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ABSTRACT. We used freeze trapping to stabilize the Michaelis complex of wild-type tryptophan synthase
and thea-subunit substrate indole-3-glycerol phosphate (IGP) and determined its structure to 1.8 A
resolution. In addition, we determined the 1.4 A resolution structure of the complex with indole-3-propanole
phosphate (IPP), a noncleavable IGP analogue. The interaction oftigdi®xyl of IGP with the catalytic
0aGlu49 leads to a twisting of the propane chain and to a repositioning of the indole ring compared to
IPP. Concomitantly, the catalyticAsp60 rotates resulting in a translocation of the COMM domain
[Gly102Gly189, for definition see Schneider et al. (1983dchemistry 375394-5406] in a direction
opposite to the one in the IPP complex. This results in loss of the allosteric sodium ion bound at the
fB-subunit and an opening of tifeactive site, thereby making the cofactor pyridoxapfosphate (PLP)
accessible to solvent and thus serine binding. These findings form the structural basis for the information
transfer from thex- to the 5-subunit and may explain the affinity increase of fhactive site for serine

upon IGP binding.

Tryptophan synthase (TRERE.C 4.2.1.20) is a bifunc-  is known as substrate channeling. Channeling is thought to
tional pyridoxal-5-phosphate (PLP)-dependent tetrameric play an important role in metabolite regulation and cellular
enzyme-arranged in a lineaSpo form—that catalyzes the ~ modulation of enzymatic activities and has, therefore, at-
last two steps in the biosynthesis oftryptophan. In the  tracted a lot of attention, recentlL,(7—11). In the case of
physiologically important é/f-reaction”, indole-3-glycerol  tryptophan synthase, it prevents loss of the intermediate
phosphate (IGP) and-serine are condensed to form indole through the cell membranes.

tryptophan and water (for reviews see Figure 1 ahed)). An important requirement for enzymes exhibiting substrate
Inits a-subunits, the enzyme catalyses thesaction (Figure  channeling is a tight allosteric regulation of the two coupled
1), the cleavage of indole-3-glycerol phosphate to md_ole angl reactions so that they remain in phase. In the case of
glyceraldehyde-3-phosphate (G3P). Subsequently, indole isyyptophan synthase, synchronization is achieved first by the
condensed with serine in a pyridoxahhosphate mediated  jnfiyence of thea-site ligand on the affinity for serine and
reaction at thﬁ—acn_ve site ,(3.—react|on). The fallyre todetect e distribution of the intermediates formed at Mhactive
indole even in rapid chemical quench experimeSjsand  gjte ypon binding and subsequent reaction of serine and the
the existence of a-25 A long tunnel that connects the  p| p cofactor (for reviewd, 3)). Second, IGP cleavage and
and f-active sites §) strongly suggests that indole iS yansfer of indole through the tunnel is enhanced dramatically
transferred through this tunnel from the active site in the 54 formation of a highly reactive aminoacrylate intermedi-
a-subunit to the one in thé-subunit (Figure 1). This process, e 4t thes-active site §, 12, 13). This prevents accumulation
the transfer of an intermediate or metabolite between two ¢ indole in the tunnel or at thg-active site as the transfer

sequential enzymes without free diffusion through the solvent ¢ ;140 through the tunnel is fast, and the reaction with

* Corresponding author. Telephone:49 231 133-2738. Fax:i-49 the amlnogcrylate ,'S Ia}rggly irreversible. Sm,ce, the aml-
231 133-2797. E-mail: ilme.schlichting@mpi-dortmund.mpg.de. noacrylate intermediate is pivotal for the allosteric interaction
" The beamline X12C is supported by the US Department of Energy between the two active sites, we recently determined the

Offices of Health and Environmental Research and of Basic Energy crystal structure of TRPS complexed with the aminoacrylate
Sciences, and by the National Science Foundation. This work was . t diate at th fi it d the inhibitor 5-fl
funded by BMBF grant 05SH8EDB1. The atomic coordinates and Intermediate at th@-active site and the inhibitor 5-fluoro-

structure factor amplitudes have been deposited with the Protein Dataindole-3-propanol phosphate (F-IPP) at tesite, respec-
Bank, Research Collaboratory for Structural Bioinformatics, (http:// tively, under steady-state conditions of the reaction using a
mégsé’gfrg/pdb/)' PDB entries (1QOP) for TRPSand (1Q0Q)  fiwcell (14). The comparison with the structures of TRPS

1 Abbreviations: G3P, glyceraldehyde 3-phosphate; GP, @,L- determined in the absence and presence of F-IPP led to the
glycerol 3-phosphate; IGP, indole 3-glycerol phosphate; IPP indole identification of a rigid, but movable domain in tfiesubunit.

pro%ano'l %hoﬁphaae?fP_l'?ég'sﬂuo“t)_i”do'ﬁ dp{opar:ol pthof]phate? tPhLP' This “COMM-domain”, related to the “mobile domain”
pyridoxal B-phosphate; , native wild-type tryptophan synthase; : ; . .
TRPSCP, complex of TRPS with IGP; TRPS, complex of TRPS with defined by Rhee et al1f), interacts on the one side with

IPP; TRPSaD60NE?, complex of the TRP$D60N mutant with PP the a-subunit via loopal 2 that interacts with the indole
andL-serine. ring of IPP and on the other side with tfeactive site. We
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FiIGURE 1: Top, schematic representation of the overall fold of difledimer of TRPSP. IPP and PLP bound to the- and -subunit,
respectively, and the functional important residu€3lu49, o Asp56, andaAsp60 in o-subunit are represented by balls and sticks. The
sodium ion is drawn as green ball. Color codingisubunit in red-subunit in blue, ang-residues belonging to the COMM in yellow.
The figure was prepared using “MOLSCRIPH7) and “RASTER3D” @8, 49). Bottom, scheme of the. and3 TRPS reaction.

used these findings to propose a detailed structural modelin a rigid body movement of the latter. Intradomain interac-

for the allosteric communication in TRP&4). Important

tions transmit the rigid body movement of the COMM

features of the model that provides a structural explanation domain toSL3, which is located next to the cofactor PLP
for mutagenesis data include the concomitant ordering of and contains the catalytically importa@Glu109 6, 18).

loops aL2 and aL6 upon binding of IPP. This results in
blockage of the tunnel entrance both directly doy2 and
indirectly by a concerted reorientation @fTyr279 and
SPhe280 14, 15). A central role is taken up byAsp60, a
residue shown to be essential for IGP cleavat®.(The
aAsp60 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 importawthr183
located inolL6, and with SArgl75 located infH6 of the
COMM domain (@4, 15). In addition,aAsp60 interacts with
and thus positions other residues that lodk? andolL6 to
each other or to the COMM domain in the-subunit,
respectively. ThusgAsp60 not only plays a crucial role in
catalysis of thea-reaction but also in intersubunit com-

Another route of transmitting the information on the nature
of thea-subunit ligand to th@-active site involve$Asp305.

Its orientation is metal dependerit9j, 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
o-active site and/or nothing, serine, aminoacrylate, or tryp-
tophan at thes-active site, respectivelyld, 15, 24). A
notable exception wasGlu49, whose replacement results
in inactivation of thea-reaction 25); it is believed that
o.Glu49 abstracts a proton from the '‘@8/droxyl group of

munication. This has been also been concluded recentlythe glycerolphosphate moiety of IGP to form glyceraldehyde

by Rhee et al. {7) based on the structure of the TRPS-
aDBONEY complex.

The IPP-induced interactions betweeh2 andolL6 of
the a-subunit angsH6 located in the COMM domain result

phosphate 26). However, aGlu49 points away from the
modeled position of the 3-hydroxyl group of IGP based on
the structure of the IPP complex. Recently, Rhee et2d). (
determined the crystal structure of the IGP complex of the



Structures of Tryptophan Synthaseligand Complexes

Biochemistry, Vol. 38, No. 50, 19996471

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

TRPSP

TRPSCP

crystal parameters

Unit cell (a x b x ¢) [A] 182.8 x 60.3x 67.4

182.5x 60.0x 67.2

(B) [deg] 94.7 94.5
data statistics
resolution [A] 30.3-1.4 31.2-1.8
no. of observations 294137 219018
no. of unique reflections 143761 63674
completeness (total/high) [A] 93.2/80.8 94.5/70.8
Reym (total/highy 5.7/25.8 7.6/20.9
M/o(1)total/high) 10.3/2.4 11.7/2.6
refinement statistics
resolution range [A] 20.81.4 20.0-1.8
included amino acids al-a190,0193-0267,52—3391 0l1—al178,a193-0268,52—0396
d/W-torsion angle validation; aF212 aF212
only non-glycine and
non-proline residues
no. of protein atoms 4952 4898
no. of waters 801 516
no. of ligand atoms 32 34
no. of metal ions 1 0
Ruorks Rire® [%0] 15.0/17.7 17.1/21.0
rmsd bonds/angles [A/deg] 0.012/1.4 0.017/1.3
B(mc/sc/lig/wat) [/£€] 14.6/18.3/12.8/31.0 18.3/21.5/17.3/33.4
alternative side chain al30, aE31,0E90,0C154,0P156*,aN157*, aA158*, aS178, oE49,5C170,/E182,6M240

conformations/*: alternative
backbone conformations

aE254BE11,8M22, BS34,8K37, BK50, BK61, B165, M152,
BT165,8K219, AM240, SH260,8R341,E367 AR379

a CompletenessRs,m and M/o(l)Care given for all data and for the highest resolution shell: TRPIS5—1.4 A, TRPSP 1.9-1.8 A. P Ryyni=
SI=OOVSL. ¢ Ryork= 3 |Fobd — KIFcaid/3 |Fobd. 5% of randomly chosen reflections were used fgg.R

catalytically impairedxD60N mutant, using a cryo-crystal-
lographic approach. In this structureGlu49 does indeed
interact with the C3hydroxyl group of IGP as proposed for
the reaction mechanism of thereaction mentioned above.

gift of Karen Anderson. The TRPS 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-

Despite the success of finally seeing this proposed interac-protectant solution consisting of 100 mM Na-HEPES pH 7.8,

tion in the TRPSaD60N'CP complex there are limitations
in the implications on the enzymatic mechanism of this
structure. Unfortunatel\gAsp60 not only has a catalytic role

15% (w/v) PEG 8000, and 20% (v/v) glycerol. The TR¥S
complex was generated by soaking native wild-type TRPS
crystals for 2 min in the cryo-protectant solution containing

but is also central to intersubunit communication as described23 mM IGP before flash-freezing in liquid nitrogen.

above. To obtain information on the roles @Glu49 and
aAsp60 in the catalytic mechanism of tlhereaction and
the a/f8 subunit communication, we determined the crystal
structures of wild-type TRPS complexed to thesubstrate
IGP and thea-substrate analogue IPP to 1.8 and 1.4 A
resolution, respectively. We show how the binding of IGP
at thea-active site induces viaAsp60, a large displacement
of the COMM domain that results in loss of the Nan
and an opening of thé-active site. The implications for the
catalytic mechanism of TRPS are discussed.

MATERIALS AND METHODS

Crystallization and SubstrateComplex PreparationNa-

X-ray Data Collection Diffraction data of the TRPS®
complex were collected at beamline X12c¢ at the NSLS using
a wavelength of 1.0 A and the Brandeis 2K 2K CCD
detector. Data of the TRPS complex were collected at
beamline X11 at EMBL c/o DESY using a wavelength of
0.9076 A and a MAR345 detector. All measurements were
carried out at 100 K. The diffraction data were processed
with XDS and scaled with XSCALE3Q). Data statistics are
given in Table 1.

RefinementThe coordinates of native wild-type TRPS
(PDB accession code 2WSY]14) were used as a starting
model for the TRPSP refinement. After completing the
refinement of TRPBP at a maximum resolution of 1.4 A,

tive wild-type TRPS was expressed and purified as describedthis final model was used as starting model for the TRPS
(28). The protein was stored at a concentration of 10 mg/ refinement. In both cases, water molecules, the PLP cofactor,

mL in a solution containing 50 mM bicine pH 7.8, 10 mM
Na-EDTA, 1 mM di-thioerythritol and 2@M PLP. Crystals

and thea-subunit ligand IPP were omitted and an overall
B-factor of 20.0 & was assigned. In general, the same

were grown in the dark at room temperature using the refinement strategy was applied for both enzyme complexes

hanging drop method by mixing equal volumes-ul) of

using protocols and programs of the CNS B4)(and the

protein and reservoir solutions. The latter contained 50 mM CCP4 suite §2). Manual rebuilding and map interpretation

bicine buffer pH 7.8, 5 mM di-thioerythritol, 5 mM Na-
EDTA, 0.1 mM PLP, 2 mM spermine, 2 mM NaNand

by inspection of SigmaA-weighted n#ps—DFcac (33),
3F0b5_2|:ca|c, and SlgmaA'Welghted mbS_DFcak; (33) dlf'

8—12% (w/v) PEG 8000. The substrate IGP was prepared ference electron density maps was done with the graphics

enzymatically from indole and G3P by the revessesaction

program ‘O” (34). After an initial rigid-body refinement

of TRPS @9); the substrate analogue IPP was a generouscycle of both TRPS subunits, possible model bias was
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removed by two cycles of simulated-annealing using the model as are the ones C-terminal #6Iu395 in TRPSP.
slow-cooling protocol at a starting temperature of 2500 K Furthermore, some solvent accessible residues exhibit very
(35); a bulk-solvent correction was introduced in the second weak or poor side-chain electron density, but all atoms were
cycle. Subsequently, the geometrically restrained refinementincluded in the refinement. Exceptions were made for amino

was carried on using “PROTIN/REFMAC38). 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 1ASB)( IPP
from 2TRS (L5), 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

acid side chains shown or proposed to play either an
important role in the intersubunit communicatiobd) or
catalysis. ThereforgdArgl75 located in the heligH6 was
modeled as alanine in TRI8

In both structures, all amino acids, excefthe212, exhibit
allowed ¢/y-torsion angle pairs in the Ramachandran plot.
This is in agreement with all TRPS structures complexed

covalently bound PLP-cofactor. Thus, they were added to with indole derivatives at the-site 6, 14, 15): closure of

the atomic model since the first rounds of maximum

loop aL6 causes a hydrophobic interaction of #halBhe212

likelyhood-refinement. Solvent molecules were incorporated phenol ring and the indole moiety of theligand, which

automatically using the program “ARP’37). All water

may compensate for the unfavorable backbone conformation.

molecules were checked manually and removed from the This interaction is also found in TRI®& In TRPSCP, the

model if they did not have at least one hydrogen binding

partner. During the final refinement stages of both complexes,

higher flexibility of loopalL6 results in weak electron density
for the aPhe212 side chain. However, careful inspection of

additional electron density for several amino acid side chains a SigmaA weightednF, — DF. difference map33) shows
appeared and a second side-chain conformation was intro-a more open conformation for thd?he212 side chain, which
duced for these residues in both models. The atom occupandoes not form the aforementioned interaction with the indole

cies were checked manually by adjusting B«actors to
the same level for both conformations. A list of residues with
double conformations is given in Table 1.

In case of TRPSP, careful inspection of a SigmaA-
weightedmF,,s — DFc,c €lectron density map of the final

ring of IGP.

The 1.4 A resolution of the diffraction data and the
excellent quality of the model of the TRPScomplex (see
Table 1) allows analysis of the atomic hybridization states.
Of particular interest is the geometry of the Schiff base

model at 1.4 A resolution showed additional electron density linkage between the amino group of lysifieys87 and Ga
for side chain atoms of several buried amino acid residues.of the PLP cofactor at thg-active site. Interestingly, this

This density was attributed to an anisotropic atom vibration.
Therefore, anisotropiB-factors were introduced in the last
steps of the TRP® refinement. Refinement statistics for
both enzyme complexes are given in Table 1.

Structure SuperpositiorTo investigate the influence of
different ligands of theo-active site on the allosteric

bond appeared nonplanar in the 1.4 A resolution TRPS
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 nonplanas-8;

communication, we superimposed other TRPS structures onbond (see Figure 5). Therefore, no special bond restraints
the TRPSP coordinates, which represent the TRPS structure for the Schiff base linkage between PLP g#id/s87 were
with highest resolution presently available. The superposition applied.

was done with the program “O’3@) using all common ¢
atom coordinates of both structures, except theams
belonging to the COMM domairsGly102Gly189, (L4)).
The resulting RMS deviations were calculated with the
program “BRAGI” (398).

RESULTS

Model Quality and Structure Descriptioifhe 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 tertiar

structure, and the overall topology is similar to the one
assigned by Schneider et al4j. Larger backbone differ-
ences between TRFS and TRPS&P exist only in the region
of the loopsaL2 andal6, 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 loaph6
residuesoAlal90 andaleul9l in case of TRPS, and
0Argl79 to aPhel92 in TRP'SP, respectively. Also, the
C-terminal residueaAla268 and those downstream of
BLys392 in case of TRP® are not included in the final

IPP Binding The coordinates of the structure of the IPP
complex of wild-type TRPSE) are not deposited in the PDB.
Therefore, we redetermined the structure of this complex.
The exceptionally high resolution (1.4 A) and quality of the
TRPSP 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
TRPSBK87TPP (15) and the TRPS PP complex (L4). 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 ofa-helix aH8', thereby interacting with the positive
helix dipole moment. Compared to the ligand-free wild-type

TRPS structure (PDB accession code 1W8)and 2WSY

(14)) IPP binding induces stabilization of loof_2 residues
and closure of loopnlL6. This agrees with our previous
observation on the TRPSPP complex (L4) but disagrees

2Recently a structural model of a ligand free wild-type structure
refined to higher resolution (2.2 A, PDB accession code 1BR&)(
became available that includes also coordinates for tddpresidues.
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 looplL2. 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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Ficure 2: Stereo drawing of SigmaA-weighteth®,—DF. maps contoured atslaround thex-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 “BOBSCRERJ'afd “RASTER3D” ¢8, 49).

with findings by Hyde et al.g) on the TRPSP complex
and conclusions by Rhee et al5j.

are functional in the crystalline state although with changed
Km and K, values for some inhibitors and with somewhat

The IPP molecule forms a number of electrostatic interac- reduced rates. This allows to generate the TRPSIbstrate
tions with different parts of the enzyme; the phosphate forms complex by diffusing IGP in the crystals with subsequent

hydrogen bonds with the hydroxyl (2.6 A) and the amide
nitrogen atom (2.7 A) o&Ser235 via oxygen &, with the
amide ofaGly234 (2.9 A) and two water molecules (W35,
2.6 A; W97, 3.0 A) via @, and with the amide nitrogen
atoms ofaGly184 (2.9 A) andaGly213 (2.8 A) via Qs
The indole nitrogen atom forms a hydrogen bond with
aAsp60-0;; (2.9 A). The aromatic indole ring forms
hydrophobic contacts with the side chainsx#the22alle64,
alLeul00,aTyrl02,aleul27,alle153, andaTyrl75. The
propane chain interacts wittaThr183 andalle232. As in
the TRPS'"Pand TRPS5K87TPP structures the side chain
of aPhe212 is positioned perpendicular to the indole ring,
which seems to be a prerequisite for the closure of @bf.

The side chains of the catalytic residue&lu49 and
aAsp60 (@6, 26, 39, 40) adopt the same conformation as in
the TRPSAK87TPP and TRPS PP complexes: the oxygen
atom Q; of the carboxylate group oftAsp60 hydrogen
bonds with the indole nitrogen atom;N2.9 A) and with
aThr183-0O4 (2.8 A), thereby positioning loopL6. The side
chain ofaGlu49, assumed to be involved in proton transfer
from the glycerol phosphate moiety to the indole ridg)(
is pointing away from the scissile €3 bond in the IPP
complex.

IGP Binding Microspectrophotometric studies on micro-
crystalline slurries41) and single crystalsiQ) of TRPS have
shown that the active sites of both theand theS-subunit

freeze trapping. Indeed, strong electron density for IGP was
visible from the very start of the refinement and allowed to
place the molecule unambiguously. Sina&lu49 only
adopts the extended side chain conformation upon IGP
binding to thea-active site, the IGP occupancy was set to
the same value as found for the extend€&lu49 conforma-
tion (80%). This restraint led to an average IGP temperature
factor of 24.0 R.

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 aH8', there is no electron density for loa@gd_6 in the
TRPSCP 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 atonp; O
hydrogen bonds with the hydroxyl (2.7 A) and the amide
nitrogen atom (2.6 A) ofaSer235; oxygen atom Q
hydrogen bonds with the amide nitrogen atono@ly234
(2.7 A) and two water molecules (W34, 2.7 A; w88,
2.6 A); oxygen atom @; interacts with the amide nitrogen
atom of aGly213 (2.8 A) and with water W492 (2.9 A),
and the bridging oxygen atome®forms a hydrogen bond
to water molecule W491 (2.9 A). These two latter water
molecules are replaced by loop.6 in TRPSPP.

As shown in Figure 2B, the two additional hydroxyl groups
at the C2 and C3 atoms of IGP form hydrogen bonds to
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Ficure 3: Stereoview of the TRPS structure superposition focused on the COMM domgiiracg of ligand free TRPS/TRES (A) and

ligand free TRPS/TRP® (B). Some residues with assigned function in catalysis or communication are shown in ball-and-stick representation.
C, traces and residues of ligand free TRPS are colored in geesuolfunit), dark bluef-subunit) and light blue (COMM domain), TREES

(A) and TRPEP(B) in yellow, a-ligands and cofactor PLP carbon atoms are colored in gray, oxygen in red, nitrogen in blue and phosphate
in magenta, Naions in dark brown (ligand free TRPS) and light brown (TRBS The figure was prepared using “MOLSCRIPH7

and “RASTER3D” 48, 49).

water molecule W495 (2.9 A), taTyr175-Q- (2.8 A), and  oAsp60 in TRPSP, culminating in a 1.0 A translation and
to aGlu49-Q; (2.5 A), respectively. The latter interaction a ~40Q° rotation of the carboxylate group ofAsp56. This

is also observed in the TRRED60NCP mutant complexZ7) shift of theal 2 residues alters the entire hydrogen network
and supports the proposed catalytic rolea@lu49, which properties of loopL2, which is a crucial part of the/s
is believed to attack the hydroxyl group on'C3 subunit interface.

These additional hydrogen bonds cause a different torsion As a consequence of the loop movement, the well defined
angle around the C2C3 bond of 172 for IGP compared  hydrogen bonds in the TRIPS complex from fLys167
to 82 for IPP. The anchoring of the substituted propane (2.8 A) andBAsn171 (2.7 A) tonAsp56, and fronBArg175
chain induces a rotation 6f21.7 and thus a reorientation  to aPro57 (2.9 A) andxAsp60 (2.9 A) are broken in case
of the indole ring (Figure 3A). This results in an indole of TRPS®F and a new set of hydrogen bonds is established:;
nitrogen movement of 0.9 A toward the side chain of the in TRPSSP SLys167 forms a hydrogen bond tcSer55-Q
second catalytic residu@Asp60. In combination with the (2.9 A), BAsn171 toaAsp60 O (2.8 A), andxGIn65-N s,
missing closure of loopL6 this indole movement induces (2.8 A). In addition, the link of the COMM domain residues
a shift of the backbone of theL2 amino acidsaAsp56 to BLys167 (3.0 A) angBAsn171 (2.8 A) to the “gating residue”
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FIGURE 4: G, rms deviation of TRP'SP, TRPSP, and ligand-free TRP24) for the TRPSa (left) and/ (right) subunits. Points,] 1V,
and Vj represent flexible surface residues. Poingsaimd lll, represent € deviations of ligand-free TRP&Phe212 andxGly234, which
adopt several conformations involveddssite ligand binding. Points jito IV show the large COMM domain rigid body movement upon

ligand binding.

BTyr279 that is observed in the TRPSstructure is missing
in TRPS®P and thefTyr279 side chain adopts an “open
channel” conformation.

COMM Domain Ma@ement Because of the altered hy-
drogen bonding pattern of load_2 in the TRP$P complex,
a remarkable rigid-body movement of the COMM domain
relative to its position in the IPP complexed and the ligand-

TRPSaD60NL,, structures 17); comparisons of the IPP
complexed TRPS structures with ligand-free ones show that
upon binding of IPP to thet-subunit, the COMM domain
moves toward thes-subunit core. This is the opposite
direction compared to the movement upon IGP binding. The
observation of an open TRIFScomplex agrees with results
from kinetic experiments reporting a high affinity of the

free wild-type TRPS takes place (see Figures 3 and 4). Thegtive site of the8-subunit forL-serine upon binding of IGP
largest displacement occurs at the N-terminal side of heliX ;5 the a-subunit 12).

BH6 (BThrl65-5Tyrl81) and the preceding loofL5
(BHis160-5Alal64) and sheeiS5 (3Glul55-5Vall59), at
the N-terminal part of heliygH5 (flle132—5Ser143), includ-
ing the C-terminal part of loopL4, and at the region around
loop AL3 (SAlal08—5His115), that contains catalytically
important residues for thg-reaction. The maximal €
atom movement is found at residd&er163 with a shift of
5.2 A. Within the COMM domain, all secondary structure
elements, which have contacts to tksubunit, moved away
from the core of thg8-subunit, leading to an open TRP%
enzyme complex at thg-active site.

The opening of the TRPS enzyme upon IGP binding at
the o-site is in contrast to findings in all published IPP/
F-IPP wild-type structures (TRP§ TRPS PP (14), TRPS-
PK87TPP (15)) and also to the TRPE&D60NSP (27) and

Metal Binding The TRP®Pand TRP&® complexes were
both obtained in the presence of sodium ions. In the TRPS
complex, the coordination of the sodium ion is tetragonal
pyramidal, with the planar ligands formed by the carbonyl
oxygen atoms of3Phe306,5Ser308 and two water mol-
ecules, and the apical ligand formed by the carbonyl oxygen
atom of 5Gly232, respectively (Figure 5A). The coordination
geometry is very similar to the one observed for the ligand-
free TRPS (PDB entry 1BK2)). It is, therefore, extremely
surprising that the sodium ion is missing in the TEPS
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



16476 Biochemistry, Vol. 38, No. 50, 1999 Weyand and Schlichting

A |IKBT
‘_\(‘ ;:' a1
S L
Ay L-’”?'!,’ 4
) "i -
I_s‘ '&,A_f-‘ 'i‘ K,
e -./-_‘ PLP fo
o i
MR - :
T Tz
L ’_\ . ‘L"\ ).I
’. o )g. [iD305
b .i\-. h‘\’\:
18308 Py % 4 IIF308
=4 - gt
B [IKET
'\{ atid \{
P d pid
NellA Y L AR i
}[.AQ 4._*.‘ A .\rg _'g.__ \l,.»,-_-- ﬁn‘w’h ‘.g.ﬂw‘ '*’Q
s A Pew| PLP A, TR . ) L e
NS 5y s Fi
o R Y, &L o g
e e TN | i Ve Y
b ERE. &) g™ T
yegae—— Ly wip Y 3
v ."’"‘.I 13232 il .}_.\
..: 2& 5:' e o+ [ID305 L, '-'".15;‘ r"‘\.a
. [ L\‘ . o ‘»_- — L]
118308 » . IIF306 LN
® ] Y 1
. \\~‘p. » ‘. -

FiGure 5: Stereo drawing of SigmaA-weightedn®,—DF. maps contoured atollevel around the sodium binding sif@Asn114, and the
prosthetic PLP group of TRFS (A) and TRP$P (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 “BOBSGRB) Rt (
“RASTER3D” (48, 49).

in ion binding or that are located nearby; in the TRPS tion between the- andj-subunits of the tryptophan synthase
complex, the COMM domain residu@fsp138,5GIn142, bienzyme, respectively. This subunit interaction is influenced
AThrl6e5, andpLys167 are linked via one or two water by pH, temperature, monovalent cations, and especially, by
molecules, respectively, t8Asp305 involved in sodium  the active site ligands. We used freeze trapping to stabilize
coordination. The second hydrogen bonding network con- the wild-type tryptophan synthase indole-3-glycerol phos-
nects the8Ser163 carbonyl oxygen atom (2.9 A) and the phate Michaelis complex and determined its structure to
BLys137 N nitrogen (2.8 A) via a water molecule (2.8 A) 1.8 A resolution. In addition, we determined the 1.4 A
to fGlu296. The neighboringThr297 Q oxygen forms a resolution structure of tryptophan synthase complexed with
direct hydrogen bond to the carbonyl oxygenféthe306, IPP, a noncleavable IGP analogue that lacks the hydroxyl
involved in ion binding. All water molecules exhibit very groups at the 2and 3 positions of the propane chain.

well-defined electron density and have temperature factors Both TRPS complexes have the same topology as the other
lower than 41 & (mean value 29.2 A. This hydrogen  TRPS structures although minor differences in the secondary
bonding network is disrupted upon the IGP-induced COMM strycture definition as established by DS8B) @re observed.
domain movement. The consequent liberation ofiAps305  pespite the similarity of the twa-active site ligands IGP
side chain entails a {&backbone atom shift of residues and IPP, rigid body movements of the COMM domain in
BAsp305 andsPhe306 by more than 1.5 A. This backbone opposite directions relative to unligated TRR8)(take place
movement includes the carbonyl oxygen atomgA$p305  jn TRPSCP and TRPSP complexes (Figure 4). The TRISS
andfPhe306 and results in a narrowing of the metal binding structure shows the largest rigid-body movement of the
loop “squeezing” out the sodium ion. Interestingly, careful cOMM domain observed so far, which results in an opening
inspection of the final TRPS’ electron density showed  of the TRPSB-subunit. Since this opening is induced only
residual electron density for residues of both aforementioned ypon binding of IGP and not of IPP or F-IPR4j, the
p-loops. This density would agree with backbone traces jntroduction of the two hydroxyl groups at the €and C3-
nearly identical to the ones observed in TR¥Sndicating  carbon atoms of the propane side chain of IGP and their
an equilibrium between the two positions of the “cation interactions with the enzyme has to officiate as the origin
binding” loops. for the opposite rigid-body COMM domain movement as
DISCUSSION described in detail below.

The structures of the TRES and TRP&P complexes

We investigated the structural and functional role of the confirm the observation of a looplL2 stabilization upon

catalytically important amino acid residuesGlu49 and ligand binding at thex-site (L4, 15). Loop alL?2 is involved
aAsp60 of the tryptophan synthasesubunit. Both residues in the intersubunit communication through a hydrogen

have an assigned function in the cleavage of indole-3-glycerol bonding network to residues of ti#16 helix located in the

phosphate in thei-subunit and in the allosteric communica- COMM domain. In case of TRPS, loopaL6 is also closed
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IPPIGP

FiIGURE 6: Stereoviews of TRPS structure superpositions abtiaetive site. TRP'SP coordinates (in yellow) are superimposed with (A)
TRPSPP (B) TRPSaD60NCP and (C) ligand-free TRPS by using all commog-&om pairs, excluding the COMM3Gly102—5Gly189)

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 “MOLSCRIFPA"and “RASTER3D” @48, 49).

as observed previously for the TRPSP complex @4). In
contrast, in the TRPS complex the loomL6 is not visible.
The opposite COMM domain movement in both TRPS
complexes is caused by the different hydrogen bonding
pattern of loopL2, which is a consequence of the different
binding modes of IGP and IPP (Figure 6A). The IGP
reorientation is caused by the interactions of thel@&lroxyl
group, that forms two well defined hydrogen bonds to both
the catalytica-site residuexGlu49 and the hydroxyl group
of aTyrl75 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 A (indole nitrogen by 0.9 A) toward
the alAsp60 side chain. Concomitantly, the carboxylate C
atom of this catalytically important residue moves by 1.7 A
and the G atom shifts by 0.6 A relative to the unligated
structure. Furthermore, tligAsp60 carboxylate group rotates
around the torsion angja by ~45° and aroung, by ~70°.
These large side chain and backbone alterations are nof
observed upon IPP binding. In the TRPScomplex, the
aAsp60 G atom moves only by 0.7 A relative to the ligand
free TRPS. The change of thé\sp60 position is transmitted
and amplified by backbone and side chain atom shifts of
loop aL2 residues resulting in a shift of£1.0 A of the
0Asp56 side chain in the TRES complex.aAsp56 is part
of the intersubunit interface and forms two hydrogen bonds
to the COMM domain residueSLys167 andSAsnl71 in
the TRPEP complex. The movement ofAsp56 in the FiGurRe 7: Electrostatic surface potential (using the program
TRPSCP complex results in an altered hydrogen bonding GRASR(51)) of TRPSS? (A) and TRPS® (B) (red, negative; blue,

C positive; white, uncharged) viewed toward t{heactive site. The
pattern; instead offLys167 andfAsnl7l, theaSerss PLP molecule is shown in space filling representation, with oxygen

carbonyl oxygen an@GIn65-N., nitrogen atom hydrogen  atoms colored in red and carbon in yellow.

bond toaAsp56. This new hydrogen bonding network is

the reason for the COMM domain displacement resulting in  In the structure of the IGP complex of tad60N mutant,
an openB-subunit in the TRP'SP structure (see Figure 7).  which has no measurable activity in theeaction but retains
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substantiaf3-subunit activity (6), the IGP binding mode is  sterically problematic interaction of loopL6, namely the
very similar to the wild-type enzyme, and the catalytic hydrogen bond (2.8 A) o&Thr183 with theaAsp60 side
0Glu49 adopts the same extended conformation to form achain. In the TRP'SP structure, this interaction is no longer
hydrogen bond with the Cawdroxyl group (Figure 6B).  possible: first, the carboxylate group@Asp60 rotated and,
Interestingly, neither a large COMM domain movement therefore, cannot interact with th@Thrl83 Q. oxygen;
relative to the ligand-free wild-type or th@D60N mutant second, thexThr183 carbon atom G as positioned in a
structure 24, 27) nor a “8-subunit opening” is observed. closed loopnlL6 would be located only 2.2 A from the IGP
After the G.-atom superposition (see Methods) of both IGP C2-hydroxyl oxygen atom.

complexes, the root-mean-square deviations for all 19 Cation Binding Site Loss of the Sodium lon upon IGP
oxygen, nitrogen, carbon, and phosphor atoms of IGP Binding It was shown by Dunn and co-worker2Q( 21)
amounts to 0.4 A. and others 19, 23, 44) that monovalent cations (NaK™,

In contrast to our findings for the wild-type TR  Cs’, NH4") are important effectors of the enzymatic proper-
complex,aAsn60 does not move and the side chain does ties of TRPS. Structures ofunl_|gated W|Id—§ype TF%Rﬁt!on
not rotate in the TRP&DB0NSP structure 27) (Figure 6B). complexes have bee.n determlned. for sodian),(potassium
The mutated asparagine side chain shows the same hydrogefl9): @nd cesiumX9) ions, respectively. In these structures,
bonding pattern for the oxygen,Obut forms no equivalent & single monoval_ent cation binding site is observegl, which
hydrogen bond to the IGP indole nitrogen atom via oxygen IS located approximatgis A from the phosphate moiety of
O» as in the wild-type structure, since it lacks this oxygen the pyridoxal phosphate cofactor. In all three complexes, the
atom. Instead, the side chain nitrogen atog N close to cation is coordinated with three to six carbonyl oxygens and
the indole nitrogen (3.1 A) and to carbon atom 6f alle64 one or two water mc_JIecuIes, respectively. The coordinating
(3.2 A), respectively. These unfavorable interactions and the"€Sidues common in all three complexes gehe306,
missing hydrogen bonding capacity @Asn60 may be the ~ £5€r308, an@Gly232, emphasizing the importance of loop
reason for the surprisingly high-temperature factors (con- /L8 (BHis260-5Val309) in cation binding.
sidering the presence of ansite ligand) for thexL2 residues Woehl and Dunn43) have raised the question whether
(aAsp56 toaPro62) in thea D6ONSP complex. Therefore, the cation has a structural or a dynamlc_:_rol_e. In the structural
we believe that the structural differences between the Model, the metal changes the equilibrium constant for
TRPSSP and TRPSaD60NCSP complexes concerning the interconversion of active and inactive forms of the enzyme,
COMM domain movement root in the modified hydrogen Whereas in the dynamic model the metal ion changes the
bonding property of the mutated aspartate. This emphasizegelatlve position of transition-state vs ground-state energies
the importance obAsp60 not only in the enzymatic IGP and thereby produces a different set of the rate constants for
cleavage in thea-reaction but also in the intersubunit the metal-free and metal-bound forms. In either model, the
communication pathway. Although this role f@Asp60 has metal serves to allosterically fine-tune the catalytic machinery
been deduced by Rhee et al7( based on the TRPS- of thea- andj-active sites and the communication between
aDBON®® complex, the structure of the mutant does not 1eM:

allow to deduce the interactions in the wild-type enzyme The TRPS complexes presented here show a new feature

reported here due to the intricate network of interactions that .Of the metal dependency of TRPS, namely, the enzymatically

; - : - induced loss of the cation. In the TRPSstructure the
][f:)prlr? Ig/r]zzglgyi;r:eergigrlgut?]e;‘gggfvce:o;:grmatlonal changes sodium binding site is very well-defined and the observed

. ) . quadratic pyramidal coordination (2:2.7 A) by the3Phe306,

As mentioned above, looplL6 is closed in the IPP 8561208 an@gGly232 carbonyl oxygen atoms and two water
complex but not in the IGP complex. An obvious reason for oiecules is the same as for the unligated TRES. (The
the missingxL6 loop closure in case of TRISis the rigid TRPSPP structure shows in great detail the allosteric pathway
body movement of the COMM domain away from the penyeen ther- andg-active sites mediated by the COMM-
p-subunit core, leading to a steric hindrance of ladg. domain via the-not only literally—central metal binding site.
The flexible side chain of TRP® SArg175, which is not Although the TRPSP and the TRP'SP complexes were
included in the final model, would be the main reason for prepared identically, save the respectivsite ligand, the
preventing the loop closure in TRIPS Assuming a iimilar refined TRPS&P complex lacks electron density for a metal
conformation of the closed loopL6 in the TRPS® and o (Figure 5). The reason for the modified cation binding
TRPS™P structures and a sterically allowed side chain gjte is the large IGP induced COMM domain movement
conformation offArgl75, the side chain would clash with leading to the opeg-subunit in TRPSP. This movement
the closed ‘[OOP- Thus”, it seems that this side chain acts as gjjgrypts the hydrogen bond pattern that links several residues
molecular “door stop”, preventing a premature closure of of the COMM domain to residues involved in ion binding
the active site by loomL6 with subsequent IGP cleavage o to residues interacting with these. This results in a
before the reactive aminoacrylate is formed at fhactive narrowing of the metal binding loop and thus a loss of the
site. Considering the high quality of our crystallographic data gogium ion. These findings may explain why theactivity

(see Table 1), the observed side chain flexibility}8ig175 is higher in the absence of monovalent cation§)( In

is also an indication for the lack of suitable side chain gqgition, the observation of two conformations of parts

interactions in the open COMM domain state. (BGIu295-Ser297 fAsp305-Pro307) of the metal bind-
However, this finding alone cannot explain why loap6 ing loop SL8 in the TRPEP structure (with the majority

is not closed in the TRP&D60NC®P structure, since this  conformation having the metal bound, the minority confor-
complex has no open COMM domain. Inspection of the mation being the same as in the IGP complex) indicates an
a-active site of the TRSP complex shows a second equilibrium distribution between two states of the enzyme.
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This might be related to the results of Woehl and Du2® ( binding to thea-site increases the affinity of serine to the
21) who find two slowly converting forms of TRPS. p-active site 12). Its reactivity toward serine may be
Changes near theg-Active Site upon IGP BindingA modulated by the new conformation ©GIn114 induced by
further conformational change upon IGP binding todhsite the large IGP induced COMM domain movement in the wild-
occurs at the highly conserved glutamif€&ln114 that is type enzyme as described above. In this new conformation,
located in the COMM domain (Figure 5). In TRPS the the side chain 0f8GIn114 would be close (3.3 A) to the
BGIn114 amino nitrogen N hydrogen bonds directly to the  serine nitrogen atom of the external aldimine (as inferred
BGly83 carbonyl oxygen atom (3.0 A), and via a water from the wild-type TRPS PP aminoacrylate complexié))
molecule (2.8 A) to thgThr88-0O,; oxygen (2.8 A)and the  and could stabilize charges at the intermediate.
BAla85 carbonyl oxygen (3.0 A). The carbonyl oxygen atom  In addition to a closed COMM-domain conformatidi,
O, of AGIn114 interacts witl#Asn145-N, via another water ~ we postulate a further conformational change at the IGP
molecule. This side chain conformation @iGIn114 is complexed a-site upon formation of the aminoacrylate
conserved in all TRPS complexes described so far (including intermediate, known to be the chemical signal that triggers
TRPSeaD60NCP), irrespective of the chemical nature of the the conformational transition that activates theeaction
bound ligand(s) or of a mutation. Although some of these (5, 12, 46). This second conformational change, correspond-
complexes lack some of the water-mediated hydrogen bondsjng to the kinetically observed isomerization of the TR#PS
which we attribute to the lower resolution of the respective complex §), is a direct consequence of the structural data
structure, the direct hydrogen bond to {$®ly83 carbonyl presented here. In the TRPScomplex,aGlu49 forms a
oxygen is conserved throughout. hydrogen bond that is suitable for proton abstraction from
Because of the displacement of the COMM domain in the the C3-hydroxyl group of the IGP ligand, batAsp60 forms
TRPSCP complex, thefGIn114-G, atom moves by 1.1 A.  only a weak hydrogen bond to the indole nitrogen atom.
The backbone movements of the N-terminal site of hetid Thus, we predict a second side-chain movementAgp60
(residuesfGly113—$Alall8), of the preceding sheg&3 combined with a reorientation of the IGP molecule to allow
(plle107—pThrl10), and of loogpL3 (5Gly111-pAlall2) for loop oL6 closure while avoiding the steric clash between
prevent the formation of the hydrogen bonds described abovethe C2-hydroxyl group and thexThrl83-C, side-chain
leading to a rotation 0BGIn114. Interestingly, in the new  carbon atom. Although structures of mutant complexes of
conformation, theBGIn114 side chain amide group is TRPS have proven to be problematic in terms of mechanistic
positioned roughly above~4.0 A) and parallel to Nof the interpretation (seeld), for the discussion of the TRPS-
Schiff base linkage of the internal aldimine formed by (K87T structures, and this work for TRR8360N) due to
BLys87 and PLP (Figure 5). This conformation may allow the intricate network of interactions between the active sites,
interaction of the lone pair electrons of the;@arbonyl the assumption of a second conformational change would
oxygen atom offGIn114 and the empty p-orbital of the be in agreement with the structure of the GP complex; in
positively charged nitrogen atom of the Schiff base. The the TRPSSK87TCP structure 15), which displays a closed
amino nitrogen I\ of 5GIn114 forms a hydrogen bondto a oL6 loop, the propane moiety adopts a different conforma-
water molecule (2.7 A), which in turn interacts withOof tion than in the TRP'S? complex.
PLP. This latter interaction may stabilize the negative charge  The structures of the TRES and the TRP'S? complexes
at this oxygen atom. The conformational chang8@f114 presented here also allow to address a problem discussed
may render the internal aldimine of the pyridoxal phosphate recently 0), namely, the finding of closed- andj-active
more susceptible for the nucleophilic attack by serine. sites in the GP or IPP complexes of the external aldimine of
Implications for the MechanismA key feature of the TRPSHK87T (15). Since thea-site should be in the low
allosteric interaction between the active sites of dhend activity state in this complex, Woehl and Dunn suggest that
B-subunits is believed to be their switching between “open” these structures are more likely to represent the partially
and “closed” statesl( 5, 12, 26). These are characterized closed state. Our TRPS and TRP&P structures show first,
by their propensity to bind substrates (with the open state what the conformation of the partially closed form looks like,
having high affinity) and to catalyze the respective reactions and second, that IPP complexes most likely represent
(with the closed state being catalytically competent). Ac- “artificially” closed low activity states that are unlikely to
cordingly, unligated TRPS is believed to have both active be of direct catalytic relevance.
sites in the open conformation, whereas the aminoacrylate
complex of the IGP complexed TRPS represents the stateACKNOWLEDGMENT
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