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Abstract. Tyrosine phenol-lyase (TPL) is a pyridoxal-5′-phosphate (PLP) dependent enzyme which catalyzes β-elimination of L-tyrosine. In the holoenzyme the protonated pyridinium N1 atom of the PLP cofactor is hydrogen-bonded to the side chain of Asp214. Here we report the X-ray structure of C. freundii
D214A TPL determined at 1.9 Å resolution. Comparison with the structure of the wild-type TPL shows
that the D214A replacement induced significant conformational reorganization in the active site leading to
its partial closure. Significantly, in D214A TPL the strain in the internal aldimine is completely released
and the pyridine N1 atom of PLP is deprotonated. These observations explain the considerably reduced
activity of the D214A TPL towards its substrates [T. V. Demidkina et al., Biochim. Biophys. Acta, Proteins Proteomics 1764 (2006) 1268–1276]. The reported structure reveals that Asp214 is critical for maintaining the strain in the internal aldimine. We argue that this strain is used by the enzyme to accelerate the
transaldimination reaction, the first step in the enzymatic catalysis.(doi: 10.5562/cca1915)
Keywords: tyrosine phenol-lyase, chemical strain, internal aldimine, pyridoxal 5′-phosphate, X-ray structure

INTRODUCTION
Pyridoxal-5′-phosphate (PLP)-dependent enzymes are
mainly involved in the metabolism of amino acids and
biogenic amines. Most of them make the internal
aldimine (Schiff base) by covalently binding a cofactor
(PLP) molecule to the ε-amino group of a lysine residue
in the active site (Figure 1).1 Mechanisms of almost all
reactions catalyzed by the PLP-dependent enzymes have
several common features. The first step of the reaction
with an amino acid substrate is transaldimination, i.e.
conversion from the internal to external aldimine. It was
shown that strain in the internal aldimine, caused by the
torsion between the PLP pyridine ring and the imine
C4′=Nζ bond (Figure 2), plays a considerable role in the
transaldimination reaction catalyzed by aspartate aminotransferase.2,3 Similar strain in the internal aldimine
was also found in a number of structures of other PLPdependent enzymes.2 Moreover, it was demonstrated
that exposure to relatively high doses of X-ray radiation
relieves the strain in the internal aldimine and even
†

Figure 1. Key intermediates common to almost all PLPdependent enzymes.

induces breakage of the C4′=Nζ bond in phosphoserine
aminotransferase.4
Heterolytic cleavage of a single bond at the Cα
atom of a substrate (Figure 1) is the next step after
transaldimination.5 In most cases, the role of PLP is
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EXPERIMENTAL
Crystallization

Figure 2. Internal aldimine in the relaxed (A) and the strained
(B) state. Definition of the atom names is given for the relaxed
structure.

stabilization of the formed carbanionic quinonoid intermediate by delocalization of its negative charge through
extensive conjugation of the π-electrons in the aldimine
bond, pyridine ring and phenolate group (deprotonated
O3′ atom) of PLP.6 The protonated form of the pyridine
N1 atom is stabilized by the nearby negatively charged
(Asp, Glu) or neutral side chains (Ser, Thr) in a saltbridge and/or hydrogen-bond interaction. In PLPdependent enzymes for which destabilization of the
quinonoid intermediate actually enhances the enzymatic
reaction, a positively charged residue (e.g. Arg in alanine racemase)7 is found in an interaction with the
deprotonated N1 atom.
Tyrosine phenol-lyase (TPL; EC 4.1.99.2) is a PLPdependent enzyme that catalyzes the reversible hydrolytic
cleavage (β-elimination) of L-tyrosine. It is a
homotetrameric protein with the active sites situated at the
interface of two subunits that form the catalytic dimer.8−10
Previous kinetic studies of Citrobacter freundii TPL mutant enzymes indicated that Asp214 stabilizes PLP in the
form with a protonated pyridine nitrogen atom (N1); the
data also indicated that Asp214 stabilizes the orientation
of the cofactor that is favorable for the enzymatic reaction.11 More specifically, D214A and D214N were shown
to be inactive for the β-elimination of L-tyrosine and 3fluoro-L-tyrosine, but they decomposed substrates with
better leaving groups at reduced rates (10- to 100-fold
lower). In addition, TPL affinity towards the cofactor PLP
was reduced in the mutant enzymes by about four orders
of magnitude. In order to rationalize these results, we have
determined the structure of C. freundii D214A TPL. This
structure, presented here, reveals substantial structural
reorganization in the active site. In particular, hydrogen
bonding interaction between the residue 214 and the N1
atom of the PLP pyridine ring, observed in the wild type
protein, is disrupted in the mutant enzyme. Notably, the
resulting rotation of the pyridine ring relieves a strain in
the conformation of the internal aldimine, explaining the
reduced activity of the mutant TPL.

Croat. Chem. Acta 85 (2012) 283.

C. freundii D214A TPL was produced in Escherichia
coli SVS370 cells transformed with the plasmid
pTZTPLD214A and purified as described before.11
Crystals were obtained in crystallization conditions
previously established for the wild-type enzyme.12,13
Before crystallization, the protein was dialyzed against
the solution that contained 0.5 mmol dm–3 PLP and
2 mmol dm–3 dithiothreitol (DTT) in 50 mmol dm–3
triethanolamine (TEA) buffer, pH 8.0. The protein solution was concentrated to 18–20 mg cm–3 using a 30K
ultrafiltration membrane concentrator (Filtron). Crystals
were grown at 293 K by the hanging drop vapor diffusion technique by mixing 2 μL of the protein solution
with an equal volume of the reservoir solution containing 50 mmol dm–3 TEA buffer (pH 8.0), 0.4–0.8 mol
dm–3 KCl, 0.35–0.38 g cm–3 poly(ethylene glycol) 5 000
monomethyl ether (PEG 5 000 MME), 5 mmol dm–3
PLP and 2 mmol dm–3 DTT.
Structure Determination and Refinement
Crystals of D214A TPL were flash-cooled by dipping
into liquid nitrogen directly from the crystallization
drops, without adding any cryoprotectant. X-ray diffraction data were collected at 100 K, at the BM30A
beamline, ESRF (Grenoble), using a wavelength of
0.980 Å and a MAR 165 CCD detector (MarResearch).
Data collection and refinement statistics are given in
Table 1. The data were processed using DENZO and
SCALEPACK.14 Since the unit-cell parameters for
D214A TPL crystal were only slightly different than for
the native TPL holoenzyme,13 it was possible to refine
the D214A TPL structure in REFMAC15 using the wildtype TPL holoenzyme structure (PDB ID: 2EZ1), modified by omitting PLP and solvent atoms, as a starting
model. During the refinement, the small (residues 19–
44, 346–404, 434–456) and the large domain (residues
2–13, 45–345, 405–422) of each subunit were used as
separate TLS16 groups. Structural model was built using
COOT17 and water molecules were added by
ARP/wARP.18 Other crystallographic calculations were
carried out by programs incorporated in the CCP4 software suite.19 The final model consists of two
crystallographically independent protein subunits forming the catalytic dimer, two K+ cations, two covalently
bound PLP molecules, 8 PEG fragments, and 748 solvent molecules. All residues, except for the first Nterminal residue of both crystallographically independent protein subunits (Met1), were located in the electron
density map. The side chains of residues Met66(A),
Ile93(A),
Thr124(A),
Arg198(A),
Lys210(A),
Arg381(A), Asp433(A), Lys41(B), Met66(B), Ile93(B),
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Table 1. Crystallographic Data
Data Collection and Processing
beamline
wavelength / Å
temperature / K
crystal system
space group

BM30A, ESRF
0.980
100
orthorhombic
P21212

unit-cell parameters
a/Å
b/Å
c/Å
resolution range(a) / Å
unique reflections
Rmerge / %
average I / σ(I)
data redundancy
completeness / %
Wilson B-factor / Å2

132.6
142.7
59.4
25.0–1.91 (1.97–1.91)
87 110 (8 589)
6.9 (49.9)
15.1 (3.1)
4.5 (4.2)
99.8 (99.4)
24.4

Refinement and Model Correlation
no. of atoms
reflections used in refinement
Rcryst / %
Rfree / %
reflections used for Rfree

8 123
85 457 (7 022)
15.6 (20.5)
17.7 (25.7)
1 283 (100)

average B-factor / Å2
polypeptide chain A / B
32.7/32.5
ligand
29.0
solvent
31.2
overall
32.7
deviations from ideal geometry(b)
bond lengths / Å
0.015 (0.022)
bond angles / °
1.4 (2.0)
estimated coordinate error(c) / Å 0.11
Ramachandran plot(d)
favored / %
98.4
outliers / %
0.0
(a)
Values in parentheses are for the outer resolution shell.
(b)
Target values are given in parentheses.
(c)
The diffraction-component precision index (DPI) based on
Rfree.28
(d)
Analyzed by MolProbity.22

Asn151(B), Arg201(B), Lys210(B), Val283(B),
Lys330(B), Ser365(B), and His430(B) were modeled in
two conformations with an occupancy of 0.5. Similarly
as in other TPL structures,12,20 eight patches of electron
density at the protein surface were interpreted as fragments of PEG MME used for crystallization.21 The
model was validated by MolProbity.22 Figures were
made in PyMOL.23
RESULTS AND DISCUSSION
Structural Model of D214A TPL
The crystal structure of the D214A mutant TPL was
determined at 1.9 Å resolution. The conformations of
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the two crystallographically independent subunits (constituting the catalytic dimer) are very similar, with a root
mean square deviation (RMSD) of 0.30 Å between their
Cα atoms. The largest difference of 1.06 Å is for the Cα
atoms of Asn390 which is situated in a flexible loop.
Differences between the structure of the D214A TPL
and the wild-type TPL13 are more pronounced with the
Cα atom RMSD of 0.44 Å. The largest difference is in
the conformation of the small domain (residues 19–44,
346–404, and 434–456; RMSD of 0.77 Å for subunit A,
and 0.44 Å for subunit B) and a part of the large domain
comprising residues 108–211 (RMSD of 0.60 Å and
0.49 Å for subunits A and B, respectively). RMSDs for
other parts of the polypeptide chain are only 0.25 Å and
0.21 Å for subunits A and B, respectively. There are no
significant differences in conformation of the two
crystallographically independent active sites of the
D214A TPL.
Structural Changes Caused by Asp214 to Ala
Substitution
Replacement of Asp214 by Ala prevents the N1 atom of
the PLP’s pyridine ring from forming a hydrogenbond/salt-bridge interaction with the side chain of residue 214. This, in turn, changes the geometry of the
active site (Figure 3) with the pyridine ring being rotated around the C4–C4′ bond and moved towards Glu103
by ≈0.8 Å. This is accompanied by a conformational
change in the side chain of Lys257 and formation of the
more relaxed internal aldimine geometry which is additionally stabilized by the intramolecular hydrogen bond
between the protonated Lys257 Nζ and deprotonated
PLP O3′ atom. Significantly, in the D214A TPL the
torsion angle C3–C4–C4′–Nζ of the internal aldimine is
reduced to 4.2° (subunit A) or 1.3° (subunit B), in comparison with ≈21° angle found in the structure of the
wild-type holoenzyme.13
The most prominent changes in the active site of
the D214A TPL are in the conformations of the side
chains of Glu103 (χ2 is changed by ≈120°) and Asn185
(χ1 is changed by ≈111°). The side chain of Phe123 is
stacked with the pyridine ring of PLP at an angle of 4°
and 7° in the A and B active sites, respectively, which
is a somewhat smaller angle than in the wild-type
holoenzyme (12°). Helix α4′ (residues 124–132), including the active site residues Thr124, Thr125, and
Thr126, is moved by ≈1.2 Å away from the active site
cleft (Figure 4). As a result of this movement, side
chains of the three consecutive threonine residues are
positioned 1.1–1.5 Å farther away from the PLP molecule. Despite these changes, due to the conformational
adjustments of the small domain and residues 108–211
from the large domain, the active site cleft as a whole
is slightly more closed than in the wild-type
holoenzyme.
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Figure 3. Comparison of the active sites of D214A (green) and wild-type (orange) TPL (a stereo view). Hydrogen bonds in
D214A TPL are shown as dashed lines. Solvent molecules Wat2 and Wat3 are only found in the structure of D214A TPL.

New hydrogen bonds, not observed in the structure of the wild-type holoenzyme, are formed between
the PLP O3′ atom and the side chains of Asn185 and
Thr216, as well as between the PLP N1 atom and the
nearby solvent molecule, denoted as Wat2 in Figure 3,
that is also hydrogen-bonded to the side chains of
Glu103 and Thr126. Additionally, a solvent molecule
Wat3 makes a hydrogen bond with the phosphate of
PLP. Both Wat2 and Wat3 molecules were not observed
in the structure of the wild-type holoenzyme. The hydrogen bond between PLP O3′ atom and the side chain

Figure 4. The active-site cleft is slightly more closed in the
D214A TPL (green) than in the wild-type TPL (orange). Both
structures are shown as Cα-traces.
Croat. Chem. Acta 85 (2012) 283.

of Arg217, observed in the wild-type enzyme, is not
present in the structure of D214A TPL.
Functional Implications of the Structural Changes
Induced by Asp214 to Ala Substitution
The loss of the catalytic activity in D214A TPL with Ltyrosine and 3-fluoro-L-tyrosine, as well as considerably
reduced activity of this mutant protein with substrates
containing good leaving groups,11 can be, at least partially, explained by the more relaxed geometry of the
internal aldimine. Indeed, the internal aldimine is more
stable in the more relaxed state of the D214A active site
than in the strained state observed in the wild-type
holoenzyme.13 The observed stabilization of the groundstate in D214A TPL would decrease the rate of the external aldimine formation.
Spectroscopic observations indicated that the
pyridine N1 atom of PLP is deprotonated.11 The deprotonated state is consistent with the network of hydrogen bonding interactions observed in the structure of
D214A TPL. The deprotonation at N1 position contributes to the reduced catalytic activity of the mutant
enzyme. Namely, the protonated N1 atom of the pyridine ring should additionally stabilize a negative
charge generated upon Cα deprotonation and formation of the quinonoid intermediate. Stabilization of
the quinonoid intermediate by the protonated (and
positively charged) N1 atom of PLP is achieved
through the extended system of conjugated π-electrons
(Figure 1). If the N1 atom is deprotonated, the
quinonoid intermediate cannot be stabilized by the
described mechanism. In this case the Cα–H acidity of
the external aldimine, as well as the rate of the
quinonoid formation, would decrease.
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Similar structural and functional differences between the wild-type and the mutant enzyme were also
observed for the structurally related E. coli aspartate
aminotransferase,24,25 in which Asp222 corresponds to
the Asp214 in C. freundii TPL. The structure of
D222A aspartate aminotransferase (PDB entry 1ASB)
clearly demonstrates formation of a hydrogen bond
between the deprotonated N1 atom of PLP and a nearby solvent molecule, as well as release of strain in the
internal aldimine. The same is also noticed for the
E177S D-amino acid aminotransferase from Geobacillus stearothermophilus (PDB entry 1G2W).26 Namely, in the structure of its wild type, the internal
aldimine is found in the strained state with a hydrogenbond/salt-bridge interaction between the protonated N1
atom of PLP and the carboxylate of Glu177.27 It appears that residues which directly interact with the N1
atom of the cofactor have dual functional roles: apart
from ensuring the productive protonation of N1, they
also stabilize the distorted state of the internal
aldimine. It is possible that this is a general feature for
all PLP-dependent enzymes.
Considerable changes in the active-site conformation are another factor which contributes to the inactivity of D214A TPL towards L-tyrosine and 3-fluoroL-tyrosine. Despite the slightly more closed active-site
cleft in D214A TPL compared to the wild type protein,
our analysis shows that there is still enough space for
the L-tyrosine molecule to enter the active site and to
form a Michaelis complex as well as subsequent reaction intermediates. We showed previously that the
active-site closure is crucial for the β-elimination of Ltyrosine and its derivatives.12 The closure induces strain
in the quinonoid intermediate and thus facilitates elimination of the formally non-activated phenolic moieties.20 Additionally, the closure brings catalytically
important residues Arg381 and Thr124 into positions
suitable for interaction with the substrate. Thr124 in the
structure of D214A TPL is moved by 1.0 Å further
from PLP. In this conformation the side chain of
Thr124 would be too far from the phenolic group of the
substrate and thus unable to form a hydrogen bond with
its hydroxyl upon closure of the active site. Moreover,
the distorted geometry of the active site in D214A TPL
could disfavor the active-site closure. On the contrary,
this closure is not crucial for the β-elimination of amino
acids with good leaving groups, such as S-(onitrophenyl)-L-cysteine, so their β-elimination reaction
is less affected by the conformational reorganization
observed in D214A TPL.
Due to the conformational changes in the active
site of D214A TPL, there are fewer protein–PLP interactions than in the wild-type holoenzyme. This accounts
for the observed difference in Gibbs energies of PLPbinding to D214A TPL and the wild-type apoenzyme
(ΔΔrG = 17 kJ mol–1).11

CONCLUSIONS
Structural data reported here demonstrate that replacement of the Asp214 by Ala in C. freundii TPL induces
significant conformational reorganization of the active
site. It is evident that Asp214 is not only responsible for
the increase in the pKa value of the pyridinium nitrogen
atom of PLP, but it also has a role in maintaining the
strain in the internal aldimine. We argue that the strain
is important for accelerating the transaldimination reaction. Asp214 is conserved in many other PLP-dependent
enzymes, with structural observations on two other
enzymes demonstrating that, like in TPL, this residue
stabilizes the distorted state of the internal aldimine. It is
possible that this is a general catalytic feature of all
PLP-dependent enzymes.
Supplementary Material. – Atomic coordinates and structure
factors were deposited with the Protein Data Bank
(http://www.pdb.org) as a PDB entry 2YHK.
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