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ABSTRACT: We used freeze trapping to stabilize the Michaelis complex of wild-type tryptophan synthase
and theR-subunit substrate indole-3-glycerol phosphate (IGP) and determined its structure to 1.8 Å
resolution. In addition, we determined the 1.4 Å resolution structure of the complex with indole-3-propanole
phosphate (IPP), a noncleavable IGP analogue. The interaction of the 3′-hydroxyl of IGP with the catalytic
RGlu49 leads to a twisting of the propane chain and to a repositioning of the indole ring compared to
IPP. Concomitantly, the catalyticRAsp60 rotates resulting in a translocation of the COMM domain
[âGly102-âGly189, for definition see Schneider et al. (1998)Biochemistry 37, 5394-5406] in a direction
opposite to the one in the IPP complex. This results in loss of the allosteric sodium ion bound at the
â-subunit and an opening of theâ-active site, thereby making the cofactor pyridoxal 5′-phosphate (PLP)
accessible to solvent and thus serine binding. These findings form the structural basis for the information
transfer from theR- to theâ-subunit and may explain the affinity increase of theâ-active site for serine
upon IGP binding.

Tryptophan synthase (TRPS,1 EC 4.2.1.20) is a bifunc-
tional pyridoxal-5′-phosphate (PLP)-dependent tetrameric
enzymesarranged in a linearRââR formsthat catalyzes the
last two steps in the biosynthesis ofL-tryptophan. In the
physiologically important “R/â-reaction”, indole-3-glycerol
phosphate (IGP) andL-serine are condensed to formL-
tryptophan and water (for reviews see Figure 1 and (1-4)).
In its R-subunits, the enzyme catalyses theR-reaction (Figure
1), the cleavage of indole-3-glycerol phosphate to indole and
glyceraldehyde-3-phosphate (G3P). Subsequently, indole is
condensed with serine in a pyridoxal-5′-phosphate mediated
reaction at theâ-active site (â-reaction). The failure to detect
indole even in rapid chemical quench experiments (5) and
the existence of a∼25 Å long tunnel that connects theR-
and â-active sites (6) strongly suggests that indole is
transferred through this tunnel from the active site in the
R-subunit to the one in theâ-subunit (Figure 1). This process,
the transfer of an intermediate or metabolite between two
sequential enzymes without free diffusion through the solvent

is known as substrate channeling. Channeling is thought to
play an important role in metabolite regulation and cellular
modulation of enzymatic activities and has, therefore, at-
tracted a lot of attention, recently (1, 7-11). In the case of
tryptophan synthase, it prevents loss of the intermediate
indole through the cell membranes.

An important requirement for enzymes exhibiting substrate
channeling is a tight allosteric regulation of the two coupled
reactions so that they remain in phase. In the case of
tryptophan synthase, synchronization is achieved first by the
influence of theR-site ligand on the affinity for serine and
the distribution of the intermediates formed at theâ-active
site upon binding and subsequent reaction of serine and the
PLP cofactor (for review (2, 3)). Second, IGP cleavage and
transfer of indole through the tunnel is enhanced dramatically
upon formation of a highly reactive aminoacrylate intermedi-
ate at theâ-active site (5, 12, 13). This prevents accumulation
of indole in the tunnel or at theâ-active site as the transfer
of indole through the tunnel is fast, and the reaction with
the aminoacrylate is largely irreversible. Since the ami-
noacrylate intermediate is pivotal for the allosteric interaction
between the two active sites, we recently determined the
crystal structure of TRPS complexed with the aminoacrylate
intermediate at theâ-active site and the inhibitor 5-fluoro-
indole-3-propanol phosphate (F-IPP) at theR-site, respec-
tively, under steady-state conditions of the reaction using a
flowcell (14). The comparison with the structures of TRPS
determined in the absence and presence of F-IPP led to the
identification of a rigid, but movable domain in theâ-subunit.
This “COMM-domain”, related to the “mobile domain”
defined by Rhee et al. (15), interacts on the one side with
the R-subunit via loopRL2 that interacts with the indole
ring of IPP and on the other side with theâ-active site. We
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used these findings to propose a detailed structural model
for the allosteric communication in TRPS (14). Important
features of the model that provides a structural explanation
for mutagenesis data include the concomitant ordering of
loops RL2 and RL6 upon binding of IPP. This results in
blockage of the tunnel entrance both directly byRL2 and
indirectly by a concerted reorientation ofâTyr279 and
âPhe280 (14, 15). A central role is taken up byRAsp60, a
residue shown to be essential for IGP cleavage (16). The
RAsp60 carboxylate group not only forms a strong hydrogen
bond with the indolyl nitrogen of IPP as required for proton
abstraction or ring tautomerization prior to IGP cleavage,
but also interacts with the catalytically importantRThr183
located inRL6, and with âArg175 located inâH6 of the
COMM domain (14, 15). In addition,RAsp60 interacts with
and thus positions other residues that linkRL2 andRL6 to
each other or to the COMM domain in theâ-subunit,
respectively. Thus,RAsp60 not only plays a crucial role in
catalysis of theR-reaction but also in intersubunit com-
munication. This has been also been concluded recently
by Rhee et al. (17) based on the structure of the TRPS-
RD60NSer

IPP complex.
The IPP-induced interactions betweenRL2 and RL6 of

theR-subunit andâH6 located in the COMM domain result

in a rigid body movement of the latter. Intradomain interac-
tions transmit the rigid body movement of the COMM
domain toâL3, which is located next to the cofactor PLP
and contains the catalytically importantâGlu109 (5, 18).
Another route of transmitting the information on the nature
of theR-subunit ligand to theâ-active site involvesâAsp305.
Its orientation is metal dependent (19), which may explain
the dependence of the catalytic rate on monovalent cations
(20-23).

Most of the results of mutagenesis studies, either per-
formed in a site-directed fashion or by characterization of
missence mutations can be rationalized on the basis of the
crystal structures of the wild-type and mutant forms of TRPS
complexed with either nothing, IPP, F-IPP, or GP at the
R-active site and/or nothing, serine, aminoacrylate, or tryp-
tophan at theâ-active site, respectively (14, 15, 24). A
notable exception wasRGlu49, whose replacement results
in inactivation of theR-reaction (25); it is believed that
RGlu49 abstracts a proton from the C3′-hydroxyl group of
the glycerolphosphate moiety of IGP to form glyceraldehyde
phosphate (26). However,RGlu49 points away from the
modeled position of the 3-hydroxyl group of IGP based on
the structure of the IPP complex. Recently, Rhee et al. (27)
determined the crystal structure of the IGP complex of the

FIGURE 1: Top, schematic representation of the overall fold of theRâ-dimer of TRPSIPP. IPP and PLP bound to theR- and â-subunit,
respectively, and the functional important residuesRGlu49, RAsp56, andRAsp60 in R-subunit are represented by balls and sticks. The
sodium ion is drawn as green ball. Color coding:R-subunit in red,â-subunit in blue, andâ-residues belonging to the COMM in yellow.
The figure was prepared using “MOLSCRIPT” (47) and “RASTER3D” (48, 49). Bottom, scheme of theR andâ TRPS reaction.
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catalytically impairedRD60N mutant, using a cryo-crystal-
lographic approach. In this structure,RGlu49 does indeed
interact with the C3′-hydroxyl group of IGP as proposed for
the reaction mechanism of theR-reaction mentioned above.

Despite the success of finally seeing this proposed interac-
tion in the TRPS-RD60NIGP complex there are limitations
in the implications on the enzymatic mechanism of this
structure. Unfortunately,RAsp60 not only has a catalytic role
but is also central to intersubunit communication as described
above. To obtain information on the roles ofRGlu49 and
RAsp60 in the catalytic mechanism of theR-reaction and
the R/â subunit communication, we determined the crystal
structures of wild-type TRPS complexed to theR-substrate
IGP and theR-substrate analogue IPP to 1.8 and 1.4 Å
resolution, respectively. We show how the binding of IGP
at theR-active site induces viaRAsp60, a large displacement
of the COMM domain that results in loss of the Na+ ion
and an opening of theâ-active site. The implications for the
catalytic mechanism of TRPS are discussed.

MATERIALS AND METHODS

Crystallization and Substrate-Complex Preparation. Na-
tive wild-type TRPS was expressed and purified as described
(28). The protein was stored at a concentration of 10 mg/
mL in a solution containing 50 mM bicine pH 7.8, 10 mM
Na-EDTA, 1 mM di-thioerythritol and 20µM PLP. Crystals
were grown in the dark at room temperature using the
hanging drop method by mixing equal volumes (3-5 µl) of
protein and reservoir solutions. The latter contained 50 mM
bicine buffer pH 7.8, 5 mM di-thioerythritol, 5 mM Na-
EDTA, 0.1 mM PLP, 2 mM spermine, 2 mM NaN3 and
8-12% (w/v) PEG 8000. The substrate IGP was prepared
enzymatically from indole and G3P by the reverseR-reaction
of TRPS (29); the substrate analogue IPP was a generous

gift of Karen Anderson. The TRPSIPP complex was obtained
by cocrystallization using an initial IPP concentration of 7
mM in the crystallization droplet. Prior to flash-freezing in
liquid nitrogen the crystals were rinsed briefly in a cryo-
protectant solution consisting of 100 mM Na-HEPES pH 7.8,
15% (w/v) PEG 8000, and 20% (v/v) glycerol. The TRPSIGP

complex was generated by soaking native wild-type TRPS
crystals for 2 min in the cryo-protectant solution containing
23 mM IGP before flash-freezing in liquid nitrogen.

X-ray Data Collection. Diffraction data of the TRPSIGP

complex were collected at beamline X12c at the NSLS using
a wavelength of 1.0 Å and the Brandeis 2K× 2K CCD
detector. Data of the TRPSIPP complex were collected at
beamline X11 at EMBL c/o DESY using a wavelength of
0.9076 Å and a MAR345 detector. All measurements were
carried out at 100 K. The diffraction data were processed
with XDS and scaled with XSCALE (30). Data statistics are
given in Table 1.

Refinement. The coordinates of native wild-type TRPS
(PDB accession code 2WSY) (14) were used as a starting
model for the TRPSIPP refinement. After completing the
refinement of TRPSIPP at a maximum resolution of 1.4 Å,
this final model was used as starting model for the TRPSIGP

refinement. In both cases, water molecules, the PLP cofactor,
and theR-subunit ligand IPP were omitted and an overall
B-factor of 20.0 Å2 was assigned. In general, the same
refinement strategy was applied for both enzyme complexes
using protocols and programs of the CNS 0.4 (31) and the
CCP4 suite (32). Manual rebuilding and map interpretation
by inspection of SigmaA-weighted 2mFobs-DFcalc (33),
3Fobs-2Fcalc, and SigmaA-weighted mFobs-DFcalc (33) dif-
ference electron density maps was done with the graphics
program “O” (34). After an initial rigid-body refinement
cycle of both TRPS subunits, possible model bias was

Table 1: Crystal Parameters, Data Collection, and Refinement Statistics

TRPSIPP TRPSIGP

crystal parameters
Unit cell (a × b × c) [Å] 182.8 × 60.3× 67.4 182.5× 60.0× 67.2
(â) [deg] 94.7 94.5

data statistics
resolution [Å] 30.3-1.4 31.2-1.8
no. of observations 294137 219018
no. of unique reflections 143761 63674
completeness (total/high) [Å]a 93.2/80.8 94.5/70.8
Rsym (total/high)b 5.7/25.8 7.6/20.9
〈I/σ(I)〉 (total/high) 10.3/2.4 11.7/2.6

refinement statistics
resolution range [Å] 20.0-1.4 20.0-1.8
included amino acids R1-R190,R193-R267,â2-â391 R1-R178,R193-R268,â2-R396
Φ/Ψ-torsion angle validation;

only non-glycine and
non-proline residues

RF212 RF212

no. of protein atoms 4952 4898
no. of waters 801 516
no. of ligand atoms 32 34
no. of metal ions 1 0
Rwork, Rfree

c [%] 15.0/17.7 17.1/21.0
rmsd bonds/angles [Å/deg] 0.012/1.4 0.017/1.3
〈B〉 (mc/sc/lig/wat) [Å2] 14.6/18.3/12.8/31.0 18.3/21.5/17.3/33.4
alternative side chain

conformations/*: alternative
backbone conformations

RI30, RE31,RE90,RC154,RP156*,RN157*, RA158*, RS178,
RE254âE11,âM22, âS34,âK37, âK50, âK61, âI65, âM152,
âT165,âK219,âM240,âH260,âR341,âE367,âR379

RE49,âC170,âE182,âM240

a Completeness,Rsym and 〈I/σ(I)〉 are given for all data and for the highest resolution shell: TRPSIPP 1.5-1.4 Å, TRPSIGP 1.9-1.8 Å. b Rsym)
∑|I-〈I〉|/∑I. c Rwork) ∑|Fobs| - k|Fcalc|/∑|Fobs|. 5% of randomly chosen reflections were used for Rfree.

Structures of Tryptophan SynthaseR-Ligand Complexes Biochemistry, Vol. 38, No. 50, 199916471



removed by two cycles of simulated-annealing using the
slow-cooling protocol at a starting temperature of 2500 K
(35); a bulk-solvent correction was introduced in the second
cycle. Subsequently, the geometrically restrained refinement
was carried on using “PROTIN/REFMAC” (33). Ideal bond
lengths and angles for IGP, IPP, and the cofactor PLP,
respectively, were derived from the following PDB entries:
IGP coordinates were taken from PDB entry 1A5B (27), IPP
from 2TRS (15), and PLP from 2WSY (14). Clear electron
density was visible even after the initial rigid-body refine-
ment step for the ligand molecules IGP, IPP, and the
covalently bound PLP-cofactor. Thus, they were added to
the atomic model since the first rounds of maximum
likelyhood-refinement. Solvent molecules were incorporated
automatically using the program “ARP” (37). All water
molecules were checked manually and removed from the
model if they did not have at least one hydrogen binding
partner. During the final refinement stages of both complexes,
additional electron density for several amino acid side chains
appeared and a second side-chain conformation was intro-
duced for these residues in both models. The atom occupan-
cies were checked manually by adjusting theB-factors to
the same level for both conformations. A list of residues with
double conformations is given in Table 1.

In case of TRPSIPP, careful inspection of a SigmaA-
weightedmFobs - DFcalc electron density map of the final
model at 1.4 Å resolution showed additional electron density
for side chain atoms of several buried amino acid residues.
This density was attributed to an anisotropic atom vibration.
Therefore, anisotropicB-factors were introduced in the last
steps of the TRPSIPP refinement. Refinement statistics for
both enzyme complexes are given in Table 1.

Structure Superposition. To investigate the influence of
different ligands of theR-active site on the allosteric
communication, we superimposed other TRPS structures on
the TRPSIPP coordinates, which represent the TRPS structure
with highest resolution presently available. The superposition
was done with the program “O” (34) using all common CR-
atom coordinates of both structures, except the CR atoms
belonging to the COMM domain (âGly102-âGly189, (14)).
The resulting RMS deviations were calculated with the
program “BRAGI” (38).

RESULTS

Model Quality and Structure Description. The structural
models of the IPP and IGP complexes of TRPS are of high
quality as indicated by the low crystallographic validation
values and the small mean deviations of the geometrical
parameters from their ideal values (Table 1). Both TRPS
complex structures share the same secondary and tertiary
structure, and the overall topology is similar to the one
assigned by Schneider et al. (14). Larger backbone differ-
ences between TRPSIGP and TRPSIPP exist only in the region
of the loopsRL2 andRL6, and in the COMM domain. The
nature and the origin of these differences will be discussed
in the following sections in more detail.

No clear electron density was found for the loopRL6
residuesRAla190 andRLeu191 in case of TRPSIPP, and
RArg179 to RPhe192 in TRPSIGP, respectively. Also, the
C-terminal residueRAla268 and those downstream of
âLys392 in case of TRPSIPP are not included in the final

model as are the ones C-terminal ofâGlu395 in TRPSIGP.
Furthermore, some solvent accessible residues exhibit very
weak or poor side-chain electron density, but all atoms were
included in the refinement. Exceptions were made for amino
acid side chains shown or proposed to play either an
important role in the intersubunit communication (14) or
catalysis. Therefore,âArg175 located in the helixâH6 was
modeled as alanine in TRPSIGP.

In both structures, all amino acids, exceptRPhe212, exhibit
allowedφ/ψ-torsion angle pairs in the Ramachandran plot.
This is in agreement with all TRPS structures complexed
with indole derivatives at theR-site (6, 14, 15): closure of
loop RL6 causes a hydrophobic interaction of theRPhe212
phenol ring and the indole moiety of theR-ligand, which
may compensate for the unfavorable backbone conformation.
This interaction is also found in TRPSIPP. In TRPSIGP, the
higher flexibility of loopRL6 results in weak electron density
for theRPhe212 side chain. However, careful inspection of
a SigmaA weightedmFo - DFc difference map (33) shows
a more open conformation for theRPhe212 side chain, which
does not form the aforementioned interaction with the indole
ring of IGP.

The 1.4 Å resolution of the diffraction data and the
excellent quality of the model of the TRPSIPP complex (see
Table 1) allows analysis of the atomic hybridization states.
Of particular interest is the geometry of the Schiff base
linkage between the amino group of lysineâLys87 and C4A

of the PLP cofactor at theâ-active site. Interestingly, this
bond appeared nonplanar in the 1.4 Å resolution TRPSIPP

structure. We tested different strong bond restraints in the
refinement for keeping the internal aldimine planar. However,
the resulting models, difference electron density maps, and
omit maps calculated without PLP and the lysine side chain,
respectively, were only consistent with a nonplanar C4A-Nú

bond (see Figure 5). Therefore, no special bond restraints
for the Schiff base linkage between PLP andâLys87 were
applied.

IPP Binding. The coordinates of the structure of the IPP
complex of wild-type TRPS (6) are not deposited in the PDB.
Therefore, we redetermined the structure of this complex.
The exceptionally high resolution (1.4 Å) and quality of the
TRPSIPP structure allows us to describe the IPP-binding mode
with great detail and unprecedented precision (see Figure
2A). The IPP-binding mode is essentially the same as in the
TRPS-âK87TIPP (15) and the TRPSF-IPP complex (14). This
supports our previous assumption that the fluorine atom does
not influence the F-IPP binding mode.

The phosphate group is positioned above the N-terminal
side ofR-helix RH8′, thereby interacting with the positive
helix dipole moment. Compared to the ligand-free wild-type
TRPS structure (PDB accession code 1WSY (6) and 2WSY
(14)) IPP binding induces stabilization of loopRL2 residues2

and closure of loopRL6. This agrees with our previous
observation on the TRPSF-IPP complex (14) but disagrees

2 Recently a structural model of a ligand free wild-type structure
refined to higher resolution (2.2 Å, PDB accession code 1BKS (24))
became available that includes also coordinates for loopRL2 residues.
However, the average temperature factor for these atoms is ap-
proximately 1.5 times higher than the average value for all atoms,
pointing to the very mobile nature of loopRL2. Unfortunately, the
coordinate set does not contain crystallographic validation and statistical
parameters that would allow to assess the quality of the model.
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with findings by Hyde et al. (6) on the TRPSIPP complex
and conclusions by Rhee et al. (15).

The IPP molecule forms a number of electrostatic interac-
tions with different parts of the enzyme; the phosphate forms
hydrogen bonds with the hydroxyl (2.6 Å) and the amide
nitrogen atom (2.7 Å) ofRSer235 via oxygen OP1, with the
amide ofRGly234 (2.9 Å) and two water molecules (W35,
2.6 Å; W97, 3.0 Å) via OP2 and with the amide nitrogen
atoms ofRGly184 (2.9 Å) andRGly213 (2.8 Å) via OP3.
The indole nitrogen atom forms a hydrogen bond with
RAsp60-Oδ1 (2.9 Å). The aromatic indole ring forms
hydrophobic contacts with the side chains ofRPhe22,RIle64,
RLeu100,RTyr102, RLeu127,RIle153, andRTyr175. The
propane chain interacts withRThr183 andRIle232. As in
the TRPSF-IPP and TRPS-âK87TIPP structures the side chain
of RPhe212 is positioned perpendicular to the indole ring,
which seems to be a prerequisite for the closure of loopRL6.

The side chains of the catalytic residuesRGlu49 and
RAsp60 (16, 26, 39, 40) adopt the same conformation as in
the TRPS-âK87TIPP and TRPSF-IPP complexes: the oxygen
atom Oδ1 of the carboxylate group ofRAsp60 hydrogen
bonds with the indole nitrogen atom N1 (2.9 Å) and with
RThr183-Oγ1 (2.8 Å), thereby positioning loopRL6. The side
chain ofRGlu49, assumed to be involved in proton transfer
from the glycerol phosphate moiety to the indole ring (16)
is pointing away from the scissile C3-C3′ bond in the IPP
complex.

IGP Binding. Microspectrophotometric studies on micro-
crystalline slurries (41) and single crystals (42) of TRPS have
shown that the active sites of both theR- and theâ-subunit

are functional in the crystalline state although with changed
Km and KI values for some inhibitors and with somewhat
reduced rates. This allows to generate the TRPSIGP substrate
complex by diffusing IGP in the crystals with subsequent
freeze trapping. Indeed, strong electron density for IGP was
visible from the very start of the refinement and allowed to
place the molecule unambiguously. SinceRGlu49 only
adopts the extended side chain conformation upon IGP
binding to theR-active site, the IGP occupancy was set to
the same value as found for the extendedRGlu49 conforma-
tion (80%). This restraint led to an average IGP temperature
factor of 24.0 Å2.

Interestingly, the binding modes of IGP and IPP differ
remarkably (Figure 2). Although the IGP phosphate group
binds at an identical position at the N-terminal side of the
helix RH8′, there is no electron density for loopRL6 in the
TRPSIGP complex. Because of this missing loop the hydrogen
bonding network of the phosphate oxygen atoms is slightly
different: as in the IPP complex the oxygen atom OP1

hydrogen bonds with the hydroxyl (2.7 Å) and the amide
nitrogen atom (2.6 Å) ofRSer235; oxygen atom OP2

hydrogen bonds with the amide nitrogen atom ofRGly234
(2.7 Å) and two water molecules (W34, 2.7 Å; W88,
2.6 Å); oxygen atom OP3 interacts with the amide nitrogen
atom of RGly213 (2.8 Å) and with water W492 (2.9 Å),
and the bridging oxygen atom OP4 forms a hydrogen bond
to water molecule W491 (2.9 Å). These two latter water
molecules are replaced by loopRL6 in TRPSIPP.

As shown in Figure 2B, the two additional hydroxyl groups
at the C2′ and C3′ atoms of IGP form hydrogen bonds to

FIGURE 2: Stereo drawing of SigmaA-weighted 2mFo-DFc maps contoured at 1σ around theR-active site showing the binding of IPP (A)
and IGP (B) in wild-type TRPS. Oxygen atoms are colored in red, nitrogen in blue, phosphate in magenta, protein carbon atoms in yellow
and ligand carbon atoms in gray. The figure was prepared using “BOBSCRIPT” (50) and “RASTER3D” (48, 49).
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water molecule W495 (2.9 Å), toRTyr175-Oú (2.8 Å), and
to RGlu49-Oε1 (2.5 Å), respectively. The latter interaction
is also observed in the TRPS-RD60NIGP mutant complex (27)
and supports the proposed catalytic role ofRGlu49, which
is believed to attack the hydroxyl group on C3′.

These additional hydrogen bonds cause a different torsion
angle around the C2′-C3′ bond of 171° for IGP compared
to 82° for IPP. The anchoring of the substituted propane
chain induces a rotation of∼21.7° and thus a reorientation
of the indole ring (Figure 3A). This results in an indole
nitrogen movement of 0.9 Å toward the side chain of the
second catalytic residueRAsp60. In combination with the
missing closure of loopRL6 this indole movement induces
a shift of the backbone of theRL2 amino acidsRAsp56 to

RAsp60 in TRPSIGP, culminating in a 1.0 Å translation and
a ∼40° rotation of the carboxylate group ofRAsp56. This
shift of theRL2 residues alters the entire hydrogen network
properties of loopRL2, which is a crucial part of theR/â
subunit interface.

As a consequence of the loop movement, the well defined
hydrogen bonds in the TRPSIPP complex from âLys167
(2.8 Å) andâAsn171 (2.7 Å) toRAsp56, and fromâArg175
to RPro57 (2.9 Å) andRAsp60 (2.9 Å) are broken in case
of TRPSIGP and a new set of hydrogen bonds is established;
in TRPSIGP âLys167 forms a hydrogen bond toRSer55-Oγ

(2.9 Å), âAsn171 toRAsp60 O (2.8 Å), andRGln65-N δ2

(2.8 Å). In addition, the link of the COMM domain residues
âLys167 (3.0 Å) andâAsn171 (2.8 Å) to the “gating residue”

FIGURE 3: Stereoview of the TRPS structure superposition focused on the COMM domain. CR trace of ligand free TRPS/TRPSIGP (A) and
ligand free TRPS/TRPSIPP (B). Some residues with assigned function in catalysis or communication are shown in ball-and-stick representation.
CR traces and residues of ligand free TRPS are colored in green (R-subunit), dark blue (â-subunit) and light blue (COMM domain), TRPSIGP

(A) and TRPSIPP (B) in yellow, R-ligands and cofactor PLP carbon atoms are colored in gray, oxygen in red, nitrogen in blue and phosphate
in magenta, Na+ ions in dark brown (ligand free TRPS) and light brown (TRPSIPP). The figure was prepared using “MOLSCRIPT” (47)
and “RASTER3D” (48, 49).
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âTyr279 that is observed in the TRPSIPP structure is missing
in TRPSIGP and theâTyr279 side chain adopts an “open
channel” conformation.

COMM Domain MoVement. Because of the altered hy-
drogen bonding pattern of loopRL2 in the TRPSIGP complex,
a remarkable rigid-body movement of the COMM domain
relative to its position in the IPP complexed and the ligand-
free wild-type TRPS takes place (see Figures 3 and 4). The
largest displacement occurs at the N-terminal side of helix
âH6 (âThr165-âTyr181) and the preceding loopâL5
(âHis160-âAla164) and sheetâS5 (âGlu155-âVal159), at
the N-terminal part of helixâH5 (âIle132-âSer143), includ-
ing the C-terminal part of loopâL4, and at the region around
loop âL3 (âAla108-âHis115), that contains catalytically
important residues for theâ-reaction. The maximal CR
atom movement is found at residueâSer163 with a shift of
5.2 Å. Within the COMM domain, all secondary structure
elements, which have contacts to theR-subunit, moved away
from the core of theâ-subunit, leading to an open TRPSIGP

enzyme complex at theâ-active site.
The opening of the TRPS enzyme upon IGP binding at

the R-site is in contrast to findings in all published IPP/
F-IPP wild-type structures (TRPSIPP, TRPSF-IPP (14), TRPS-
âK87TIPP (15)) and also to the TRPS-RD60NIGP (27) and

TRPS-RD60NSer
IPP structures (17); comparisons of the IPP

complexed TRPS structures with ligand-free ones show that
upon binding of IPP to theR-subunit, the COMM domain
moves toward theâ-subunit core. This is the opposite
direction compared to the movement upon IGP binding. The
observation of an open TRPSIGP complex agrees with results
from kinetic experiments reporting a high affinity of the
active site of theâ-subunit forL-serine upon binding of IGP
to theR-subunit (12).

Metal Binding. The TRPSIPP and TRPSIGP complexes were
both obtained in the presence of sodium ions. In the TRPSIPP

complex, the coordination of the sodium ion is tetragonal
pyramidal, with the planar ligands formed by the carbonyl
oxygen atoms ofâPhe306,âSer308 and two water mol-
ecules, and the apical ligand formed by the carbonyl oxygen
atom ofâGly232, respectively (Figure 5A). The coordination
geometry is very similar to the one observed for the ligand-
free TRPS (PDB entry 1BKS (24)). It is, therefore, extremely
surprising that the sodium ion is missing in the TRPSIGP

complex (Figure 5B). This is caused by the large IGP induced
COMM domain movement described in detail above. This
movement disrupts the hydrogen bonding network that links
several residues of the COMM domain to residues involved

FIGURE 4: CR rms deviation of TRPSIGP, TRPSIPP, and ligand-free TRPS (24) for the TRPSR (left) andâ (right) subunits. Points IR, IVR,
and Vâ represent flexible surface residues. Points IIR and IIIR represent CR deviations of ligand-free TRPSRPhe212 andRGly234, which
adopt several conformations involved inR-site ligand binding. Points IIâ to IVâ show the large COMM domain rigid body movement upon
ligand binding.
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in ion binding or that are located nearby; in the TRPSIPP

complex, the COMM domain residuesâAsp138,âGln142,
âThr165, andâLys167 are linked via one or two water
molecules, respectively, toâAsp305 involved in sodium
coordination. The second hydrogen bonding network con-
nects theâSer163 carbonyl oxygen atom (2.9 Å) and the
âLys137 Nú nitrogen (2.8 Å) via a water molecule (2.8 Å)
to âGlu296. The neighboringâThr297 Oγ oxygen forms a
direct hydrogen bond to the carbonyl oxygen ofâPhe306,
involved in ion binding. All water molecules exhibit very
well-defined electron density and have temperature factors
lower than 41 Å2 (mean value 29.2 Å2). This hydrogen
bonding network is disrupted upon the IGP-induced COMM
domain movement. The consequent liberation of theâAps305
side chain entails a CR-backbone atom shift of residues
âAsp305 andâPhe306 by more than 1.5 Å. This backbone
movement includes the carbonyl oxygen atoms ofâAsp305
andâPhe306 and results in a narrowing of the metal binding
loop “squeezing” out the sodium ion. Interestingly, careful
inspection of the final TRPSIPP electron density showed
residual electron density for residues of both aforementioned
â-loops. This density would agree with backbone traces
nearly identical to the ones observed in TRPSIGP, indicating
an equilibrium between the two positions of the “cation
binding” loops.

DISCUSSION

We investigated the structural and functional role of the
catalytically important amino acid residuesRGlu49 and
RAsp60 of the tryptophan synthaseR-subunit. Both residues
have an assigned function in the cleavage of indole-3-glycerol
phosphate in theR-subunit and in the allosteric communica-

tion between theR- andâ-subunits of the tryptophan synthase
bienzyme, respectively. This subunit interaction is influenced
by pH, temperature, monovalent cations, and especially, by
the active site ligands. We used freeze trapping to stabilize
the wild-type tryptophan synthase indole-3-glycerol phos-
phate Michaelis complex and determined its structure to
1.8 Å resolution. In addition, we determined the 1.4 Å
resolution structure of tryptophan synthase complexed with
IPP, a noncleavable IGP analogue that lacks the hydroxyl
groups at the 2′ and 3′ positions of the propane chain.

Both TRPS complexes have the same topology as the other
TRPS structures although minor differences in the secondary
structure definition as established by DSSP (43) are observed.
Despite the similarity of the twoR-active site ligands IGP
and IPP, rigid body movements of the COMM domain in
opposite directions relative to unligated TRPS (24) take place
in TRPSIGP and TRPSIPP complexes (Figure 4). The TRPSIGP

structure shows the largest rigid-body movement of the
COMM domain observed so far, which results in an opening
of the TRPSâ-subunit. Since this opening is induced only
upon binding of IGP and not of IPP or F-IPP (14), the
introduction of the two hydroxyl groups at the C2′- and C3′-
carbon atoms of the propane side chain of IGP and their
interactions with the enzyme has to officiate as the origin
for the opposite rigid-body COMM domain movement as
described in detail below.

The structures of the TRPSIGP and TRPSIPP complexes
confirm the observation of a loopRL2 stabilization upon
ligand binding at theR-site (14, 15). Loop RL2 is involved
in the intersubunit communication through a hydrogen
bonding network to residues of theâH6 helix located in the
COMM domain. In case of TRPSIPP, loopRL6 is also closed

FIGURE 5: Stereo drawing of SigmaA-weighted 2mFo-DFc maps contoured at 1σ level around the sodium binding site,âAsn114, and the
prosthetic PLP group of TRPSIPP (A) and TRPSIGP (B). Oxygen atoms are colored in red, nitrogen in blue, phosphate in magenta, sodium
in light blue, protein carbon atoms in yellow and ligand carbon atoms in gray. The figure was prepared using “BOBSCRIPT” (50) and
“RASTER3D” (48, 49).
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as observed previously for the TRPSF-IPP complex (14). In
contrast, in the TRPSIGP complex the loopRL6 is not visible.

The opposite COMM domain movement in both TRPS
complexes is caused by the different hydrogen bonding
pattern of loopRL2, which is a consequence of the different
binding modes of IGP and IPP (Figure 6A). The IGP
reorientation is caused by the interactions of the C3′-hydroxyl
group, that forms two well defined hydrogen bonds to both
the catalyticR-site residueRGlu49 and the hydroxyl group
of RTyr175 resulting in a different torsion angle around the
C2′-C3′ bond. As a consequence, the IGP indole ring atoms
shift on average by∼0.7 Å (indole nitrogen by 0.9 Å) toward
the RAsp60 side chain. Concomitantly, the carboxylate Cγ

atom of this catalytically important residue moves by 1.7 Å
and the CR atom shifts by 0.6 Å relative to the unligated
structure. Furthermore, theRAsp60 carboxylate group rotates
around the torsion angleø1 by ∼45° and aroundø2 by ∼70°.
These large side chain and backbone alterations are not
observed upon IPP binding. In the TRPSIPP complex, the
RAsp60 Cγ atom moves only by 0.7 Å relative to the ligand
free TRPS. The change of theRAsp60 position is transmitted
and amplified by backbone and side chain atom shifts of
loop RL2 residues resulting in a shift of∼1.0 Å of the
RAsp56 side chain in the TRPSIGP complex.RAsp56 is part
of the intersubunit interface and forms two hydrogen bonds
to the COMM domain residuesâLys167 andâAsn171 in
the TRPSIPP complex. The movement ofRAsp56 in the
TRPSIGP complex results in an altered hydrogen bonding
pattern; instead ofâLys167 and âAsn171, theRSer55
carbonyl oxygen andRGln65-Nε2 nitrogen atom hydrogen
bond toRAsp56. This new hydrogen bonding network is
the reason for the COMM domain displacement resulting in
an openâ-subunit in the TRPSIGP structure (see Figure 7).

In the structure of the IGP complex of theRD60N mutant,
which has no measurable activity in theR-reaction but retains

FIGURE 6: Stereoviews of TRPS structure superpositions at theR-active site. TRPSIGP coordinates (in yellow) are superimposed with (A)
TRPSIPP (B) TRPS-RD60NIGP and (C) ligand-free TRPS by using all common CR-atom pairs, excluding the COMM (âGly102-âGly189)
domain residues. Substrate ligands and amino acid residues with special functions in catalysis or allosteric communication are shown in
ball-and-stick representation. The figure was prepared using “MOLSCRIPT” (47) and “RASTER3D” (48, 49).

FIGURE 7: Electrostatic surface potential (using the program
GRASP; (51)) of TRPSIGP (A) and TRPSIPP (B) (red, negative; blue,
positive; white, uncharged) viewed toward theâ-active site. The
PLP molecule is shown in space filling representation, with oxygen
atoms colored in red and carbon in yellow.
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substantialâ-subunit activity (16), the IGP binding mode is
very similar to the wild-type enzyme, and the catalytic
RGlu49 adopts the same extended conformation to form a
hydrogen bond with the C3′-hydroxyl group (Figure 6B).
Interestingly, neither a large COMM domain movement
relative to the ligand-free wild-type or theRD60N mutant
structure (24, 27) nor a “â-subunit opening” is observed.
After the CR-atom superposition (see Methods) of both IGP
complexes, the root-mean-square deviations for all 19
oxygen, nitrogen, carbon, and phosphor atoms of IGP
amounts to 0.4 Å.

In contrast to our findings for the wild-type TRPSIGP

complex,RAsn60 does not move and the side chain does
not rotate in the TRPS-RD60NIGP structure (27) (Figure 6B).
The mutated asparagine side chain shows the same hydrogen
bonding pattern for the oxygen Oδ1 but forms no equivalent
hydrogen bond to the IGP indole nitrogen atom via oxygen
Oδ2 as in the wild-type structure, since it lacks this oxygen
atom. Instead, the side chain nitrogen atom Nδ2 is close to
the indole nitrogen (3.1 Å) and to carbon atom Cγ2 of RIle64
(3.2 Å), respectively. These unfavorable interactions and the
missing hydrogen bonding capacity ofRAsn60 may be the
reason for the surprisingly high-temperature factors (con-
sidering the presence of anR-site ligand) for theRL2 residues
(RAsp56 toRPro62) in theRD60NIGP complex. Therefore,
we believe that the structural differences between the
TRPSIGP and TRPS-RD60NIGP complexes concerning the
COMM domain movement root in the modified hydrogen
bonding property of the mutated aspartate. This emphasizes
the importance ofRAsp60 not only in the enzymatic IGP
cleavage in theR-reaction but also in the intersubunit
communication pathway. Although this role forRAsp60 has
been deduced by Rhee et al. (17) based on the TRPS-
RD60NSer

IPP complex, the structure of the mutant does not
allow to deduce the interactions in the wild-type enzyme
reported here due to the intricate network of interactions that
rapidly amplify the magnitude of the conformational changes
from theR-â interface to theâ-active site.

As mentioned above, loopRL6 is closed in the IPP
complex but not in the IGP complex. An obvious reason for
the missingRL6 loop closure in case of TRPSIGP is the rigid
body movement of the COMM domain away from the
â-subunit core, leading to a steric hindrance of loopRL6.
The flexible side chain of TRPSIGP âArg175, which is not
included in the final model, would be the main reason for
preventing the loop closure in TRPSIGP. Assuming a similar
conformation of the closed loopRL6 in the TRPSIGP and
TRPSIPP structures and a sterically allowed side chain
conformation ofâArg175, the side chain would clash with
the closed loop. Thus, it seems that this side chain acts as a
molecular “door stop”, preventing a premature closure of
the active site by loopRL6 with subsequent IGP cleavage
before the reactive aminoacrylate is formed at theâ-active
site. Considering the high quality of our crystallographic data
(see Table 1), the observed side chain flexibility ofâArg175
is also an indication for the lack of suitable side chain
interactions in the open COMM domain state.

However, this finding alone cannot explain why loopRL6
is not closed in the TRPS-RD60NIGP structure, since this
complex has no open COMM domain. Inspection of the
R-active site of the TRSPIPP complex shows a second

sterically problematic interaction of loopRL6, namely the
hydrogen bond (2.8 Å) ofRThr183 with theRAsp60 side
chain. In the TRPSIGP structure, this interaction is no longer
possible: first, the carboxylate group ofRAsp60 rotated and,
therefore, cannot interact with theRThr183 Oγ1 oxygen;
second, theRThr183 carbon atom Cγ2 as positioned in a
closed loopRL6 would be located only 2.2 Å from the IGP
C2′-hydroxyl oxygen atom.

Cation Binding Site: Loss of the Sodium Ion upon IGP
Binding. It was shown by Dunn and co-workers (20, 21)
and others (19, 23, 44) that monovalent cations (Na+, K+,
Cs+, NH4

+) are important effectors of the enzymatic proper-
ties of TRPS. Structures of unligated wild-type TRPS-cation
complexes have been determined for sodium (24), potassium
(19), and cesium (19) ions, respectively. In these structures,
a single monovalent cation binding site is observed, which
is located approximately 8 Å from the phosphate moiety of
the pyridoxal phosphate cofactor. In all three complexes, the
cation is coordinated with three to six carbonyl oxygens and
one or two water molecules, respectively. The coordinating
residues common in all three complexes areâPhe306,
âSer308, andâGly232, emphasizing the importance of loop
âL8 (âHis260-âVal309) in cation binding.

Woehl and Dunn (45) have raised the question whether
the cation has a structural or a dynamic role. In the structural
model, the metal changes the equilibrium constant for
interconversion of active and inactive forms of the enzyme,
whereas in the dynamic model the metal ion changes the
relative position of transition-state vs ground-state energies
and thereby produces a different set of the rate constants for
the metal-free and metal-bound forms. In either model, the
metal serves to allosterically fine-tune the catalytic machinery
of theR- andâ-active sites and the communication between
them.

The TRPS complexes presented here show a new feature
of the metal dependency of TRPS, namely, the enzymatically
induced loss of the cation. In the TRPSIPP structure the
sodium binding site is very well-defined and the observed
quadratic pyramidal coordination (2.4-2.7 Å) by theâPhe306,
âSer208 andâGly232 carbonyl oxygen atoms and two water
molecules is the same as for the unligated TRPS (24). The
TRPSIPP structure shows in great detail the allosteric pathway
between theR- andâ-active sites mediated by the COMM-
domain via thesnot only literallyscentral metal binding site.

Although the TRPSIPP and the TRPSIGP complexes were
prepared identically, save the respectiveR-site ligand, the
refined TRPSIGP complex lacks electron density for a metal
ion (Figure 5). The reason for the modified cation binding
site is the large IGP induced COMM domain movement
leading to the openâ-subunit in TRPSIGP. This movement
disrupts the hydrogen bond pattern that links several residues
of the COMM domain to residues involved in ion binding
or to residues interacting with these. This results in a
narrowing of the metal binding loop and thus a loss of the
sodium ion. These findings may explain why theR-activity
is higher in the absence of monovalent cations (45). In
addition, the observation of two conformations of parts
(âGlu295-âSer297,âAsp305-âPro307) of the metal bind-
ing loop âL8 in the TRPSIPP structure (with the majority
conformation having the metal bound, the minority confor-
mation being the same as in the IGP complex) indicates an
equilibrium distribution between two states of the enzyme.

16478 Biochemistry, Vol. 38, No. 50, 1999 Weyand and Schlichting



This might be related to the results of Woehl and Dunn (20,
21) who find two slowly converting forms of TRPS.

Changes near theâ-ActiVe Site upon IGP Binding. A
further conformational change upon IGP binding to theR-site
occurs at the highly conserved glutamineâGln114 that is
located in the COMM domain (Figure 5). In TRPSIPP, the
âGln114 amino nitrogen Nε2 hydrogen bonds directly to the
âGly83 carbonyl oxygen atom (3.0 Å), and via a water
molecule (2.8 Å) to theâThr88-Oγ1 oxygen (2.8 Å) and the
âAla85 carbonyl oxygen (3.0 Å). The carbonyl oxygen atom
Oε1 of âGln114 interacts withâAsn145-Nδ2 via another water
molecule. This side chain conformation ofâGln114 is
conserved in all TRPS complexes described so far (including
TRPS-RD60NIGP), irrespective of the chemical nature of the
bound ligand(s) or of a mutation. Although some of these
complexes lack some of the water-mediated hydrogen bonds,
which we attribute to the lower resolution of the respective
structure, the direct hydrogen bond to theâGly83 carbonyl
oxygen is conserved throughout.

Because of the displacement of the COMM domain in the
TRPSIGP complex, theâGln114-CR atom moves by 1.1 Å.
The backbone movements of the N-terminal site of helixâH4
(residuesâGly113-âAla118), of the preceding sheetâS3
(âIle107-âThr110), and of loopâL3 (âGly111-âAla112)
prevent the formation of the hydrogen bonds described above,
leading to a rotation ofâGln114. Interestingly, in the new
conformation, theâGln114 side chain amide group is
positioned roughly above (∼4.0 Å) and parallel to Nú of the
Schiff base linkage of the internal aldimine formed by
âLys87 and PLP (Figure 5). This conformation may allow
interaction of the lone pair electrons of the Oε1 carbonyl
oxygen atom ofâGln114 and the empty p-orbital of the
positively charged nitrogen atom of the Schiff base. The
amino nitrogen Nε2 of âGln114 forms a hydrogen bond to a
water molecule (2.7 Å), which in turn interacts with O3A of
PLP. This latter interaction may stabilize the negative charge
at this oxygen atom. The conformational change ofâGln114
may render the internal aldimine of the pyridoxal phosphate
more susceptible for the nucleophilic attack by serine.

Implications for the Mechanism. A key feature of the
allosteric interaction between the active sites of theR- and
â-subunits is believed to be their switching between “open”
and “closed” states (1, 5, 12, 26). These are characterized
by their propensity to bind substrates (with the open state
having high affinity) and to catalyze the respective reactions
(with the closed state being catalytically competent). Ac-
cordingly, unligated TRPS is believed to have both active
sites in the open conformation, whereas the aminoacrylate
complex of the IGP complexed TRPS represents the state
with both subunits in the closed conformation. Partially
closed states correspond to low activity states, such as the
external aldimine complexes of theâ subunit (12). A similar
feature is observed at theR-active site where an isomerization
of the IGP complex (TRPSIGP) to a catalytically active form
(TRPSIGP*) takes place (5). Our TRPSIGP structure corre-
sponds to the pre-isomerized, partially closedR-state that
represents a low-activity form of theR-active site. Interest-
ingly, it is only this form that induces at theâ-active site an
open state (and not partially open as observed in the IPP or
GP complexes) in which the cofactor PLP is accessible from
the solvent (Figure 7). Since serine binds to PLP, the structure
suggests a structural explanation of the observation that IGP

binding to theR-site increases the affinity of serine to the
â-active site (12). Its reactivity toward serine may be
modulated by the new conformation ofâGln114 induced by
the large IGP induced COMM domain movement in the wild-
type enzyme as described above. In this new conformation,
the side chain ofâGln114 would be close (3.3 Å) to the
serine nitrogen atom of the external aldimine (as inferred
from the wild-type TRPSF-IPP aminoacrylate complex (14))
and could stabilize charges at the intermediate.

In addition to a closed COMM-domain conformation (14),
we postulate a further conformational change at the IGP
complexed R-site upon formation of the aminoacrylate
intermediate, known to be the chemical signal that triggers
the conformational transition that activates theR-reaction
(5, 12, 46). This second conformational change, correspond-
ing to the kinetically observed isomerization of the TRPSIGP

complex (5), is a direct consequence of the structural data
presented here. In the TRPSIGP complex,RGlu49 forms a
hydrogen bond that is suitable for proton abstraction from
the C3′-hydroxyl group of the IGP ligand, butRAsp60 forms
only a weak hydrogen bond to the indole nitrogen atom.
Thus, we predict a second side-chain movement ofRAsp60
combined with a reorientation of the IGP molecule to allow
for loopRL6 closure while avoiding the steric clash between
the C2′-hydroxyl group and theRThr183-Cγ2 side-chain
carbon atom. Although structures of mutant complexes of
TRPS have proven to be problematic in terms of mechanistic
interpretation (see (14), for the discussion of the TRPS-
âK87T structures, and this work for TRPS-RD60N) due to
the intricate network of interactions between the active sites,
the assumption of a second conformational change would
be in agreement with the structure of the GP complex; in
the TRPS-âK87TGP structure (15), which displays a closed
RL6 loop, the propane moiety adopts a different conforma-
tion than in the TRPSIGP complex.

The structures of the TRPSIGP and the TRPSIPP complexes
presented here also allow to address a problem discussed
recently (20), namely, the finding of closedR- andâ-active
sites in the GP or IPP complexes of the external aldimine of
TRPS-âK87T (15). Since theR-site should be in the low
activity state in this complex, Woehl and Dunn suggest that
these structures are more likely to represent the partially
closed state. Our TRPSIGP and TRPSIPP structures show first,
what the conformation of the partially closed form looks like,
and second, that IPP complexes most likely represent
“artificially” closed low activity states that are unlikely to
be of direct catalytic relevance.
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