofsky and Crawford  The initial 2.5 A resolution crystal structure of the
tryptophan synthase,$, complex (Hyde et al., 1988) and
the subsequent 1.9 A resolution structurevealed many

: TI??? COOErigf;ﬁ]Sngt;*g?a nS&rl(JlggJSSur:l;é/rethbeere]gmdeipgaiéeg f(ijr; ttrt? structural features of the enzyme, including the binding site
E&%"?Tiﬁﬂe, 2TRS for theK87T-serine-IPP. 2TSY for thakg7T- O the substrate analog IPP at the active site obéseibunit,
serine-GP, and 2TYS for th8K87T-tryptophan complex. the location of the PLP coenzyme at the active site of the
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Scheme 1: Reactions at the Active Site of fh&ubunit in the (A) Wild-Typea,32, Complex and the (BFK87T a2

Complex
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proposed that this tunnel permits indole, the product of the in the conversion of E-Q to E-Trp in the formation of

a-reaction, to diffuse to the active site of tifesubunit
without being released into the solvent. Crystallographic
studies of the wild-typet,3. complex showed that exchange

L-tryptophan. Here we describe three-dimensional structures
of the mutant §K87T) a3, complex with either the substrate
L-serine BK87T-Ser) or the produat-tryptophan K87T-

of potassium or cesium for sodium ion altered the conforma- Trp) bound as an external aldimine with PLP at the active

tion of the tunnel by removing a side chainghe280 that
blocked the tunnel (Rhee et al.,

Ruvinov et al., 1995a; Woehl & Dunn, 1995).

The PLP-dependerft reaction proceeds through a series
of intermediates (Scheme 1A). Theamino group of
SLys87 forms an internal aldimine (E) with the coenzyme
PLP. The reaction af-serine with thes-subunit is initiated
by a transaldimination reaction in which tlreamino group
of L-serine displaces theamino group of5Lys87 and forms
an external aldimine (E-Ser) with PLP. The next steps in
the synthesis of-tryptophan involve conversion of E-Ser
to aminoacrylate (E-AA) followed by addition of indole to
form a quinonoid intermediate (E-Q) and protonation of E-Q
to form an external aldimine (E-Trp). Kinetic studies
indicate that conversion of E-Ser to E-AA in tfesubunit
activates thex reaction significantly and that conformational
changes in this step play roles in allosteric interactions
between the- andS-subunits (Anderson et al., 1991; Banik
et al., 1995; Brzoviet al., 1992b).

The mutanta,f, complex in which thes-subunit active
site Lys87 is replaced by threonin@87T) has no measur-
able activity in reactions catalyzed by thfesubunit but
retains a-subunit activity (Lu et al., 1993). The mutant
enzyme forms very stable external aldimine derivatives with
L-serine (E-Ser in Scheme 1B) ortryptophan (E-Trp in
Scheme 1B) at the active site of th&subunit. The

site of thes-subunit. We also present structures witberine

1996), thus accounting for bound to thes site and either GP5K87T-Ser-GP) or IPP
the effect of cations on enzyme activity (Peracchi et al., 1995;

(BK87T-Ser-IPP) bound at the active site of thesubunit.
The results further identify the substrate and product binding
sites in each subunit and provide insight into conformational
changes that occur upon formation of these complexes.

MATERIALS AND METHODS

Crystallization and Data CollectionThe expression and
purification of the mutant{K87T) tryptophan synthase,(,
complex fromSalmonella typhimuriurhave been described
(Miles et al., 1989; Lu et al., 1993). TheK87T-Ser and
PK87T-Trp complexes were prepared by mixing 87T
023, complex with 10 mML-serine or 10 mM.-tryptophan.
Prior to crystallization, the enzyme concentration was
adjusted to 1615 mg/mL. Crystals of thgK87T mutant
containing bound-serine on-tryptophan were grown under
the conditions used previously for crystallization of the wild-
type enzyme (50 mM Bicine, 1 mM Na-EDTA, G-:8.5 mM
spermine, and 12% PEG 8000 adjusted to pH 7.8 with
NaOH) (Ahmed et al., 1985). In order to crystalize the
PK87T-Ser-GP an@fK87T-Ser-IPP complexes, th#K87T-

Ser enzyme was cocrystallized under the identical conditions
with addition of 10 mM GP or 0.4 mM IPP. These crystals
belong to the space gro@? with the asymmetric unit being
the o pair.

Diffraction data were collected at room temperature on a

observation that these complexes were not further convertedRaxis IIC imaging plate system mounted on a Rigaku RU-

to E-AA or E-Q (Scheme 1A) suggested tifttys87 plays
a catalytic role as the acceptor of theproton ofL-serine in

200 rotating anode X-ray generator operating at 50 kV and
100 mA. The beam was generated using a 8.3 mm

the conversion of E-Ser to E-AA and as the donor of a proton focal cup, passed through a graphite monochromator, and
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Table 1: Data Collection and Refinement Statistics

K87T-Ser K87T-Ser-IPP K87T-Ser-GP K87T-Trp
data statistics
resolution (A) 1.9 2.04 2.5 1.9
no. of unique reflections 53755 37134 24203 50490
Rmerge(%0) 7.9 8.0 8.9 4.4
completeness (%) 90.0 76.9 91.7 84.6

cell parameter

72.9 (2.0-1.9 A)

49.4 (2.13-2.04 A)

82.6 (2.6-2.5 A)

46.8 (2.6-1.9 A)

a(d) 184.2 184.2 185.7 185.8
b (A) 61.8 61.3 62.6 62.3
c(A) 67.8 67.9 67.9 67.8
p (deg) 94.8 94.5 94.4 94.1
refinement statistics
resolution range (A) 8:01.9 8.0-2.04 8.0-2.5 8.0-1.9
no. of reflections ¢ 20) 49846 36088 23487 49681
no. of protein atonts 4930 4965 4958 4965
no. of solvent
water 254 189 128 358
cation 1 (N&) 1 (Na") 1 (Na") 1 (Na")
R-factor (%} 18.6 21.4 19.3 171
R-factorRyee (%)° 20.8/24.8 21.4/29.1 18.7/27.8 17.7/21.9
rms deviations from ideals
bond length (A) 0.016 0.014 0.014 0.016
bond angle (deg) 3.1 3.0 3.0 2.1

aDue to variations in the quality of the electron density, residuesl8D, 192-268 of thea-subunit, 3-391 of thes-subunit, and the serine-
PLP intermediate) were modeled in the K87T-Ser structure, residues3{d, 194-268 of thea-subunit, 3-391 of thej-subunit, the serine-PLP
intermediate, and one molecule of glycerdipBosphate) were modeled in the K87T-Ser-GP structure, and residué8741194-268 of the
o-subunit, 3-391 of thef-subunit, the serine-PLP intermediate, and one molecule of indole-3-propanol phosphate) were modeled in the K87T-
Ser-IPP structure. The K87T-Trp structure is composed of residu#&g8, 192-268 of theo-subunit, 3-397 of thes-subunit, and the tryptophan-
PLP intermediate? R-factor value of each structure has been calculated using all reflections from the given resbldtienstructural determination
was completedR-factor andRqe Were calculated by a simulated annealing refinement using 90% and 10% of reflections from the given resolution,
respectively, to assess the quality of the final model.

collimated using a 0.35 mm collimator. The oscillation axis domains of thef-subunits) and truncated by removing

was either along or perpendicular to thaxis of the crystal
with an oscillation range of 1:22.0°. All diffraction data
were processed with the software from RIGAKU.

regions of high mobility (residues55—61, a178-191,
3135-144,5159-175) prior to rigid-body refinement. Two
subsequent cycles of simulated annealing refinement, fol-

Structure Determination of th8K87T-Ser,AK87T-Trp, lowed by manual rebuilding using computer graphics,
PK87T-Ser-IPP, angdK87T-Ser-GRu;3, Complexes.Crys- resulted in a clear, 1.9 A resolutioff2— Fc map in which
tals of the four complexes all were grown under similar the conformation of the PLP-tryptophan external aldimine
conditions, varying only in the presence or absence andwas evident. An atomic model corresponding to the external
concentrations of substrates or inhibitors. The cell param- aldimine was fitted to the electron density and refined in
eters, data statistics, and refinement statistics are summarize#ine rounds of refinement using PROLSQ, interspersed with
in Table 1. In every case, a lack of isomorphism presumably graphics fitting and rebuilding using the program CHAIN.
due to conformational changes and small changes in cell Temperature factor refinement was altered with positional
constants (see below) precluded the wild-type strug¢fusen refinement. ldeal stereochemical restraints applied to the
serving as a direct phasing model for refinement. Better external aldimine model of-tryptophan in the PROTIN
convergence during refinement required the application of program dictionary were derived from an energy-minimized
rigid-body refinement and simulated annealing refinement model constructed with QUANTA. The final refined model
with X-PLOR (Bringer, 1992). In two cases, the program Yields a standar&-factor of 17.1% at 1.9 A resolution (Table
PROLSQ (Cohen, 1986; Hendrickson & Konnert, 1981; 1). One Nd atom and 358 water molecules are included.
Hendrickson, 1985; Sheriff, 1987) was used in the final Disordered residues that could not be modeled include
stages of refinement. residuesnl179-191 (loop 6) ang31—2. ResidugsGlu334

For the K87T-Trp structure, a difference map of the K87T- showed bifurcated side chain density and was refined in two
Trp complex vs the wild-type enzyme, calculated using discretely disordered conformations.
phases from the refined model of the wild-type enzyme, The starting model for the refinement of t3&87T-Ser
indicated the presence of the PLP-tryptophan complex boundstructure consisted of a similar truncated version of the wild-
in the S-subunit active site. Other features in the difference type enzyme structure divided into rigid-body domains. The
map were indicative of large movements in the protein, model was subjected to four cycles of rigid-body and
particularly in the N-terminal domain (residues 32, 86— simulated annealing refinement and alternating cycles of
204) of theB-subunit. The clarity of the difference map and positional and temperature factor refinement. The resulting
the 2, — F. map was dramatically improved through a series 2F, — F. andF, — F; maps using phases calculated from
of rigid-body and simulated annealing refinements with the partially refined model allowed many of the solvent atoms
X-PLOR. The refined wild-type model at 2.5 A resolution and residues that were excluded from the starting model to
(Hyde et al., 1988) was divided into three substructures be modeled (footnote, Table 1). The PLP-serine external
(corresponding to the-subunit and the N- and C-terminal aldimine in thes active site was identified unambiguously,
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Ficure 1: Final2F, — F. map overlaid on the models of the external aldimines of the coenzyme pyridephbSphate with (A)-serine
in the SK87T-Ser structure and with (B)}tryptophan in the3K87T-Trp structure. The map was contoured at The numbering of the
positions in the coenzyme is shown in (A). Note that the carboxylatessefine and.-tryptophan have different orientations.

modeled, and refined with PROLSQ to yield a crystal-  Structural Comparisons Conformational differences be-
lographicR-factor of 18.6% at 1.9 A resolution. No density tween these four structures have been assessed by comparing
for a-subunit loop 6 was visible. each structure with the 1.9 A refined wild-type structiire,
A preliminary difference map calculated between diffrac- using a superposition method developed by Lesk (1991) and
tion data sets from th8K87T-Ser-GP complex angK87T- Gerstein and Chothia (1991). The backbone atomic coor-
Ser (above), using phases from the refin@d87T-Ser dinates of all residues (residues391) in thes-subunit from
structure, was noisy, suggesting that GP caused extensivehe wild-type structure were superimposed in pairs on the
structural perturbations. ThgK87T-Ser structure from  SK87T-Ser,SK87T-Ser-GPSK87T-Ser-IPP, ofK87T-Trp
above was used as a starting model for refinement usingstructure, resulting in overall rms deviations of 0.44, 1.15,
X-PLOR following a similar division into three rigid body 0.94, and 1.17 A, respectively. Residues having rms
domains (thea-subunit and theB-subunit N- and the  deviations of 2.0 A or more were not included in the next
C-terminal domains). Rigid-body refinement resulted in a superposition cycle. Several more cycles of superposition
significant decrease of the crystallograptieactor from were carried out with a smaller threshold until none of the
48.3% to 35.4%. Standard simulated annealing, positional, superimposed residues had a deviation of more than 0.4 A.
and isotropic temperature factor refinement further decreasedDue to a relatively large difference in a resolution between
the R-factor to 23.8%. A newly calculateé, — Fc Fourier the wild-type (1.9 A) angK87T-Ser-GP (2.5 A) structures,
map revealed the PLP-serine external aldimine complex in a higher final threshold of 0.6 A was used for the superposi-
the 3-subunit and GP in the-subunit. An idealized model tion of these two structures. The iterative superpositions
of GP was modeled using QUANTA and fitted to the density. yielded a basis set of “core residues” of thesubunit that
Although only thep-enantiomer of G3P is produced in the were used to align th8K87T-Ser,fK87T-Ser-GPSK87T-
reaction catalyzed by the-subunit (Crawford, 1960), the  Ser-IPP, ofK87T-Trp structure with the wild-type structure
L- and pb-enantiomers of GP could not be distinguished in (see Table 3). The core residues contain mainly residues
the electron density and were both modeled. An important from the C-terminal domain. The main chain deviations in
new structural feature appearing near the bound GP wasthe corresponding residues of the wild-type and mutant
density corresponding to most of loop 6 in thesubunit, structures were determined in each pair of superimposed
residues 179187. Residues188—-193 were still highly structures.
disordered and could not be modeled. A total of 128 water
molecules and one Nawere introduced during rebuilding RESULTS
with the program O (Jones et al., 1991). The structure of  Structures of External Aldimines at the AdiSite of the
PK87T-Ser-IPP complex was determined using a nearly S-Subunit. The electron density maps and the final models
identical approach. Here, too, residwels’9—-187 could be for the external aldimines of PLP with-serine andL-
included in the final model (Table 1). tryptophan in theSK87T-Ser andSK87T-Trp a,f, com-
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FIGURE 2: Interactions between polar atoms of the external aldimines and protein residues within 3.5 A-Buthenit of the four complexes.

Stereo diagrams of the active site of (a) i€87T-Ser and (b) thgK87T-Trp structures. Open circles represent oxygen atoms; other

atoms are represented by filled circles. Dashed lines indicate polar interactions. Schematic diagrams of the active sit@KB{E)-ther,

(d) the BK87T-Ser-IPP, (e) thgK87T-Ser-GP, and (f) th8K87T-Trp structures. Residues are enclosed with an oval if their main chain

atoms interact with polar atoms (oxygen or nitrogen) of the external aldimine or with a rectangle if their side chains alone contribute to
polar interactions. If both the main chain and side chain atoms form interactions with the external aldimines, residues with the side chain
are in an oval (see Ser235 and Asn236). Corresponding interactions are indicated with dashed lines. The numbers correspond to interatomic
distances in angstroms formed by the main chain atoms (in parentheses) or by the side chain atoms (without parentheses). Each water
molecule is labeled with W in a small circle. An asterisk indicates an interaction more than 3.5 A.

plexes are shown in Figure 1. The high quality of the
electron density permits PLP and its associated amino acid
to be located precisely. The conformations of the external
aldimines of PLP with.-serine in the3K87T-Ser-IPP and
PK87T-Ser-GP complexes are almost identical to that of the
PK87T-Ser complex (see below). Figure 2 shows the polar
interactions within 3.5 A between the external aldimines and
the protein residues in th&subunit in the four structures.
The binding environments of PLP are closely similar in the
four structures, but there are some minor differences when
tryptophan is bound to the coenzyme. The indole side chain
displaces three water molecules from the active site that are
observed in the presence afserine. There are also
differences in conformation of the carboxylate groups of
L-serine and.-tryptophan, mainly as the result of rotation
along the @—N and Gx—C bonds (Figures 1 and 2a,b).
These differences are probably due mainly to steric hindrance
between the bulky side chain of tryptophan and the carboxyl
oxygens. Placing these oxygens in the same conformation
as in the serine complex results in close contacts with the
indole group in a range of 2:8.2 A. Although this rotation Ficure 3: Diagrams showing positions of the coenzyme pyridine
displaces the positons of the carboxylate oxygens by 0.7 1 he neral adimine nd 1t e tree exemal admines
and 2.3 A’ the cgrk?oxy_late gr(_)ups Q_f'serme an.dl" .. external aldimine in th6K87T-Ser)i/spin red, the external gldimilne
tryptophan have similar interactions with the active site i, the gK87T-Ser-GP is in yellow, and the external aldimine in
residues (Figure 2c,f). The main differences are observedthe SK87T-Trp structure is in green. The external aldimine in the
near the side chain of the bound amino acid. InAK87T- BK87T-Ser-IPP is not shown because it is almost identical to that
Ser structure, the side chain hydroxyl group-eferine forms ~ in the fK87T-Ser-GP structure. The phosphate group occupies
a hydrogen bond (distance of 2.7 A) to the side chain approximately the same position in each intermediate.
carboxylate offAsp305 (Figure 2a,c). In th8K87T-Ser-
IPP, BK87T-Ser-GP, ang3K87T-Trp structures the side
chain of fAsp305 has a different orientation. It does not
interact with the serine hydroxyl group (Figure 2bfjl but

loop 6. This conclusion is consistent with the previous
finding that the presence ofserine at thgs site and GP at

the o site almost completely protects loop 6 from tryptic
rather swings out to ion pair witHArg141. cleavage whereas the presence of GP alone provides only

Figure 3 shows the external aldimines of PLP witberine partial protection (Miles, 1991b; Ruvinov & Miles, 1992).

and L-tryptophan from three structures with th#K87T Figure 4A shows the electron density map for IPP and
mutation and of the internal aldimine between PLP and the loop 6 residues179-187 in the fK87T-Ser-IPP
BLys87 from the wild-type structure (Hyde et al., 1988). The Structure. An almost identical conformation of loop 6 is also
phosphates are located at nearly identical positions in all theobserved in thggK87T-Ser-GP structure. Panels B and C
structures. The conversion of the internal aldimine to the Of Figure 4 show the density for the GP modeled with the
external aldimine results in a tilt of the planar coenzyme D- andL-enantiomers. This complex was crystallized with
ring by about 16, compared to a tilt of about 27n various ~ D/L-o-glycerol 3-phosphate, and it is not evident from the
isozymes of the PLP-dependent aspartate aminotransferasglifference map whether treenantiomer alone (analogous
(Jansonius & Vincent, 1987). to the natural produab-glyceraldehyde 3-phosphate) or a
Loop 6 Is Ordered When Both Acéi Sites Are Occupied. ~ Mixture of thep- andL-enantiomers are bound to the active
We have located IPP and GP at thesubunit active site in ~ Site. Both enantiomers fit the density and give the same
the SK87T-Ser-IPP angBK87T-Ser-GP structures, respec- Crystallographick-values.
tively (see Figures 4 and 5). In these two structures, residues Surface area calculations (Connolly, 1983) with a probe
179-187 of thea-subunit loop 6, which connects strand 6 radius of 1.4 A show that loop 6 closes the active site of the
with helix 6, assume an ordered conformation (Figure 4A). o-subunit in the3K87T-Ser-IPP angK87T-Ser-GP struc-
This loop is disordered in the wild-type structure with and tures, burying a total area of 35(*ALoop 6 makes about
without IPP (Hyde et al., 1988) and is also disordered in the 14 van der Waals contacts with the bound IPP or GP, while
PKB7T-Ser angBK87T-Trp structures. Thus, the combined the only polar interaction is a long-range hydrogen bond
presence of ligands at the active sites of beoth and (about 3.5-3.7 A) betweeruGly184 and a phosphate oxygen
fB-subunits appears to be necessary for the stabilization ofof IPP or GP. With loop 6 in this positiom,Thr183 forms
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Ficure 4: 2F, — F. maps overlaid on the final models of (A) indole-3-propanol phosphate and residues in loop Bo(Blycerol
3-phosphate, and (C}a-glycerol 3-phosphate. Phases are calculated from the final model, and maps are contoured atekelGrB(A)
and the 1.0 level in (B) and (C).

a hydrogen bond witlkAsp60, which is believed to play a  electron density clearly indicates that the guanidinium group
catalytic role in theo reaction (see Discussion). Despite is pointing away (about 5.5 A) from the phosphate group
the many contacts between loop 6 and the rest of the enzymeand instead interacts with other backbone oxygens of near
(Table 2), there is still evidence for a high degree of residual residues (see Discussion). The carboxylatexAEp60 is
flexibility; residues 188-193 are very disordered and are oriented toward the indole nitrogen at a distance of about
not visible in the electron density, and residues 1887 2.8-3.3 A
have high temperature factors§0 A2). Contacts similar to those observed in IPP are also found
Panels A and B of Figure 5 show the binding environments around GP in thggK87T-Ser-GP structure. The phosphate
for IPP and thep-enantiomer of GP, respectively. In this group in each enantiomer of GP has polar interactions with
orientation it is apparent that loop 6 effectively covers the the nitrogen ofaGly184, the nitrogens ofiGly213 and of
bound IPP and GP and isolates the active site ofiteabunit aGly234, and the main chain nitrogen and the side chain
from solvent. The binding site of IPP in th#K87T-Ser- hydroxyl oxygen ofaSer235. The models for both enanti-
IPP structure is essentially identical to that originally omers show that the phenolic hydroxyl@fyrl75 is within
observed for the IPP in the wild-type structure (Hyde et al., hydrogen-bonding distance (about 2.9 A) of the hydroxyl
1988). The nitrogens aiGly213, and obGly234, and the oxygen (O1) on C1 of- or b-GP (Figure 5B). No polar
main chain nitrogen and the side chain hydroxyl oxygen of contacts are observed between the hydroxyl oxygen (O2)
aSer235 are within possible hydrogen-bonding distanceson C2 and any protein residues in either model.
(less than 3.5 A) from the phosphate oxygens of IPP. The Comparison of the Wild-Type and Mutant Structurdée
side chain oftArgl79 in loop 6 is in the general vicinity of ~ conformation of each mutant structure was compared with
the negatively charged phosphate group of IPP, but thethe wild-type structure following superposition of the core
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Ficure 5: Binding site for (A, top) indole-3-propanol phosphate and (B, bottom)-glycerol 3-phosphate in the-subunit. Indole-3-

propanol phosphate amda-glycerol 3-phosphate are colored in green and residues in loop 6 in red. Residues within 4.0 A from the bound

substrate analogs are labeledslu49 andoArg179 are labeled due to their possible roles in catalysis (see Discussion).

Table 2: Polar Interactions between Residues in Loop 6 and the
Remaining Residues in thgK87T-Ser-IPP angfK87T-Ser-GP

Structures
residues in loop 6 distance (A) interacting residues
(A) BK87T-Ser-IPP
oSerl78 Q 29 aGIn210 (@)
aSerl78 O 2.7 aPhe212 O
aThrl83 N 31 oAla59 (0]
aThrl83 N 3.5 aGly61 N
aThrl83 o1 2.8 aAsp60 @1
aThrl83 o1 29 aGly61 N
aThrl83 (0] 34 aGly6l N
(B) BK87T-Ser-GP
aSerl78 Q 2.6 oPhe212 N
oSerl78 Q 2.7 oPhe212 (0]
aSerl80 Q 3.3 pTyrl81 OH
aThrl83 N 31 oAla59 (0]
aThrl83 o1 2.8 aAsp60 @1
aThrl83 o1 34 aGly61 N
aThrl83 o 31 aGly61 N
aGly184 N 35 GP OoP2
aGly184 (0] 35 GP OP3
aAlal85 o} 34 oSer215 Q

residues of thg-subunit (Table 3). The rms differences in

Table 3: Summary of Superpositions between the Wild-Type
Structure and Each of the Liganded Mutant Structures

K87T- K87T- K87T- K87T-
Ser  Ser-IPP Ser-GP  Trp
no. of residues in thg-subunit 389 389 389 389

no. of defined core residues 296 221 119 195
after superposition

overall rms deviation of the
core residues (A)

rotation of theo-subunif 0.3 3.1 4.9 4.0
relative to the3-subunit (deg)

aThe core residues are defined as those ingtseibunit showing
rms deviations of the backbone atoms less than 0.4 or 0.6 A (see
Materials and Methods}.Rotation angles of the-subunit in each
mutant structure are those angles required to superimposegtbunit
of the wild type after the mutant and wild-type structures are
superimposed on the basis of the core residues ofthebunit.

0.18 0.22 0.26 0.19

Panels A and B of Figure 6 for the- and -subunits,
respectively. ThggK87T-Ser structure shows small devia-
tions for thea-subunit (Figure 6A) and modest changes for
the -subunit (Figure 6B). In contrast, larger movements
in both thea- and B-subunits (up to 5 A) are observed for
the SK87T-Ser-IPP,fK87T-Ser-GP, and thggK87T-Trp

position for each residue are shown by the solid lines in structures. The largest movement of titesubunit occurs
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Ficure 6: Plots showing the rms deviation in the main chain atoms for corresponding residues between each mutant andowfig-type
complex in (A) thea-subunit and (B) thg-subunit. The solid line represents rms deviations which are calculated af{erstiteunit core

residues have been superimposed, and the dashed line represents rms deviations of each residue-stiteuriteor the mobile region

of the8-subunit is superimposed (see text for details). Secondary structural elements are indicated above the top panels with the nomenclature
of Hyde et al. (1988). In thei-subunit (A), there are 11 helices as indicated by HO to H8 and eight strands as indicated with shaded areas.

In the B-subunit (B), 13 helices and 10 strands are defined. Four solid bars in (A) and three in (B) correspond to the interface residues
between thex- andS-subunits (see Results and Figure 9 for details).

for the SK87T-Ser-GP structure which undergoes a displace- is fixed in position underneath loop 6 in the closed
ment that can be represented as a rigid-body rotation of conformation.

approximately 3 about an axis (see Table 3) that passes  Changes in thg-subunit residues can also be described
through residuesaLeu85 in the middle of helix 2 and  |argely in terms of a rigid-body rotation of part of the
aVall06 in a loop between strand 3 and helix 3 (Figure 7A). N-terminal domain, residues 9389, by 10 relative to the
The overall rms deviation of the-subunit (as represented rest of thes-subunit, effectively moving these two regions
by the dashed line in Figure 6A) is only 0.24 A for the closer together. This mobile subdomain includes the core
BK8TT-Ser, 0.65 A for thesK87T-Ser-GP, 0.69 A for the  region of the N-domain (residues 8635 and 146-190)
BK87T-Ser-IPP, and 0.33 A for th8K87T-Trp structures,  which is structurally homologous to a corresponding core
suggesting that the overall tertiary structures ofdrsubunit region in the C-domain (residues 26260 and 306-377)

in each of the mutant structure complexes are well preserved.(Hyde et al., 1988). There are no major overall changes in
Notable localized differences occur in the phosphate binding tertiary structure for the mobile region in th#subunit,
site residues, notablyPhe212 andaGly213 in loop 7 except for residues 137141 in helix 5 and residues 160
between helix 7 and strand 7 (Figure 6A). The side chain 163 in a loop between strand 5 and helix 6. Similar rotations
of aPhe212, commonly disordered when loop 6 is disordered, of the a-subunit and of the mobile region in tifesubunit
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Ficure 7: Conformational changes between the wild-type enzyme (red) angKBieT-Ser-GP mutant complex (yellow). In these ribbon
diagrams (Carson, 1987) the core residues ofstlsebunit were superimposed as described in Table 3. (A, topp¥sgounit. The large
positional differences are the result of a rotation of ¢heubunit relative to these core residues. Loop 6 (residues-189 in blue) as
localized in theSK87T-Ser-GP structure covers the GP (black) bound to the active site. (B, bottomj-3ilgunit. The mobile region
(residues 93189: a3—a6 andp3—[6) is on the right side and contains most of the N-terminal domain STaetive site is located at the
interface between this region and the rest of fhgubunit. The external aldimine in th##K87T-Ser-GP structure is indicated with black.

Table 4: Buried Surface Area between the Mobile Reyyamd the
Rest of theB-Subunit in the Wild-Type and Liganded Mutant Forms
of Tryptophan Synthase

wild K87T- K87T- K87T- K87T-
type Ser Ser-IPP  Ser-GP  Trp
buried surface 1330 1540 1760 1740 1780
area (B)
differences in the 210 430 410 450

buried surface

ared (A?)

@ Residues from Gly93 to Gly189 are defined as the mobile region.
b Differences are calculated as surface Re@&d muant — Surface
area.id type-

are observed in th8K87T-Ser-IPP angBK87T-Trp struc-
tures (Figure 6 and Table 3).

Interface between the N- and C-Domains of fhBubunit.
The movement of the mobile region (residues-989) of
the N-terminal domain toward the C-terminal domain of the
fB-subunit (Figures 6B and 7B) causes a diminution in the
volume of the tunnel joining thet and 3 active sites and

and pLys167 show large differences; fgbLys167 the
difference is the result of a change in side chain orientation
in the four mutanpK87T complexes, not from a change in
main chain conformation. ResidugArg141,3GIn142, and
BArg148 move significantly closer to the C-terminal domain
residueg3Asp305,5Lys382,5Asp383, angBThr386 (Figure
8B).

Geometry of the Tunnel in the Mutant StructuréBhe
hydrophobic tunnel that connects the active sites ofathe
and g-subunits is principally located between the N- and
C-terminal domains of theg-subunit and is believed to
provide a mechanism for indole channeling (Hyde et al.,
1988). Subsequent refinement at higher resolution of the
wild-type structuréreveals two sites at which the tunnel is
partly blocked. In the first, the side chain Phe280 is
inserted directly into the tunnel, although the density for the
side chain is weak, suggesting either dynamic or static
disorder. A previous analysis of the wild-type complex in
the presence of different monovalent cations revealed that
in the presence of Kand Cs the SPhe280 side chain did

results in an increase in the buried surface area between thest fact move out of the tunnel and was repositioned on the
regions (Table 4). The changes are relatively small for the surface of the tunnel (Rhee etal., 1996). This rearrangement
BK87T-Ser structure but more dramatic for the other three SUpports the hypothesis that fiEhe280 may act as a gate
structures. Associated with these movements are somel© influence the free diffusion of indole.

changes in the interatomic distances between the mobile The second site involves the side chairuhEu58, which

region and the rest off-subunit (Table 5, Figure 8).
Interactions involving residugdArg141,5GIn142,5Arg148,

in all of the structures that we have hitherto observed is
inserted into the side of the tunnel, partly restricting the
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Table 5: Polar Interactions between the Mobile Regimmd the Rest of thg-Subunit and Their Distances in the Wild-Type and Liganded
Mutant Forms of Tryptophan Synthase

mobile region interacting residues distance®(A)
residue atom residue atom wild type K87T-Ser K87T-Ser-IPP K87T-Ser-GP K87T-Trp
GIn94 Ne2 GIn90 a1 35 35 (4.9) (5.0 (3.8)
Ne2 GIn90 Ne2 2.7 2.8 3.2 3.0 29
Arg100 (0] Arg34 70 3.2 34 35 (5.1) (5.4)
N7l Asp38 o1 34 3.2 35 2.9 (5.1)
N#2 Asp38 o1 2.8 24 3.0 2.7 3.0
Lys103 NG GIn27 (03} 33 3.1 35 4.2) (3.7)
GInl14 Ne2 Gly83 ) (4.0) (4.0) 2.7 2.8 3.0
Argl41 0 Thr386 Q1 (7.8) (7.0) 3.3 3.3 3.1
N7l Asp305 @2 (7.4/6.2y (7.2) 3.1 2.8 2.8
N#2 Ser299 ] (7.4) (7.1) 3.3 31 2.7
N#2 11e300 ) (8.1) (8.0) (4.2) (3.6) (3.6)
GIn142 a1 Lys382 N (8.5) (6.8) (3.8) (4.7) 2.8
Ne2 Lys382 o (7.4) (7.6) (3.8) (3.9) 35
Ne2 Asp383 a1 (8.0) (7.8) (3.6) 34 2.9
Arg148 Nyl Gly83 o (9.0) (8.7) 2.9 3.3 2.9
N#2 Gly83 ] (7.8) (6.5) 3.2 2.8 3.0
Ser163 N Glu296 (3% (7.4) (6.0) (6.0) 35 3.5
Lys167 (0] Tyr279 Q (6.2) 31 34 (3.6) 35
N¢ Asp305 o 33 9.8 (8.9) (9.1) 8.8)
N¢g Asp305 @2 2.8 (11.6) 9.7) (9.4) (9.4)
Asn171 (@)} Tyr279 ¢ (7.3) 2.8 2.9 3.0 2.7
Tyrl86 (0] Tyrl97 Q 2.7 2.8 2.7 2.8 2.6
Leul88 o] GIn90 @1 33 31 2.6 2.7 31

aResidues from Gly93 to Gly189 are defined as the mobile reditmeratomic distances of less than 3.5 A between polar atoms are considered
as polar interactions, and interactions beyond this limit value are enclosed in parentfAdggeside chain 0fAsp305 has two rotameric states in
the wild-type structure (Rhee et al., 1996).

passage of indole. However, in the wild-type structure this  Two residues, howeverfLys167 and fArgl75, are
region, from residues 54 to 61, which includes the catalytic involved in large changes in their interactions with other
residueaAsp60, is the most mobile part of the-subunit residues. These changes result from notable differences in
with B-values ranging from 40 to 60%Asuggesting that its  the orientations of the side chains of these tveubunit
dynamics may too play a role in the diffusion of indole. In residues in the wild-type,3, complex and in the four mutant
the four structures described here there is fairly clear density SK87T structures. In the four mutant structures the side
corresponding to the side chains @feu58 andsPhe280, chain of fLys167 is now within hydrogen-bonding distance
with the side chain offPhe280 completely blocking the of the carboxylate oftAsp56, andBArgl75 also interacts
tunnel (Figure 9). with the backbone oxygen of-subunit residue Pro57 (Figure

Interface between thex- and p-Subunits. Interface  8B).
residues between the andS-subunits are defined as those ~ Cation Binding Site. The sodium binding site in each of
having surface area buried by association of theand the four mutant structures is the same as that previously
B-subunits in the wild-typea,5, complex. Figure 10  observed in the refined structure of the wild-typgs,
schematically represents those interface residues, their relacomplexX (Rhee et al., 1996). It is located aki@A from
tive locations, and number of contacts within 4.0 A in the the PLP phosphate group and near the wall of the tunnel.
wild-type structure. Figure 10 also shows the interface Exchange of K or Cs" for Na* at this site induces local
residues of loop 6 of the-subunit in theBK87T-Ser-IPP and long-range changes in the three-dimensional structure
and BK87T-Ser-GP structures. These subunit interface Of the wild-type tryptophan synthase, complex (Rhee
residues and interactions in the mutant structures do not differet al., 1996).
greatly from those in the wild-type,(, complex. DISCUSSION

A comparison of the wild-type and mutant structures in
this region reveals relatively large positional changes in only  Active Site and Catalytic Mechanism of theSubunit: A
two groups of interface residuea%3—78 and$161—181; New Role for Loop 6.The active site of ther-subunit has
see solid bars in Figure 6). The calculated buried surface been located by binding the substrate analog IPP in the wild-
area of thea—p interface does not differ significantly in  type structure (Hyde et al., 1988) and the analogs IPP and
any of the structures. The contribution of each cluster of GP in the fSK87T-Ser-IPP and3K87T-Ser-GP structures
interface residues to the buried area also remains ap-(Figure 5). Superposition of the-subunits in thegK87T-
proximately constant in the wild-type and mutant structures. Ser-IPP angBK87T-Ser-GP structures results in an overall
In the BK87T-Ser-GP structure there are concerted move- rms deviation of 0.61 A for the main chain atoms, indicating
ments of theo-subunit and of the mobile region of the that most of thex-subunit residues have essentially the same
fB-subunit in which the interface residu@$3—78 (including positions. Comparison of the active sites confirmed that
helix a2") and3161—-181 (including helixa6) move in the there is no rearrangement of these residues. The crystal
same direction (Figure 8B). Thus, the interactions between structure (Hyde et al., 1988) and mutagenesis studies (Nagata
these interface residues are relatively unchanged despite larget al., 1989; Shirvanee et al., 1990; Yutani et al., 1987) led
positional changes. to the proposal that the proton-transfer steps during cleavage
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Ficure 8: Changes in hydrogen-bonding interactions resulting from conformational differences between the (A, top) wild-type and (B,
bottom) SK87T-Ser-GPo,3, complexes. Color codes are as follows: white for loop 6 ofdk&ubunit, blue for the rest af-subunit and

red for the mobile region (residues-9389) of thes-subunit, yellow for the rest of thg-subunit. Possible hydrogen bonds between two
polar atoms are indicated with black dashed dots. (A) In the wild-type strugiiys167 interacts witl#Asp305, which is modeled as two
alternative conformations (Table 5). The PLP internal aldimine is shown gt @tive site. ResiduesPro53-oPro78 and3Ser161-
BTyrl81 form a part obv—f subunit interface and include hel?' in the a-subunit and helix6 in thes-subunit, respectively. (B) In the
PK87T-Ser-GP structure, there are more hydrogen bonds between the mobile region residues and the r8ssudfuthié (see text for
details and Table 5)3Lys167 and3Argl75 in the mobile region interact with loop 2 residues in éhsubunit, and these interactions are
observed in all four mutant complexes. Glycerol 3-phosphate and the external aldimine are shown at their binding sites aidhe
fB-subunits.

and synthesis of IGP at the active site of thsubunit are The proposed role alAsp60 is supported by the location
catalyzed bynGlu49 andaAsp60 (Kirschner et al., 1991;  of the carboxylate about 3.0 A from the indole nitrogen of
Nagata et al., 1989) (Figure 11). IPP (Figures 5A and 12). However, structural evidence for
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Ficure 9: View of the indole tunnel between tleandf active sites of thggK87T-Ser-IPPo,5, complexes. Bound IPP and PLP-Ser are
indicated in black, selected-subunit residues in red, arfdsubunit residues in lavender. Four indole molecules can be modeled inside of

the tunnel (Hyde et al., 1988) and are represented in green, although there has been no direct observation of indole within the tunnel. Note
that the side chain gfPhe280 is superimposed on the modeled indole at this location and the tunnel in this structure is blocked. The dot

surface area is calculated using the program MS (Connolly, 1983) with a probe radius of 1.4 A.

the proposed role afGlu49 is less clear; the carboxylate is
located approximately 6.1 A from the modeled Ggdroxy!
group in the IPP structure and about 4.8 A in the GP
structure. In the two structures the side chaim@iu49 is
not in an extended form but folds away from the location of

the scissile bond (Figure 5). Because of the length and

flexibility of the glutamate side chain it is possible that, with

aleul62

k\\@, BAsn26

aPhel52

oPhe139

oAlal29

the true substrate IGP bound, the appropriate contact could

be established. Further experiments to clarify this point are

underway.

An important new feature of the active site of tesubunit
reported here is the closure of loop 6 in €87 T-Ser-IPP
andpK87T-Ser-GP structures (Figure 5 and Table 2). Loop
6 appears to function analogously to flexible loops in the
same position in the 8-fold/f barrel structures of triose-

phosphate isomerase (Lolis & Petsko, 1990; Wierenga et al.
1991) and ribulose-1,5-bisphosphate carboxylase/oxygenase

(Andersson et al., 1989; Curmi et al., 1992; Newman &
Gutteridge, 1993) by moving from an open to a closed
position in the presence of an active site ligand, effectively
covering the active site. In the case of thesubunit of

tryptophan synthase, however, the open conformation is too

disordered to be observed (Hyde et al., 1988).

In the closed conformation observed here, the hydroxyl
group ofaThrl83 in loop 6 interacts with ®of aAsp60 in
loop 2 and may play a role in positioning the carboxylate of
oAsp60 for hydrogen bond formation with the indole
nitrogen of IGP (see Figures 11 and 12). This structural
feature would explain the role ofThr183, which is essential
for catalysis (Yang & Miles, 1992) and which is one of the
sites of missense mutations which inactivate éfisubunit
in Escherichia coli(Yanofsky & Crawford, 1972).

Another residue in loop GArg179, is involved in several
hydrogen-bonding interactions with the neighboring loop 6
residuespSer180aVall82, andnGly184 (Figure 5A). Loss

oAsnl09

0Alal03

apm78",.—"ﬁnez94

BTyr181
aPro53
aArgl?9 o~
(,——’ BSerl61
loop-6 |-~
aAsnl87

Ficure 10: Schematic representation of the interface between the
o- and -subunits in the wild-type enzyme. Defined interface
residues arew-subunit residues 5362, 65, 69, 72, 7778, 103~

109, 129-135, 138-139, 152-157, 162, and 177 anf-subunit
residues 78, 11, 14-23, 26, 161162, 167168, 171172, 174~

175, 181, 275281, 283, 286, 288, and 29@94. These residues
are located in four clusters in tlhesubunit and in three clusters in
the B-subunit (see Figure 6 for locations of these clusters relative
to the structural elements in each subunit). The number of contacts,
including polar and van der Waals interactions within 4.0 A,
betweern—p interface residues in interacting clusters is indicated
in circles. Loop 6 is also part of the interface residues ink87T-
Ser-IPP andSK87T-Ser-GP structures and is included in this
scheme.
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FiIGure 11: Proposed mechanism of thereaction. The cleavage of i

indole ring to yield the indolenine tautomer Il which undergoes aldol cleavage to yield Ill. These steps are catalyzed by three putative

ndole-3-glycerol phosphate (1) is activated by tautomerization of the

residues, B B, and B. The binding geometry of indole-3-propanol phosphate suggestsuksi60 may serve as a;Besidue which
abstracts the proton on N-1 of the indole ring or forms a strong hydrogen bond to polarize the nitrogenGio#8. is thought to serve
as a B, which accepts the proton on the hydroxyl groagslu49 may also serve as g Bhat protonates the C3 position of the indole
moiety. [Reproduced with permission from Miles et al. Copyright 1994 Kodansha, Ltd.]

Ficure 12: Hydrogen bond interactions in residue3hrl183,
aAsp60, and IPP. Possible interactions are represented by yellow
dashed lines between the interacting atoms: 2.8 A bete/@bri 83
andaAsp60 and 3.2 A betweeaAsp60 and IPP.

of these interactions upon mutationaofrg179 could explain
why the aR179T mutation reduces the substrate binding
affinity and affects the reciprocal communication between
thea- andf-subunits (Brzoviet al., 1993; Kawasaki et al.,
1987).

We have considered the possible effect of loop 6 closure
on the allosteric movements between theand-subunits.
Three residues in loop &(80-182) make van der Waals
interactions with theg-subunit and may influence the relative
motions of the two subunits. More importantly, the ligand-
induced interaction betweerThr183 in loop 6 an@Asp60
in loop 2 (Figure 12) appears to stabilize loop 2 and may
consequently stabilize the interaction of loop 2 residues 53
62 with residues in th@-subunit.

Relationships between tleSubunit and Triosephosphate
Isomerase. The tryptophan synthasg-subunit and triose-
phosphate isomerase (TIM) have a high level of structural
homology and share a common substratglyceraldehyde
3-phosphate (Hyde et al., 1988). Crystallographic studies
of TIM have shown that here too loop 6, which is four
residues shorter than in tryptophan synthase, is flexible and
moves neayl 7 A from an open to a closed conformation
upon binding of a transition-state analog, 3-phosphoglycolate
(PGA), effectively covering the active site (Lolis & Petsko,
1990). Residues 179191 in thea-subunit loop 6 appear
to be highly disordered in the wild-type crystal structure both

in the presence and in the absence of IPP (Hyde et al., 1988).
The new results presented here indicate that the ordering of
loop 6 requires the combined presence of ligands at both
the active sites of the- andj-subunits (i.e., in thgK87T-
Ser-IPP angpK87T-Ser-GP structures).

A comparison of the closed structures of thesubunit
and TIM (Figure 13) shows an overall rms deviation of 3.03
A for the Ca atoms. The major differences occurred in the
o-helices and in the loops with good superposition of the
eights-strands. The phosphate groups of the IPP and PGA
in the two structures are at almost identical positions (0.34
A deviation for the phosphorus). The phosphate binding site
is surrounded by two loops: one betwegsstrand 7 and
helix 7 and the second betwegrstrand 8 and helix 8 for
TIM or helix 8 for tryptophan synthase. This phosphate
binding site has also been shown to occur in the two
preceding enzymes of the tryptophan biosynthesis pathway,
phosphoribosyl anthranilate isomerase and indole glycerol
phosphate synthase (Wilmanns et al., 1991).

In TIM and tryptophan synthase loop 6 performs similar
structural and functional roles. Structurally, loop 6 interacts
with the bound inhibitor mainly through van der Waals
contacts, forming only one possible hydrogen bond with the
phosphate oxygens of IPP or PGA. The nitrogens of
aGly184 in tryptophan synthase and of Gly171 in TIM form
hydrogen bonds with phosphate oxygens with lengths of 3.6
and 2.6 A, respectively. Surface area calculations indicate
that loop 6 buries thet active site of tryptophan synthase,
as is also observed in TIM (Lolis & Petsko, 1990). Loop 6
may perform the same functional role in catalysis by closing
the active site and isolating bound substrate from solvent.

Active Site and Catalytic Mechanism of tlfieSubunit.
The reaction of -serine and indole catalyzed by thesubunit
proceeds through a series of PLP intermediates (Scheme 1A)
(Davis & Metzler, 1972; Miles, 1986, 1991a). The crystal
structure of the wild-typet,52 complex (Hyde et al., 1988)
located the binding site of the PLP coenzyme but not the
binding site of the substrate or product. PLP is bound to
the wild-typep-subunit as an internal aldimine wiftLys87
(E in Scheme 1A). The external aldimines E-Ser and E-Trp
formed by the mutanfK87T a8, complex (Scheme 1B)
serve as models for the corresponding intermediates formed
by the wild-type enzyme. However, the possibility remains
that the mutant enzyme may differ in some ways from the
wild-type enzyme. Surprisingly, the replacement of the
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Ficure 13: Comparison of the substrate binding sites and loop 6 initeebunit of tryptophan synthase (TS; black) and in TIM (sky blue;

2ypi in PDB entry name with residues-248). Loop 6 is indicated with red for TS and green for TIM. For clarfiystrands 1 and 3 are

not included in this drawing though those strands are also aligned well. Residueda®0of thea-subunit of TS are highly disordered

and thus are not modeled. Major differences near the active site between the two structures are the presence of extra residues for loop 2 and
helix 2 in the a-subunit of TS. Catalytic residueAsp60 in loop 2 of TS is indicated by the filled circle at itex@osition. The two

structures have been compared using the program ALIGN [Cohen in Satow et al. (1986)].

lysine side chain by threonine does not appear to result inclearly not an essential residue for catalysis since a mutant
the addition of more bound water molecules in the vicinity enzyme with3Glu109 replaced by alanine has considerable
of the missing side chain atoms. Also, the PLP is located activity in the conversion of-chloro-alanine and indole
in much the same position that it occupies in the internal to L-tryptophan (Ahmed et al., 1991).
aldimine of the wild-type enzyme. These observations Investigations of the stereochemistry of reactions catalyzed
support the view that thiSK87T mutant structure is truly by tryptophan synthase have demonstrated that enzyme-
representative of the reaction intermediate. mediated group transfers occur on only one face of the
The role of PLP is to act as an electron sink to stabilize coenzyme-substrate complex, theface (Dunathan & Voet;
the carbanionic intermediates that develop during enzymatic 1974; Miles et al., 1982; Schleicher et al., 1976; Skye et al.,
catalysis between E-Ser and E-AA in Scheme 1A (Walsh, 1974; Tsai et al., 1978). The external aldimines in the
1979). The first step in th@-subunit-catalyzed reaction with  SK87T-Ser an@3K87T-Trp structures are largely planar and
L-serine is removal of the-proton to yield a carbanionic  the scissile @—H bond is located on thsi face of the plane.
intermediate. In the case of aspartate aminotransferase, thi§he side chain ofLys87 in the wild-type structure is also
step is facilitated by electron withdrawal fromaQGo the located on thesi face of the plane and is in a favorable
positively charged pyridinium nitrogen N1 of PLP. Aspartate position to abstract the-proton from the external aldimines
aminotransferase stabilizes the carbanionic intermediate byof bothL-serine and-tryptophan. Thus, the observed results
an ionic interaction between the side chain carboxylate of support the mechanism shown in Scheme 1A, in which
Asp222 and N1 of PLP (Jansonius & Vincent, 1987; Rhee, SLys87 first deprotonates E-Ser and later protonates E-Q to
1994). However, there are no such acidic residues in theform E-Trp on the same face of the plane, retaining the
B-subunit close to N1 of PLP that could serve this role. The stereochemistry of the-amino acid. The location of the
hydroxyl group o0f3Ser377 may form a hydrogen bond with  scissile @—H bond is perpendicular to the plane of the
the unprotonated N1 of PLP which is about 3.0 A distant. z-bonding system of the coenzyme. The delocalizeglec-
The carboxylate 08GIu350 is too distant (more than 4 A)  trons from the pyridine ring to the amino group of the
from the coenzyme ring and is in the wrong orientation to external aldimine stabilize the quinonoid intermediate after
interact with N1. the deprotonation step, in accordance with Dunathan’s
In the external aldimine offK87T-Trp (Scheme 1), proposal (Dunathan, 1971).
BGIul09 makes the only polar interaction with the indole  Conformational Changes in the andS-Subunits Induced
side chain and forms a strong hydrogen bond with the indole by Bound Ligands.A number of kinetic and spectroscopic
nitrogen (Figure 2f). It has been postulated that the investigations have provided evidence for ligand-mediated
carboxylate ofsGlu109 is important in activating the indole  reciprocal communication between the and 3-subunits.
toward nucleophilic attack on the aminoacrylate intermediate These allosteric interactions are thought to regulate transitions
(E-AA) (Kayastha & Miles, 1990; Miles et al., 1991). This between conformationally open and closed states of the
hypothesis is supported by kinetic studies with a mutant protein (Brzovicet al., 1992b,c, 1993; Dunn et al., 1994;
enzyme having3Glu109 replaced by aspartate (Anderson Houben & Dunn, 1990; Kirschner et al., 1991; Pan & Dunn,
et al., 1991; Brzovieet al., 1992a). HowevefiGlu109 is 1996; Ruvinov et al., 1995a,b). In this study, we have
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observed different conformational states of both subunits on the active site of the-subunit, and detection of other ligand-
binding of ligands, which can be related to the allosteric dependent conformational changes indhendj-subunits.
movements between the and S-subunits. These ligand-induced conformational changes demonstrate

Comparison of thgK87T-Ser and the wild-type structures ~ the structural effects of allosteric interactions that contribute
shows virtually no differences in the-subunit but small ~ to the control and coordination of the catalytic steps in the
differences in3-subunit (Figure 6). These differences may biosynthesis of-tryptophan. The results provide a basis
result from interactions between the carboxylate of the serinefor the design of further experiments to correlate the
moiety and residues 1315 in the N-terminal domain of  structural and functional properties of tryptophan synthase.
the B-subunit (Figure 2). Comparison of thiBK87T-Trp
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