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Abstract

Gentisate 1,2-dioxygenases belong to the classnigicleaving dioxygenases catalyzing
key reactions of aromatic compounds degradatioradrpbic microorganismdn the present
work, the results of complete molecular, structuaald functional investigations of the gentisate
1,2-dioxygenaserljo-GDO) from a gram-positive bacteriuRhodococcus opacusCP growing
on 3-hydroxybenzoate as a sole source of carboreaendyy are presented. The purified enzyme
showed a narrow substrate specificity. Among famténvestigated substrate analogs only
gentisate was oxidized by the enzyme, what carobenpally applied in biosensor technologies.
The rho-GDO encoding gene was identified in the genomicADdF the R. opacus1CP.
According to phylogenetic analysis, thkeo-GDO belongs to the group of apparently most
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Nocardia AmycolatopsisComamonasand StreptomycesHomology modeling theho-GDO
3D-structure demonstrates the composition idemtitihe first-sphere residues of the active site
of rho-GDO and salicylate 1,2-dioxygenase frdPseudaminobacter salicylatoxidafRCSB
PDB: 2PHD), despite of their different substrateaficities. The phenomenon described for the
first time for this family of enzymes supposes arencomplicated mechanism of substrate
specificity than previously imagined, and makes t@ GDO a convenient model for a novel

direction of structure-function relationship stuslie

1. Introduction

Gentisate 1,2-dioxygenase (GDO, EC 1.13.11.4) ie oh the key enzymes of the
catabolism of a wide range of aromatic substraiésh sas: benzoate and its substituted
derivatives, salicylate, 3-phenylpropionate, dib@hiophene, naphthalene, phenanthrene, and
anthraceneTable 1) [1-18]. GDOs catalyze aromatic ring fission betwea hydroxyl and an
adjacent carboxyl groups of substrate moleculesh 18 gentisate as well as methyl-, ethyl-,
isopropyl-, halogen substituted gentisates, 1,44tibxy-2-naphthoic acid and salicylate [1, 9,
11, 12]. GDOs belong to the class 1l bicupin digggases, which are characterized by a six-
stranded-barrel fold and conserved amino acid motifs thawe the 3His ligand environment
of a divalent metal ion, usually a Fe(ll) ion [2®].

Table 1

Currently, about twenty enzymes with GDO activitgvh been isolated from different
bacterial sourcesT@ble 1) and partially characterized. Among them therarisatypical GDO
(salicylate  1,2-dioxygenase (SDO)) isolated from e thgram-negative bacterium
Pseudaminobacter salicylatoxidaBiN12 which is able to oxidize the ring fission raily of
gentisate, but also of (substituted) salicylatedgd a broad range of monohydroxylated
substrates including 1-hydroxy-2-naphthoate [3,94,21, 22]. Very specific GDOs with unusual
selectivity were also purified and characterizedr Example, GDO from the gram-negative
bacterium Xanthobacter polyaromaticivoransl27W oxidized mainly 1,4-dihydroxy-2-
naphthoate and gentisate [13]. 5-Aminosalicylat2-dipxygenase from the gram-negative
bacterium Comamonassp. strain QT12 was able to cleave gentisate aerdominantly 5-
aminosalicylate as substrates [18].

Up to now the 3D-structures of only three GDO-l&kzymes from gram-negative bacteria
have been described. These are include the 3Dustescof GDOs fronEsherichia coliO157:

H7 (RCSB PDB: 2D40, [23]Ruegeria(Silicibacter pomeroyDSS3 (RCSB PDB: 3BU7, [24]),
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on the full structure of GDOs of gram-positive leaa.

Previously we have shown that the gram-positivetdsaon Rhodococcus opaculsCP
actively utilized 3-hydroxybenzoate and gentisat¢hee sole source of carbon and energy using
gentisate 1,2-dioxygenase [25]. This work focuseshe study of the biochemical, kinetic and

structural properties of the novel gentisate 1&wggyenase from this organism.
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78  2.1. Chemicals

79

80 3-Hydroxybenzoate and the reagents used to prepdiiere media were from Reakhim
81 (Russia). Gentisatg-mercaptoethanol, 2,3-, 2,4- and 3,4-dihydroxybete® were from Fluka
82  (Switzerland). Catechol, 4-methyl- and 4-chlorochtd, protocatechuate, 2,6-
83 dihydroxybenzoate, homogentisate, salicylate, hygljainol, ammonium persulfate, Tris,
84  protein markers for SDS-polyacrylamide electropbim€SDS-PAGE) and gel-filtration were
85 obtained from Sigma (USA). Agarose was from Helic@RRussia), acrylamide and bis-
86 acrylamide were from Dia-m (Russia), Coomassielidmi blue R-250 was from Bio-Rad
87 (USA). Ethanol was HPLC-purity from Sigma (USA).

88

89  2.2. Microorganism and growth conditions

90

91 R. opacuslCP (VKM Ac-2638) biomass for gentisate 1,2-dioxygase (ho-GDO)
92 purification was obtained during the cell cultiwatiin a 10-1 bioreactop(Q, = 80, under shaking
93 350 rpm at 29C) with 7 | of mineral media [26] and 3-hydroxybeate (up to 1.2 g/h) as a sole
94  source of carbon and energy. Substrate exhaustasnmonitored by the decrease in oxygen
95 uptake. The cells were harvested at the exponegtaith phase by centrifugation at 3000 g,
96 washed twice with 50 mM Tris/HCI containing 10 %atol (v/v), pH7.2, and stored at -Z0.

97

98  2.3. Preparation of crude extract and enzyme peatfon

99

100 Frozen cells were resuspended in an equal volunt® ohM Tris/HCI with 10% ethanol
101 (v/v), pH7.2, and disrupted by French press. After treatment with 0.01 mg/mL DNAase
102 (Sigma, USA), the cell extract was clarified by t#agation for 30 min at 27000 g. The
103  supernatant was used as a crude extract for furitiestigations.

104 All the procedures of theho-GDO purification were performed in the presenc&®@imM
105  Tris/HCI pH7.2 with 10% ethanol (v/viho-GDO was purified from crude extract Bf opacus
106  1CP cells using subsequent steps: anion-exchamgenatography on QAE-Toyopearl (30 mL
107  volume, Supelco (Japanese)) with a linear gradiehtNaCl (0.0-0.5 M), hydrophobic
108  chromatography on Butyl Sepharose Fast flow (30vwmlume, Sigma-Aldrich (Germany)) with
109 a linear gradient of (NP.SO, (0.6-0.0 M), and gel-filtration on Superdex 20Ceprgrade
110 (Pharmacia Biotech (Switzerland)). During each dtaptions with GDO activity were joined,
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Protein concentration was determined by the Bradforethod [27] with BSA as a
standard.

2.4. Enzyme assay and analysis of the kinetic data

The rho-GDO activity was measured spectrophotometricallthva Shimadzu UV-160
spectrophotometer (Japan) in 1 cm quartz cuvett25°€ with 0.33 mM gentisate as a substrate
at 334 nm [28]. The reaction mixture contained asesaturated50 mM Clark and Lubs
phosphate buffer @H8.0. The reaction was started by adding the enzyme.

ApparentK,, andVnax values were calculated from 1Aérsusl/[S] plots [29]. Apparent
Keat Values were determined using molecular massebeokhzymes. Specific rate of theo-
GDO with gentisate was determined using molar ektin coefficients for maleylpyruvate -
10.8 mM'em™ [28]. Activity of rho-GDO with the other substrate analogs was detewiséng
the molar extinction coefficients of the correspiogdreaction products [3, 13] as well as was
concurrently investigated by monitoring spectrumaiyics of the reaction products in the range
of 200-800 nm.

One unit of enzyme activity was defined as the amofienzyme catalyzing the formation
of 1 micromole of product per minute under the dbsd conditions. Inhibition constants were
determined graphically utilizing the method of Liwesaver and Burk [29] using three fixed
gentisate concentrations: 4, 80 uM and 160uM. The enzyme activity was measured at least
3 times for each of 10 increasing concentrationgtobitor for each gentisate concentration.

For calculation of each kinetic constant, the ddtat least three experiments were used.

All kinetic constants were obtained with an err@af0%.

2.5. Enzyme characterization

The pH effect on the reaction rates of t®-GDO was studied by determining the
enzyme activities in 40 mM acetate-phosphate-btat@H buffer (APB) in the range of pH5.6-
10.0 [30], 50 mM tris/HCI buffer (pH7.2-9.0), 50 mids/H,SO, buffer (pH7.2-9.0), and 50 mM
Clark and Lubs phosphate buffer (pH6.0-8.0) [31feTtemperature effect on the enzymatic
reaction rate was determined in the range of 13=68°50 mM Clark and Lubs phosphate

(pH8.0) using a Shimadzu TCC-controller (Japan).
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modified Laemmli method [32]. Low molecular weidtit SigmaMarker (6,500-66,000 Da) was
used as a standard.

For estimation of molecular mass under non-denajwonditions, the protein was applied
to a Superdex 200 column (110 mL, “Pharmacia BloteSwitzerland) and eluted with 50 mM
tris/HCI (pH7.2) buffer containing 10% ethanol (vand 0,1 M NaCl. The molecular mass was
calculated using a standard linear regression cofrtiee reference proteins (29,000-700,000 Da,
Sigma (USA)).

2.6. Bacterial strains, plasmids and growth coradis

For DNA manipulationsR. opacuslCP ancE. colistrains were grown at 29°C and %7,
respectively, in LB media [33] under shaking at 2p0. E. coli DH50 andE. coli BL21(DE3)
were obtained from Invitrogen (USA) and Novagen fSespectively. Culture growth was
measured using UV-visible spectrophotometer Shiml#Z+160 at 545 nm.

Plasmid pGEM-T Easy (Promega, USA) was used famictpthe wild type otho-GDO
gene thhbD. For expression ahhbDgene the pET22b(+) vector (Novagen, USA) was agplie

2.7. DNA manipulation, cloning, and sequencing

Genomic DNA fromR. opacuslCP was isolated by modified method using Genomic
DNA Purification Kit (Fermentas). Cells were inctda in lysis solution for 1 h, following the
DNA purification according to the manufacturer ail. Purification of plasmid DNA was
carried out using Plasmid Miniprep kit (Eurogenaug®ia)). The quality and quantity of the
extracted DNA were determined by the NanoDrop 2§$ctrophotometer (ThermoFisher).

The search of homological nucleotide sequences performed by BLAST [34].
Alignment of the nucleotide sequences of 3-hydrexywmate degradation gene clusterRof
jostii RHA1 (GenBank: CP000431.1R. opacusB4 (GenBank: AP011115.1Rhodococcusp.
TFB (GenBank: JF754465.1) was performed using theGM6 software [35]. To design the
primers GDO1f and GDO1r (Supplementary Tables 8 highly conserved regions flanking
the gentisate-1,2-dioxygenase genedRofiostii RHAL, R. opacusB4, Rhodococcusp. TFB
(GenBank JF754465.1) the Primer3Plus web serviceusad [36].

Amplification of a part of gene cluster containitng complete sequence of tiabDgene
encoding the gentisate-1,2-dioxigenase flRnopacuslCP was performed using the ScreenMix
kit (Evrogen, Russia) and GDO1f and GDO1r primBGR mixture (25 ul) contained 0.8 uM of
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The following PCR program was used: an initial daration (95°C, 3 min) was followed by 33
cycles consisting of a denaturation step (94°CsB0an annealing step (70°C, 30 s), and an
extension step (72°C, 60 s). The final extensiep stas done at 72 °C for 10 min. Isolation of
PCR-products from agarose gel was performed uslegn@p Standard kit (Evrogen, Russia).
The resulting PCR product was ligated into pGEM-&s¥ vector (Promega, USA) and
sequenced using the Evrogen commercial services(&us

The GDO2f and GDO2r primers (Supplementary TablEsdgsigned from the obtained
genomic DNA sequence were used for amplificatiofutéflength mhbDgene codingho-GDO.
The GDO2f primer contained a start codon and gin site of Sacl. The GDO2r primer
contained a stop codon and Hindlll restriction.site

PCR mixture (20 ul) contained 0.5 uM of each prindgul of genomic DNA, 10 pl KAPA
HiFi HotStart ReadyMix (Roche). The following PCRogram was used: an initial denaturation
(95°C, 3 min) was followed by 30 cycles of a denaion step (98°C, 20 s), an annealing step
(69°C, 20 s), and an extension step (72°C, 60tg.fihal extension step was done at 72°C for 5
min.

The pET22mhbD plasmid was obtained by cloning thihbD gene, codingho-GDO into
the pET22b (+) expression vector (Novagen) at #e 8nd Hindlll restriction sites.

Restriction, ligation, preparation of competentielf E. coli strains and their subsequent

transformation were processed according to stanuatdcols [37].
2.8. Expression procedure

The rho-GDO was expressed iB. coli strain BL21 (DE3) cells transformed with the
pET22mhbDplasmid. 10 mL of the cell culture was incubatedraight at 37°C with agitation
in LB medium in the presence of 10@/mL ampicillin (Sigma-Aldrich). Then, 0.15 mL dfe
obtained inoculum was transferred to 100 mL of LBdmm containing 10Qg/mL ampicillin
and cultured at 37°C with agitation until the optidensity ORs;s was equal to 0.7. The
expression of thenhbD gene was induced by 1 mM isoproflyD-thiogalactopyranoside
(IPTG) at 37 °C. After incubation for 3.5 h, thdlsavere pelleted by centrifugation at 3000 g,
washed and resuspended in 5 mL of 50 mM Tris/H@&h wH7.2. Cell disruption was performed
using an MSE ultrasonic disintegrator (UK) for 20hrat 200 kHz.

GDO-activity in the obtained crude extract was rmead as described abovE. coli

BL21(DE3) strain, not transformed with pET8&#bD, was used as a control.
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The GenBank accession number of the sequence edpont this paper is KF806993
(AHH30829).

2.10. Phylogenetic analysis

All amino acid sequences of bacterial GDOs usethé present studies were obtained
from GenBank, RCSB PDB, NCBI, and UniProtKB/SwisetPdatabases. The alignment was
performed with the MEGAG6 software [35] using theu§thIW algorithm (default parameters).
The tree was also constructed by MEGAG6 using thightb®r-Joining statistical method and the
Poisson correction method with a number of boqgtsteplications equal to 1000. All positions

containing gaps and missing data were eliminated.

2.11. rho-GDO theoretical model

Homology modeling ofrho-GDO was performed using Modeller software [38].eTh
crystal structures of salicylate 1,2-dioxygenasemfiP. salicylatoxidangRCSB PDB: 2PHD)
and salicylate 1,2-dioxygenase frdfn salicylatoxidandvV104Y mutant (PDB ID: 4FAG) were
used as the templates for modelihg-GDO. Tetrameric structure of 4FAG was modeled with
UCSF Chimera [39] and Modeller [38] software. Thestomodel was selected by means of
DOPE assessment score implemented in the Modelfewvage [40]. Verification of the model
was done with ProCheck v.3.4 [41], WHAT_CHECK [42]d UCSF Chimera [39]. In addition,
the root mean square deviation (RMSD) between than rohain atoms of the model and the
templates was calculated for the reliability of thedel. Alignment of protein sequences was
performed by MEGAG software using Muscle algoritfdefault parameters) [35].

Therho-GDO model data are available in the PMDB datalb@sker the accession number
PM0082625
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3.1. Purification and characterization of the na&tisho-GDO

Electrophoretically homogenouko-GDO was isolated from the cells Bf. opacuslCP
utilizing m-hydroxybenzoate as a sole source of carbon angygnesing anion exchange and
hydrophobic chromatography, and gel-filtration s(8ppplementary Tables S2 and Figure S3).
The purified enzyme with specific activity of 108y had 177+2 kDa molecular mass and
41+1 kDa subunit mass. The enzyme was unstableudeextract, but restored activity during
subsequent purification (Supplementary Tables $2Figure S3).

Thus,rho-GDO was a tetramer like the majority of known GDi@sn gram-negative and
gram-positive straingTable 1). rho-GDO belongs to the group of relatively high molecu
mass enzymes, which property is not connectedeio tdixonomic affiliation Table 1).

rho-GDO was the most active at 40°@5 pH optimum of the enzyme was observed in
slightly alkaline conditions: in 50 mM Tris/HCI def — at pH8.0-8.3, in 50 mM TrisASO,
buffer - atpH7.6-8.0, in 40 mM APB - at pH7.5-8.5, and in 50 niNark and Lubs phosphate
buffer - atpH8.0 (Table 1). This is also typical to all knowrmxliygenases cleaving gentisate. In
Clark and Lubs phosphate buffer, the enzyme agtivdis found 10 times higher than in other
buffers. In subsequent experiments, this buffer whssen to measure the enzyme Kkinetic

parameters.

3.2. Kinetic properties of rho-GDO

The purified rho-GDO has a narrow substrate specificityalfle 2). Among all the
investigated substrate analogs, containing a cgtbexd adjacent hydroxyl-substituents, only
gentisate was oxidized by the enzyme. It is intargsto note tharho-GDO has a different
selectivity concerning the hydroxy-substituted sdétes as competetive inhibitors. Thus the
absence of a hydroxyl-substituent at position Sallcylate led to a loss of catalytic activity and
reduction of the strength of its binding to tHeo-GDO active site K;=810 uM). Salicylate
analogues with a hydroxyl-substituent at positioor3 in the aromatic ring of the salicylate
molecule, excepting position 5 (gentisate), weresubstrates of the enzyme and had a reduced
inhibitory effect K; values — 1069 and 1130/ correspondingly). Nevertheless, the 6-hydroxyl
substituted salicylate had inhibitory effects oygne catalysis and was more strongly bound to

rho-GDO active site. A surprising effect was obseri@db-chlorosalicylate: this compound was
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site Ki=57 uM) as compared with apparent gentisate bindigg=@0 uM). Thus, the presence of
a 5-hydroxy-substituent in the aromatic ring oficdate (gentisate) is required for the
performance ofho-GDO catalysis.

Table 2

Concurrently, another series of substrate analagstaming two adjacent hydroxyl
substituents as reactive groups was tested: cdiechmethyl- and 4-chlorocatechols,
hydroxyquinol (1,2,4-trihydroxybenzene) and protechuate (3,4-dihydroxybenzoate). With
the exception of protocatechate, all tested comgeuvere competitive inhibitors. Catechol and
especially its 4-methyl and 4-chlorosubstitutedivdgives were not substrates but they were
very strong inhibitors. The presence of hydroxyt- aarboxyl-substituent at 4-position of
catechol ring led to a weak inhibitory effect up desappearance ofho-GDO inhibition
(protocatechuate). It can be concluded that therdxydl group at exactly position 5 in the
salicylate-like molecule (gentisate) is importanttbfor the catalytic process and for binding to
the rho-GDO-active site, while at the same position in @sales containing two hydroxyls as
adjacent reactive groups (substituted catecholsledse the binding of the substrate analogues.
Thus, the presence of the carboxyl and hydroxyligsaat positions 2 and 5, respectively, of the
substrate molecule is mandatory for the-GDO catalysis.

Unfortunately, the kinetic and inhibition propegtienly of a few enzymes of all known
GDOs {Table 1) have been investigated. The majority of the ganéi 1,2-dioxygenases isolated
and characterized so far has a rather narrow suésspecificity Table 1), which was
determined using gentisate and its derivatives ussteates. For example, GDOs frolh
osloensig11], P. (Comamonas) testosterdfi, P. (Delftia) acidovoran$9], R. erythropolisS1
[1], Sphingomonasp. strain RW5 [7]P. alcaligeneNCIB 9867 andP. putidaNCIB 9869 [12,
43] were active with gentisate and its methyl-yktbromo-, and chlorosubstituted derivatives.
At the same time, the highest dioxygenase activiig observed with respect to gentisate. The
exception was GDO fronkP. alcaligenesP25X which exhibited the highest activity with 3-
methylgentisate as a substrate [12].

As a rule, GDOs are weakly active with structunsdlagues of gentisate: 2,4-, 2,3-, 2,6-,
3,5-dihydroxybenzoates and salicylates [1, 3, 4le Exception is the GDO from. (Delftia)
acidovoranghat is inhibited by hydroxybesoates I#®-GDO (Table 2) [44]. At the same time,
this enzyme showed weak activity with hydroxyquijnolcontrast taho-GDO (Table 2) [44].

Moreover, some GDOs make cleavage of hydroxynapitso GDOs fromP.

(Comamonas) testosteror®, (Delftia) acidovoransand X. polyaromaticivoransl27W were
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312 polyaromaticivorans27W — with 1-hydroxy-2-naphthoate [3, 13].

313 As well asrho-GDO the GDO fromCorynebacterium glutamicuATCC 13032 was not
314 active with salicylate, 1-hydroxy 2-naphthoate, y8hltoxysalicylate [6]. At the same time, this
315 enzyme did not cleave methyl-, amino-, bromo- aorbsalicylates [6]. Unfortunately, the
316 inhibitory effects of the above compounds on theGGioom C. glutamicumATCC 13032 were
317 not evaluated, as well as catechol-like compoursishlorosalycilate, and 2-hydroxy-3-
318 naphthoate were not tested as substrates, whiatlygoemplicates the comparative analysis.
319 Recently, 5-aminosalicylate 1,2-dioxygenase fr@@omamonassp. strain QT12 was
320 purified and characterized. The enzyme was ableldave gentisate and predominantly 5-
321 aminosalicylate as substrates [18].

322 Unfortunately, there are no data concerning sutesspecificity of GDOs with known 3D-
323  structure fromE. coli O157:H7: €cGDO; RCSB PDB: 2D40, [23]) and. (Silicibacter)
324 pomeroyiDSS3 (p-GDO; RCSB PDB: 3BU7, [14, 24]) that complicates iasight into the
325 nature of GDO function.

326 Thus, rho-GDO is a rather unusual enzyme among the GDOsepsisg) a relatively

327 narrow spectrum of substrates.

328

329  3.3. Cloning and expression of H&DO

330

331 As a rule, the genes of rhodococci encoding thgraes decomposing 3-hydroxybenzoate
332 through gentisate are assembled into clusters. Rin@dococcusstrains R. jostii RHAL, R.

333 opacusB4, andRhodococcusp. TFB) for which the complete nucleotide seqgesnaf such
334 gene clusters are known were selected as clos&stdpacuslCP strain. Multiple alignment of
335 their sequences was carried out and the highlyeswad regions flanking the genes of gentisate
336 1,2-dioxygenases were found. Based on these regibasprimers GDO1f and GDO1r were
337 designed to amplify and sequence a part of gerstecl(1253 bp) containing the completebD

338 gene of gentisate 1,2-dioxygenase frammopacuslCP.

339 The obtained open reading frame of 1077 bp anddstta protein containing 358 amino
340 acid residues. The predicted molecular weight ef photein was 39.6 kDa. BLAST analysis
341 confirmed a high degree of homology of the obtaisequence with the known gene sequences
342 of GDOs of rhodococci. The GDO genes fr&nopacu$ D630 (AHK33220, 94.26%R. jostii

343 RHAL (ABG93677, 93.16%) and. opacudk7 (All05708, 92.42%) showed the highest identity
344  with themhbDgene ofR. opacuslCP. The nucleotide sequence of thiebD gene codingho-
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deposited at GenBank accession numbers KF8069981dH30829, respectively.

Heterologous expression of thehbD gene encoding the gentisate-1,2-dioxygenade. of
opacus1CP inE. coli strain BL21(DE3) allowed to detect the GDO acyivih the cell-free
extract ofE. coli. The typical spectral changes of gentisate tramsition were observed. The
peak at 334 nm indicated the formation of maleylpgte - the product of gentisate cleavage,
which absorbs at this region of the spectrum (aetashown). In addition, the recombinant
enzyme was not active with salicylate and 1-hyds@xyaphthoate. The activity of recombinant
mhbD with gentisate in the cell-free extract wada6 U/mL.

Fig. 1 (2-column fitting image)

3.4. Amino acid alignment of rho-GDO and evolutigneelationship

Phylogenetic analysis of the amino acid sequend8@® fromR. opacuslCP obtained
by translation of nucleic acid sequence of the tified mhbD gene Fig. 1), as well as the
currently characterized biochemically or structiyra6DOs, and the GDOs from annotated
genomes of other bacteria showed formal divisioto iB separate groups. Each of them
contained GDOs with confirmed properties, whichicates the belonging of the majority of the
selected annotated proteins to the class of GIB@s ).

Fig.2 (2-column fitting image)

The most distant group of GDOs are the enzymes@fatchaea of the gentkaloferax
and the actinobacteria of the gemdigcobacteriumas well as 5-aminosalicylate 1,2-dioxygenase
from proteobacteri€omamonasp. strain QT12Kig. 2, group 1). The second group is formed
by high molecular weight GDOs of gram-positihpdococcusBacillus Mycobacteriumand
Streptomycegienera) and gram-negativ8il{cibacter (Ruegerid and Sphingomonagenera)
bacteria Fig. 2, group 2). The third branch of the tree is forrbgdow molecular weight GDOs
of gram-negative bacteria of the genBslftia, AcinetobacterPolaromonasandRuegeria(Fig.

2, group 3).

The largest young branch of the phylogenetic tseimed by two types of GDOs - low
molecular weight gram negative GDOs (Figure 1,nt) #or the most part low molecular weight
and high molecular weight gram-positive GDOs (Feylir 5). The exception is a few GDOs of
gram-negative bacteria of the gen®seudoaminobacteand Comamonaswhich fall into the

group of gram-positive GDO$g. 2, group 5).
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enzymes [ig. 2, group 5). The interesting fact is the presencatdéast two types of GDOs in
bacteria of the genuBhodococcushe evolutionarily earlier group of GDO-like emags with a
large numbers of amino acids (365-382 aa) and dbnegest group of smaller enzymes (356-359
aa) of the most gram-positive bacteria. Unfortulyated date, there are no reports about the
GDOs from bacteria of thehodococcugenus as well as their properties.

The enzyme, evolutionary most closely related ® tligh molecular weight GDO-like
proteins of theRhodococcugenus, is GDO with a known three-dimensional $tmeg isolated
from the gram-negative bacteriué (Ruegeria) pomeroydSS3 (RCSB PDB: 3BU7, [14, 24])
(Fig. 2, group 2).

Relatively close enzymes to thieo-GDO, isolated in this work, are salicylate 1,2-
dioxygenase of known 3D-structure frofh salicylatoxidans(psSDO, RCSB PDB: 2PHD,
3NL1, [19, 22, 45]) and the purified and biochericharacterized GDO from gram-positive
bacteriaC. glutamicumATCC13032 [5, 6], belonging to the group of evauogrily youngest
GDOs (group 5).

Alignment of the amino acid sequences of GDOs detnates high identity aho-GDO
and the low-molecular GDOs &hodococcudacteria (> 96% identity), but the identity of the
rho-GDO and GDOs of known crystal structure is lesntfi0% Fig. 1, 2: with SDO fromP.
salicylatoxydansBN12 (RCSB PDB: 3NL1) - 66.5%, with GDO frofa. coli O157: H7
(UniProtKB/Swiss-Prot: Q8X655) - 34.2%, and with GOfrom R. pomeroyiDSS3 (RCSB
PDB: 3BU7) - 29.9% identity. It is worth to noteaththe crystal structure is available only for
GDOs from gram-negative bacteria.

According to the alignment the amino acid compositof rho-GDO active site is very
similar to that of salycilate 1,2-dioxygenase frgmam-negativeP. salicylatoxidans(Fig. 1)
which conversely shows a very broad substrate Bpigci[22]. This fact does not fit into the
overall picture of the understanding of structdtadetional relationships and encouraged us to
perform further more rigorous investigations dfo-GDO structure using computational

approaches.

3.5. Homology model of rho-GDO 3D-structure

According to the obtained homology modeling datartto-GDO molecule was assembled
from 4 subunits bound trough-helixes,with each two subunits of the tetramer interacting
through their N-terms forming a dimefig. 3ab (1-3)). The dimer of the tetrameric structure is
stabilized by two type of contacts: the first, beén the N-terminad-helixes of two adjacent
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Leu64 of another oneFi{g. 3ab (1)); the other type of inter-subunit contacts amediated
through two nearesi-helixes of each subunit formed by Thrl74-lle16&l &sp340-Leu347
(Fig. 3ab(2)). The inter dimer contacts are made througtelixes containing Trp225-Glu241
residues and Arg196-Thr202 residues of each suffeigit 3ab (3)).

Fig. 3 (2-column fitting image)

Each subunit of theno-GDO contains two cupin motifs with one catalyterbus located
in the N-terminal cupin active site cavitlyi§. 3ab), which is oriented outwards in the tetrameric
structure of GDOs and thus is accessible to thetsatle molecule [46]. The secondary structure
of therho-GDO C-terminal cupin is similar to the N-termiralpin domain. However, unlike the
R. pomeroyigentisate 1,2-dioxygenase structungGDO, RCSB PDB: 3BU7 [24]) the cavity
formed by the R-fold of theho-GDO C-terminal cupin domain is unable to hold ades ion
because of the absence of coordinating residue28¥¢His292, Arg285/His290, and
Ser326/His330 in the structure dio-GDO/kp-GDO, correspondingly)Fig. 4A and Fig. ).
Moreover, the amino acid compositions of the C-ougomain cavities ofho-GDO andrp-
GDO do not match completely to each other, as asvehby the amino acid sequence alignment
(Figure 1, 4. Thus, therho-GDO, like the gentisate 1,2-dioxygenage-GDO) from E. coli
0157:H7 [23] and the salicylate 1,2-dioxygengseS3DO) fromP. salicylatoxidang19], does

not have a second C-cupin active site api®DO.

Fig. 4 (2-column fitting image)

3.6. Structure of the active site of rho-GDO andhparison with the active sites of other GDO-

like enzymes

Ferrous ion ofho-GDO N-terminal cupin domain is coordinated by Hi$1His109, and
His150 fig. 1, 4C, §, what is common to all other GDOs [21, 23, 24]. 48973, GIn98,
Argll7, Hisl52, Trpl62, and Aspl64 residues ar® asnserved in all gentisate 1,2-
dioxygenasesHig. 1, 4C, 5 and are considered to participate in binding sulastrate molecule
and in the subsequent acid-base catalysis [46LF2i®frho-GDO active site corresponding to
His162 ofpsSDO, His162p-GDO and His147 oéc-GDO is supposed to act as proton donor to
the evolving peroxidate intermediate during caialysig. 4C, 5 [21, 23, 24, 46]. Aspl64 and
GIn98 residues of rho-GDO, which correspond to Aspl74/Aspl75/Aspl59 and
GIn108/GIn108/GIN93 in psSDOkp-GDO/kc-GDO structures, accordingly, have been
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1, 4C, 5. Arg73, Argll7, and Trp162 of thlho-GDO active site correspond to Arg83, Argl27,
and Trpl172 of thgsGDO where they stabilize the substrate carboxgugrcoordinated to the
iron ion [19] Fig. 5A).

Fig. 5 (2-column fitting image)

The other residues covering the inner surface eflih-GDO active site cavity (Glu72,
Ala75, Trp94, GInl113, Alall5, Thrl44, Leul66, 11816hel79) are identical to the relevant
residues of salicylate 1,2-dioxygenase frBmsalicylatoxidangFig. 5A, [19, 21]. This is also
supported by amino acid sequence alignmieigt (). It is also interesting that for the GDO from
C. glutamicumATCC 13032, which has catalytic properties simitarho-GDO [6] and belongs
to the same group of enzymes (Fig. 2), identicaldiees are in the relevant positions as the
residues forming the cavity of thlo-GDO active center (Fig. 1). From the other side t
residues of the GDO frorR. (Delftia) acidovoranghat are similar to theho-GDO (Table 2,
[44]) and belongs to another phylogenetic grou@biOs Fig. 2) do not completely coincide at
the relevant positions (Fig. 1).

Residue Trp94 ofho-GDO corresponds to Trp104 p&SDO, which is able to form a
hydrogen bond with the 5-phenolate of gentisatdissussed earlier [19, 45]. Thus, this residue
Is important for the specificity towards gentisatel 5-substituted substrate analogues. Salicylate
is only a weak inhibitor ofho-GDO as well as catechol and its analogdesble 2), whereas in
the case ops-SDO salicylate is a substrate even if the catalgtitivity is sharply reduced
compared to gentisate. Therefore, probably Trpnigartant for interaction with 5-hydroxyl of
gentisate but is not determinant for the inabitifyrho-GDO to cleave substrate analogues, not

containing hydroxyl-substituent at position 5.

3.7. Differences in the second-sphere residue ceitipo of the active sites of rho-GDO and ps-
SDO

As mentioned above, the residues covering the isngace of the active site cavities of
rho-GDO andpsSDO are identicalig. 5A), whereas the enzymes have very different sulestrat
specificity (Table 2). Thus, other factors determining difference ibhdtate specificity of the
enzymes should be investigated.

In the second-sphere residues of i@ GDO active site there are three positions difigrin
from the psSDO structure, deserving consideratidfig( 6). Ala96/Gly106, a residue not
directly interacting with the substrate, but abdechange conformation of the side chain of
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His111/His121, one of the three ferrous ion coatiny residues, and His153/Metl163
interacting with His152/His162, are important faicabase catalysis [22].

Fig. 6 (1-column fitting image)

In the first case, the alanine residuelmd-GDO active site is at a position corresponding
to Glyl06 of psSDO. The structure of the Glyl06Ala mutant p#SDO indicates that the
mutation induces a change in orientation of thelU#pside chain that causes an unproductive
binding of salicylate and 1-hydroxy-2-naphthoatelenoles to the active site [22]. Like the
Glyl106Ala mutant ops-SDO, the investigatetho-GDO was not active with salicylate and 1-
hydroxy-2-naphthoate. Unfortunately, there is ntaddout substrate specificity of theGDO
andecGDO of known structure, containing Gly at this pios (Fig. 4C and5B). Nevertheless,
the GDO fromX. polyaromaticivorand27W also containing Gly at this position is aetiwvith
1-hydroxy 2-naphthoate as the natpeSDO Fig. 1, [13]). At the same time, the relevant
mutation Ala-Gly introduced into the GDO fron€. glutamicumATCC 13032 as well as
Ala—Ser, Ala—lle, and Ala->Asp mutations led to a weak ability of mutant engytm convert
salicylate and several other monohydroxylated satest [6].

The other interesting position is the neutral-po&sidue Serl22 @sSDO, which takes
part in the formation of an hydrogen bond netwoithvzIin123 and Asp44 of another subunit
maintaining the enzyme tetrameric structure (RCE®BRphd), that is replaced by the small
hydrophobic residue Alal12 mno-GDO structure, which is unable to form a similgdiogen
bond network. This can be the reason of an incdeasaformational instability observed for
rho-GDO. An Ala residue is also present in GDOs ofeothacteria of th&hodococcugenus,
whereas a neutral-polar Ser, Thr, Asn or Met re=sdare generally located at this position in
GDOs of other bacterial genubig. 1). Thus, Ser is located in the relevant positiorGIDO
from C. glutamicumATCC 13032 that exhibits properties relativelysgdao those ofho-GDO
[6], suggesting no significant role in substratesivity of GDOs.

The replacement of the polar Met1630mSDO structure by the basic His153ho-GDO
can also influence on the location and functionthed substrate carboxyl group and can be
involved in the subsequent acid-base catalytic phégyed by His152/His162 residue dfo-
GDO andpsSDO correspondingly. The alignment of the aminal asequence of bacterial
GDOs shows that the most of the low molecular GiX@-eEnzymes from genu8hodococcus
(Fig. 1, 2 as well as from gram-positive strains (data nwdwan) have a histidine in this
position. Contrariwise, the majority of GDOs fromam-negative strains has a glycine residue or
hydrophobic/neutral-polar residues at the sametipasiFig. 1, data not shown). Unfortunately,
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enzyme catalytic activity due to the lack of kigetlata and to clarify this point further
investigations are needed.

3.8. Differences in the entrance of the rho-GDO paeé5DO active sites

Another interesting region in terms of differenbetweerrho-GDO andps-SDO substrate
specificity is the enzyme active site cavity ent&nin this region, two residues are different:
Ala77/Gly87 and Pro87/Ala97 imrho-GDO/psSDO structures correspondinglyFig. 6).
Ferraroni and co-authors [45] previously showed tha side chain of Trp104 of the natipe
SDO is oriented so that the hydrophobic part ofsitke chain is in an outside cavity position.
Binding of the substrate leads to a rotation ofuatd8C around the CD-CB bond of Trp104 to
form a hydrogen bond with the 5-phenolate grougeitisate. The replacement of Gly87 and
Ala97 of psSDO by Ala77 and Pro87 imo-GDO structure makes the surrounding of Trp94 of
rho-GDO (Trpl04 inps-SDO structure) more hydrophobic thus strengthefingP4 residue in
the outside position and probably improving theindff of the enzyme to binding of 5-
substituted substrates. According to this hypothdhbie obtained kinetic data Kf/K; for rho-
GDO with gentisate and 5-chlorosalicylate are lotiran the corresponding values fiixSDO
(Table 2).

3.9. Differences in interchain interactions betweleo-GDO and ps-SDO

The 178-184 loops of each subunit pf-SDO (residues 168-176 imo-GDO) are the
regions which form close contacts between two afjasubunits of each dimer in the enzyme
tetrameric structur&fg. 3 A2, Fig. 3. In this loop, there are two noteworthy replacetae
His172/GIn182 and Tyrl173/GIn183, itho-GDO/ps-SDO structures correspondingfyid. 7). In
the psSDO structure, GIn182g. 7A), takes part in the interactions between subyRGSB
PDB: 2PHD). This residue, located near the actiteeentrance, makes hydrogen bonds with the
Tyr98 side chain and with Asp44 of another subwanhtributing to the closure of the active site
upon substrate binding [19], thereby makingpk&DO structure more compaétiq. 7A).

Fig. 7 (2-column fitting image)

In rho-GDO the replacement of the polar GIn182 by a thisé (His182), forming weaker
interactions with Asp34 than Tyr88, can make tegion more unstable and affect the-GDO

activity.
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(Fig. 7). In psSDO structure, the neutral-polar GIn183 residulesazh subunit of the dimer
make hydrogen bond with the same residue of anahleunit. This interaction increases the
compactness of thesSDO dimer Fig. 7A), in contrast taho-GDO, where in the same position
there are two hydrophobic-aromatic Tyr173 residiés. 7B).

4. Conclusions

Studies of gentisate oxidizing enzymes show tharethis a curious phenomenon,
consisting in the combined existence of differembsirate specificity and the identity of the
composition of their active sites, most likely abtad as a result of the exchange of a part of the
genetic material between organisms of one taxongroap and among different taxonomic
groups.

This is the first report of a similar phenomenorr fihe class Ill ring-cleaving
dioxygenases. A related effect was first discovdrgedis earlier on the example of the class |
ring-cleaving (intradiol) dioxygenases. In facttezhol 1,2-dioxygenase and 3-chlorocatechol
1,2-dioxygenase oR. opacuslCP had the same composition of the active sité®ugh
showing different substrate specificities [47].

The results of our studies suggest a more compticaature of the mechanism behind
enzyme substrate specificity as commonly accepted,should encourage researchers to more
thoroughly investigate the relationships betweezysres and their substrates.

The unique gentisate 1,2-dioxigenase from the guasitive strainR. opacus1CP
presented in this work, which has a narrow sulestsgecificity, has a high potential for use in
biosensor technologies for monitoring the metabolisf tyrosine and salicylic acid by
organisms, as well as a pollution of environmentl aifferent materials by polyaromatic

compounds, the degradation of which is usuallyiedrout through gentisate.
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Fig. 1. The alignment of amino acid sequences of the gestiexidizing enzymes from
different bacteria. AHH3082%Rop 1CP — GDO fromR. opacuslCP (GenBank accession
number AHH30829), ELB9493&Rw IFP2016 — GDO fromR. wratislaviensisIFP 2016
(GenBank accession number ELB94938), EHI40BBOpPD630 -R. opacusPD630 (GenBank
accession number EHI40830), 3NAsal BN12 — SDO fromP. salicylatoxidand8N12 (RCSB
Data Bank: 3NL1), BAC0041Tglu — GDO fromC. glutamicumATCC 13032 (GenBank
accession number BACO00417), EPD394RPac CCUG15835 — GDO formP. (Delftia)
acidovoransCCUG15835 (GenBank accession number EPD39425), BA&E®Xpol 127W -
GDO from X. polyaromaticivoransl27W (GenBank accession number BAC98955), Q8X655
Ecoli O157:H7 — GDO fronE. coli O157:H7 (UniProtKB/Swiss-Prot: Q8X655), 3BLEpom
DSS3 — GDO fromS. (Ruegeria) pomerddSS3 (RCSB Data Bank: 3BU7), EHI472Rbp
PD630 — GDO fronR. opacusPD630 (GenBank accession number EHI47270), ELB8%08
IFP2016 — GDO fronR. wratislaviensidFP 2016 (GenBank accession number ELB89931),
AAQ62856 Hal D1227 — GDO fromHaloferax sp. D1227 (GenBank accession number
AAQ62856). The GDOs which have the identical amawoid composition of the N-terminal
cupin active site surfaces are marked by an akterlsee GDOs containing a second C-terminal
cupin active site bearing Feare marked by a double asterisk.

Fig. 2. Phylogenetic relationships of GDOs and relatedginstbased on the alignment of
their amino acid sequences (GenBank, NCBI, UniPBé8viss-Prot and RCSB PDB accession
numbers of proteins are indicated). The bootstedpes (consensus support, %) are displayed on
the tree.

Fig. 3. The overall structure aho-GDO molecule calculated by homology modeling: a)
homotetrameric native molecule and b) subunit stinec 1, 2, and 3 — the sites of contacts
between subunits iro-GDO tetramer (the description is presented irntee.

Fig. 4. The least-square superposition of the-GDO andrp-GDO (RCSB PDB: 3BU7)
subunits (A) and their cupin domains with activie siavities (B — in C-terminal cupin domain
and C — in N-terminal cupin domain). Atoms are cetbas element type, i.e. carbon, in gray for
rho-GDO and in pink forp-GDO; oxygen, red; nitrogen, blue; iron, brownrlio-GDO and
violet purple inrp-GDO structures. The namesrptGDO residues are reported above the names
of rho-GDO.

Fig. 5. The least-square superposition of the-GDO andpsSDO subunits (A, RCSB
PDB: 3NL1) and theho-GDO andec-GDO subunits (B, RCSB PDB: 2D40). Atoms are calore
as element type, i.e. carbon, in grayroo-GDO and in blue fopsSDO; oxygen, red; nitrogen,
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names ops-SDO andecGDO residues are reported above the namésoeGDO.

Fig. 6. The different second-sphere residues (coloured in medhe active sites ofho-
GDO andpsSDO (the least-square superposition oft@GDO andps-SDO in complex with
gentisate (coloured in green) (RCSB PDB: 3NL1)prAs colored as element type, i.e. carbon,
in gray forrho-GDO and in blue fopsSDO; oxygen, red; nitrogen, blue; iron, brownrimo-
GDO and blue inpsSDO structures. The names &SDO residues are reported above the
names ofho-GDO.

Fig. 7. The interchain interactions ps-SDO (A) andrho-GDO (B). Atoms are colored as
element type, i.e. oxygen, red; nitrogen, bluenidforown. Carbon elements are colored in green

and blue inppsSDO molecule, orange and pink -rim-GDO structure.



Table 1 Physicochemical properties of known GDOs.

GenBank Molecular Subunit T Apparent
. Growth accession mass, kDa . pH Km, UM
Strain mass, ; optimum, - . State References
substrate number of (subunit om0 optimum (with
kDa 0 C .
aa seq. number ) gentisate)

: salicylate, . .
RhodococcusrythropolisS-1 M-HBA no info 328 43 (8) 40 8.5 53 native [1]
Bacillus stearothermophiludK1 benzoate no info 260 40(6) 65-70 7.3 n.d. native [2]
Pseudoaminobacter salicylatoxydans naphthalene- 3NL1 185 45(4) nd. nd. 79 native _and (3, 4]
BN12 sulfonate recombinant
Corynebacterium glutamicu/TCC gentisate, .

13032 THBA BAC00417 180 44(4) n.d. n.d. n.d. recombinant [5, 6]
Rhodococcus opacus 1CP m-HBA AHH30829 177 41 (4) 40-45 7.6-8.5 40 native the present work
Sphingomonasp. strain RW5 3,6-dichloro-2- -5 p19067 177 38.5 (4) n.d. n.d. 15 native 71
methoxy-benzoate
Haloferaxsp. D1227 3 . AAQ62856 174 42(4) 45 7.2 95 native [8]
phenylpropionate
Delftia (Pseudomonas) acidovorans m-HBA EPD39425 164 33975';%;1) n.d. 7.0-9.0 74 native [9]
Pseudomonas testosteroni m-HBA no info 158 40.8(4) n.d. 7.0-9.0 85 native 9]
Klebsiella pneumoniaki5al m-HBA, gentisate AAW63413 159 38(4) 30 8.0-9.0 52 native [10]
Escherichia colO157:H7 no info Q8X655 154 38.9(4) n.d. 7.5-8.5 11 recombinant [2]
Moraxella osloensi©A3 salicylate no info 154 40(4) n.d. 7.0-8.5 7.1 native [11]
Pseudomonas alcaligendkCIB 9867 m-HBA AADA49427 154 39(4) 50 8.0 92 native [12]
)1(;17n\t/r\;obacter polyaromaticivorans dibenzothiophene BAC98955 146 40.0 (4) n.d. n.d. 18.6 recombinant [13]
Ruegeria (SilicibacterpomeroyiDSS-3 no info 3BU7 132 45(3) 40 8.0 12 recombinant [14]
Martelella strain AD-3 phenanthrene, AMMB86058 120 38(3) 30 7.0 26.6 recombinant [15]
anthracene
Pseudomonas putiddCIB 9869 m-HBA no info 82 41(2) 50 8.0 143 native [12]
Ralstonia solanacearu@MI 1000 no info WP6%171001 n.d. 38 30 8.0 56 recombinant [16]
Polaromonas naphthalenivorafzl2
Nagl2 naphthalene AAZ93402 80 39(2) 50 8.0 31 recombinant [17]
Nagl3, no info 80 38.7(2) 65 7.8 10 recombinant [17]
Comamonasp. strain QT12 mraminobenzoate ARB18233 n.d. 45 10 8.0 823 recombinant [18]

n.d. — not determinean-HBA — mhydroxybenzoate, no info — no informatioDn - predicted subunit number



Table 2 Kinetic properties of theno-GDO in comparison to other known GDOs. All kinatmnstants were obtained with an error <10% (tha df

at least three independent experiments were usexhbh kinetic parameter calculation).

rho-GDO <SDO Pseudomonas Rhodococcus Xanthobacter

(the present work) p[ 4, 22] acidovorans GDO erythropolisS-1  polyaromaticivorans
Substrate Structure : [44] [1] 127wW[a3]

Km or Vrela Km or Vrela Km or Vrely Km or Vrela Km or Vrela

Kif, uMm % Kif, uM % KLuM %  KiuM % K, uMm %
gentisate * *
(5-hydroxysalicylate) M@r 40.00 100.00 79.00 100.00 Bp 100 n.d. 100.00 n.d. 100.00
salicylate @/ 810.04 0.00 12.00* 1.02* m 0.00 n.d. 5.00 n.d. n.d.
2,3-dihydroxybenzoate o 1069.0§ 000  67.00* 022 880008 000 nd  4.00 n.d. n.d.
(3-hydroxysalicylate) on
2,4-dihydroxybenzoate . .
(4-hydroxysalicylate) (P/ 1130.06 0.00 39.00 0.09 6400.06  0.00 n.d. 3.00 n.d. n.d.
2,6-dihydroxybenzoate v 1
(6-hydroxysalicylate) f«ér 22006  0.00 n.d. n.d. 2000.06  0.00 n.d. n.d. n.d. n.d.
5-chlorosalicylate * 57.04 0.00 85.00* 0.22* 1400.06 0.00 n.d. n.d. n.d. 0.00
homogentisate C/é( 444.0¢ 0.00 n.d. n.d. 6800.06  0.00 n.d. n.d. n.d. n.d.
1-hydroxy-2-naphthoate O n.d. 0.00  140.00** 18.00** n.d. n.d. n.d. n.d. n.d. 2.90
2-hydroxy-3-naphthoate (11 n.d. 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
catechol C( 44.9¢ 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.00
4-methylcatechol (?/ 6.70 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
4-chlorocatechol (?/ 1.49 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
hydroxyquinol (é/ 330.04 0.00 n.d. n.d. n.d. 0.5 n.d. n.d. n.d. n.d.
) not
3,4-dihydroxybenzoate - inhibitor 0.00 n.d. n.d. n.d. n.d. n.d. 6.00 n.d. n.d.
(protocatechuate) and not
substrate

n.d. — not determined; * - the data from the pagétlinter et al., 2004, th¥,, values are given as percentage from the enzymatyetith gentisate [4]; ** -
the data from the paper of Ferraroni et al., 2818V, values are given as percentage from the enzymatgetith gentisate [22]
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AHH30829 Rop 1CP AP-LAQLYRD W TQLGDLMP-M 38
ELB94938 Rw IFP2016 AP-LAQLYRD W TQLGDLMP-M 38
EHI40830 Rop PD630 MTAT ELKQLYHD FEAEHLNPLW TQLGDLMP-M 39
3NL1 Psal BN12 ~MQ NEKLDHESVT IQ--~PKD TPELRALYKS FEEESIIPLW TQLGDLMP-I 48
BAC00417 Cglu ‘MGAPG KNDYATEHVK QEVPPATPEE QAELDTMYKR MDDLHLKPLW TQIGGLMP-N 54
EPD39425 Dac CCUG15835 QELG ~RL EDLPQDYRDE LVPLW PPH 37
BAC98955 Xpol 127W ~RONI IDDQSYTALW TVLI IT-P 38
08X655 Ecol 015 ==----MTDNN O ---QFYQH ISGONLTPLW ESLHHLVP-K 34
3BU7 Spom DSS3 MGSSHHHHHH SSGLVPRGSH MAPTEIKPED DILGRARVRD TPELEAYYDD LAKIET( W TVANDIEP-W 69
EHI47270 Rop PD630 - = =----MRRRR KGGTHMSLSD DVLGRARVKD EAFY] LGKRDTVZ TVANKIEP-W 54
ELB89931 Rw IFP2016 .GRARVKD TEALEAFYDE LGKRDTVALW TVANKIEP-W 44
AAQ62856 Hal D1227 STDTERL--- 38
80 90 100 110 120 130 140
/AHH30829 Rop 1CP TPTSLAVPFV WKWSTLY--- PLAQRAGDLV PVGRGGERRA IALANPGLGG VPYVTP-TLW QYLGPKE\104
ELB94938 Rw IFP2016 TPASRAVPFV TLY- PLARRAGDLV PVGRGGERRA IALANPGLGG VPYVTP-TLW QYLGPKE (104
EHI40830 Rop PD630 TPTSRAVPFV PLAQRAGDLV PVGRGGERRA IALANPGLGG VPYVTP-TLW QYLGPKE (105
RL L 114
3AC00417 Cglu HPEPRAVAHK KLAQRSGELV PVGRGGERRA 120
EPD39425 Dac CCUG15835 TPRPRTQPIA LLLPGE 103
BAC98955 Xpol 127W EPRSNCLPHV lcLorvMeDE 103
Q8X655 Ecol O157:H7 ™ {GLOLIMPGE 99
3BU7 Spom DSS3 EPTPKSAPVE 134
EHI47270 Rop PD630 FPQPASVPIL Y GMGPGE 119
ELB89931 Rw IFP2016 FPQPASVPIL WRYEDIR PFVIDSLDLV K-PEDAGRRV VALVNPERKD 'G-LLY 1| GMGPGE 109
ARQ62856 Hal D1227 FGGF] --1 WKWEDIQASI DAIERDVPIA DLPPGFQRRV AVPVNTGYRN --AISN-TIY [GVRTVSPGE 103
50 160 170 180 190 200 210
‘AHH30829 Rop 1CP AFRFVVEG-E WTVVNGDP VAMRRGDFLL T NET-DQPMAW IDGEDEPFV-)171
ELB94938 Rw IFP2016 AFRFVVEG-E WTVVNGDP VAMRRGDFLL T NET-DQPMAW IDGLOIPFV- 171
EHI40830 Rop PD630 AFRFVVEG-E WTVVNGDP VAMRRGDFLL T NET-DQPMAW IDGLOIPFV-|172
NDT-DQPMAW IDGLOIPFS- |181
NIA-TEPMAW LDGLOIPFA- 187
EPD39425 Dac CCUG15835 HDG-DEPVVW LDVLOLPLA- (170
BAC98955 Xpol 127W ALRLVLDG-N GAHTSVDGER TIMSFGDFII TPPWTWHDI NST-DEPMIW LDGLOIAVV-|170
Q8X655 Ecol 015 7 ALRFIVEG-K GAFTAVDGER TPMNEGDFIL TP NPG-DEPVIW LDGLOLPLV-|166
3BU7 Spom DSS3 ALRFIMEG-S GAYTIVDGHK VEL( IDFVL ILESGTECIN QDGLOEPLT-|202
EHI47270 Rop PD630 ALRFVVEG-Q GAWTVVDGQ! I TPSFTWHE! QDGLOIPLV- 187
ELB89931 Rw IFP2016 ALRFVVEG-Q GAWTVVDGQK TPSFTWHEI NEDSDEPVIWN QDGLOEPLV-|177
ARQ62856 Hal D1227 & ALRFTIDGSE DMKTVVAGEE FPMRDNDLIT TP Al LDVLDLPLVLJ172
220 230 240 250 260 280
ARR30829 Rop 1CP [FRYTDTEFFE FGSENVIDDS T 229
ELB94938 Rw IFP2016 ~HYTDTGFFE FGSENVTDDS TPDVSRSERL TAAYRWERTD 229
EHI40830 Rop PD630 ~-HYTDTGFFE FGSENVTDDS TPDVSRSERL TAAYRWEHTD [230
3NL1 Psal BN12 - TPNFSRGERL IGAYRWEFTD [239
BAC00417 Cglu TPDLSRSERL WAHPGLRI IGRYAWEHTD J245
EPD39425 Dac CCUG15835 -GRGDRA MLRYPWKDAR 224
BAC98955 Xpol 127W SFAE EYGADEQPIV HNIGDSSAR- IFNYPYERSR 226
Q8X655 Ecol 015 7 |-NILGCEFAE DYPEEQQPVT RKEGDYLPR- IFNYRYDRSR 221
3BU7 Spom DSS3 |-NCLEANFYE VHPNDYQTTD IPLNDSPLT- LLKYSWEPTY 259
EHI47270 Rop PD630 |-NALDAGFYE VHPNHCQEQG AVINSSLLT- LFAYPWEPTY 246
ELB89931 Rw IFP2016 |-NALDAGFYE VHPNHYQERG AVVNSSLLT- ;QLRP- =V LFAYPWEPTY 236
ARQ62856 Hal D1227 (DSLNARNTFE NHELDRQPVT KSQGYWESQ- YGR--ARPFE DTKED-GIPG PYRFSWKDTL 238
291 0 320 3 340 50
AHH30829 Rop 1CP AALREQLALE DEGYAATTEP GHAAVRYTNP TTGGDVM-PT IRAEFHRLRA GAHTRPRRDV GSTVYQVFEG 298
ELB94938 Rw IFP2016 AALREQLALE DEGYAATTEP TTGGDVM-PT I GSTVYQVEDG 298
EHI40830 Rop PD630 AALREQLALE DEGYAATTEP TTGGDVM-PT II GSTVYQVFDG 299
3NL1 Psal BN12 RALTEQLLLE DEGQPATVAP GHAAIRYVNP TTGGDVM-PT LRCEFHRLRA GTETATRNEV GSTVFQVFEG 308
BAC00417 Cglu AALNDQLALE EAGHPGTVAP GHAATRFSNP TTGGDVM-TT IRAEFHRLRP GASTAPIHEV GNRCFQVFEG 314
EPD39425 Dac CCUG15835 AALLELASDR PD- --L DCVQLAYTNP ETGADCE-NI LGFYALMLRP GQTLQLPARS PACVFHVIEG 286
BAC98955 Xpol 127W EALEA-- L KKSQEWDRCH GL-! )GGWAM-PT IATGLQLLPK GFSAAPYRST DAMVFVVLEG 290
Q8X655 Ecol 0157:H7 EVLHD-LTRL GY- VTGGYPM-PS MGAFLQLLPK GFASRVARTT 285
’BU7 Spom DSS3 EAL] 'GGHPM- MGASMQMLRP GEHT! 23
EHI47270 Rop PD630 RTGGSVM-PT LSAHIQLLRA DQHTI 10
ELB89931 Rw IFP2016 AALRN-AAKA SEGSPYD- GI-LLEYSNP RTGGSVM-PT LSAHIQLLRA DQHT! 00
AAQ62856 Hal D1227 QTLRQ-RAEN DDPDPHD- GY-SLSYVNP ATGQPPLFPT MSFRAQLLQ- -EETDP] 01
0 370 400 410 420
AHH30829 Rop 1CP SGRFVLGGES REVGTGDMIV DLFAFSDAPI VERLHFDRTY
ELB94938 Rw IFP2016 SGRFDLGGEN REVGTGDMIV DLFAFSDAPI VERLHFDRTY
EHI40830 Rop PD630 SGRFVLDGQT RAVGTGDMIV DLFAFSDAPI VERLHFDRTY
3NL1 Psal BN12 \WUMNGET TKLEKGDMFV DLFRFSDAPI MEALSFMRTK
BAC00417 Cglu SATINVGDKT FEANHGDVIN VPSWQKWNIV DLFCFSDTPI FEALNLARTF
EPD39425 Dac CCUG15835 FDLAPADTCC VP A FLFLADEAPL HRKLGLYEVR
BAC98955 Xpol 127W SGKSQIGGKE IIWGKKDVFV APSWH-WVTH =---MPLEET VFFTYSDRVA QEKLGLWRED
Q8X655 Ecol 015 7 SGQVIIGNET FSFSAKDIFV VPTWH-GVSF VLFSFSDRPV_QEALGLFREA
3BU7 Spom DSS3 FDWSEHDIFC VPAWT: CLFSFNDFPV MEKLGFWAEQ

EHI47270 Rop PD630
ELB89931 Rw IFP2016
ARQ62856 Hal D1227

AHH30829 Rop 1CP
ELB94938 Rw IFP2016
EHI40830 Rop PD630
3NL1 Psal BN12
BAC00417 Cglu
EPD39425 Dac CCUG15835
BAC98955 Xpol 127W
08X655 Ecol 0157:H7
3BU7 Spom DSS3
EHI47270 Rop PD630
ELB89931 Rw IFP2016
ARQ62856 Hal D1227

FDWKQGDIEV
FDWKQGDIFV.
LEWSERDIFV

VLFSFNDFPV
VLFSENDFPV
ILLGMTDREV

MRSLAFWREE
MRSLSFWREE
FEAFNFYAEA

AYLENDGHQP
AYLENDGHQP
ol —

& - the residues identical to the aminoacids forming the rho-
active site cavity (Genbank accession number: AHH30829)
the residues coordinating Fe-ion of GDO active center
the residues identical to the residues coordinating Fe’'-
of the second active center of GDO from Reugeria
(Silicibacter) pomeroyi (Gembank accession number: 3BU7)

(- the residues corresponding to the different residues in
the second shield of the active sites of rho-GDO and ps-SDO

394 structures (Ala96/Glyl06, Alall2/Ser122, His153/Met163 from
380  left to right)
370 (@- the residues corresponding to the loopl68-174 of rho-GDO
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Fig. 4.

A | C-terminal
1~ cupin domain

N-terminal
- . cupin domain




TRP-172

GLN-108
GLN-98

ALA-174
PHE-179




Fig. 6.
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»  Gentisate 1,2-dioxygenase of Rhodococcus opacus 1CP was purified and characterized
=  Gene coding the rho-GDO was identified and expressed

= Phylogenetic relationship among gentisate 1,2-dioxyhenases (GDOs) was studied

= A homology model of the 3D-structure of the first gram-positive GDO was presented

» Phenomenon of the active site identity of diverse substrate selectivity GDOs was shown
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