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ABSTRACT. The three-dimensional structure of the bifunctional tryptophan syntig&ecomplex from
Pyrococcus furiosus/as determined by crystallographic analysis. This crystal structure, with the structures
of an a subunit monomer and @ subunit dimer that have already been reported, is the first structural
set in which changes in structure that occur upon the association of the individual tryptophan synthase
subunits were observed. To elucidate the structural basis of the stimulation of the enzymatic activity of
each of thex and 3, subunits upom,3, complex formation, the conformational changes due to complex
formation were analyzed in detail compared with the structures ofctmonomer ang, subunit dimer.

The major conformational changes due to complex formation occurred in the region correlated with the
catalytic function of the enzyme as follows. (1) Structural changes ingteabunit were greater than
those in then subunit. (2) Large movements of A46 and L165 in theubunit due to complex formation
caused a more open conformation favoring the entry of the substrate atattéive site. (3) The major
changes in thg subunit were the broadening of a long tunnel through whichoth&ibunit product
(indole) is transferred to thg active site and the opening of an entrance atAhective site. (4) The
changes in the conformations of both theand S subunits due to complex formation contributed to the
stabilization of the subunit association, which is critical for the stimulation of the enzymatic activities.

Biological functions in living organisms are achieved by reactions of the two subunits, which is a physiologically
specific molecular recognition among many materials. In important reaction termed thegs reaction (eq 3)§).
particular, proteir-protein or proteir-ligand interactions

play a central role in physiological functions such as allosteric ¢ reaction

regulation. During these interactions, conformational changes.
in proteins, such as an induced-fit mode Z), are critically indole 3-g|yc_ero| phosphate

responsible for the functions3{7). It is important to indole+ p-glyceraldehyde 3-phosphate (1)
elucidate the structural changes in proteins coupled to the )

binding of the protein or ligand for solving the protein B reaction

function mechanism. Tryptophan synthase is a paradigm for L-serine+ indole— L-tryptophart+ H,O (2)
protein—protein interactions, proteirligand interactions, and
allosteric regulation induced by the binding of ligan8&s-( .
12). Bacterial tryptophan synthase is a bifunctional tetrameric a reaction

enzyme {3, complex) that catalyzes the last two steps in L-serine+ indole 3-glycerol phosphate

the biosynthesis of-tryptophan. The separate and 3, L-tryptophan+ p-glyceraldehyde 3-phosphateH,O
subunits catalyze two distinct reactions, termed ¢hand (3)
pyridoxal 3-phoshate dependefitreactions (eqs 1 and 2),

respectively. Thea,3, complex catalyzes the sequential o . .
P y p2 P y q The activities of theo and 5 reactions are amplified by
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The first crystal structure of the tryptophan synthagg,
complex fromSalmonella typhimuriurtSt,5,)* has revealed
that a 25 A long hydrophobic tunnel connects the active sites
of the a and thefs subunits, through which an indole is
transferred from thet to theS active sites22). The crystal
structures of th&St,f-bound cations or ligands for the
and 8 subunits have provided direct evidence for these

ligand-mediated conformational changes in both subunits and
have revealed that conformational changes are transmitted

through thea and S subunit interface by a number of
interactions, including an interaction between loop 2 of the
o subunit and helix 6 of thg subunit 3—30).

However, it is still unknown how much of the conforma-
tional change in ther and/orf subunits is induced due to
the a8, complex formation, because the crystal structures
of the isolated subunits fror@. typhimuriumhave not been
determined. Elucidating the conformational change in the
subunits due to complex formation is indispensable for
understanding the mutual activation mechanism of tryptophan
synthase. Therefore, we have tried determining the X-ray
crystal structures of ther, (2, and ay8. complex of
tryptophan synthase from a hyperthermophitgrococcus
furiosus. The tetrameric form d;3,) from P. furiosusis
isolated in theoo monomer angB, dimer in solution 81). In
2001, the structure of the subunit monomer of tryptophan
synthase froniP. furiosuswas determined by X-ray analysis
(32), and recently, the X-ray crystal structure of tfie
subunit dimer has been determinegB)( These structures
were the first three-dimensional structures of the uncom-
plexed tryptophan synthaseandf subunits. If the crystal
structure of theny3, complex of tryptophan synthase from
P. furiosusis determined, these structures should make it

Lee et al.

Table 1: Data Collection and Refinement Statistics of the
Tryptophan Synthase,5, Complex fromP. furiosis

Characteristics of the Crystals

space group P2:2:2;
cell parameters

a(h) 89.1

b (A) 220.3

c(A) 292.6
Vi (A3Dg ) 2.9
solvent content (%) 58

Data Collection
200-3.0 (3.16-3.0)
115486

resolution (A)
no. of unique reflections

average redundancy 5.8
lo()) 6.10 (1.7)
Rmerge (%0)*P 9.1(36.7)
completeness (%) 99.6 (99.8)
Refinement Statistics
resolution (A) 40.6-3.0
no. of reflections 113449
Reactor (%0)° 19.7
Riree (%) 23.1
RMS deviations
RMSD lengths (A) 0.0076
RMSD angles (deg) 1.284

aValues within parentheses are for the last shell of daRherge=
thil(lh - Ihi)VZhZilhi X 1OO.CRfactor: ZHF0| - |Fc||IZ|Fo‘ x 100.
9 Ryee = Y ||Fol — |Fcll/S|Fo| x 100, whergF,| are test set amplitudes
(5%) not used in refinement.

path length of 1 cm. The value of OB, at 278.5 nm was
9.94 for Pfayf, (32).

Enzymatic Actiity Assay.The activity of thea reaction
was followed by the increase in absorbance at 340 nm of
NADH produced in the reactions coupled withglyceral-
dehyde 3-phosphate dehydrogenase fi®atillus stearo-

possible for the first time to observe changes in the structuresthermophilus(Sigma) at pH 7.034). The 5 reaction was

that occur upon the association of the individual tryptophan
synthase subunits.

In this paper, we describe the X-ray crystal structure of
the a3, complex fromP. furiosus We analyzed in detall
the conformational changes in each subunit upon forming
the 0B, complex and will discuss the structural basis
stabilizing the oligomeric protein from the hyperthermophile
and construction of the structural architecture with activation
of the catalytic function in tryptophan synthase.

EXPERIMENTAL PROCEDURES

Purification of a3, from P. furiosusThe a,5, complex
(Pfay82) from P. furiosuswas expressed in tHescherichia
coli strains IM109/faOV8 and purified as described1).

The protein concentration was estimated from the absorbance

of the protein solution at pH 7.0 using a cell with a light

1 Abbreviations: PfTSase, tryptophan synthase frdRyrococcus
furiosus Pfa, tryptophan synthase subunit fromP. furiosus Pff.,
tryptophan synthase, subunit dimer fronP. furiosus P53, tryptophan
synthasef subunit monomer fronP. furiosus Pfoyf3,, tryptophan
synthasex,3, complex fromP. furiosus ST Sase, tryptophan synthase
from Salmonella typhimuriupSto, tryptophan synthase subunit from
S. typhimurium S3,, tryptophan synthasg, subunit dimer fromS.
typhimurium Si3, tryptophan synthasg subunit monomer frons.
typhimurium Stf,, tryptophan synthases, complex from S.
typhimurium EcTSase, tryptophan synthase fré&scherichia coli Eco.,
tryptophan synthase subunit fromE. coli; Eca,f5,, tryptophan synthase
o3> complex fromE. coli; PLP, pyridoxal 5phosphate; IGP, indole
3-glycerol phosphate; IPP, indole propanol phosphate; RMSD, root
mean square deviation; ASA, accessible surface area.

spectrophotometrically followed by measuring the increase
in absorbance at 290 nm due to the conversion of indole to
L-Trp at pH 8.0 85).

Crystallization and Structure Determinatio@rystals of
the Pfo,3, were grown by the hanging drop vapor diffusion
technique. Théfa,S,; was concentrated to a final concentra-
tion of 3.6 mg mL?! in 50 mM Bicine buffer (pH 7.8)
containing 10 mM EDTA, 1 mM DTE, and 20M PLP.
The precipitant reservoir solution contained 100 mM sodium
citrate buffer (pH 5.6) with 8 10% PEG 8000, 66140 mM
potassium acetate, and 10% ethylene glycol. Two microliters
of the precipitant buffer was mixed with an equal volume
of protein solution. Crystals shaped like plates appeared at
15 °C within 1 week and grew to a maximum plate size of
0.6 x 0.4 x 0.1 mm after 4 weeks.
The diffraction experiments were done on beam line
BL44XU at SPring-8 designed for biological macromolecular
assemblies. The intensity data were acquired under cryogenic
conditions (100 K) using a PX210 CCD camera of 210 mm
by 210 mm size. For the cryogenic diffraction experiment,
ethylene glycol was added to the crystallization buffer at a
concentration of 25%. The diffraction data were indexed,
merged, and scaled by d*TREIB). The crystal belonged
to the orthorhombic space group B212;2; with unit cell
dimensions ol = 89.1 A,b = 220.3 A, andc = 292.6 A.
This crystal diffracted to a maximum of 3.0 A and was
suitable for the structure determination (Table 1).

A structure solution using the molecular replacement
method was carried out with the model molec@feS,,
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which was constructed from thefo. monomer [PDB code
1GEQ B2)]and Pij3, dimer [PDB code 1V8Z33)] models
referring to theS. typhimuriumtryptophan synthasef.
complex S,f5,). For molecular replacement, the program
EPMR was used3{7). All refinements were executed with
the CNS package3g). Five percent of the data was excluded
during all stages of the refinements for tRg. calculation.
After rigid-body refinement, th& factor of the molecular
replacement solution was reduced to 26.8R%{ 29.0%).
Because an asymmetric unit contained three molecules of
the Pfayf8, complexes, six copies of each of theand
molecules were analyzed using NCS (noncrystallographic
symmetry) related averaging. Positional refinement using the
conjugate gradient minimization, Cartesian slow cooling, and
torsion angle simulated annealing with strong noncrystallo-
graphic symmetry (NCS) constraints, altered by local re-
building, produced a final model for the three molecules of
the Pfay3, complex in the asymmetric unit in which th
factor was reduced to 19.7%Rfee 23.1%) (Table 1).
Although the resolution of the data was 3.0 A, the electron
density showed a very clear conformational arrangement
favoring NCS averaging of six molecules of theand 3
subunits. Three residues of loop 6 in thesubunit, which
cannot be traced in the structure of e monomer 82),
were visible in chain E. In the final model, three C-terminal
residues in six molecules of the subunits and the loop 6
residues in five molecules of subunits were excluded. An
average RMSD value of the correspondingafoms among
the sixa and six subunits in the crystallographic asym-
metric unit was 0.024 (0.0230.025) A and 0.077 (0.067
0.084) A, respectively, in the case of thesubunit residues;
167—-173 were excluded in the calculation. All structural
information for thePfa3 pair was calculated using chain E
for the oe subunit and chain F for th@ subunit. No residues
were in the disallowed region in the Ramachandran 3@}t (
Coordinate superposition was done by the LSQKAB program
(40). Figures showing the structures of the proteins were
prepared using the MOLSCRIP®Y) and Raster3D pro-
grams §2).

RESULTS

Stimulation ofa and § Activities upon Formation of
Pfop3,. The a activity of Pfo in the presencefa 4 molar
excess ofPf3 increased with increasing temperature up to
80 °C at pH 7.0. Thes activity of Pf3; in the presence of a
4 molar excess oPfa showed a maximum value at 9&
at pH 8.0 83). Typical stimulation patterns for thBfs,
activity are demonstrated in Figure 1. Thectivities were
also stimulated by the addition of an excess partner subunit.
The amplification of the activities by the addition of partner
subunits was 333 times for thenx activity between 40 and
80 °C and 15-43 times for thes activity between 25 and
90 °C. This indicates that the enzymatic activity of each
subunit in thePfTSase is activated in the presence of the
partner subunit as well as in the mesophilic bacterial
tryptophan synthase as already reportgd (

Overall Structure of Ré,3,. The quaternary structure (PDB
code 1WDW) of thePfa,82 complex (1272 residuedd,, of
140 kDa) was an extended linegfo subunit arrangement
as is that ofSt,3, (22) (Figure 2A). ThePfa (248 residues)
in Pfo,3, adopted a TIM barrel fold, containing two extra
helices, helix 2and helix 8, resulting in a total of 10 helices

Biochemistry, Vol. 44, No. 34, 20091419

T T T T T T

5

4

in the presence of Pfo. —

in the absence of Pfa

AOD at 290 nm

0.05F

0.00

100 200 300

Time (sec)

400 500 600

FiGure 1: Progressive curves of thiereaction forPfg; at pH 8.0.
The reaction was monitored by the increase in the absorbance at
290 nm due to the conversion of indoleLtdrp. First, the activities
were measured in the absencePdi®, and after about 300 s, a 4.9-
fold molar excess ofPfo. was added to the reaction medium.
Numbers 6 were measured at temperatures of 40, 50, 60, 70,
80, and 9C°C. The concentrations &fff, were 15-25 4g/1.0 mL

of reaction mixture.

(Figure 3A). The structure of tHef3 monomer (388 residues)
in the Pfof, consisted of two domains, the N (residues
1-46, 81-200) and C (residues 480, 201-388) domains
(Figures 2A and 4A). The folding patterns Bfa. and Pij
in the Pfa,5, complex were the same as those of the separate
Pfo. (32) and Pff; (33). The Glu36 and Asp47 dPfo. and
Lys82 bound to PLP ifPf3 corresponded to the active site
residues, Glu49 and Asp60, of tBéx and Lys87 of theS{3,
respectively, judging from the sequences and secondary
structure alignments between the subunits of the two sources
(32, 33). In the a3 pair of thePfa,s, complex, a tunnel for
transferring the product of the reaction, indole, was also
observed as is in that of th&t,f, (22) (Figure 2A). The
tunnel passes between the N and C domains iifs thebunit
and connects the active sites of théaGlu36 andaAsp47)
andp subunits (PLP cofactor colored in red in Figure 2A).
The structure of amg pair in the complex was compared
with those of both the uncomplex&fa. monomer 82) and
Pi3, dimer 33) (Figure 2B). The average RMSD value of
the G, atoms between the subunit ofPfa,S, and thePfo
monomer was 0.74 A, and that between fheubunit of
Pfa,B. and thePfB, dimer was 0.97 A. As shown in Figure
2C, the significantly changed regions between the structures
of the complex and isolated subunits were concentrated
around the interface between tlheand S subunits, the
COMM domain @3, 27) in the N domain of thg8 subunit,
and the residues composing the tunnel wall ingtsibunit.
Conformational Changes in thee Subunit Due to Complex
Formation with the3, Subunit All residues in thex subunit
(chain E in PDB code 1WDW) were traceable in the crystal
structure of thePfoy5, complex, although three residues
(aG170,0A171, andoR172) in loop 6 are missing in that
of the Pfo. monomer 82), indicating that theot subunit in
the complex becomes less mobile than the subunit alone.
The RMSD values of the Catoms between the subunit
of the Pfo3, and thePfo. monomer are plotted versus the
residues except for residues 7072, which are missing in
the structure of thé&fo. monomer (Figure 3A). Three large
peaks of RMSD ove2 A were found around residues\46,
oF120, andolL 165, which are located in the interface with
the S subunit (Figure 2C). ResidweA46 in loop 2 (residues



11420 Biochemistry, Vol. 44, No. 34, 2005 Lee et al.

Ficure 2: Schematic views of the crystal structure of the tryptophan synthgecomplex fromP. furiosus (A) Quaternary structure of
ofpa. Thea andf subunits are separated by color. Twasubunits (red) are located at opposite ends ofghdimer (green). Eaclp
subunit contains two domains, the N- and C-terminal domains (Figure 4A). IncdAgbair, the indole tunnel extends from thesubunit
active site (Glu36 and Asp47 colored in blue) to theubunit active site [Lys82 and coenzyme, pyridoxal phosphate (PLP), colored in red
in the C-terminal domain] through the center of the interface between the N and C domaing isutbenit. (B) Schematic stereoview of
an o/ pair of thePfa,5, complex. The structures of tH&o. monomer andPf3, dimer are superimposed on tRé&,3, complex structure
using G, atoms. ThePfa,S; structure is colored in red with the subunit and in green with the subunit, respectively, anéfo alone and
Pff alone are in gray. The PLP molecule is represented as a stick model colored gold. The significantly moved residuesubuhg
(Figure 3A) are depicted by residue numbers. (C) The region significantly changed in the stru®fugsefcompared with the structures
of the subunits alone. The red line shows theubunit residues which moved over 0.6 A, and the blue lines shoy gubunit residues
which moved over 0.6 A due to complex formation. The gold model indicates PLP, and the bold green residug8EXhband3H275

in the 5 subunit. The significantly moved residues (Figures 3A and 4A) are depicted by residue numbers.

39-48) is located near the active sitesadE36 andaD47, the side chain rotated around the-€C; bond by about 150
although the RMSD values of these active site residues wereThe motion of residuestiA46 andolL165 due to complex

small. As depicted by the arrow in Figure 3B, thé&46 formation, involved in the respective loop 2 and loop 6,
residue in the complex moved toward the interface with the changed the entrance into the active si&36) to a more
f subunit compared with th&fa. monomer. TheolL165 open conformation thus favoring entry of the substrate, indole

residue in loop 6 (residues 16476) also showed a large  3-glycerol phosphate (eq 1) (Figure 3B). Figure 5A(1) depicts
motion. The G and G atoms ofaL165 moved by about 4  the IGP modeled inside theactive site. IGP is observed to
and 9.8 A, respectively, (gold dotted line in Figure 3B), and be more accessible to the solvent in Bfa,3, complex than
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Ficure 3: Conformational changes in the tryptophan synthsebunit fromP. furiosusdue to complex formation. (A) The distances of
the corresponding £atoms (RMSD) between the subunit ofPfa,5, andPfa. monomer are plotted. Red or blue blocks at the top of the
figure represent the-helix or 5-strand for each residue number, respectively. The numbgrstfands fromp31 to 58 is the alias of the
secondary structure segmentsSift denoted by Hyde et al2@). L2 and L6 represent the loops betweestrand 2 andx-helix 2 and
betweerg-strand 6 andr-helix 6, respectively. The green blocks represent the contact residues wittstieinit. (B) A stereoview of the
conformational changes in the side chained#6 andolL165 of theo. subunit upon complex formation. The red and blue chains represent
the a. and 8 subunits inPfayf,, respectively. The thin black line in the subunit is the structure of theéfa. monomer. The residues of

oL 165 of thePfa. monomer and of the complex are depicted by the black lines and by the atom model colors (black balls for carbon, red

ball for oxygen, and blue ball for nitrogen), respectively. Also, residu&46 andaD47 of Pfo. alone and of the complex are depicted by
the black lines and by the atom model color, respectively. The yellow dotted line represents the movement (9.8 A) afdivedfoL 165
due to complex formation. The arrow represents the direction of movemera46 due to formation of the complex. (C) A stereoview
of the conformational change around residu€l20 of thea subunit. The red and blue residues representthed subunits inPfof,,
respectively. Three residues @¥/119, aF120, andxH121 colored in gray are those of tRéa. monomer, and the arrowed lines show the

motion of the three residues due to complex formation.

in the Pfa. monomer [Figure 5A(2)]; that is, the entrance of
a substrate at the active site of tnsubunit is clearly opened
in the complex form, in contrast to the entrance of e
monomer. ThexT169 residue involved in loop 6 was also
significantly moved by 1.96 A, corresponding &ixT183
in loop 6, which becomes visible by ligand binding (IPP)
and forms a hydrogen bond wigttAsp60 by ligand binding
(IPP) 30). However, inPfa,B,, aT169 in loop 6 was far
from olAsp47.

The most dramatic structural change in thiesubunit
occurred around residud=120 (Figure 3C), which is located

in proximity to AL19 andSI16 in the § subunit. aP118,
oV119, andoH121 on both sides ofF120 were also
significantly moved and shifted toward tffesubunit (Figure
3C). The conformational changes in resida®i18ea\V119-
oF120H121 created an extensive hydrophobic rearrange-
ment at the subunit interface (Figure 3C). These residues
contactedpN9, K20, fY2, and fM1 of the § subunit,
leading to newly created hydrophobic and hydrophilic areas
in the o/ subunit interface. On the other hand, notable
conformational changes at tifesubunit side related to this
hydrophobic rearrangement were not observed.
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Ficure 4: Conformational changes in the tryptophan synttassubunit fromP. furiosusdue to complex formation. (A) The distances of
the corresponding £atoms (RMSD) between thg subunit ofPfa,5, and thePfs, dimer are plotted. The pink and cyan blocks at the top
of the figure represent the N- and C-terminal domains, respectively. The wine-colored block is the COMM domain in the N-terminal
region. The green blocks represent the contact residues with tudbunit within 3.5 A. The red or blue blocks represent dhkelix or
p-strand for each residue number, respectively. The numbgrstfands fromp31 to 510 is the alias of the secondary structure segments
of the S{5 denoted by Hyde et al2@). (B) A stereoview of the indole tunnel in th& subunit fromP. furiosus The blue and red lines
indicate thePfo,5, and Pff, dimer, respectively. As can be seen, the distances between,ta®@s offE286 and3G157 and between
those off1299 andsG106 expanded by 5.5 and 2.5 A, respectively, due to complex formation. The side ci#id8@d was rotated to
open the roof of the tunnel and to permit entrance of a substrate. The arrows in yellow represent the mgiiRis4@H275, andsD300

upon forming the complex. Residugs274 and3H275 are explained in panel C. (C) A stereoview of the dramatic conformational changes
in residuesy’F274 andsH275, which are called the molecular gate of the indole tunn&. ityphimurium(SPY279 andSi3F280). In the
crystal structure oPfoyf; (blue), residuegF274 andfH275 have a completely different conformation compared withRE# dimer
(gray). The arrowed lines show the motion of the two residues due to complex formation. The red residues come drenbthét in
Pfa,5,, and the black dotted lines show the arrangement of hydrophobic residues in the subunit interface.

Conformational Changes in ti2Subunit Due to Complex  out of a total of 388 residues were moved over 0.6 A as
Formation with thea. Subunit.All residues in the3 subunit shown by the blue line in Figure 2C, in contrast to 36
(chain F in PDB code 1WDW) were also traceable in the residues of thex subunit which is depicted in red in Figure
crystal structure of th@fa,8, complex. The RMSD values  2C. The conformation in the interaction region with the
between the corresponding, @oms in thes subunit of the subunit significantly changed, but the conformational changes
Pfo,3, and thePf5, dimer are plotted in Figure 4A. Structural around theS—§ interaction sites were less (Figure 2C).
changes between two different states of fhesubunit The areas showing the large movement were separated
occurred over a wide area of the molecule. One hundred fortyby two parts of the residues from 100 to 170 in the
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o-subunit

Ficure 5: Comparison of structures 8fa,5, and its subunits alone near the active sites obtleed subunits. (A-1) and (B-1) represent

the stereoviews of a backbone ribbon model of ¢thged) ands (blue) subunits oPfa,f3, from different angles. Two catalytic residues

(atE36 andaD47 colored green) and IGP (yellow) are represented in the active site of $hbunit.fK82 (green) and PLP-Trp (yellow)

are displayed in the active site of tfiesubunit @4). Four indole molecules (yellow) can be modeled inside the turg®! (A-2) and (B-2)

represent the electrostatic surface potential models of the uncomgbxethe uncomplexedfs, and thePfos complex from the same
direction as the structures in (A-1) and (B-1), respectively. IGP is more clearly observed in the complex form (panel A-2) th&foin the
monomer. Indole and PLP-Trp are clearly observed in the complex form (panel B-2) but have completely disappeared in the uncomplexed
Pi3 (panel B-2). The program GRASP was used to determine the electrostatic surface po#8tidts (A-2) and (B-2), red, blue, and

white represent negative, positive, and uncharged residues, respectively.

N-terminal domain and residues from 255 to 303 in the were superimposed using all of thg &oms except for those
C-terminal domain (Figures 2C and 4A). The moved ofthe COMM domain, the relation of both COMM domains
N-terminal domain in th@ subunit corresponds to the mobile was examined and resulted in the fact that the COMM
(23) or communication (COMM) domain (frori-strand 3 domain in the3, dimer was rotated 6.87about an axis and

to S-strand 6) 27) in the structure oS5, The COMM then translated 1.74 A between the centroids of the two
domain, which is involved in the conformational changes domains due to complex formation. When &3, binds
upon binding of the substrate ligands and on one side ligands in theo active site, the conformational changes have
interacts with theo subunit via loopal2 and on the other  been reported to be transmitted to theactive site by a
side with thef active site, has been reported to play an remarkable rigid-body movement of the COMM domain
important role in the allosteric communication between the (28). These results suggest that the rigid-body movement is
o andp active sites23, 27, 28). When the average RMSD  an important aspect of the transmission of information, such
values of the @ atoms between thg subunits ofPfoy3: as ligand bindings or complex formation.

and thePf3, dimer were calculated for only the mobile parts ~ Among residues showing a significant movement, three
of the COMM (71 residues) and C-terminal (49 residues) residues,fG157, fQ270, andfE286 in Figure 4A, are
domains, they were 0.27 A for the COMM domain and 0.61 located in loops near the interface of theand 3 subunits

A for the C-terminal domain. The slight value of the COMM  (Figure 2C). The other three residug&106, 8E132, and
domain and the bigger one of the C-terminal domain suggestfY301, constitute parts (wall) of the indole tunnel. The large
that the COMM domain of th@ subunit moves as a rigid movements expanded the width of the inner side of the indole
body when thea and 8, subunits associate, but the tunnel enclosed by the N- and C-terminal domains (Figures
C-terminal domain moves in an induced-fit conformational 2C and 4B). For example, the distances between {ret@ns
change. After botlf subunits of the complex and the dimer of SE286 andsG157, which are located at the interaction
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site with thea. subunit, were 21.7 and 16.2 A for the complex  similar geometry to that of thBfo. monomer. The geometry
structure and for th@, subunit dimer, respectively, (Figure of PfaY161 corresponding t&tY175, which is another
4B), indicating that the distance between the two residuesbinding residue of IGP26), was also identical in the two
expanded by 5.5 A due to complex formation. Furthermore, different states. ResidueaNI86, alL113, aV115, aG115,
the distances betwegti299 andfG106, which are located  oF153,0L139, andaV218) that compose the inner wall of
near PLP and are assumed to be the exit of the tunnel, werghe a subunit tunnel neaxE36 did not change as compared
11.76 and 9.28 A, in the structures of the complex and of with those in the isolated subunit. In the case aiD47,
the B2 subunit dimer, respectively. which is the essential catalytic residue for the second step
Dramatic conformational changes were found in residues of thea reaction and located in theeand subunit interface
PF274 ang3H275 (Figures 2C and 4B,C), which correspond (Figure 2A), the side chains @D47 in the complex form
to residuesS{pY279 and S{3F280 postulated to be the only slightly shifted toward thg subunit compared to those
molecular gate into the indole tunn&23). In the crystal of the isolatedo. subunit. The preceding residueA46,
structure ofPfa,f,, the side chains of residug$274 and significantly shifted toward the interface with tjffesubunit
BH275 were in a completely different arrangement (colored due to complex formation as shown in Figure 3B. These
blue in Figure 4C) compared to those of t##, dimer (gray results indicate that thes, complex formation did not
in Figure 4C). Both side chains gF274 and3H275 in the introduce a geometric strain which might facilitate better
complex rotated with a side chain dihedral angle by°125 catalysis but resulted in a more open conformation favoring
and 100, respectively, compared with the position in the the entry of the substrate at the active site together with the
Pi3, dimer, and the gate of the indole tunnel opened as remarkable shifts ofxL165. This suggests that substrates
clearly observed in Figure 4B. In the crystal structure, all easily reach the active site. Fé&fa,S,, better structural
six 3 subunits (chains B, C, F, G, J, and K) in the asymmetric changes for the stimulation of activities upon the binding of
unit showed an open conformation at the gate. The main ligands might be expected, because the binding of substrates
chains of the residues near these two residues also movedr ligands triggers the conformational changes favoring
to broaden the indole tunnel due to complex formation. As allosteric communication i3, (24—30).
shown in Figure 4B, the side chain gD300, which is The K82 forming a Schiff base with PLP had almost
located near PLP and covers the roof of the tunnel in the similar geometries in the two structures. All of the changes
PfB. dimer, was rotated to open the roof and to permit entry in the Pf8 subunit due to complex formation opened an
of a substrate,-Ser, upon complex formation (eq 2). Figure entrance at th¢8 active site and also widened the indole
5B demonstrates that the indole and PLP-Trp modeled insidetunnel as previously mentioned.
of the tunnel of thePfa,3, complex are accessible to the
solvent; that is, the entrance of a substrate at the active siteDISCUSSION
of the 8 subunit is clearly opened in the complex form, o . )
although the entrance of tiR§8, dimer is completely closed Stab.|I|z§1t|on Arising from Interactions betweenand
[Figure 5B(2)]. These results indicate that the indole tunnel Subunits in the Tryptophan Synthasg, Complex.The
in the 8 subunit converted to a shape with a broader tunnel factors stabilizing th@fa. monomer 82) andPp; dimer @3)
and a big entrance at the active site of fheubunit due to from the structural features of th\_"-; two separated subunits
the formation of thePfoz3, complex. have t_)egn reported cpmpared with the structures for both
Moreover, the rotation in the side chains &f274 and subunits inStB. In thls_study, we can cla_rlfy the features
BH275 created an extremely long hydrophobic network of the newly genera_lted interaction at the mterfacg between
through thea. and 8 subunits BF281AF274aF41-0Y88- Fhe a a'ndﬂ subunits ofP'faz_ﬂz in comparison with the
aVV115) (Figure 4C). The movement of these two residues interaction at the subunit interface &S, and the
could connect thex and 8 subunits through consecutive contribution of these interactions to the stability of Bfe3,

hydrophobic residues, resulting in a strong bindingPét complex. . . _ _

with Pf8 and stabilization of thex,3, complex structure Hydrogen bonds and ion pairs (salt bridges) at the interface

(Figure 4C). between thex and 8 subunits were examined, except for
Differences inf—A Subunit Interaction between @43 water-mediated hydrogen bonds. The number of hydrogen

and the P§, Dimer. The conformation of thefa,3, complex ~ bonds within a 3.6 A distance was 30 pef pair in Pfo,/;
at the B—f subunit interface was the same as that of the and 25 inSt3, (PDB code 1BKS). The number of ion pairs
PfB, dimer. The stability of the dimer formP§8,) does not (13 within 5 A) in the subunit interface fa;3, was greater
change inPf3, alone and in the complex forn8Y). Pf5, by 11 than that (only 2) irBtn,3, (Table 2). The increases
does not dissociate in the pH region above 6, but dissociategn the number of hydrogen bonds and ion pairsPin,f,
into a monomer in the acidic region, resulting in a remarkable compared tdSi,;, might contribute to the stabilization of
decrease in the stabilit3q, 33). These reported results are the Pfoz32 complex.
in accord with the present finding that thie-5 subunit The movements of residues due to complex formation of
interaction site hardly changes upon complex formation. The Pfa,3, induced a rearrangement of the consecutive hydro-
B—p subunit interaction is very strong and is important for phobic residues in the interface of tlheand 5 subunits
the stabilization ofPff.. (Figures 3C and 4C). We examined the contribution to
Conformational Changes in Residues around thew&cti  stabilization of thePfo,5, complex due to the hydrophobic
Sites Due to Complex Formatioithe essential catalytic  interaction occurring in the/f subunit interface. The Gibbs
residuentE36 (Figure 2A) in thePfo,3, complex for the first energy changeXGyp) for stabilization originating from the
step of thea reaction, which interacts with the hydroxyl hydrophobic interaction is correlated with changes in the
group at C3of the substrate (IGPR6), was positioned in  accessible surface area (ASA) of atom3)(due to complex
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repositioning of helix3H6. In the case of binding with a

Table 2: lon Pairs witli 5 A in the o/ Subunit Interface of ’ ] )
natural substrate, IGB(Q), loop aL6 is still mobile, and the

Trptophan Synthases

side chain of the gating residue in the tungidlyr279, adopts

proteins donor acceptor distance (A) " . .

Ploys, complex  GAIg66 NHL  fGIu286 OFL 8 an “open channel conformation. 'Because of the altered
GArg148 NH2  AGlu17 OE1 31 hydrogen-bondlng pattern _of lo@y 2 in the Sy, complex
0Argl48 NH2  AGlul3 OE1 3.3 with IGP, a remarkable rigid-body movement of the COMM
alys49 NZ BGlu167 OE2 3.7 domain including helix3H6 results in an opefi subunit in
alys49 NZ pGlul67 OE1 3.8 the St,3, complex with IGP, where PLP at thg active
%{321;158 ’\l\llgll gﬁ'sup%%%ll 3:2 site is accessible to the solver®s|.
0Argl48 NH2  AGlul3 OE2 4.6 In the case oPfo,f,, all of the residues in the structure
aArg66 NH2  Glu286 OE1 4.6 of the a subunit can be modeled in the absence of any
PLysl62NZ  aAsp43 OD1 4.7 ligands. As shown in Figure 5A, the entrance of a substrate
ﬁ{gégﬂml gg:ﬂégsogéz i:g in the o subunit is sufficiently opened due to large move-
BHiS275 ND1  aAsp43 OD2 48 ments ofaA46 andolL165 (Figure 3A,B), although loop

St complex  BLys167 NZ  aAsp56 OD2 3.0 oL6 is not mobile. The number of hydrogen bonds including
PLys167NZ  aAsp56 OD1 3.3 ion pairs between loopL2 and the COMM domain of the

formation. The area (ASA value) for the interface ofcfi
pair was calculated using the procedure of Connodl) (

P subunit was 7 and 4 iRfa,f, and inSt,f5, , respectively,
in the absence of ligands (PDB code 1BKS). This indicates
that the stronger interaction between thend/ subunits

with a probe radius of 1.4 A: the area corresponds to the of Pfa,3, might induce the movement of the COMM domain
difference between the summation of the ASA values of each due to complex formation even in the absence of ligands,

subunit structure and the ASA value of the complex structure.

The ASA value pen/f pair due to complex formation was
greater by 585 Ain Pfay, than inSi,B.. The differences

in the ASA values due to the nonpolar (C/S) and polar (N/
0) atoms were 378 and 207 Arespectively. The increase
(AAGpp) in AGup per a/f pair due to the hydrophobic
interaction forPfo,3, compared tdSo,5, was estimated to
be 52.8 kJ mol* using the equatior4@):

AAGyp (kI mol™) = 0.15AAASA oo
0.025AAASA

polar

because it has been observed that extra newly formed
hydrogen bonds between loofh.2 and the COMM domain
due to the ligand bindings &5, result in movement of
the COMM domain 23, 27). The side chains of the gate
residuesPhe274 an@His275 of Pfa,s,, to the tunnel of
the s subunit are already open (Figure 4B,C), and the width
of the tunnel in thes subunit becomes broad (Figures 2C
and 4B). Thej active site is also accessible to the solvent
(Figure 5B). These structural featuresRfti;3, are similar

to the structure oSi,53, bound the natural substrate, IGP,
rather than the structures of ti&fo. monomer andPfj.
dimer. The present results indicate that theand active

These results indicate that stabilization due to complex sites of Pfa3. even in the absence of a ligand are open

formation of PfTSase is caused not only by a hydrophilic
interaction but also by a hydrophobic interaction at the
subunit interface, compared with that & Sase. The
stabilization due to complex formation BfTSase has been

(Figure 5), which favor the entry of substrates compared with
the structures of the uncomplexdefo. and Pf3.. The
hyperthermophild>fo,f3, structure is considerably different
from that of the mesophil&,f3, in the absence of ligands.

experimentally reported. The denaturation temperature of This difference might be necessary for the stabilization of

87.2°C for thePfa monomer at pH 9.4 increases to 104.6
°C in the complex form 31). Furthermore, the association
constant between the and subunits has been reported to
be higher by 2 orders of magnitude PfTSase than in

EcTSase 81). These results indicate that the stabilization in
the subunit interface dPfa,3, contributes to the enhanced
stability of the o subunit, of which the denaturation tem-

the hyperthermophile protein.

Stimulation Mechanism of Enzymatic Ady Due to the
0232 Complex FormationThe oo and 3 activities due to
formation of thePfa,3, complex were stimulated compared
with those of the respective subunits alone (Figure 1). In
the case ofEcTSase, the stimulation of activities has
decreased in the mutants &fco substituted at positions

perature is lower in the monomer state than the growth which are located far from the active site. The mutations

temperature near 100 or more forP. furiosus
Comparison with the Structures of thengt, Complex.

The crystal structures @to,5, with ligands bound at the

andp active sites have reveale®3—30) that the regions in

with a decrease in the association constants betweea the
and 3 subunits lead to a decrease in the stimulation of
activities in theo. andp reactions, indicating that the subunit

association plays a crucial role in the stimulation of the

which major movements occur depending on the ligand are activities @5, 46).

loop aL2, loop alL6, helix fH6 included in the COMM
domain, and the COMM domain, which are critical for the
o and 8 activities and for the allosteric communication
between the two subunit2%—30). In the absence of a ligand,
loop aL6 for the a subunit of Sty is mobile for opening
the entrance of a substrat2?f. When an inhibitor, IPP, is
bound at thea active site, stabilization of the looplL2
residues and closure of loag.6 are introduced48). The
ordering and mutual stabilization of loopd-6 and alL2

Furthermore, it has been reported that the number of
residues of local folding coupled to the subunit association
in tryptophan synthase is less RfTSase than irfEcT Sase
based on thermodynamic analysis of the subunit association
(31, 47). On the basis of these results, it has been predicted
that more dramatic changes occur in the three-dimensional
structures of thé&ccTSase from mesophiles, compared with
conformational changes PfTSase due to complex formation
(32). In the case oEcTSase, the structure of only the

change the intersubunit interface, leading to an ordering andsubunit has been solved in the crystal state in the immediate
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past. As predicted, the helical structure corresponding to helix
2' of the o subunit involved inSt,8, has been observed to
be destroyed in the isolatétbo (48). Although the structure
of the complex form oEcTSase has not been solved, it can
be assumed that the structurekif,53; is similar to that of
Stof, because the sequence identities EfTSase and
SfTSase are high (85% for thee subunit and 97% for thg
subunit). That is, helix 2of the a subunit from mesophiles,
which is essential for thet reaction, might be constructed
by coupling to binding with th¢ subunit for the TSase from
mesophiles.

On the other hand, helix ®f Pfa is already intact in an
uncomplexed state3R). It can be concluded that the
association mode of the/s subunits from a hyperthermo-
phile is different from that from mesophiles and that ¢tig

Lee et al.

The main conformational changes in theand subunits
due to complex formation were as follows: (1) Structural
changes in theg subunit were greater than those in the
subunit: 140 out of a total of 388 residues of theubunit
are moved over 0.6 A in contrast to 36 out of a total of 248
residues of thex subunit. (2) Changes in the subunit
mainly occurred at thew/f subunit interface. (3) Large
movements oftA46 andalL165 in the respective loop 2
and loop 6 of theo subunit due to complex formation
constructed an open conformation favoring entry of the
substrate into ther active site, although the open form in
the St8, complex is due to movable residues in loop 6
which are not traceable in the crystal structure. (4) The major
changes in thg subunit were the broadening of a long tunnel
through which thex subunit product (indole) is transferred

subunit association occurs by recognition between residuesto the active site and the opening of an entrance atfthe

of both subunits in a “lock and key” mode RPfTSase from

a hyperthermophile but as an “induced fit” mode with large
conformation changes iBcTSase andfTSase from meso-
philes. Therefore, the mutual activation mechanism due to
complex formation ofPfo,(, from a hyperthermophile
should be remarkably different from that 8,3, from a
mesophile. On the basis of many investigations on the
structures and biochemical kinetics ®i,3,, a key feature

of the allosteric interaction between the active sites ofthe
andf subunits seems to be the switching of conformations
between the “open low activity” and “closed high activity”
states, which are triggered by the binding of ligands to the
active sites, and the stimulation of the activities correlates
to the structure with the closed high activity induced by
ligand binding (2, 19, 28, 50—52). In the case oPfa,l,,
conformational changes due to complex formation, such as

opening of the entrances of the active sites and the gate into

the 8 subunit and broadening of the indole tunnel, might
facilitate the binding of substrates. The binding of substrates
is supposed to be the first step to induce the conformation
changes with “high activity”. Additional biochemical experi-
ments and structural analyses of ligand bound proteins for
hyperthermophile tryptophan synthase will reveal the dif-
ference in the mutual activation mechanism due tootjf®
complex formation of tryptophan synthase between meso-
philes and hyperthermophiles.

CONCLUSIONS

The three-dimensional structure of the tryptophan synthase
a2 complex fromP. furiosus with the structures of the
isolateda. monomer angB, dimer, is the first structural set
for comparing the conformational changes due to complex
formation. All of the residues in both the and subunits
were modeled in the crystal structure &foy5.. The
enzymatic activity of eaclo or 5 subunit of PfTSase was
confirmed to be significantly activated due to complex
formation in the presence of the partner subunit as well as
that in the mesophilic prokaryotic bacterial proteins.

To elucidate the structural basis of the mutual activation
of the tryptophan synthase/3, complex, the conformational
changes irPfa,3, due to complex formation were analyzed
in detail, compared with the structures of fhfex monomer
andPf3, dimer and the complex form of thefTSase from
mesophile. The major structural change®fa,3, compared
with the uncomplexed structures Bfa. and Pf5, occurred
in the region essential for the function of tryptophan synthase.

active site. The molecular gates in the tunnel fromdht®
J subunits were also an open form. In the cas&Sogi,,
the gate in the tunnel is closed, and the entrance of a substrate
in the 5 active site is also closed. (5) The conformational
changes in both thex and § subunits due to complex
formation contribute to stabilization of the subunit associa-
tion, which is critical for stimulation of the activity. (6) The
mutual activation mechanism due to complex formation of
Pfa,0, from hyperthermophiles seemed to be remarkably
different from that ofSt,5, from the mesophile.
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