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ABSTRACT: When the tryptophan synthaseR- and â2-subunits combine to form theR2â2-complex, the
enzymatic activity of each subunit is stimulated by 1-2 orders of magnitude. To elucidate the structural
basis of this mutual activation, it is necessary to determine the structures of theR- andâ-subunits alone
and together with theR2â2-complex. The crystal structures of the tryptophan synthaseR2â2-complex from
Salmonella typhimurium(StR2â2-complex) have already been reported. However, the structures of the
subunit alone from mesophiles have not yet been determined. The structure of the tryptophan synthase
R-subunit alone fromEscherichia coli(EcR-subunit) was determined by an X-ray crystallographic analysis
at 2.3 Å, which is the first report on the subunits alone from the mesophiles. The biggest difference
between the structures of theEcR-subunit alone and theR-subunit in theStR2â2-complex (StR-subunit)
was as follows. Helix 2′ in the StR-subunit, including an active site residue (Asp60), was changed to a
flexible loop in theEcR-subunit alone. The conversion of the helix to a loop resulted in the collapse of
the correct active site conformation. This region is also an important part for the mutual activation in the
StR2â2-complex and interaction with theâ-subunit. These results suggest that the formation of helix 2′
that is essential for the stimulation of the enzymatic activity of theR-subunit is constructed by the induced-
fit mode involved in conformational changes upon interaction between theR- andâ-subunits. This also
confirms the prediction of the conformational changes based on the thermodynamic analysis for the
association between theR- andâ-subunits.

The biological events in living cells are achieved by
specific protein-protein or protein-ligand interactions. In
many cases, the enzymatic activity and biological function
of proteins are regulated upon formation of a high-order
protein complex or binding of ligands. Allosteric control of
the enzymatic activity is a typical example. The mode of
protein-protein or protein-ligand interaction is divided into
three different concepts as follows (1): “lock and key”,
originally introduced by E. Fischer in 1894, “induced fit”
(2-6), and “pre-existing equilibrium hypothesis” (7, 8). For
these concepts, the structural changes in proteins are
considered to be connected with the regulation of function.

As an ideal system for investigating the protein-protein
interaction and ligand-mediated allosteric regulation, bacterial
tryptophan synthase has been widely studied using genetic,
biochemical, and kinetic methods (9-16). Tryptophan syn-
thase catalyzes the last two steps in the biosynthesis of
L-tryptophan. The bacterial enzyme is a multifunctionalR2â2-
complex composed of nonidenticalR- andâ-subunits. The
isolatedR- andâ2-subunits catalyze different reactions,R-
andâ-reactions, respectively (eqs 1 and 2, respectively). The
physiologically important reaction is theRâ-reaction (eq 3)
catalyzed by theR2â2-complex.

When theR- and â2-subunits combine to form theR2â2-
complex, the enzymatic activity of each subunit is stimulated
by 1-2 orders of magnitude (9, 16). This mutual activation
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of the two subunits is suspected to come from conformational
changes in the subunits upon formation of the complex (12,
17). Therefore, tryptophan synthase is an excellent model
for studying the relation between the activation of a function
and conformational change in the protein. In 1988, the three-
dimensional structure of the tryptophan synthaseR2â2-
complex fromSalmonella typhimurium(StR2â2-complex)1

was determined by X-ray crystallography (18). Furthermore,
the crystal structures of theStR2â2-complex with allosteric
cations and/or ligands have been reported (19-25). These
reports provide valuable information for understanding the
allosteric mechanism of tryptophan synthase. To elucidate
the structural basis of the mutual activation, it is necessary
to determine the structures of theR- andâ2-subunits alone
and to identify the conformational changes upon formation
of the R2â2 complex. Recently, the structures of the tryp-
tophan synthaseR-subunit alone (PfR-subunit) (26) and the
â2-subunit alone (Pfâ2-subunit) (27) from hyperthermophile
Pyrococcus furiosushave been reported. However, the
structures of the subunits alone from the mesophiles have
not yet been determined.

Thermodynamic analyses using titration calorimetry have
revealed that theR2â2-complex formation of tryptophan
synthase fromEscherichia colicouples with the folding
(rearrangement) of theR-subunit monomer and/orâ-subunit
dimer (17), but the conformational change coupled with the
subunit association is small in theR2â2-complex fromP.
furiosus(28). In fact, the structures of thePfR-subunit alone
(26) and thePfâ2-subunit alone (27) from P. furiosushave
been reported to be similar to those of the respectiveR- and
â-subunits in the complex fromS. typhimurium. These results
confirm the prediction from thermodynamic analysis that the
conformational change due to complex formation is small
in that fromP. furiosus, although the structure of the complex
from P. furiosushas not yet been determined. It is also
expected from a thermodynamic point of view that the
isolated structures of theR- andâ2-subunits of tryptophan
synthase from mesophiles must be determined to elucidate
whether the complex formation of the protein from meso-
philes couples with the folding of each subunit.

We obtained a suitable crystal of the tryptophan synthase
R-subunit (EcR-subunit)1 from E. coli for X-ray diffraction
and determined its structure at 2.3 Å resolution. In this paper,
we compare in detail the structures of theEcR-subunit alone
and theR-subunit in theStR2â2-complex (StR-subunit). It
was found that the formation of theR2â2-complex induced
large conformational changes in the loop region between

strand 2 and helix 2. We will discuss the correlation of the
conformational change with the stimulation of theR-subunit
activity.

EXPERIMENTAL PROCEDURES

Purification of theR-Subunit from E. coli.TheEcR-subunit
was purified as described previously (29). The purified
protein exhibited a single band on SDS-PAGE. The
concentration of the protein was estimated from the absor-
bance at 278.5 nm, assumingE1%

1cm ) 4.4 (30).
Crystallization and Data Collection.Crystals suitable for

data collection were obtained at 288 K using the hanging-
drop vapor diffusion method. A 1.0µL aliquot of protein
solution at a concentration of 20 mg/mL in 5 mM potassium
phosphate buffer (pH 7) was mixed with an equal volume
of reservoir solution [1.8 M ammonium sulfate and 0.1 M
sodium cacodylate (pH 6.5)]. After 1 week, the crystals grew
to full size (0.1 mm× 0.1 mm× 0.01 mm). The crystals
were soaked in cryoprotectant [2.0 M ammonium sulfate,
0.1 M sodium cacodylate (pH 6.5), and 20% glycerol] for a
few seconds and then were flash-cooled in a 100 K dry
nitrogen stream. The X-ray diffraction data were collected
at beamlines BL44XU and BL44B2, SPring-8, using the
DIP6040 imaging plate detector. The data were processed
using DENZO and SCALEPACK (31). The crystals be-
longed to space groupC2, with two molecules in an
asymmetric unit, a solvent content of 43.3%, and a specific
volume (VM) of 2.17 Å3 Da-1 (32). The cell dimensions were
as follows: a ) 156.77 Å,b ) 44.63 Å,c ) 71.72 Å, and
γ ) 96.5°.

Structure Determination and Refinement.The structure
was determined by the molecular replacement method using
CNS (31). The full length of theR-subunit in theStR2â2-
complex [Protein Data Bank (PDB) entry 1BKS] (18) was
used as an initial search model. Because the electron density
map for residues 52-77 was not consistent with those of
the reference structure, these residues were excluded from
the reference molecule and the phases were then calculated
to generate an unbiased electron density map. All refinements
were carried out using CNS. The sigma-A-weighted com-
posite omit map was calculated by CNS to reduce the model
bias. The structure was visualized and modified using
XtalView (33) and O (34). The refined model consisted of
two molecules (Mol-A and Mol-B) in an asymmetric unit.
Residues 1-56, 65-183, and 186-268 were identified in
Mol-A, and residues 1-58, 64-183, and 186-268 were
identified in Mol-B. The model geometry was analyzed with
PROCHECK (35). The data collection and refinement
statistics are summarized in Table 1. The final coordinates
and the structure factors have been deposited in the Protein
Data Bank ( entries 1V7Y and 1WQ5).

Analysis for Sequences and Molecules.The multiple-
sequence alignment among theEcR-subunit, theStR-subunit
(PDB entry 1BKS), thePfR-subunit (PDB entry 1GEQ), and
theR-subunit (TtR-subunit) (PDB entry 1UJP) fromThermus
thermophiluswas carried out using CLUSTAL W (36). The
secondary structures of all coordinates were defined by DSSP
(37). LSQKB (38) supported by the program package CCP4
(39) was used for superposition of all the coordinates. The
structures of Mol-A and Mol-B could be superimposed
between equivalent CR atoms of residues 1-56, 65-183,

1 Abbreviations: EcR-subunit, tryptophan synthaseR-subunit from
E. coli; Ecâ2-subunit, tryptophan synthaseâ2-subunit fromE. coli; Ecâ-
subunit, tryptophan synthase monomerâ-subunit fromE. coli; EcR2â2-
complex, tryptophan synthaseR2â2-complex fromE. coli; EcTSase,
tryptophan synthase fromE. coli; IGP, indole 3-glycerol phosphate;
PfR-subunit, tryptophan synthaseR-subunit fromP. furiosus; Pfâ2-
subunit, tryptophan synthaseâ2-subunit fromP. furiosus; Pfâ-subunit,
tryptophan synthase monomerâ-subunit from P. furiosus; PfR2â2-
complex, tryptophan synthaseR2â2-complex fromP. furiosus; PfTSase,
tryptophan synthase fromP. furiosus; PLP, pyridoxal 5′-phosphate;
rmsd, root-mean-square deviation;StR-subunit, tryptophan synthase
R-subunit fromS. typhimurium; Stâ2-subunit, tryptophan synthaseâ2-
subunit fromS. typhimurium; Stâ-subunit, tryptophan synthase monomer
â-subunit fromS. typhimurium; StR2â2-complex, tryptophan synthase
R2â2-complex fromS. typhimurium; StTSase, tryptophan synthase from
S. typhimurium; TtR-subunit, tryptophan synthaseR-subunit fromT.
thermophilus.
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and 186-268 in both subunits with a root-mean-square
deviation (rmsd) of 0.9 Å. Two structures (PDB entries 1BKS
and 1QOQ) of theR-subunits in theStR2â2-complex without
(18) and with a substrate, indole 3-glycerol phosphate (IGP)
(24), respectively, were superimposed on equivalent CR
atoms of theEcR-subunit (Mol-A). The CR atoms in loop
A (residues 52-77) and loop B (residues 178-192) were
omitted for the calculation, because the structures of loops
A and B were very different from each other in theEcR-
subunit alone and theStR-subunit in theStR2â2-complex.
The rmsd values of CR atoms for the superimposed Mol-A
without loops A and B on theStR-subunit were 0.96 and
0.81 Å for 1BKS and 1QOQ, respectively. The potential
hydrogen bonds were examined using XtalView (33).

RESULTS

OVerall Structure of the Tryptophan SynthaseR-Subunit
Alone from E. coli.The EcR-subunit crystals belonged to

space groupC2, and eight molecules were contained in a
unit cell. There were two molecules (Mol-A and Mol-B) in
an asymmetric unit(Figure 1A). The overall fold of theEcR-
subunit alone was a (â/R)8-barrel first observed in a triose-
phosphate isomerase (40). The helices and strands corre-
sponding to canonicalR/â-barrel elements have been
consecutively numbered from 1 to 8. The structure of the
EcR-subunit alone had two extraR-helices, helix 0 and helix
8′, resulting in a total of 10 helices. Helix 0 and helix 8′
were located in the N-terminus and between strand 8 and
helix 8, respectively (Figures 1B and 2). Two unique
structures were observed in the structure of theEcR-subunit
alone. One was loop A (residues 52-77) between strand 2
and helix 2, and the other, loop B (residues 178-192), was
between strand 6 and helix 6. Loop A was a long flexible
loop that included an active site residue, Asp60. The
B-factors of loop A and loop B in both molecules were larger
than those of the other regions.

Mol-A and Mol-B in an asymmetric unit were connected
in a unique style in which loop A of each molecule formed
hydrogen bonds with residues near the active site of a partner
molecule via sulfate anions, resulting in a dimeric form
(Figure 1A). The electron densities of residues 57-64, 184,
and 185 in Mol-A and residues 59-63, 184, and 185 in
Mol-B were not clear.

Comparison of Amino Acid Sequences between theR-Sub-
units from E. coli and S. typhimurium.The number of amino
acid residues for theEcR-subunit and theStR-subunit is the
same, 268, and the level of sequence identity between both
proteins is 85% (Figure 2). All residues related to the catalytic
function and interaction with theâ-subunit are conserved in
bothR-subunits: catalytic residues (Glu49 and Asp60) (29,
41), ligand pockets [Phe22, Tyr102, Tyr175, Leu177,
Gly211, Gly213, Gly234, and Ser235, in 1BKS (18)], the
residues that interacted with the phosphate moiety of IGP
[Gly213, Gly234, and Ser235, in 1QOQ (24)], and the
residues forming hydrogen bonds at theR- and â-subunit
interface [Ser55, Asp56, Gln65, Asn104, Asn108, Val133,
Glu134, Glu135, and Asn157, in 1BKS (Table 2)]. The
residues in loop A of theEcR-subunit consisting of 26
residues are highly conserved, where only two residues, Ile52
and Thr68, are replaced with Val and Asn in theStR-subunit,
respectively. Two residues, Ala180 and Ala189, among 15
residues in loop B of theEcR-subunit are changed to Ser
and Gly, respectively, in theStR-subunit (Figure 2).

Comparison of the Structures of the EcR-Subunit Alone
with theR-Subunit in the StR2â2-Complex.The structures of
the EcR-subunit and theStR-subunit were compared by
superimposition of equivalent CR atoms in both subunits
(Figure 3). The rmsd profile of each residue between two
R-subunits is shown in Figure 4. The large conformational
differences between two molecules were detected for residues
52-77 and 178-192, corresponding to loop A and loop B,
respectively, in theEcR-subunit. In theStR-subunit, the
region corresponding to residues 52-77 forms loop 2
(residues 52-61) and helix 2′ (residues 62-74) that are the
lid of the TIM barrel and look like “the roof of the active
site”. In contrast, loop A of theEcR-subunit was a long loop
structure except for a shortR-helix of four residues.
Furthermore, loop A was bent toward the outside of the TIM
barrel as if it opens a roof (Figure 3B). Several residues in
loop A (residues 57-64 and 59-63 in Mol-A and Mol-B,

Table 1: Data Collection and Refinement Statistics

Crystal Data Statistics
X-ray source SPring-8 BL44XU
detector DIP 6040
wavelength (Å) 0.9
crystal-to-detector distance (mm) 360
exposure time (s) 5
data collection temperature (K) 100
no. of crystals per image 1/180
space group C2
unit cell parameters

a (Å) 156.77
b (Å) 44.63
c (Å) 71.72
â (deg) 96.46

resolution range (Å)a 49.86-2.30 (2.38-2.30)
no. of total reflectionsa 75855 (6988)
no. of unique reflectionsa 21699 (2079)
〈I/σ(I)〉a 7.9 (3.85)
completeness (%)a 98 (94.2)
Rmerge(%)a 0.116 (0.383)
redundancya 3.5 (3.4)
no. of molecules per asymmetric unit 2
VM (Å3/Da) 2.17

Refinement Statistics
resolution range (Å)a 49.86-2.30 (2.38-2.30)
σ cutoff (F) 0
Rcryst (%)a,b 18.5 (25.5)
Rfree (%)a,c 24.8 (32.7)
no. of atoms

no. of protein atoms 3943
no. of sulfate ions 13
no. of glycerol molecules 8
no. of water molecules 197

averageB-factor (Å2)
all 33.5
proteins 30.4
sulfate ions 70
glycerol molecules 53.8
water molecules 35.2

rmsd for bonds (Å) 0.008
rmsd for angles (deg) 1.4
Ramachandran plot (%)

most favored 92.2
additional allowed 7.3
generously allowed 0.5
disallowed 0

a Values in parentheses are for the highest-resolution shell.b Rcryst

was calculated from the working set (95% of the data).c Rfree was
calculated from the test set (5% of the data).
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respectively), including the catalytic residue, Asp60, were
disordered in the crystal. Loop B of theEcR-subunit was
disordered at residues 184 and 185, while residues 178-
189 of the StR-subunit corresponding to loop B were
completely disordered. Small peaks 2-7 correspond to
Lys109, Asn157, Pro192, Phe212, Gly234, and Asn246,
respectively. Lys109 (peak 2) and Asn157 (peak 3) of the
EcR-subunit are located in helix 3 and loop 5, respectively.
These residues are equivalent to Asn108 and Asn157 in the
StR-subunit that form hydrogen bonds with residues of the
â-subunit (Table 2). Pro192 (peak 4) is located in the
C-terminus of loop B. Phe212 (peak 5) and Gly234 (peak
6) are located near residues (Gly213, Gly234, and Ser235)
that bind with the phosphate of IGP through hydrogen bonds
(24). This pattern of binding of a phosphate moiety by a
hydrogen bond is called the “phosphate-binding motif” which
is observed in many TIM barrel enzymes (42). In the case
of theEcR-subunit, Gly213 and Gly234 bind with the sulfate
ion instead of IGP, which comes from the ammonium sulfate
of the precipitants as the crystallization reagent (Figure 1A).
Although the rmsd values for Phe212 (peak 5) and Gly234
(peak 6) between theEcR-subunit and ligand-freeStR2â2-
complex (1BKS) were 2.26 and 2.93 Å, respectively (Figure
4), those between theEcR-subunit and IGP-boundStR2â2-
complex (1QOQ) were 0.29 Å for Phe212 and 0.78 Å for
Gly234. The values were larger in the ligand-freeStR-subunit
(1BKS) than in the IGP-boundStR-subunit (1QOQ), sug-
gesting that the deviations at residues 212 and 234 come
from ligand (sulfate ion) binding. Asn246 (peak 7) is located
in a turn between helix 8′ and helix 8. Asn246 of Mol-A
and Gln243 of Mol-B interacted with a hydrogen bond
through a water molecule. This suggests that the structural
deviation at residue 246 comes from the intermolecular
interaction between Mol-A and Mol-B in the crystal of the
EcR-subunit.

Comparison of B-Factors between the EcR-Subunit and
the StR-Subunit.To determine differences in the structural
mobility between the twoR-subunits, the changes in the
B-factor of each residue were then calculated on the main
chain between theEcR-subunit alone (Mol-A) and the
R-subunit in theStR2â2-complex (1BKS). TheB-factor of
each protein was normalized to compare theB-factors
between different proteins by eq 4 (43). The abnormally high
B-factors in loop A and loop B were excluded for the
normalization calculation.

whereB′, B, 〈B〉, andσ(B) represent the normalizedB-factor,
theB-factor of the main chain, the averagedB-factor of the
main chains, and the standard deviation of theB-factors,
respectively. Differences (∆B′) in the normalizedB-factor
between theEcR-subunit and theR-subunit in theStR2â2-
complex are plotted for each residue in Figure 5. Four
positive peaks appeared. The extremely large∆B′ (peak 1)
of the residues corresponding to loop A in theEcR-subunit
indicates that loop A protruding from the molecular surface
is more mobile than the corresponding residues of theStR2â2-
complex buried inside the molecule. The segments with
positive peaks, the N-termini of helix 3, loop 4 (residues
129-136), and helix 5, are included in the regions at the
subunit interface. All of the residues forming hydrogen bonds
between theR- and theâ-subunits in theStR-subunit (Table

FIGURE 1: Schematic views of the structure of theEcR-subunit
alone. (A) Structures of twoEcR-subunits in an asymmetric unit.
Mol-A and Mol-B are colored red and blue, respectively. Loop A
consisting of residues 52-77 and loop B consisting of residues
178-192 protrude from the molecular surface. Sulfate anions are
shown in a ball-and-stick representation. O atoms are red, and S
atoms are yellow. The two molecules interact with each other
through loop A and the sulfate anion. (B) Schematic views of the
structure of Mol-A. The top and bottom panels are views from the
C-terminal face of theR-subunit and from the side face of the barrel,
respectively. The helices are depicted as red helical ribbons,
â-strands as blue arrows, and other structures as green lines.
Disordered regions in loop A and loop B are illustrated as green
dotted lines. H0-H8 represent helices 0-8, respectively. The figure
was prepared using MOLSCRIPT (54) and Raster3D (55).

B′ ) (B - 〈B〉)/σ(B) (4)
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2) exhibit a positive∆B′ (Figure 5). Ser55, Asp56, and Gln65
are located in loop A in theEcR-subunit (Figures 3B and
5). These results indicate that the residues located in loop A
and in theR/â-subunit interface become more mobile in the
isolatedR-subunit.

DISCUSSION

We will discuss the conformational changes due to
formation of theR2â2-complex of tryptophan synthase using
the obtained structure of theEcR-subunit, assuming that the

StR2â2-complex with 92% of the sequence identical (85%
for the R-subunit and 97% for theâ-subunit) should have
an overall structure similar to that of theEcR2â2-complex,
because the structure of theEcR2â2-complex has not yet been
determined.

Stabilization of Helix 2′ Due to Complex Formation.In
loop A of the EcR-subunit, the difference in amino acid
sequences between theEcR-subunit and theStR-subunit is
only 2 among 26 residues (Figure 2). The secondary structure
for residues 52-77 of loop A in theEcR-subunit has been
predicted to be CCTCCCCTCCCCSSSSSHHHSHTTCC and
H?????TTTTTSSSSSHHHHHHH?SS using the methods of
Garnier et al. (44) and Chou and Fasman (45, 46), respec-
tively. H, S, C, T, and ? represent theR-helix, â-strand, coil,
â-reverse turn, and no prediction, respectively.

The short helix from residue 70 to 73 in loop A coincided
well with the above predictions. However, the region
(residues 62-69) forming helix 2′ in theStR2â2-complex is
not predicted to be a helix, suggesting that the sequence of
residues in loop A does not have a strong propensity for
helix. These residues in theR2â2-complex form loop 2 and
helix 2′ with a four-turn helix, which are stabilized by
hydrophobic interactions and hydrogen bonds with the
residues of both theR- and â-subunits (Table 2). This
suggests that helix 2′ in the R-subunits from mesophiles
cannot be maintained without interaction with theâ-subunits.
The protruding loop A in theEcR-subunit alone is transferred
to the lid of the TIM barrel and forms helix 2′ by undergoing
a tight interaction with theâ-subunit in theR2â2-complex
(Figure 6A,B). The structural change from loop A of the
EcR-subunit alone to helix 2′ of the complex must be
performed by an induced-fit mode (2-6) coupled to an
intermolecular interaction with theâ-subunit.

ActiVe Form of the EcR-Subunit Alone.In the tryptophan
biosynthesis pathway, there are three TIM barrel enzymes,
phosphoribosyl anthranilate isomerase (PRAI), indole gly-
cerol phosphate synthase (IGPS) (47), and the trypto-

FIGURE 2: Sequence alignments with secondary structures of theEcR-subunit and theStR-subunit. The first line represents the alias of the
secondary segments named by Hyde et al. (18). The second line represents the sequence number of theR-subunits. The third and sixth lines
represent amino acid sequences of theStR-subunit and theEcR-subunit, respectively. The fourth and fifth lines represent the secondary
structural elements of theStR-subunit (PDB entry 1BKS) and theEcR-subunit (Mol-A), respectively, based on the secondary structure
definition as established by DSSP (37). A red block, a blue arrow, a black bar, and a space represent theR-helix, theâ-strand, the others,
and a missing region, respectively. Red letters in the third line represent hydrogen-bonding residues of theStR-subunit with theâ-subunit.
Bold letters in the sixth line represent the residues of loop A or loop B of theEcR-subunit.

Table 2: Hydrogen Bonds between theR-Subunit andâ-Subunit in
the StR2â2-Complexa

R-subunit â-subunit

structureb residue atom structureb residue atom

hydrogen
bond

distance (Å)

loop 2 Ser55 N loop 8 Ile293 OE1 2.90
loop 2 Ser55 OG loop 8 Ile294 N 3.06
loop 2 Asp56 OD1 helix 6 Lys167 N1 3.29
loop 2 Asp56 OD2 helix 6 Lys167 N1 2.95
helix 2′ Gln65 OE1 loop 5 Ser161 OG 2.71
helix 3 Asn104 ND2 loop 8 Gln288 NE2 2.91
helix 3 Asn104 ND2 loop 8 Gly292 O 2.73
helix 3 Asn104 OD1 loop 8 Ile278 N 2.71
helix 3 Asn108 OD1 loop 8 Arg275 NH2 2.57
loop 4 Val133 N N-terminus Gln19 OE1 2.85
loop 4 Glu134 OE1 N-terminus Gln19 NE2 2.90
loop 4 Glu135 OE1 N-terminus Tyr8 OH 2.81
loop 4 Glu135 OE2 N-terminus Tyr8 OH 3.22
loop 4 Glu135 OE2 N-terminus Met15 N 2.48
loop 5 Asn157 ND2 N-terminus Ile20 O 3.14
loop 5 Asn157 ND2 loop 5′ Tyr181 OH 2.91

a The hydrogen bonds were obtained using theStR2â2-complex (PDB
entry 1BKS).b Structures of the hydrogen-bonding residues are indi-
cated by secondary structure: loop 2 (residues 52-61), helix 2′
(residues 62-74), helix 3 (residues 103-121), loop 4 (residues 129-
136), and loop 5 (residues 155-159) of theR-subunit and N-terminus
(residues 1-23), loop 5 (residues 160-165), loop 5′ (residues 178-
183), helix 6 (residues 166-177), and loop 8 (residues 257-310) of
the â-subunit.

1188 Biochemistry, Vol. 44, No. 4, 2005 Nishio et al.



phan synthaseR-subunit (18), which have a common
phosphate-binding motif on loop 7, loop 8, and helix 8′,
respectively (42, 47-51). These TIM barrel enzymes
have a flexible long loop (more than 10 residues) that
is inserted between strand 6 and helix 6 (47, 52). In
many TIM barrel enzymes, it is found that the flexible
long loops play a common role in catalytic functions
(42, 47-52). In the case of tryptophan synthase, the
R-subunit has loop 2 and an additionalR-helix (helix 2′)

between strand 2 and helix 2. Loop 2 and helix 2′ are crucial
for the catalytic function of theR-subunit, including an active
site residue, Asp60 (19, 23, 24), and important residues
interacting with theâ-subunit. The largest change observed
in the structure of theEcR-subunit alone occurred in this
region.

FIGURE 3: Schematic views of theStR2â2-complex and theEcR-subunit alone. (A) Structure of theStR2â2-complex (PDB entry 1QOQ).
Blue, green, and yellow represent theStR-subunit, theStâ-subunit, and loop 8 in theStâ-subunit, respectively. IGP and PLP bound in the
StR2â2-complex and the functionally important residues Glu49, Asp60, and Asn104 in theStR-subunit are represented by balls and sticks
with an amino acid name by single-letter notation. (B) Schematic stereo drawing of superposition of theEcR-subunit and theStR-subunit
viewed from the same direction as theStR2â2-complex in panel A. Red and blue represent theEcR-subunit and theR-subunit in theStR2â2-
complex (PDB entry 1BKS), respectively. The hydrogen-bonding residues in theStR-subunit with theâ-subunit and catalytic residues are
represented as the cyan stick and black stick, respectively. The residues of theEcR-subunit corresponding to the hydrogen-bonding residues
in theStR-subunit are represented as pink sticks. The indications are the same as those in Figure 1. Disordered regions in loop A and loop
B are not illustrated. The figure was produced with MOLSCRIPT (54) and Raster3D (55).

FIGURE 4: Root-mean-square deviations (angstroms) of CR atoms
between theEcR-subunit alone and theStR-subunit (PDB entry
1BKS). Peaks 1-7 represent only discrimination marks for large
differences.

FIGURE 5: Differences in normalizedB-factors (square angstroms)
for the main chain atoms vs residue number between theEcR-
subunit and theStR-subunit. The∆B′ factor means subtraction of
values of theR-subunit in theStR2â2-complex (PDB entry 1BKS)
from those of theEcR-subunit (Mol-A). Arrows indicate residues
in the EcR-subunit corresponding to hydrogen-bonding residues
with the â-subunit in theStR-subunit.
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The most important catalytic base of theEcR-subunit is
Glu49 (29, 53), and Asp60 is a second catalytic base (41,
53). In the crystal form of theEcR-subunit alone, Asp60 is
far from the position of Asp60 in theStR2â2-complex (Figure
6B), indicating that theEcR-subunit alone cannot carry out
a catalytic function. However, theEcR-subunit alone in
solution has an enzymatic activity that is less efficient. The
R2â2-complex exhibits anR activity ∼30 times higher than

that of the isolatedR-subunit (9, 12, 16). Therefore, it is
expected that theEcR-subunit in solution is in equilibrium
between the active and inactive forms. As illustrated in Figure
7, in the absence of theâ-subunit, loop A including Asp60
can be suggested to be in equilibrium between the opened
and closed forms. The open form is inactive and is equivalent
to the crystal structure of theEcR-subunit alone or is an
ensemble of flexible loop structures in solution. In the closed

FIGURE 6: Schematic stereoview near helix 2′ of theStR2â2-complex and theEcR-subunit alone. Red, blue, and green wires represent the
EcR-subunit, theStR-subunit, and theStâ-subunit, respectively. (A) Interaction between theR-subunit andâ-subunit in theStR2â2-complex.
The hydrogen-bonding residues (Table 2) between theR- andâ-subunits in theStR2â2-complex (PDB entry 1BKS) are represented as sky
blue sticks in theR-subunit and light green sticks in theâ-subunit. Hydrogen bonds between theStR-subunit and theStâ-subunit are drawn
using cyan dotted lines. (B) Superposition of theEcR-subunit and theStR-subunit. The disordered region in loop A is drawn as a dotted
line. The residues of theEcR-subunit corresponding to the hydrogen-bonding residues in theStR-subunit are represented as pink sticks.
This figure was produced using MOLSCRIPT (54) and Raster3D (55).

FIGURE 7: Scheme for forming theR2â2-complex of theEcR-subunit in the presence of theâ-subunit. The left two molecules represent the
states of theR-subunit alone in solution. In the absence of theâ-subunit, loop A including Asp60 is in equilibrium between the opened and
closed forms. The open and closed forms are inactive and active, respectively. In the presence of theâ-subunit, only theR-subunit in the
closed state can form a complex with theâ-subunit. Finally, the closed form can construct theR2â2-complex form, in which the conformation
with the correct active site is stabilized.
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form, loop A folds to the inside of the TIM barrel and the
activity appears. The ratio of the closed form would be
extremely low in the absence of theâ-subunit, resulting in
low activity. Finally, in the presence of theâ-subunit, the
closed form can construct theR2â2-complex form, including
helix 2′, in which the conformation around the active site is
stabilized by many interactions with residues in theR- and
â-subunits (Table 2 and Figure 6A).

Comparison of Structures of the EcR-Subunit withR-Sub-
units from Thermophiles.The available coordinates of the
R-subunits alone from the hyperthermophileP. furiosus(PfR-
subunit) (26) and the extreme thermophileT. thermophilus
(TtR-subunit) have been deposited in the PDB. The overall
structures of the two thermophiles are essentially similar to
that of theEcR-subunit except for the loop A region. The
structures of thePfR-subunit and theTtR-subunit corre-
sponding to loop A in theEcR-subunit alone consist of loop
2 and helix 2′ like that of the R-subunit in theStR2â2-
complex. Why can the thermophile proteins construct helix
2′ in the absence of theâ-subunit? The number of total
residues is 268, 271, and 248 in theEcR-subunit, theTtR-
subunit, and thePfR-subunit, respectively. The sequence of
the helix 2′ region for theStR-subunit was more similar to
those of the thermophile proteins than that of the whole
sequence (Table 3). The helix propensities at the N-terminal
part of helix 2′ of the thermophile proteins were higher than
those of mesophile proteins, which were calculated using
the parameters obtained by Chou and Fasman (46). The
numbers of residues in helix 2′ involved in the hydrogen
bonds or ion pairs with other regions within theR-subunits
were one (Arg70), three (Arg64, Ser66, and Glu67), and six
(Lys49, Glu53, Ser54, His55, Arg57, and Asn61) for theStR-
subunit, theTtR-subunit, and thePfR-subunit, respectively.
These hydrogen bonds and ion pairs should contribute to
stabilization of helix 2′. Therefore, the stability of helix 2′
might be the highest in thePfR-subunit and lowest in the
StR-subunit even in the complex form among the three
R-subunits. These results suggest that the helix propensity
of the residues and stability of the helical structure determine
whether helix 2′ can be involved in the isolatedR-subunit.
In other words, acquisition of helix 2′ in isolatedR-subunits
from thermophiles may come from the necessity for enhanc-
ing the stability of the proteins. In fact, the denaturation
temperature of thePfR-subunit alone is higher by 32°C than
that of theEcR-subunit (28).

The conformational changes in theR-subunit due to
formation of theR2â2-complex might be smaller in the
thermophiles than in the mesophiles, because helix 2′ is
already constructed in the isolatedR-subunits of the ther-
mophile proteins. This speculation agrees with the results

of the thermodynamic analyses upon association of theR-
and â-subunits fromE. coli and P. furiosus. From the
analyses of titration calorimetry, it has been reported that
the folding of many residues is coupled to theR/â-subunit
association of theEcTSase (17), but the number of residues
of local folding is slight for the association of thePfTSase
(28). These experiments resulted in confirming the prediction
of the conformational changes from the thermodynamic
analysis. Finally, we can conclude that theR/â-subunit
association occurs by an induced fit mode with large
conformation changes inEcTSase andStTSase from meso-
philes and a lock and key mode inPfTSase from the
thermophiles (28).

NOTE ADDED IN PROOF

Recently, Jeong et al. (56) have reported that the electron
densities of residues 55-75, which corresponds to Helix-2′
of the EcR-subunit, are not visible.
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