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ABSTRACT: Tyrosine phenol-lyase, a tetrameric pyridoxal 5′-phosphate dependent enzyme, catalyzes the
reversible hydrolytic cleavage ofL-tyrosine to phenol and ammonium pyruvate. Here we describe the
crystal structure of theCitrobacter freundiiholoenzyme at 1.9 Å resolution. The structure reveals a network
of protein interactions with the cofactor, pyridoxal 5′-phosphate, and details of coordination of the
catalytically important K+ ion. We also present the structure of the apoenzyme at 1.85 Å resolution. Both
structures were determined using crystals grown at pH 8.0, which is close to the pH of the maximal
enzymatic activity (8.2). Comparison of the apoenzyme structure with the one previously determined at
pH 6.0 reveals significant differences. The data suggest that the decrease of the enzymatic activity at pH
6.0 may be caused by conformational changes in the active site residues Tyr71, Tyr291, and Arg381 and
in the monovalent cation binding residue Glu69. Moreover, at pH 8.0 we observe two different active site
conformations: open, which was characterized before, and closed, which is observed for the first time in
â-eliminating lyases. In the closed conformation a significant part of the small domain undergoes an
extraordinary motion of up to 12 Å toward the large domain, closing the active site cleft and bringing the
catalytically important Arg381 and Phe448 into the active site. The closed conformation allows
rationalization of the results of previous mutational studies and suggests that the observed active site
closure is critical for the course of the enzymatic reaction and for the enzyme’s specificity toward its
physiological substrate. Finally, the closed conformation allows us to model keto(imino)quinonoid, the
key transition intermediate.

Tyrosine phenol-lyase (TPL,1 EC 4.1.99.2) belongs to the
group of pyridoxal 5′-phosphate (PLP) dependent enzymes
which catalyze a variety of reactions during metabolic
transformations of amino acids. TPL catalyzes the reversible
â-elimination ofL-tyrosine to produce phenol and ammonium
pyruvate (Scheme 1). In vitro, it also catalyzes the reversible
â-elimination (1) and â-substitution (2) reactions of other
â-substituted amino acids. Reversal of theâ-elimination

reaction (the so-called “synthetic reaction”) catalyzed by TPL
was used for the one-step synthesis of several derivatives
and heterocyclic analogues. These include a potent antitumor
drug 2-aza-L-tyrosine synthesized from 3-hydroxypyridine
(3) and 3,4-dihydroxy-L-phenylalanine (L-DOPA) produced
from catechol (4).

TPL was primarily found in enterobacteria (5), but it also
occurs in other bacteria and even some arthropods (6).
Several TPL genes from different bacterial species, including
Escherichia intermedia(7), Citrobacter freundii (8, 9),
Enterobacter agglomerans(Erwinia herbicola) (10, 11),
Symbiobacterium thermophilum(12), Pasteurella multocida
(13), Fusobacterium nucleatum(14), andClostridium tetani
(15), were cloned, and the primary structures were deduced
from the DNA sequences. All of them are highly similar
with the sequence identities above 60%.

The three-dimensional structures of TPL fromC. freundii
andE. herbicolawere established by previous X-ray studies
(9, 16, 17). Each active site of TPL is built up of residues
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Scheme 1: Reversibleâ-Elimination Reaction ofL-Tyrosine
Catalyzed by TPL
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from two subunits that make up a “catalytic dimer”. The
large domain of each subunit has a characteristic PLP-binding
fold, first identified in aspartate aminotransferase (18, 19).
Two catalytic dimers are bound through a hydrophobic
cluster and intertwined N-terminal arms to form a tetramer.
Dimers of that kind, where each subunit contains a large,
PLP-binding domain with the characteristic fold and where
each active site is composed of residues from both subunits,
have been identified in a number of PLP-dependent enzymes
including AspAT, which has one such dimer per protein
molecule.

The proposed mechanism ofâ-elimination catalyzed by
TPL is shown in Scheme 2 (20). It includes the following
main steps: formation of the external aldimine with the
substrate (II ), abstraction of the CR proton of the substrate
yielding the quinonoid intermediate (III ), protonation of Cγ
and cleavage of the C-C bond, resulting in the removal of
phenol and formation of the aminoacrylate intermediate (V).
The latter is attacked further by theε-amino group of the
active site lysine residue that binds the coenzyme (Lys257),
resulting in regeneration of the holoenzyme. The role of
several amino acids in the catalysis has been studied by site-
directed mutagenesis. It was demonstrated that Asn185 takes
part in substrate binding as well as in the catalysis through
stabilization of the quinonoid intermediate and possibly also
the keto(imino)quinonoid intermediate (IV ) (21). It was also
shown that Tyr71 is important for the removal of phenol
with the Tyr71 OH group playing the role of the general
acid catalyst during the formation of the key transition

structure, the keto(imino)quinonoid intermediate (22, 23).
Investigations ofâ-elimination activities of mutant enzymes
performed with physiological substrate indicated that Arg381
assists in abstraction of a proton from the phenol hydroxyl
group (16). In addition, Thr124 and Phe448 were shown to
be the residues providing substrate specificity of the enzyme
(24).

Domain closure was identified in a number of enzymes
including AspAT (25). The small domain of AspAT rotates
during the substrate binding by 13° relative to the large
domain. This closure buries the substrate in the active site
and reorients the two Arg side chains in order to form salt
bridges with the substrate carboxylate groups, thus moving
the substrate into the optimal position for the transamination
reaction. All domain movements are a consequence of
coordinated small structural changes, and only a few side
chains change their conformations. In the previously deter-
mined structures of TPL and the relatedâ-eliminating lyase,
tryptophanase (Trpase), all subunits were in the open
conformation.

Here we present the structures ofC. freundii TPL holo-
and apoenzyme in complex with K+, determined at 1.90 and
1.85 Å resolution, respectively. The previousC. freundiiTPL
apoenzyme structure (PDB ID 1TPL) (9) was determined at
a lower resolution (2.3 Å) using data obtained from crystals
grown at pH 6.0. The apo- and holoenzyme structures
presented here were determined from the crystals grown at
pH 8.0, which is close to a pH of 8.2 where TPL has
maximum activity (26). There are significant differences

Scheme 2: Reaction Mechanism ofâ-Elimination of L-Tyrosine Catalyzed by TPL
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between the two structures that may account for the
considerably lower enzymatic activity at pH 6.0. In the new
apoenzyme structure, two different conformations of protein
subunits are observed, resulting in open and closed active
site conformations. Results of previous mutational studies
allow us to propose that the observed active site closure is
critical for the course of the enzymatic reaction. We also
present a model for a key transition intermediate, keto-
(imino)quinonoid.

MATERIALS AND METHODS

Crystallization.TPL was purified fromEscherichia coli
SVS 370 cells containing the plasmid pTZTPL with the gene
of the enzyme (9). Cells were grown, and the enzyme was
purified as described before (22). Both TPL apo- and
holoenzymes were crystallized at 277 and 293 K using the
hanging drop vapor diffusion method. Prior to crystallization,
the purified apoenzyme was dialyzed against 50 mM
triethanolamine buffer (pH 8.0) containing 2 mM dithio-
threitol (DTT) and concentrated using a 30K ultrafiltration
membrane concentrator (Filtron) to 18-20 mg/mL. The same
procedure was applied for the holoenzyme except that the
holoenzyme was dialyzed against the solution that also
contained 0.5 mM PLP. For crystallization 2µL aliquots of
the protein solution were mixed on siliconized glass cover-
slips with an equal volume of the reservoir solution. The
reservoir solution for the apoenzyme crystallization contained
50 mM potassium phosphate (pH 8.0), 2 mM DTT, 0.2 M
KCl, and 32.5% (w/v) ofMr 2000 monomethyl ether poly-
(ethylene) glycol (27). The crystals of the holoenzyme were
grown from 50 mM triethanolamine buffer (pH 8.0),
containing 0.5 mM PLP, 2 mM DTT, 0.4-0.8 M KCl, and
35-38% (w/v) ofMr 5000 monomethyl ether poly(ethylene)
glycol. Platelike crystals 0.1× 0.5× 0.5 mm3 in size grew
within 2 weeks. The combination of KCl and high molecular
weight PEG appeared to be a good cryoprotectant and
allowed the freezing of TPL crystals directly from the
crystallization drops.

X-ray Data Collection.Both diffraction data sets were
collected at 120 K. Data for the holoenzyme were collected
at the BW7B beamline (EMBL, Hamburg) using a wave-
length of 0.87 Å and the 300 mm MarResearch image-plate
detector, while the data for the TPL apoenzyme were
collected at the BM14 beamline (ESRF, Grenoble) using a
wavelength of 1.0 Å and the MarResearh CCD detector. Data
sets were processed using DENZO and SCALEPACK (28).
The main characteristics of the data sets are given in Table
1.

Structure Determination and Refinement.All crystal-
lographic calculations were performed using the CCP4
program package (29). Molecular replacement calculations
were done with AMoRe (30). The initial molecular replace-
ment model for the holoenzyme structure was the structure
of the TPL apoenzyme previously determined (PDB ID
1TPL) from crystals obtained with different crystallization
conditions (9). Rebuilding of the holoenzyme structure was
performed with the program FRODO (31) running on an
Evans and Sutherland ESV series workstation using Fourier
syntheses based on the coefficients (2|Fo| - |Fc|) exp(iæc)
and (3|Fo| - |Fc|) exp(iæc). During the later stages, rebuilding
was performed with the module XFIT (32) in QUANTA

(Molecular Simulations Inc.) using Fourier maps with
likelihood weighted 2|Fo| - |Fc| coefficients. Initial refine-
ment of the holoenzyme model was performed using
restrained least-squares minimization (33) with individual
isotropic atomic displacement parameters, without the use
of noncrystallographic symmetry restraints. The last rounds
of the holoenzyme model refinement and the refinement of
TPL apoenzyme were done with REFMAC5 (34) including
the TLS refinement (35) with the small and the large domain
of each subunit as a separate TLS group. Water molecules
were added using ARP/wARP (36). Additional rebuilding
of the TPL apoenzyme model was performed in COOT (37).
The structures were validated using PROCHECK (38), and
differences in geometrical parameters of the compared
structures were determined using LSQMAN (39). The
reaction intermediates were docked in the apoTPL active sites
using GOLD (40, 41). All structural figures were made by
PyMol (42).

RESULTS AND DISCUSSION

OVerall Structure of the TPL Holoenzyme.Crystals of the
TPL holoenzyme belong to the orthorhombic space group
P21212 with a ) 133.9 Å,b ) 143.9 Å, andc ) 60.1 Å.
Two subunits of TPL per asymmetric unit of the crystal give
a specific volume (VM) (43) of 2.81 Å3 Da-1 and solvent
content of 55.9%. The structure was refined to anR-factor

Table 1: Crystallographic Data Collection and Refinement Statistics

holoTPL apoTPL

space group P21212 P21212
unit cell parameters

a (Å) 133.86 133.64
b (Å) 143.85 143.74
c (Å) 60.07 59.92

resolution (Å) 20.00-1.90
(1.95-1.90)a

17.00-1.85
(1.90-1.85)

no. of unique reflectionsb 85710 (4151) 95091 (4208)
data redundancyb 3.2 (2.0) 3.4 (1.4)
completeness (%)b 92.1 (90.7) 95.5 (85.1)
Rmerge

b (%) 7.5 (35.9) 5.5 (38.1)
averageI/σ(I)b 15.4 (3.6) 19.3 (2.8)
WilsonB-factor (Å2) 28.5 31.0
Rwork (%) 15.2 (18.5) 17.4 (22.2)
Rfree (%) 18.6 (24.5) 20.6 (30.7)
no. of reflections used

for Rfree

2508
(3% of total)

939
(1% of total)

no. of residues 910 912
no. of protein atoms 7184 7233
no. of ligands 4 (2K+ and

2PLP)
4 (2K+ and

2PO4
3-)

no. of water molecules 902 1021
averageB-factor (Å2)

chain A 24.9 28.1
chain B 24.5 25.0
water molecules 39.2 39.5
overall 26.3 28.1

rms deviations
bond lengths (Å) 0.014 0.015
bond angles (deg) 1.3 1.4

Ramachandran plot (%)
most favored 92.4 93.3
additionally allowed 7.2 6.4
generously allowed 0.4 0.1
disallowed 0.0 0.1

a Values in parentheses are for the outer resolution shell.b The
highest resolution shell for X-ray data statistics is 1.93-1.90 Å for
holoTPL and 1.88-1.85 Å for apoTPL.

7546 Biochemistry, Vol. 45, No. 24, 2006 Milić et al.



of 15.2% (Rfree ) 18.5%) at 1.9 Å resolution. The final
electron density maps allowed the positioning of all residues
except for the first N-terminal residues of both subunits
(Met1). The final model contains 2 PLP molecules, 2 K+

ions, and 902 water molecules, giving a total of 8118 atoms.
Forty-five atoms of the final model belong to totally
disordered protein side chains; these were omitted from the
refinement and were given an occupancy of 0. The rest of
the model is clearly defined in the electron density maps.
The side chains of residues Met66(A), Thr124(A), Glu354-
(A), Thr15(B), Met66(B), Ile93(B), and Thr124(B) were
modeled in two different conformations with an occupancy
of 0.5. None of the non-glycine and non-proline residues lie
outside the allowed regions of the Ramachandran plot (44).

A PLP molecule is bound in a deep cleft between the small
and large domains of each subunit. Two crystallographically
independent subunits constitute the so-called catalytic dimer
in which each subunit contributes to the active site of the
neighboring subunit. The structures of the two subunits are
essentially identical, with an average rms deviation between
their CR atoms of only 0.16 Å. Each catalytic dimer contains
two K+ cations, located at the interface between the two
subunits. The location of the K+ cation was confirmed by
calculating anomalous difference Fourier maps using phases
corresponding to the refined model. As expected for K+, the
coordinating distances are within 2.6-3.8 Å. Two catalytic
dimers are related by the crystallographic 2-fold axis
generating the TPL tetramer (Figure 1).

Protein Interactions with PLP and K+. PLP is attached
by its C4′ to the Lys257 side chain Nú via a covalent linkage
(Figure 2). The aldimine bond lies in a plane which is rotated
21.1° relative to the PLP plane. The Arg217 side chain is
positioned with its guanidinium moiety next to the O3′ atom
of the pyridine ring stabilizing its deprotonated state. The
negative charge at O3′ in turn stabilizes the protonated form
of the imine nitrogen (NH+) with which it forms a hydrogen
bond/salt bridge interaction. In agreement with structural
observations, spectral studies of the enzyme in the solution
suggest that the TPL internal aldimine exists predominantly
in the ketoenamine form with both aldimine and pyridinium
nitrogen atoms protonated and with the deprotonated hy-
droxyl group in the pH range 6.5-8.5 (45). The protonated

N1 nitrogen of the pyridine ring makes a salt bridge with
the side-chain carboxyl oxygen of Asp214. The pyridine ring
is above the Thr216 side chain, being stacked against CG2.
From the opposite side, the pyridine ring is stacked with the
side chain of Phe123 at an angle of 12° to its phenyl ring.
The phosphate moiety of PLP forms hydrogen bonds with
side-chain atoms of Ser254 and Gln98, the main-chain NH
functions of Gly99 and Arg100, and the water molecule
Wat4. In addition, the phosphate of PLP makes a salt bridge
interaction with the guanidinium group of Arg100. Similar
protein-PLP interactions are observed in Trpase (46), except
for the PLP pyridine ring. Unlike TPL, where the pyridine
ring is positioned between phenylalanine and threonine side
chains, in Trpase it lies between the side chains of Phe132
and Ala225.

A molecule of TPL binds four potassium cations, one
cation per monomer. Each cation is bound at the interface
between two crystallographically related subunits stabilizing
the structure of the catalytic dimer. It is coordinated by the
carbonyl oxygens of Gly52 and Asn262 from one subunit
and by the main-chain carbonyl oxygen and side-chain
carboxyl oxygens of Glu69 from the adjacent subunit (Figure
3). All of these residues belong to the large domains of
protein subunits. Additionally, there are three water mol-
ecules completing the coordination sphere of K+. One of
these water molecules forms a hydrogen bond with the amino
group of the active site residue Lys256. The amino group

FIGURE 1: Ribbon diagram of the TPL tetramer with different
subunits shown in different colors. The PLP, side chains of Lys257,
and K+ ions are shown as spheres. The view is along the
crystallographic 2-fold axis.

FIGURE 2: Interactions between PLP and the active site residues.
Hydrogen bonds are denoted by red dashed lines. The weighted
2|Fo| - |Fc| electron density map (green) is contoured at the 1.0σ
level.

FIGURE 3: The cation-binding site and the active site residues are
connected by the hydrogen-bonding interactions. Hydrogen bonds
are indicated by red dashed lines. Carbon atoms of residues from
the second subunit of the catalytic dimer are shown in orange.
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of Lys256 makes additional hydrogen bonds with the
carboxamido oxygen of Gln98, also a residue from the active
site, and with another water molecule. This water molecule
lies in the active site, and it is hydrogen-bonded by the PLP
phosphate group and hydroxyl groups from side chains of
the active site residues Ser51, Tyr71, and Tyr291 (Figure
3). These concatenated interactions of the cation-binding site
with the active site residues demonstrate the critical role of
Lys256 in the formation of the monovalent cation binding
site in agreement with previous biochemical observations
(47) and provide an insight into the influence of monovalent
cations on the activity of TPL (48, 49). At cation concentra-
tions lower than 100 mM, K+, NH4

+, and Rb+ were shown
to be the most effective activators, Cs+ and Li+ were
significantly less effective, while the effect of Na+ was
negligible. Divalent cations (Mg2+, Ca2+, Ba2+, and Sr2+)
did not activate TPL. Different alkaline and earth alkaline
cations, because of their different radius to charge ratios,
have considerably different coordinations, which explains
their different binding abilities to TPL. Differences in
coordination of Li+, K+, Rb+, and Cs+ may cause differences
in the cation-binding site conformation and, in turn, slight
but key differences in the conformation of the active site.

In the previously determined structure ofC. freundiiTPL
complexed with 3-(4′-hydroxyphenyl)propanoate, PLP, and
Cs+ ion (PDB ID 2TPL) (16), only one of the two
crystallographically independent active sites was occupied
by the substrate analogue. In the second site only PLP was
bound, so this active site and the nearby cation-binding site
(Cs+) are comparable to those of the holoTPL structure in
complex with K+ reported here. The coordination around
Cs+ is somewhat different from that of K+ with distances
between the metal cation and the coordinating protein atoms
being longer by 0.2-0.4 Å. This results in slight changes in
the conformation of Cs+ coordinating residues and also in
small changes in the active site conformation. In particular,
the hydroxyl of the catalytically critical Tyr71 is 0.16 Å
further from the active site than it is in the K+ structure. We
believe these small changes in the active site architecture
explain the significant reduction of TPL activity when K+

is replaced by Cs+ (49) and provide a ground for explaining
the role of K+ in the activation of TPL.

Structurally, the most similar to TPL is tryptophan indole-
lyase (Trpase) fromProteusVulgaris (46), the enzyme which
catalyzes the reversibleâ-elimination reaction ofL-tryp-
tophan to form indole and ammonium pyruvate. Trpase and
TPL belong to the SCOP family ofâ-eliminating lyases (50).
TPL and Trpase from various bacteria show more than 40%
overall amino acid sequence identity, with the sequence
identity betweenC. freundii TPL and P. Vulgaris Trpase
being 48%. Historically, the important role of monovalent
cations in stabilizing the quaternary structure ofâ-eliminating
lyases was best illustrated by the example ofE. coli Trpase
(51, 52). In the absence of PLP and monovalent cations,E.
coli Trpase reversibly dissociates into two nonactive dimers.
As both PLP and the monovalent cation are bound at the
subunit-subunit interface of the catalytic dimer, it is likely
that the dissociation occurs along this interface. In the
available structures of Trpase and TPL the two catalytic
dimers are held together by intertwined N-terminal arms (46),
suggesting that the observed dissociation of theE. coli Trpase
tetramer leads to noncatalytic dimers where the two subunits

are bound through their N-terminal arms. Available data
suggest that TPL does not undergo such dissociation in the
absence of PLP and monovalent cations, but like in the case
of Trpase, its activity is influenced by monovalent cations.

Two Conformations of Apoenzyme Subunits in the Asym-
metric Unit.Like holoenzyme, TPL apoenzyme crystallizes
in the space groupP21212 with one catalytic dimer per
asymmetric unit. Unit cell parameters (a ) 133.6 Å, b )
143.7 Å, c ) 59.9 Å) are almost identical to those of the
holoenzyme. This structure was refined to anR-factor of
17.4% (Rfree ) 20.6) at 1.85 Å resolution. The final model
comprises 8266 atoms, including 1021 water molecules, 2
PO4

3- anions, and 2 K+ cations. Residues Ser17(A) and
Arg9(B) were modeled with two alternate side-chain con-
formations with occupancies of 0.5. All non-glycine and non-
proline residues, except Met121(A), are in the allowed
regions of the Ramachandran plot. Met121(A) has very
unfavorable main-chain torsion angles (æ ) 75.4°, ψ )
143.9°), but its averageB-factor is relatively low (31.7 Å2)
and the corresponding electron density unambiguous.

In contrast to the holoenzyme structure with two crystal-
lographically independent subunits being essentially identical,
two subunits in the asymmetric unit of the apoenzyme have
significantly different conformations. One subunit (denoted
B) has the same conformation of its main-chain atoms as
the holoenzyme, which is characterized by a deep cleft
between the two domains of each subunit. In the second
subunit (A) protein domains have different orientation, and
the cleft is closed. To describe basic structural changes that
produce the domain movements and the closure of the active
site, we did two iterative analyses of error-scaled difference
distance matrices of several known TPL structures using
ESCET (53). The initial and preliminary analysis with
standard parameters (nhyp ) 20, wp ) 20.0, rmut ) 5.0%)
and lower and upper tolerance levels ofεl ) 5.0 andεh )
10.0 included individual subunits from structures ofC.
freundii TPL apoenzyme at pH 6.0 (PDB ID 1TPL),C.
freundii TPL complexed with 3-(4′-hydroxyphenyl)pro-
panoate, PLP, and Cs+ ion at pH 8.0 (PDB ID 2TPL),E.
herbicolaTPL holoenzyme at pH 6.2 (PDB ID 1C7G), and
TPL holo- and apoenzyme structures reported here. The
pairwise comparison for 386 CR atoms that are present in
all models showed high main-chain conformational unifor-
mity for all subunits of 2TPL, 1C7G, and the holoenzyme.
Besides being mutually identical, their main-chain conforma-
tions are also practically the same as that of the apoenzyme
subunit B (open conformation). In order not to overweight
redundant conformers, in subsequent ESCET analysis all of
these subunits were represented by the apoenzyme subunit
B, the conformer with the lowest mean standard uncertainty
(0.10 Å). The ESCET analysis for finding the conforma-
tionally invariant regions of TPL also included the apoen-
zyme subunit A (closed conformation), a conformer sub-
stantially different from all others. Two subunits of 1TPL
with mutually identical main-chain conformations, although
different from other subunits, were excluded from the ESCET
analysis for finding the conformationally invariant regions
of TPL due to two reasons: (a) the main-chain fold in several
protein regions is completely different from that found in
other TPL structures (see below), and (b) about 6% of amino
acid residues had poor electron density and were not
modeled.
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The ESCET analysis of the apoenzyme subunits A and
B, using standard parameters and lower and upper tolerance
levels of εl ) 5.0 andεh ) 10.0, detected two conforma-
tionally invariant (rigid) regions [large (residues 1-13, 45-
345, 405-422) and small (residues 19-44, 346-389, 392-
404, 434-456)] and three flexible parts (residues 14-18,
390-391, 423-433) of the apoenzyme TPL subunit (Figure
4). The large rigid region contains almost all of the
N-terminal arm (residues 1-13), all of the large domain
(residues 57-310), the domain-connecting regions (residues
49-56 and 311-332), and parts of the small domain
(residues 45-48, 333-345, and 405-422). The small rigid
region is composed exclusively of the residues from the small
domain. Two flexible parts (residues 14-18 and 423-433)
connect the large and the small rigid regions, while the third
flexible part (residues 390 and 391) lies in a loop on the
surface of the molecule that comprises residues with higher
B-factors. Comparison of the open and the closed subunits
superimposed by their CR atoms from the large rigid regions
(rms deviation 0.35 Å) reveals structural changes during the
active site closure. The closed conformation is achieved by
rotation of the small rigid region by about 16° around a hinge
connecting the two rigid parts, during which the small rigid
region moves toward the large one, with the far end of the
small rigid region moving by about 12 Å. The main-chain
torsion angles of residues from the flexible parts and some
of those found to be at the ends of the rigid regions change
considerably upon closure. The extreme examples are Ser17
with ∆æ of -74.3° and ∆ψ of -170.4° and Met18 with
∆æ of -177.6° and ∆ψ of 114.0° (∆æ and ∆ψ are

differences in main-chain torsion angles between the closed
and open subunit in the apoenzyme structure).

The closed conformation is stabilized by a number of
interactions between the two rigid regions. These include a
hydrogen bond/salt bridge between side chains of Arg351-
(A) and Asp348(A) and hydrogen bonds Leu38(A) N‚‚‚
Thr35(A) O and Leu38(A) O‚‚‚Arg377(A) NH1. These
interactions are not observed for the equivalent residues of
the open subunit (B).

OpenVs Closed ActiVe Site.The conformation of the open
active site in the apoenzyme is almost identical to the
conformation of active sites found in the holoenzyme. In
the two forms of the TPL apoenzyme superimposed using
the CR atoms of the large rigid domain of one of the protein
subunits, there are only a few minor differences in the
position and conformation of the active site residues. One
phosphate anion is bound in each active site of the TPL
apoenzyme and occupies the same position as the phosphate
group of PLP in the active site of the holoenzyme. Thus, all
interactions found between the PLP phosphate group and
the residues of the holoenzyme active site are also observed
in both active sites of the apoenzyme. Additionally, the PO4

3-

in the structure of the TPL apoenzyme forms hydrogen bonds
with three water molecules and a salt bridge with the side
chain of Lys257. As expected, the side-chain conformation
of Lys257 changes during cofactor binding and formation
of the internal aldimine, as indicated by differences inø3

and ø4 torsion angles of∼27° and ∼91°, respectively.
Another significant difference is in the side-chain conforma-
tion of Asn185. The carboxamide group of Asn185 in
holoTPL rotates by∼90° with concomitant change ofø1 by
∼25°. Also, the side chain of Asp214 moves in order to form
a salt bridge with the protonated N1 nitrogen of the PLP
pyridine ring. Some minor differences are also observed in
side-chain conformations of Met288, Phe123, and Thr124.
In addition, the side chain of Thr124 in holoTPL has been
found in two alternative conformations related to each other
by a rotation around the CR-Câ of ∼120°.

The major difference between the closed and the open
active sites of the TPL apoenzyme, as expected, is in the
position and in the conformation of residues from the small
rigid region (Phe36, Met391, Arg381, Arg404, Phe448,
Phe449; Figure 5). Phe448 and Phe449 make the largest
movement during the active site closure. Differences in the
positions of their CR atoms relative to the large rigid region
in the closed and the open forms are 4.9 Å. In addition to
the movement of the polypeptide chain, some differences in
conformation of the side chains are also observed. The largest
difference was found for the phenyl moiety of Phe449 for
which ø1 and ø2 angles changed by 91.6° and 67.3°,
respectively, so in the closed conformation it points toward
the interior of the active site. Because of this, the side-chain
conformations of Tyr71 and Met288 from the neighboring
subunit, that of Phe36 from the small rigid region, and those
of Phe123, Thr124, and Asn185 from the large rigid region
have also changed. Other residues from the active site go
only through minor conformational changes during the active
site closure. The closed active site is not completely buried,
so it remains accessible to exterior solvent, although the
solvent-accessible area of the residues forming the active
site cleft is∼240 Å2 smaller than in the open form. The
conformation of the neighboring monovalent cation-binding

FIGURE 4: (a) Comparison of the open and closed conformations
of apoTPL. Two subunits are superimposed using CR atoms of
their large rigid regions. The large and small rigid regions of the
subunit in the closed conformation are shown in dark blue and
green, respectively, and the flexible parts are shown in red. The
large rigid region in the open subunit is shown in magenta, the
small rigid region in cyan, and the flexible parts in orange. The
position of the active site is indicated by phosphate anions. (b)
Structural transition from the open to the closed state. Molecular
surfaces of TPL are colored as in the closed conformation in (a).
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site, as being formed only by residues from the large rigid
regions, remains the same in both conformations.

It is interesting to note that Arg381 and Phe448 are from
the small rigid region and during the active site closure they
undergo significant conformational changes. The active site
Thr124 is in the large rigid region; its conformation remains
essentially the same during the closure of the active site.

Differences between TPL Apoenzyme Structures Deter-
mined at pH 6.0 and pH 8.0.While the optimum pH for the
â-elimination of L-tyrosine is around 8.2, at pH 6.0 the
enzyme is essentially inactive (26). The differences in the
activity of the enzyme at high and low pH were attributed
to protonation of two catalytic bases with average pKa values
of about 7.8 (54). The side chain of Arg381 was shown to
be one of these two bases (16), but the identity of the other
catalytic base remained uncertain, although the previous
structural study suggested it might be the amino group of
Lys257 (16). Structural data on the closed conformation of
the apoenzyme reported here provide further insights about
the catalytic residues (see below).

In contrast to the new apoenzyme structure determined
from the crystal grown with monomethyl ether poly(ethylene)
glycol 2000 at pH 8.0, the previous structure was determined
using a different crystal form, with crystals grown at pH 6.0
using ammonium sulfate as a precipitant (55). In the
previously determined structure (PDB ID 1TPL; 2.3 Å
resolution) several stretches of residues were not modeled
due to poor electron density: residues 123-131, 384-398,
and 442-447 in one subunit and residues 123-133, 384-
398, and 442-445 in the crystallographically independent

subunit (9). Both noncrystallographically related subunits of
1TPL (which do not constitute the catalytic dimer) are very
similar to each other and are basically in the open conforma-
tion. As major differences between open and closed confor-
mations of TPL subunits have already been described, the
structure of 1TPL is only compared with the open conforma-
tion. These were found by the ESCET analysis of the
corresponding subunits of apoenzyme structures determined
previously and described here, using the standard parameters
(see above) and lower and upper tolerance levels ofεl ) 5.0
andεh ) 10.0. Except for the parts of the 1TPL model with
missing residues, ESCET found the difference between the
two models in four polypeptide regions: 70-74, 187-188,
281-290, and 382-383. The most striking difference is in
the tilt of helixR9 (9), where the CR positions of C-terminal
residues 281-285 differ by 1.0-4.7 Å, and in the following
active site loop area, residues 286-290, which has a different
conformation in the two structures (Figure 6). Despite these
major differences in both structures, the active sites remain
open. It is reasonable to conclude that the observed different
conformations in the previously determined structure of the
apoenzyme are due to the difference in the pH (6.0 as
opposed to 8.0). In addition, some differences may account
for different crystallization conditions (at pH 6.0 crystals
were grown with∼1 M ammonium sulfate and kept in 1 M
magnesium sulfate during the data collection) and possibly
also the radiation damage (as at pH 6.0 the data were
collected at room temperature).

Functional Implications.The observed differences in
residue segments 70-74, 281-290, and 382-383 between

FIGURE 5: Comparison of the two active sites of apoTPL in the catalytic dimer. Residues of the large rigid region from the subunit in the
open conformation are shown in magenta, and those of the small rigid region are shown in cyan. In the second subunit, which is in the
closed conformation, the corresponding areas are shown in blue and green.

FIGURE 6: Structural comparison of residues 281-291 in 1TPL (orange) and in the previously determined structure of apoTPL at low pH
(cyan). A sulfate in 1TPL is bound in the same site as phosphate in the apoTPL.
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structures of the apoenzyme at pH 6.0 and pH 8.0 include
changes in conformations of residues participating in the
catalysis (Tyr71) and in monovalent cation binding (Glu69).
In addition, there are differences in the conformations of the
adjacent active site residues Arg381 and Tyr291. These
conformational differences, together with the different pro-
tonation states of the catalytic bases, may account for the
observed significant reduction of TPL activity at pH 6.0 (26).

The observed closure of the active site allows us to
rationalize the results of previous mutational studies. In the
previously determined structure of TPL in complex with the
substrate analogue, 3-(4′-hydroxyphenyl)propanoate (16),
modeling the Michaelis complex, the active site remains in
the “open” conformation, with the catalytically important
Tyr71, Thr124, and Arg381 being positioned too far from
the substrate. Indeed, the phenol hydroxyl of Tyr71 is 3.7 Å
from the substrate analogue Cγ, the side chain NH1 of
Arg381 and the side chain hydroxyl of Thr124 are 4.1 and
4.9 Å, respectively, from the substrate analogue phenol
hydroxyl. Closure of the active site cleft at a stage after
Michaelis complex formation, similar to that observed in the
present study of the apoenzyme structure, would bring all
catalytic residues closer to the catalytic site and thus is likely
to favor the catalysis. Indeed, our modeling shows that the
keto(imino)quinonoid intermediate (IV ; Scheme 2) fits best
the active site cleft in the closed conformation with the side
chains of Thr124 and Arg381 being in the optimal position
for forming hydrogen bonds with the hydroxyl group of the
substrate. In addition, the van der Waals contact between
the Phe448 phenyl ring and the bound substrate is possible
only in the closed conformation (Figure 7). In accordance,
solvent-accessible areas of Thr124, Arg381, and Phe448 are
most affected by the closure of the active site, and in the
closed conformation these are decreased by 81, 58, and 31
Å2, respectively. In our model, Asn185 forms hydrogen
bonds with the 3′-hydroxy group of the cofactor and the
carboxylic group of the bound substrate, thus, as previously
proposed (21), stabilizing the keto(imino)quinonoid inter-

mediate. Tyr71 is in a favorable position for proton donation
to Cγ of the substrate. In the open conformation its side-
chain hydroxyl is interconnected by a net of hydrogen bonds
with the side chains of several other residues, including the
Lys257, which was proposed to be involved in proton
abstraction from the CR position of the substrate (20). This
system, involving Lys257-Tyr71, could play the role of one
of the two catalytic bases (54).

We propose that the closure of the active site observed
here is critical for the catalysis as it brings Arg381/Phe448
(small rigid region) and other active site residues into the
position suitable for interactions with reaction intermediates
and protects them from solvent, thus making theâ-elimina-
tion of L-Tyr possible and more efficient. To elucidate the
exact structural events that occur during the catalysis, further
structural studies of TPL complexes with reaction intermedi-
ates are needed.
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