BABES-BOLYAI UNIVERSITY, CLUJ-NAPOCA - g

\ : AR 2

BUDAPEST UNIVERSITY OF TECHNOLOGY AND ECONOMICS 2% &“-" Al Q;u____-:' {
E . 577 ASN195 1@ =S
- — (/i{“igw

/’ 3 P
L.\ "ol
Ph. D. Thesis Abstract N = /. CYS1510
TYRS3

Seff Amalia-Laura

ANALYSIS OF ENZYME-CATALYZED REACTIONS BY
COMPUTATION

Scientific Advisers:

Prof. Dr. loan Silaghi-Dumitrescu
Prof. Dr. Léaszl6 Poppe

Acad. Prof. Dr. Ionel Haiduc

+

Jury

President
Conf. Dr. Cornelia Majdik

Reviewers:

Prof. Dr. Paul Mezey, Memorial University of Newfoundland. Canada

CRI1 (CNRS) Dr. Dragos Horvath, University of Louis Pasteur Strasbourg, France
Conf. Dr. Radu Silaghi-Dumitrescu, Babes-Bolyai University, Cluj-Napoca

Public Defense:
July, 9™ 2010
Cluj-Napoca



Table of Contents

ADDTEVIALIONS ...ttt ettt h ettt bbbt bt et e bt b e eb e bttt b bbbt et e b e b b 3
LS A 0] & USSP 3
INEEOAUCTION ...ttt b ettt b et b e bt ettt b e sb e e bt et e e et et sbe e 4
L. LIEETALUIE dALA .....eeiiiiieieeie ettt ettt ettt ettt e b e s bt e st e e bt e et e et e ea e e bt e beentesaeesbe e beenbeenteenteenaens 5
L1, AMIMNONIA-TYASES ..eeuviieiiiieiieeiieeieeetee et e ettt ettt etteeteeeetee s teeseteessseessseensseensseensaeansaesnseesnseensseensseenseeans 5
1.1.1 AMMONIA-1YASE STUCUIES ...c.uvieieiieiiiieiieeeiieeetieeteesteesteeseteestaeesseeesseeeseessseessseessseessseesssesssessssees 5

1.1.2 Mechanism of PAL, HAL and TAL I€aCtiONS ..........cocovuviiieeiiiiieeeeeeeeiieeeeeeeeeeveeeeeeeeeeiveeeeeeeenns 7
ORIGINAL CONTRIBUTIONS ...ttt sttt et ettt e b e sb e ebe et et et et e b e 9
2. Models and METROAS ........coeiiiiiiiie ettt ettt st ettt ee e 9
2.1. HOMOIOZY MOACLINEG ....eouvieiieiieiie ettt ettt ettt et ettt s e et e st et et enteensesnaesneenseenseensas 9
2.2. Conformational analysis within the rigid eNZYMe ...........cccevviirierierieiee e 9

2.2.1 Conformational analysis within the 1W27,,,, partially modified rigid parsley PAL structure ...9
2.2.2 2" Type of conformational analysis for the covalently bound MIO-substrate intermediates
within the partial IGKM, o0 STTUCTUTE ....c.vvieiiieiie ettt ettt be e aeeaaeesaeeeeeenes 10

2.3. Geometry optimization of the covalent intermediates, L-histidine and (£)-urocanate within the

ACHIVE STEE OF HAL...cniiiiiiiiiiee ettt sttt et et et sbe e b e et eaneeae 12
2.3.1 Geometry optimization after the 2™ type of conformational analysis................ccco.eververrerennne.. 12

2.4. DFT calculations on ligands involved in HAL reactions ...........ccccoceeeeierieneninenieneneeieicneneennens 13

3. Results and diSCUSSION .....couevuiruiriiiiiiiienericeit ettt sttt et st st enes 15
3.1. The active ammONia-1yase STIUCTUIES. .......c.eecverierrreriierteeteeteeeeesteeseeeseeseeneesseesseenseenseenseensesseensesnns 15
3.1.1 Modeling the active conformation of PAL..........cccceiiiiiiiiiiiiieiiiecieecteeeeeie e 15
3.1.2 Modeling the active conformation of the HAL Structures............cccueeeveenieenieeneeniienieeseeene 17

3.2. Computational investigation of the histidine ammonia-lyase: a modified loop conformation and the
TO1E OF ZN (I1) 10N .ttt ee et e st e e stte e taeetaeeteeentaesateesnseesssesnsaesnseesnseesnsennns 19
3.2.1 Construction of a closed 1GKM HAL active site environment for calculations....................... 19

3.2.2 Comparison of the conformation of the covalent reaction intermediates of the HAL reaction

with the arrangements of the substrate and product ............ccoocerierieiiriinereeee e 20
3.2.3 The role of Zn(I1) in the HAL T€ACHION ......cccuviiiiiieiieeiiecieecieeeie et 25
CONCIUSIONS ...ttt ettt ettt s h e bt ettt s bt s bt eat et ettt bt e bt ebt et et et e s bt ebe et eneeae e 29
LSt OF PUDIICATIONS ...ttt ettt ettt ea e sttt ettt et est e eb e sb e e bt e bt esteeneesbeebeenteeneeenes 31
SEIECEA TEIETEICES. ..euteeutiiititieteete ettt ettt ettt sbt e bt e bt et ebt e sbeesbeesbe e beeabeseaesbeenbeenteens 33



Abbreviations

1B8F 104
1GKM, 04

1W27 0a
B3LYP

CS
DFT
E.cB
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PDB
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TAM
QM
QM/QM

Partially modified structure of the histidine ammonia-lyase (1B8F)

Partially modified structure of the L-cysteine inhibited histidine ammonia-lyase
(1GKM)

Partially modified structure of the phenylalanine ammonia-lyase (1W27)

Becke’s three parameter hybrid functional combined with the Lee-Yang-Parr
correlation functional

Systematic conformational search

Density functional theory

ammonia elimination mechanism by Michael addition

Enzyme Commission number system

Friedel-Crafts type mechanism

histidine ammonia-lyase

3,5-dihidro-5-metilidén-4H-imidazol-4-on group

Molecular mechanics

Covalent intermediate of the HAL reaction bound to MIO via the amino group of
L-histidine

phenylalanine ammonia-lyase

Brookhaven Protein Data Bank
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tyrosine ammonia-lyase

Tyrosine-2,3-aminomutase

Quantum mechanics method

hybrid quantum mechanical methods
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Introduction

Investigation of the mechanisms of enzyme-catalyzed reactions by computational modeling has
advanced significantly in the last years. Computer modeling methods can investigate some
important questions about enzyme mechanism and catalysis that cannot be easily studied by
experiment.

The PAL, HAL and TAL enzymes catalyze the elimination of ammonia from L-
phenylalanine, L-histidine and from L-tyrosine when (E)-cinnamic, (F)-urocanic and (E)-
coumaric acids are formed. These ammonia-lyases require the presence of the MIO electrophilic
prosthetic group. The crystal structures found for PAL and HAL have the mechanistically
significant Tyr loop region out/missing (PAL, PDB code: 1W27/1T6P) or as a partially opened
(HAL) conformation in which the mechanism of the reaction could not be investigated by
computation.

It was observed that a number of different metal ions, like Cd2+, Mn?* or Zn2+, can increase
the activity of the HAL enzyme. This experimental information was the reason why during this
research we analyzed the active center of the partially modified crystal structure of HAL in
presence of a Zn”" ion.

During this Ph.D. research, we wanted to verify the following aspects included in the
analysis of the mechanism of reactions catalyzed by ammonia-lyases using different
computational tools:

- the first step was to construct in silico partially modified PAL and HAL structures starting from
related known crystal structures where the active centers are totally closed and compact;

- a systematic conformational analysis of the covalently bound substrate to the MIO group in the
active centers of the partially modified crystal structures was another part of this research;

- determination of the possible geometrical orientation of substrates and products within the
closed active center of PAL/HAL using geometry optimization and ligand docking;

- calculation of the Th/Tbp complexation mode of Zn>" in the presence of the substrate L-
histidine within the closed conformation of the active site of HAL;

- determination of the acidity of pro-(S) B-hydrogen from L-histidine, L-4nitro-histidine and from
Zn*" complex through calculations at density functional theory (DFT) level. Here the zinc ion
could affect the acidity of the pro-(S) B-hydrogen, allowing it to be abstracted by a base more

easily.



1. Literature data
1.1. Ammonia-lyases

1.1.1 Ammonia-lyase structures

Because PAL, HAL and TAL catalyze almost the same reaction (in which elimination of
ammonia happens from amino acids with aromatic rings forming o, — unsaturated acids), these
enzymes are similar in their structures. The similarity between the crystal structures is shown in
Figure 1A, B, C and D, and Figure 2A, B and C).

HAL, PAL and TAL contain 4 active sites in the own homotetramer. Every monomer from
the enzyme structure has an inner and an outer loop in the important Tyr region. Each inner loop
from the monomers is in the same region with the outer loop from the next monomer which has
the opposite direction.

The published' crystal structure of tyrosine ammonia-lyase — (wild type Rhodobacter
sphaeroides, PDB code: 207B, Figure 1D) — has a more closed and compact conformation of the
interested loop region (Figure 1H), as in case of the crystal structure found for bacterial HAL
enzyme (Pseudomonas putida, PDB code: 1B8F, Figure 1A)*, where the inner loop from the
active center (Figure 1E) is not fully closed and we cannot identify an outer loop part. In case of
parsley PAL X-ray structure® (Petroselinum crispum, PDB code: 1W27, Figure 3C), the
conformation of the significant Y110 loop region from the active site (Figure 1G, 2A) is opened
and inactive, in comparison with the X-ray structure® of yeast PAL (Rhodosporidium toruloides,
PDB code: 1T6P, Figure 1B), where the catalytically essential Y110 loop region (from Q104 to
T122 sequence in the inner part and H345 to R359 in the outer loop) is missing (Figure 1F).

The bacterial PpPHAL (PDB code: 1GKM) structure’ reveals a partially opened, solvent
accessible active site (Figure 2B). All the six crystal structures determined for HAL so far
contain the catalytically essential Tyr53 in a partially open loop conformation. This may be the
reason why these structures could not retain substrate or product related ligands. Only the 1GKM
crystal structure of HAL (inhibited with L-cysteine) was determined in the presence of an
inhibitor in the active center.

The nonoxidative elimination of ammonia from the substrates, catalyzed by HAL, PAL and
TAL requires the presence of 3,5-dihydro-5-methylidene-4H-imidazol-4-one (MIO)*’

electrophilic prosthetic group.
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Figure 1. Ribbon representation of PpHAL (PDB code 1B8F) homotetramer (A), RtfPAL (PDB code 1T6P) homotetramer (B), PcPAL (PDB code

1W27) homotetramer (C) and RsTAL (PDB code 207B) homotetramer (D) showing subunits A (yellow), B (violet), C (green) and D (red); Ribbon

plot around the important Tyr amino acids (stick model) in (E) PpPHAL (PDB code 1B8F), (F) RfPAL (PDB code 1T6P), (G) PcPAL (PDB code
1W27) and (H) RsTAL (PDB code 207B) crystal structures including a part of D (red) and C (green) chains.



Figure 2. Comparison of the substrate entrance channel towards MIO group (red) in several
ammonia-lyase structures. Representation of molecular surface of (A) PcPAL (PDB code
1W27), (B) PPHAL (PDB code 1GKM) and (C) AvPAL (PDB code 3CZO) crystal structures.
The analogous Tyr110 (A) and Tyr53 (B) residues are seen as stick models in the partially
opened ammonia-lyase structures.

The recently published ammonia-lyase crystal structure (PDB code: 3CZ0),* determined
for Anabaena variabilis PAL (AvPAL), contains the most compact active center in which the
essential Tyr78 and the MIO prosthetic group are deeply buried and not solvent accessible
(Figure 2C).

1.1.2 Mechanism of PAL, HAL and TAL reactions

The MIO group similarity suggests that the HAL (EC 4.3.1.3), PAL (EC 4.3.1.24) and TAL (EC
4.1.3.23) behave similarly during the reaction of ammonia-lyases. HAL, PAL and TAL should
remove the non-acidic pro-(S) B-proton from their substrates, without extracting the more acidic
protons from the ammonium moiety of the corresponding L-amino acid. On the basis of the
biochemical data two significantly different mechanisms were proposed for the reaction (Scheme
1) of these ammonia-lyases.

According to Hanson and Havir,” the Michael addition (Scheme 1, colored in red) of the
amino group from the substrate to the MIO electrophilic prosthetic group of the enzyme takes
place.

Typical for this mechanism is the formation of a covalent E-S intermediate (i.e. an N-MIO
intermediate, Scheme 1), where the amino group of the substrate is covalently bounded to the
methylene part of the MIO prosthetic electrophilic group which facilitates the reaction owing to

the formation of a better leaving group.g’10
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Scheme 1. MIO-containing ammonia-lyase catalyzed reactions. [The nitrogens in the imidazole
ring of L-histidine and (£)-urocanate are denoted according to [IUPAC with pros (“near”, ) and
tele (“far”, 1)]

Due to the difficulty entailed by this possible mechanism to abstract the non-acidic pro-(.S)
B-proton by the enzymic base in the course of ammonia elimination, an alternative mechanism
involving a Friedel-Crafts (FC) type attack at the aromatic ring of the substrates by the
electrophilic prosthetic group has been suggested by Rétey.'' This implies a o-complex

intermediate (Scheme 1, colored in blue) between the aromatic ring and MIO.



ORIGINAL CONTRIBUTIONS
2. Models and methods

2.1. Homology modeling

The homology modeling method was used by us because we needed the closed form
(catalytically active form) of the important Y-containing inner loop region of ammonia-lyase
structures and the X-ray structures (PAL 1W27,> HAL 1BSF,” 1GKM?) of PAL and HAL were
determined with an opened or partially opened active site (with a non-active conformation of the
inner loop). The 1W27 determined for PAL, 1B8F and 1GKM crystal structures determined for
HAL weren’t able for computational investigation within the active site. Our aim was to modify
only just a small amino acid sequence at the inner loop region which is in opened/partially
opened form. For homology modeling, the Swiss-Model automated homology modeling

12,13,14,15,16,17

service was used. We took into account the amino acid sequence identity between

the interested crystal structure and the template.

2.2. Conformational analysis within the rigid enzyme

2.2.1 Conformational analysis within the 1W27,,,q partially modified rigid parsley
PAL structure

The initial ligand structure for systematic conformational search (CS) was built up from the 2-
aminoindan-2-phosphonic acid inhibitor (PI) bound to MIO via its N-atom (from structure
207E).

In the 1W27,,,s PAL structure the PI ligand was introduced and for our study a 15 A sphere
around the MIO prosthetic group was cut off from the active site model. Next, by using
HyperChem'® standard procedure hydrogen atoms were added to the amino acid residues of this
raw active site model. In this way the C- and N-termini at cutting were completed to neutral
aldehyde and amino moieties. The MIO group was manually corrected.'® During CS on the
covalently bound phenylalanine and the heterocyclic ring of the MIO in rigid enzymatic
environment (no water), 3 torsion angles of the ligand were varied for the N-MIO model. The

conformational searches were performed by using the CS module'® implemented in HyperChem



using default settings (MM+ forcefield; gradient: 0.1 kcal/mol; Polak-Ribiere method; limits:
300 iterations, 150 optimizations, 15 conformations; test options: "skip if atoms are closer than

0.3 A").

L-PHE

ARG354

Figure 3. The conformational analysis results for the N-MIO intermediate of the natural
substrate in PAL model. Tube model shows the best energy conformation of the N-MIO
intermediate and the other conformations are depicted as wireframe model.

For each covalent intermediate model, the best ligand energy conformation was selected
(Figure 3) which was also in correspondence with the overall arrangement (aromatic moiety
points towards Leul38 and carboxylate is in the close vicinity of Arg354) found in the
experimental inhibited structures of TAL. The initial N-MIO active site model was built by
replacing the PI-MIO part of the raw PcPAL(1W27)/PI active site construct with the ligand

arrangements resulted from the CS's.

2.2.2 2" Type of conformational analysis for the covalently bound MI1O-substrate
intermediates within the partial LGKM;,,q Structure

Two separate CSs were performed for each covalently bound reaction intermediate [N-MIO,
(8,5)-FC and (R,S)-FC models] bearing a proton on either the 7 or the t nitrogen of the imidazole
ring (Nzz and Ny series of conformers). The six CS calculations involving the ligand and MIO
[28 atoms in the N-MIO model and 29 atoms in the (S,S)-FC / (R,S)-FC) models] were performed
in a rigid enzymic environment without water molecules. For the N—-MIO model, three torsions
[along the axes of Covio-c5~Comro-chz), Covro-cr2y~Nisr), Newisy—CnisL-co], and for the (S,5)-FC

and (R,S)-FC models four torsions [along the axes of C(MlO_CS)_C(Mlo_CHZ), C(Mlo-cﬁz)—C(HisL-c4),

10



CnisL-c5)~Caist-cpy and CeuisL-cpy—CnisL-co)] Were varied during the CSs. The CSs were performed
by the HyperChem implemented CS module' using the default settings (MM+ forcefield;
gradient: 0.1 kcal/mol; Polak-Ribiere method; limits: 300 iterations, 150 optimizations, 15
conformations; test options: "skip if atoms are closer than 0.3 A").

The resulted conformers of the covalent intermediates after systematic conformational

search are presented in the Figure 4.

N-MIO N=n N-MIO Nt

(S,S)-FC Nn (S,S)-FC Nt
Figure 4. Results obtained after 2nd Systematic Conformational Search (CS) of the N-MIO,
(S,R)-FC and (S§,5)-FC covalent intermediates.
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2.3. Geometry optimization of the covalent intermediates, L-histidine and (E)-
urocanate within the active site of HAL

2.3.1 Geometry optimization after the 2" type of conformational analysis

L-Histidine and (E)-urocanate structures were built, by proper rearrangement of bonds, from
those conformers of the covalent intermediates which had straight main-chain conformation
[N—MIO series (N: cl-c3, c5, c8, ¢9, cl1; Nyg: cl-c4, c6, c9, c10) Scheme 2; (R,S)-FC series
(Nm: €2, ¢4, c5, ¢7-¢9; Ny: ¢2) and (S,5)-FC series (Nug: c1-¢2; Nyy: ¢2) Scheme 2].

______ . M )r
N-MIO ;r,,?,
EIE'
IO
_‘["’.‘-'JMH‘-?
N)jf %MID j‘”’
NN~
— product HEN/_‘T;""‘I}/
_____ = Mo
FC e mmmems - 0 ,JI H
;;E)-T/N‘:‘;
ooy’ r.uo /,r g
-._;
\{_?:_ﬁ/ a MID ;‘,"'*
\«*NH 0ng Osn" No
— product J—N%‘?/ f
8° MH, = -
Bt \_,,,NH

Scheme 2. Construction of the L- h1st1d1ne (colored in green) and (E)-urocanate (colored in blue)
containing active site models from the FC intermediate model of HAL.

In all substrate, intermediate and product structures, the ligand together with MIO
(substrate, intermediate) or NH,—MIO (product) and the His83, Tyr280, Tyr53, Asn195, GIn277,
Glu414, Arg283 and Phe329 (a total of 116 atoms) were optimized in a 15 A spherical part (2221
atoms) of the 1GKM,,o4 structure, while keeping the residual part rigid. The optimizations were
performed by the HyperChem'® implemented MM+ forcefield with the default settings (gradient:
0.1 kcal/mol; Polak-Ribiere method).

12



For the docking of different ligands within 1W27,,; PAL active site we used the
Arguslab' software.

In case of 1GKM,,,; for docking zwitterionic L-histidine, Tyr53 and Tyr280 were kept
deprotonated and four torsion angles (along the axes of Cs-Cg, Cg-Cq, Co-N and Cy-Ccoo-) were
varied, whereas for docking (E)-urocanate, protonated forms of Tyr53 and Tyr280 were used.
Gasteiger charges were added to the atoms of the binding interfaces used for docking by

AutoDock software.

2.4. DFT calculations on ligands involved in HAL reactions

DFT calculations were carried out on L-histidine and L-4-nitrohistidine models (both with
protonated amino groups) for conformations corresponding to the HAL bound state, on a
truncated model of the N—MIO-intermediate (by replacing the MIO ring of the calculated
structure with a hydrogen atom at the exocyclic methylene carbon of MIO) and on a partial
active site model including the truncated model of the N-MIO-intermediate in coordination with
a Zn*" ion, which is also coordinated to representative parts of His83 and Met382 and to a water.
The DFT optimizations were performed using the GAUSSIAN 09 (rev. 4.7)*° and GaussView”' as
front-end. Two positively charged L-histidine structures (with —COOH and —NH;') were
constructed from the N—MIO models (from conformations c5 and c4 of the Ny and N,y series of
CSs, respectively). Two positively charged L-nitrohistidine models were built from these two L-
histidine structures by replacing the hydrogen at C4 of the imidazole with a nitro group.

In the Zn>" complex models, the Zn*" ion had four or five ligands: the imidazole of the
N-MIO (Npn) ligand at the N,—atom (i.e. the c4 conformer of the N—-MIO N,y series, with a —
NH,(CH3)" group as a model of the amino moiety bound to MIO, truncated between the MIO
ring and the exocyclic carbon), a 4-methyl-1H-imidazole (coordinated at V,, representing His83),
a dimethyl sulfide (coordinated at its S-atom, representing Met382) and one (in the tetrahedral
case) or two (in the trigonal bipyramidal case) water molecules. Proper constraints were used to
maintain the conformation of the MIO-bound histidine ligand (HisL) as allowed within the HAL
active site. For the Zn>" complex models, several atomic positions were frozen [in Model 1: an
oxygen atom of carboxylic acid moiety of the MIO-bound histidine ligand (the one which was
closer to Arg283), the carbon atom of the methyl group of 4-methylimidazole (truncated His83);

in Model 2: as in Model 1 + a carbon atom of the dimethyl sulfide (representing the C, atom of

13



Met382); in Model 3: as in Model 1 + methylene carbon atom of MIO; and in Model 4: as in
Model 1 + a carbon atom of the dimethyl sulfide (representing the C, atom of Met382) and
methylene carbon atom of MIO].

Full geometry optimizations for the two types of L-histidine, L-4-nitrohistidine and the
tetrahedral or trigonal bipyramidal Zn*" complexes were carried out by the DFT method using
Becke’s three parameter hybrid functional combined with the Lee-Yang-Parr correlation
functional (B3LYP)*** with the 6-31G or 6-31G(d,p) basis sets. After optimizations, vibrational
frequencies were computed at the same level of theory and single point energies were calculated
with a larger basis [6-311+G(d,p) for Zn*", for the two imidazole rings, for the ~S-CHj part of
Met382 and for the water molecule(s); and 6-31G(d) for the other parts of the Zn®" complex

models].
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3. Results and discussion
3.1. The active ammonia-lyase structures

3.1.1 Modeling the active conformation of PAL

Based on HAL structures,” a modified parsley PAL structure was already built, which has a
closer active center than the experimental PAL crystal structure.*** Recently the TAL crystal
structure was resolved,' in which the essential Tyr-containing loop region has a compact

conformation and therefore has a more closed active site.

Loop-modified PAL tetramer
(IW27 100)

% L138

J L1358 P
¢ Mo
#’t q

5% ? Q488 i #i{ Q488
K ’ R
3 . ¥
o S
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eSS Moalo
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“ean - 0n48

1!0

Based on the TAL (PDB code: 207B) structure,' a new loop-modified PAL model was

Figure 5. PAL tetramers and their active site

built by us,” which has the important Tyr110 amino acid incorporated in the active site. The

tetramers of the parsley PAL crystal structure and the PAL model can be seen in Figure 5. A
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more detailed comparison of the two PAL active sites shows the Tyr110 residue in two different
orientations.
Tyr110 in our model points in the direction of MIO, whereas in the crystal structure was far

from the active site (Figure 5).

L U U )
4 150
J12
22 %0
.
}‘:
o
~—y

T S
30 60 90 120 150 1

A B (o8 Modified 1W27 PAL
Parsley PAL Modified IW27 PAL based on 207B TAL
PDB code: 1W27 based on 1BSF HAL (1W27 104)

Figure 6. Presentation of experimental (1W27; blue), modified P. crispum PAL structures based
on 1B8F HAL (pink) and on 207B TAL (red). The Ramachandran plot of the monomers are
shown in every structure.

The partially modified parsley PAL structure (1W27,,,4, Figure 6C) has the most closed
loop region and a compact active center.

After the construction of our TAL based model, a new X-ray structure of the Anabaena
variabilis PAL enzyme (PDB code: 3CZ0)* was published, in which the Tyr loop region
essential for the reaction is the most closed and compact one from all of the crystal structures of
ammonia-lyases. Analysis of our TAL-based model showed good match with the 3CZO structure
in the Tyr loop region.

Notably, the Tyr110 in the TAL based 1W27,,; PAL model, C, is in an even better
position than in case of B. This is because the TAL template is more compact in the Tyr loop

region important for the reaction. Ramachandran Plot analysis of the monomers of experimental

16



parsley PAL (1W27), modified PAL based on 1B8F HAL and the 1W27,,,; PAL indicated that
from the 716 amino acid residues of a single subunit of the experimentally 1W27 structure 12
amino acids (six in the Y110 loop region), in the Y110 loop region of the 1B8F HAL-based
modified 1W27 structure eight amino acids (only two in the Y110 loop region), but in the Y110
loop region of 1W27,,,4 structure only four amino acids (neither of them) are outside the likely

Phi/Psi combinations (Figure 6).

3.1.2 Modeling the active conformation of the HAL structures

3.1.2.1 Bacterial 1B8F PpHAL structure with active conformation

Histidine ammonia-lyase (HAL, E.C. 4.3.1.3) is an important enzyme in the degradation of
histidine in various bacteria.’® In the first step of degradation of histidine the o-amino group
elimination is catalyzed by HAL and the product is a-B-unsaturated trans-urocanate. Urocanate
has been known as a sun blocker in human skin.”” HAL absence in humans is known as a disease
histidinemia.”®

The crystal structure of bacterial HAL from Pseudomonas putida (PDB code 1BSF)
determined at 2.1A resolution reveal a partially open, solvent accessible (Figure 7B) active site
which contains the mechanistically relevant Y53 loop region (Figure 7A). The active site in the
recent crystal structure of TAL (PDB code 207B) is completely closed and not solvent
accessible (Figure 7E) in comparison with the active site of parsley PAL and bacterial HAL.

The important Tyr60 determined by direct mutagenesis is totally in the active site of TAL
(Figure 7F) in comparison with the position of Tyr53 from HAL (Figure 7C).

For a better understanding of the reaction mechanism of ammonia-lyases, a closed active
centre of HAL was necessary. Based on the homology model of 30-75 amino sequences of HAL
on TAL X-ray structure (207B) we have built in silico a partially modified HAL crystal

structure”™ with a completely closed active center (Figure 7G and 71).

17
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Figure 7. X-ray structures of bacterial HAL (1B8F), bacterial TAL (207B) and the partially
modified HAL structure (1B8F,,,4)
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3.2. Computational investigation of the histidine ammonia-lyase: a modified loop
conformation and the role of Zn (11) ion

3.2.1 Construction of a closed 1IGKM HAL active site environment for calculations

The 1GKM is the only crystal structure of PPHAL in which an inhibitor is present. Importantly,
this is also the structure where the side chain of Met382 has a different conformation from the

side chain arrangement of the other five unliganded PpHAL structures.”’

Although the existing six PpHAL structures contain the Tyr53 inside the active site,” " a
structural comparison of HALs to the ammonia-lyases with tightly closed active sites indicated
the Tyr-loops in all HAL structures are in a partially open conformation (Figure 8a). The
importance of the loop containing the catalytically essential tyrosine in the MIO-containing

4831 or were in

ammonia-lyases was best demonstrated for PAL. The Tyr-loops were missing
catalytically inactive conformation®** in several crystal structures of PAL. Only recently, the
structure of PAL from Anabaena variabilis (AvPAL) containing a tightly closed active site
confirmed the active conformation of the Tyr-loop.® Similarly, the crystal structure of
Rhodobacter sphaeroides tyrosine ammonia-lyase (RsTAL) revealed a tight active centre in
which the loop containing the essential Tyr60 was present in active conformation.'

Comparison of the PpHAL (1GKM, in blue) structure to RsTAL (207B, in green)' and
AVPAL (3CZO, in orange and CPK color)® with compact active centers revealed that the
catalytically essential Tyr53-containing loop of PpHAL adopts a partially open conformation
(Figure 8a). Because the most compact structure has been found for AVPAL (3CZO, 2.2 A
resolution) containing the non-solvent accessible essential Tyr78 and the electrophilic MIO
deeply buried in the active center,® this ammonia-lyase structure has been selected as a template
for modeling the compact conformation of the Tyr-loop of PpHAL.

Comparison of the Tyr53 containing inner loop region of the modified PpHAL (1GKM,04,
Figure 8D, in red) to the Tyr-loop of the original L-cysteine inhibited PpHAL (1GKM, Figure 8D,
in blue) indicated that the catalytically essential Tyr53 in the modified structure was closer to
MIO, and therefore could better facilitate the pro-(S) B-proton elimination from the substrate,
than in the original HAL structure. Moreover, Ramachandran-plot analysis of single subunits of
the two HAL structures revealed that there were 8 amino acid residues outside the likely Phi/Psi
combinations in the original HAL structure (1GKM, Figure 8c), whereas there were only 4

unlikely combinations in the Tyr53-loop of the modified HAL structure (1GKM,,,4, Figure 8d).
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Figure 8. The mobile Tyr-loops in the active site of MIO-containing ammonia-lyases. a.
Comparison of two mobile regions (including the MIO stabilizing Asn and the catalytically
essential Tyr residues) of four different ammonia-lyases: Anabaena variabilis PAL (3CZO, in
orange and CPK color); Petroselinum crispum PAL (1W27, in bright green); Rhodobacter
sphaeroides TAL (207B, in dark green); Pseudomonas putida HAL (1GKM, in blue). The Asn
residue is numbered according to AVPAL (3CZO). b. Overlay of the essential Tyr53 loop regions
of PPHAL (1GKM inhibited with L-cysteine, colored by CPK, blue chain) and the Tyr-loop
modified PPHAL (1GKM,,,4, red chain). ¢. and d. Ramachandran plots for monomeric units of
PpHAL (1GKM) and the partially modified PpHAL (1GKM,,,4), respectively.

3.2.2 Comparison of the conformation of the covalent reaction intermediates of the
HAL reaction with the arrangements of the substrate and product

Some early reports have indicated that treatment of HAL at high pH in the presence of L-cysteine
and oxygen leads to an irreversible inactivation of the enzyme.**”> On denaturation, the L-
cysteine inhibited HAL, followed by pronase digestion resulted in two main chromophoric

products.** In one product, the exocyclic methylene of the MIO was substituted by the amino
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groups of L-cysteine. When L-cysteine inhibited HAL was first digested with trypsin, two
chromophoric 24-residue peptides were isolated and identified as N-MIO fragments.” This was
later supported by the L-cysteine inhibited structure of PpHAL (PDB code: 1GKM’). The
inhibited HAL contains the inhibitor with its amino moiety close to the exocyclic methylene of
the electrophilic MIO prosthetic group. This fact can be considered as a further proof for the
presence of an amino-enzyme intermediate in the HAL reaction demonstrated by Peterkofsky.*

Structures of the HAL with L-cysteine,” TAL with 2-aminoindan-2-phosphonate inhibitor’
and TAM co-crystallized with o,a-difluoro-B-tyrosine®” or p-fluorocinnamate epoxide®®
provided strong evidence for reactions via N-MIO intermediates (in which the substrate is
connected to MIO through its amino group) for the ammonia-lyase and aminomutase reactions.
An alternative covalently bound intermediate was proposed by Rétey'' and coworkers. In this
case, a o-complex would be formed between the aromatic part of the substrate and the MIO
prosthetic group by Friedel-Crafts-like mechanism (FC).

Analysis of the active site residues surrounding the ligand in the L-cysteine-inhibited HAL’
indicated that the pro-(S) B-proton from the L-histidine substrate can be abstracted by one of the
three residues (Tyr53, Tyr280, Glu414) which might be considered as enzymatic bases (Figure
18). Mutagenesis experiments also demonstrated that Tyr53, Glu414®® and Tyr280™ are
important residues for the catalysis. The remarkably reduced catalytic activity of the analogous
tyrosine (Tyr 60 and Tyr300) mutants of TAL implies the importance of Tyr53 and Tyr280 in the
HAL reaction.

When PAL was investigated with the phenylalanine analogues D- and L-2-aminooxy-3-
phenyl-propionic acid, it was deduced that ammonia elimination approximated the least-motion
course.*’ In several RsTAL structures, products of the elimination reaction were found in the
active site in a zig-zag orientation.' The least-motion course principle and the similar straight
chain zig-zag shape of the (E)-urocanate product of the HAL reaction determine a straight chain
zig-zag arrangement of the covalently bound intermediate and the L-histidine substrate as well.
Irrespectively of the nature of the covalently bound reaction intermediate, four reaction paths can

fulfill these requirements (Figure 9).
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Figure 9. Four possible arrangements of L-histidine and (E)-urocanate along the reaction
pathways (A-1, A-2, B-1 and B-2) assuming the least-motion course in the HAL active site
containing the MIO prosthetic group, His83, Arg283 and three possible enzymatic bases: Tyr53,

Along the A-1 reaction path for transformation of the substrate to product, both N-MIO
and FC intermediates are possible but only the Tyr53 amino acid could abstract the pro-(S) -
proton from the substrate. Only an FC-like mechanism is possible via the A-2 path involving

Tyr280 as the base for pro-(S) B-proton abstraction. Along the B-1 path, deamination of L-

Tyr280 and Glu414.
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histidine may take place by the FC mechanism involving Glu414 as an enzymic base. Along the
B-2 path, both types of the mechanism (N-MIO and FC) can be taken into account involving
Tyr53 as the base for abstraction of the pro-(S) B-proton.

In addition to the substrate and product states (Figure 9), the covalently bound reaction
intermediate should also fulfill the requirements of least-motion course in the HAL active site. If
the HAL reaction proceeded via the N—~MIO intermediate, the amino moiety of the L-histidine
substrate would be bound to MIO. If the HAL reaction proceeded via a Friedel-Crafts type
intermediate, the C4 carbon of the aromatic ring of L-histidine substrate would form a c-complex
with MIO. However, in this case the reaction may take place via two diastereomeric
intermediates [(S,5)-FC and (R,S)-FC] due to a newly forming center of asymmetry at the C,4
carbon of the aromatic ring in the s-complex.

As in cases of all possible intermediates the substrate was anchored to the enzyme by a
covalent bond, the systematic conformational search (CS) with the alternative reaction
intermediates was a powerful tool to find their possible arrangements within the HAL active site.
Because none of the six HAL*> crystal structures indicated significant variations at the most
part of the active center, the CSs were performed in rigid enzyme environment. This approach
was also supported by the analysis of the B-factors of the active site amino acid residues
indicating low mobility (with exception of the residues of the mobile Tyr53-loop).

Because the imidazole ring allowed two different protonation states (N:y or Nu) for each
reaction intermediates, six CSs were performed for the three principal alternatives [N-MIO-N_y,
N-MIO-N1,  (RS)-FC-Nwy, (R,S)-FC-Nmu, (S,8)-FC-Nw, (S,5)-FC-Nzua]. Only  those
conformations were kept which had a straight chain zig-zag arrangement within the lowest 10
kcal/mol range (Table 1). From the retained conformations of the covalent intermediates of the
six CSs, L-histidine and (E)-urocanate containing active site models were constructed. The
substrate and product and the surrounding eight catalytically relevant amino acid residues were
optimized within the closed HAL (1GKM,,,4) active site. In this way, comparative analysis of the
full S — I — P(+NH,) reaction pathways become feasible (Table 1).

Although the energies obtained at the MM level of theory are usually not accurate enough
for reliable enzyme mechanistic studies, several observations are worth mentioning. According
to our calculations (Table 1), energetic results favor the reaction via N-MIO (Np) type

intermediates. In this case, the substrate binding states are of substantially higher energy than the
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corresponding reactive N-MIO type intermediates and the product binding states are of the

lowest energies.

Table 1. MM relative energies of the models of substrate (Es), intermediate (E;)
and product with MIO-bound amino group (Ep:nm2) and the energy difference
between the substrate and intermediate states for the two possible protonated
forms the three postulated covalent intermediate types. The types of arrangements
(according to Fig. 4) for those S — I — P(+NH,) reaction pathways which satisfy
the least-motion principle are shown. Representative H-O distances in the
covalent substrate-MIO intermediate structures [I: distances between the ligand’s
carboxylate-O and the two N-H’s of Arg283, and between the pro-(S) B-hydrogen
of the ligand and the O  atoms of the possible enzymatic bases
Tyr53/Tyr280/Glu414; ] are also listed. Distances which are shorter than 2.5 A
are emphasized by typing in bold.

Relative energies (kcal/mol)  Reaction H-O distances (A) in I
path

Es E; Epinm R283 Y53 Y280  E414
N-MIO (N.y)
cl 14.0 7.8 -10.1 A-1 219/3.12 231 5.17 6.14
c2 5.6 2.7 -1.5 A-1 3.73/5.20  2.29 5.09 5.43
c3 14.0 8.3 -10.7 A-1 2.19/3.03 233 5.23 6.50
c5 13.9 0.2 -10.0 A-1 2.28/3.08 2.36 5.21 6.45
c8 5.7 0.0 -10.7 A-1 4.37/6.09  2.37 5.30 5.64
c9 14.7 7.8 -5.4 B-2 8.41/7.45 2.13 4.25 4.83
cll 21.8 15.4 -5.8 A-1 2.36/2.89 2.15 5.13 6.20
N-MIO (N
cl 20.4 11.3 14.9 A-1 4.08/5.36 245 5.04 5.28
c2 40.4 10.8 0.4 A-1 3.74/5.20 2.34 5.12 5.44
c3 24.1 17.9 8.5 A-1 2.18/3.12 2.28 5.16 6.14
c4 24.0 17.6 6.2 A-1 219/3.03 231 5.15 6.24
c6 24.2 19.7 5.5 A-1 2.19/2.69 244 5.12 6.28
c9 31.7 24.1 8.2 A-1 2.32/2.85 222 5.15 6.19
cl0 24.9 16.5 5.1 B-2 7.68/8.63  2.15 4.13 4.75
(R.S)-FC (Nwm)
c2 30.5 23.1 13.4 B-2 7.64/8.24  4.23 5.40 4.96
c4 28.7 24.0 10.9 B-1 8.79/9.09 4.14 5.43 5.42
c5 26.3 23.1 11.7 B-1 8.24/7.64 4.15 5.39 5.15
c7 28.7 27.2 15.7 B-1 7.41/7.89  2.66 3.18 4.02
c8 25.0 33.1 154 B-1 7.97/8.60  4.07 2.63 2.70
c9 28.8 259 11.8 B-1 8.99/9.01 3.45 5.84 6.53
(R,85)-FC (Nauy)
c2 25.5 22.8 10.5 B-1 7.63/8.22  4.80 3.71 2.59
(8.8)-FC (Nz)
cl 279 28.6 32 B-1 7.34/790  2.67 2.92 4.15
c2 253 29.0 2.9 B-1 7.87/8.12  2.60 3.00 4.21
(5,8)-FC (Nm)
c2 27.8 28.5 6.8 B-1 7.53/8.11  2.63 2.92 4.21
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Thus, the calculated energy profile of the reaction via an N-MIO (N4) type intermediate is
in full agreement with experimental results since MIO-containing ammonia-lyases catalyze,
under normal conditions, ammonia elimination from the L-amino acids in a practically
irreversible manner.”**! All the other intermediate structures had higher energies (10.8-33.1
kcal/mol) than the lowest energy N-MIO (N.n) intermediate conformer.

Next, the H-O distances in the optimized structures of the MIO-bound intermediate models
between the ligand’s pro-(S) B-hydrogen and oxygen atoms of the possible enzymic bases
(Tyr53, Tyr280 and Glu414) and between ligand’s carboxylate oxygen group and Arg283 were
analyzed (Table 1). The most decisive result of this analysis was the observation that there was
no enzymic base in any of the FC-intermediate conformations which was close enough to the
pro-(S) B-hydrogen to abstract it. Therefore, the A-1 pathway involving an N-MIO covalent
intermediate is the most plausible for the HAL reaction but a B-2 type orientation would also be
allowed.

The optimized structures containing L-histidine and (£)-urocanate ligands in the active site
of the closed HAL structure were compared to the arrangements of these ligands obtained by a
docking procedure. The analysis of the AutoDock results revealed a well conserved orientation
of the product (the carboxylate of the ligand is in the vicinity of the Arg283 while the imidazole
moiety points towards His83) and agreed with the results obtained from the MM optimizations.
Taking into account the orientation of the product within the active site, the docking results

corresponded only to the A-1 pathway.

3.2.3 The role of Zn(I1) in the HAL reaction

It was observed that Zn>" or a number of different divalent cations, like Cd*" or Mn*", increase
the activity of HAL.* On the other hand, there is no Zn*" containing crystal structure for
HAL.*** This apparent contradiction can be resolved by assuming that Zn*", which is necessary
for the catalytic activity, interacts during the HAL reaction with the HAL-specific His83 residue
and with the imidazole of the substrate.” Therefore, the reason why no Zn*" containing HAL
structure is known is that no substrate or product containing HAL structure has been determined
so far.>?" Interaction of a Zn>" with the HAL-specific His83 and with the substrate during the
catalysis”™ can also rationalize why HAL accepts only L-histidine,”® L-4-fluorohistidine* or L-4-

11,44

nitrohistidine as substrates.
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To examine the contribution of the Zn*" in HAL, model studies were performed on the
conformations found for the N—~MIO intermediate in the 1GKM,,,s active site. Analysis of the
existing Zn-containing protein crystal structures™****%%°0 and the calculated N-MIO
intermediate conformations led to the conclusion that Zn could be coordinated at N, atoms of
His83 and of the substrate’s imidazole (Figure 10a), similarly as found in Adamalysin II, a zinc

endopeptidase from the snake venom of Crotalus adamanteus® (Figure 10b).

H142

ﬁ :"lI]A

Zn H152
"2[*?-\

W300
H146

Figure 10 a. Arrangement of the covalent N-MIO intermediate (Nyu-c4) in the active site of
HAL (1GKMoq). b. The tetrahedral coordination of Zn (in pink) in the Adamalysin II, a zinc
endopeptidase from the snake venom of Crotalus adamanteus* (PDB code: 11AG). c. Fit of the
tetrahedral Zn-complex model (Model 4, by DFT calculation) into the ligand-free active site of
HAL (1GKM,9).

Ro83 /
b

In the Zn-containing protein structures, two kinds of Zn-complexes can be
found.* 4748430 The 7n may be present in tetrahedral (Th)****7#84%3% o trigonal bypiramidal
(Tbp)**® complexes. During the HAL reaction, the further ligands of the Zn*" coordinated to
His83 and to the imidazole of L-histidine can be the S atom of the Met382, which is a conserved
residue of the histidine ammonia-lyases, and one (in a tetrahedral Zn-coordination, Th) or two
water molecules (in a trigonal bipyramidal Zn-coordination, Tbp).

The DFT calculations were performed on the two kinds of truncated Zn-complex structures
(Th and Tbp) including all important parts of the active site of HAL (partial elements of MIO,
His83, Met382 and one or two conserved water molecules). The DFT calculations indicated that
the reaction of HAL should include a tetrahedral Zn-complex, because only tetrahedral

complexes resulted in reasonable structures (Table 2). Optimizations of all possible kinds of
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trigonal bipyramidal Zn-complex arrangements aborted or led to tetrahedral structures by
exclusion of a water molecule. Comparison of the tetrahedral Zn-complex (Figure 10c) with the
Zn*" complex found in Adamalysin II°' and with the possible arrangement of the substrate-MIO
covalent intermediate obtained by conformational analysis in the Zn-free active site (Figure 10a)

indicated good agreement in the spatial arrangement of the structures.

Table 2 Bond lengths and energies for tetrahedral zinc-ligand complex models
calculated by DFT methods.

Hisg3

H
M
Vatig2
“‘,‘}ﬁ c
NP
-5
: TIh=
Heg” Zn TIN=y
Hr
= ChapaL
Relative Distances (A)°
Model energies Zn'NHj583 Zn'NHisL ZH-OHOH Zn'SMct382
(kcal/mol)®
1 1.00(0.44) 1.97(1.96)  2.02(2.01)  2.07(2.05)  2.42(2.50)
2 0.00(0.00) 1.96(1.96)  2.03(2.01)  2.06(2.05)  2.42(2.51)
3 2.32(1.57) 1.96(1.96)  2.02(2.01)  2.08(2.05)  2.41(2.49)
4 1.84(0.19) 1.98(1.96)  2.03(2.02)  2.07(2.05)  2.44(2.51)

* By single point calculation at QM/QM B3LYP/6-311+G(d,p):B3LYP/6-31G(d) level after optimization of
the structures at B3LYP/6-31G(d,p) level; values between brackets are from single point calculations at
QM/QM B3LYP/6-311+G(d,p):B3LYP/6-31G(d) level after optimization of the structures at BALYP/6-31G
level. ® Bond lengths in Zn-complexes optimized at B3LYP/6-31G(d,p) level; values between brackets are for
Zn-complexes optimized at B3LYP/6-31G level.

The overlay of the truncated tetrahedral Zn-complex and the ligand-free HAL structure
(Figure 10c) indicated that N;atom of the ligand’s imidazole was involved in the Zn
coordination, whereas the hydrogen atom on the N; position could be at H-bond distance from
Glu414 (Figure 10a and Figure 10c). The binding of the ligand during the HAL reaction at its
imidazole ring by His83 via the Zn-complex and by Glu414 via a hydrogen bond is in full
agreement with active site mutation data indicating that the Glu414Ala (kcat/kcat-mu= 20930) and
the His83Leu (keat/kecat-mu= 18000) mutations®® have the most dramatic effect on catalysis. Also,
this mode of substrate binding can rationalize the very narrow substrate specificity (in addition to
L-histidine, only L-4-fluorohistidine® and L-4-nitrohistidine'"** are accepted as substrates™) of
HAL as well.

All the previous results implied that the enzymic base in the HAL reaction which abstracts

the pro-(S) B-hydrogen as a proton is Tyr53. This was indicated by the 1.99 A distance between
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the oxygen atom of Tyr53 and the pro-(S) B-hydrogen of the tetrahedral Zn-complex as well
(Figure 10c). To estimate the acidity of the pro-(S) B-hydrogen in the conformations allowed in
the closed active site of HAL, analysis of Miilliken charges of hydrogens at the B-position of L-
histidine, L-4-nitrohistidine and truncated models for the Zn-free and Zn-coordinating N—MIO
intermediates was performed (Table 3). Because it is known that the nitro group acidifies the
pro-(S) B-hydrogen of L-4-nitrohistidine™ and it is accepted as substrate even by the MIO-less

mutant of HAL analysis of L-4-nitrohistidine was also included.

Table 3 Miilliken atomic charges of the pro-(S) B-hydrogens in
zwitterionic L-histidine, in zwitterionic L-4-nitrohistidine, in a truncated
N-MIO-intermediate model and in the tetrahedral Zn-complex models.

Entry Structure® Hg Hz
1 N-MIO (truncated model) 0.176 (0.221) 0.133(0.173)
2 L-Histidine 0.180 (0.222) 0.102 (0.166)
3 L-4-Nitrohistidine 0.199 (0.245) 0.135(0.201)
4 Zn-complex, Model 1 0.220(0.267) 0.172 (0.206)
5 Zn-complex, Model 2 0.220 (0.265) 0.173 (0.208)
6 Zn-complex, Model 3 0.220 (0.263) 0.174 (0.208)
7 Zn-complex, Model 4 0.215 (0.261) 0.177 (0.210)

# Calculations on the ligand conformations allowed within the HAL active site were performed at
B3LYP/6-31G(d,p) level (values between brackets are from B3LYP/6-31G DFT calculations).

The Miilliken charges found for pro-(S) B-hydrogen at the optimized geometries of L-
histidine, L-4-nitrohistidine (N;g forms) and the Zn-complex models (Table 3) indicated that the
acidity of the pro-(S) B-hydrogen was significantly higher in L-4-nitrohistidine (Entry 3) than in
the L-histidine (Entry 2) or in the Zn-free N—-MIO model (Entry 1). The most charged pro-(S) B-
hydrogens, however, were found in the Zn-complex models (Entries 4-7).

These results imply that the formation of a transient Zn-complex in the HAL reaction
contributes not only to the specific binding of the substrate but to the enhancement of its

reactivity as well.
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Conclusions

I. The modified, closed PAL structure (constructed by modeling the 83-141, 321-351 loops with
the catalytically essential Tyr53 on the basis of RsTAL) resulted less deviations from the allowed

side chain conformations in the Ramachandran-plot than the original experimental structure.

I1. The presented ligand docking and conformational analysis results of the covalently bounded
L-phenylalanine to the MIO prosthetic group of the PAL reaction within an essential portion of
the Petroselinum crispum phenylalanine ammonia-lyase (PcPAL) including the full, tightly
closed active center support the idea that the PAL reaction proceeds via the N-MIO intermediate
state in which the L-phenylalanine ligand is covalently bound to the MIO prosthetic group
through its N-atom (N-MIO).

I11. The existing crystal structures for HAL, PAL, TAL, and sequence comparison of the active
site residues for all the known MIO-containing enzymes indicate that besides the electrophilic
MIO prosthetic group, these two Tyr, the Arg, the two Asn residues (except for HAL, in which

one Asn is different) belong to the arrangement train of the known MIO-enzymes.

IV. The new partially modified TAL based 1B8F,,,; HAL structure is a more competent reliable
model. This HAL model revealed that the catalytically important amino acid (Tyr53) is located
at highly isosteric position in the active site. The new PpHAL structure can be considered as
more accurate model of the active state of the enzyme than the existing experimental HAL

structures.

V. The present study revealed also that the existing experimental structures of histidine
ammonia-lyase from Pseudomonas putida (PpPHAL) contain an essential Tyr53-containing loop
in a partially opened conformation. The modified, closed 1GKM,,,; HAL structure (constructed
by modeling the 39-80 loop with the catalytically essential Tyr53 on the basis of 4vPAL)
resulted less deviations from the allowed side chain conformations in the Ramachandran-plot

than the original experimental structure.
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V1. Investigation of distances between the acidic pro-(S) B-hydrogen at C, of ligand and the
appropriate oxygen atoms of the possible enzymic bases Tyr53, Ty280 and Glu414 in the
calculated conformations of the three proposed structures [N—MIO, (R,S)-FC, (S,5)-FC] of the
covalently bound reaction intermediate within the closed active site of HAL revealed that the
reaction can only take place via the N-MIO intermediate structure which allowed Tyr53 to get
close enough to the pro-(S) B-hydrogen. This conclusion was also supported by the docking

results with (E)-urocanate.

VII. DFT calculations on the role of a Zn®" ion in the HAL reaction using a truncated model of
the N-MIO intermediate indicated the formation of a tetrahedral complex with a Zn*" ion
coordinated to the imidazole ring of the ligand, to His83 and Met382 residues of the enzyme and
to a water molecule. The formation of such transient Zn-complex could explain the narrow
substrate specificity of HAL. The DFT calculations indicated also that the formation of a Zn-
complex had a contribution to the enhancement of the pro-(S) B-hydrogen's reactivity in the

N—MIO intermediate as well.

VIII. The good match of predicted and experimental structures gave confidence that the docking
method is able to provide relevant information about the substrate/product interaction with the
enzyme, but the results of the geometry optimizations of L-histidine/(E)-urocanic acid meet the
requirements of the experimental data found for ligands within the X-ray structure of other
ammonia-lyases. The same interactions appear in the case of the L-histidine substrate together

with other interaction that one between its amino moiety and methylene part of MIO group.
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