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Abstract 25 

Gentisate 1,2-dioxygenases belong to the class III ring-cleaving dioxygenases catalyzing 26 

key reactions of aromatic compounds degradation by aerobic microorganisms. In the present 27 

work, the results of complete molecular, structural, and functional investigations of the gentisate 28 

1,2-dioxygenase (rho-GDO) from a gram-positive bacterium Rhodococcus opacus 1CP growing 29 

on 3-hydroxybenzoate as a sole source of carbon and energy are presented. The purified enzyme 30 

showed a narrow substrate specificity. Among fourteen investigated substrate analogs only 31 

gentisate was oxidized by the enzyme, what can be potentially applied in biosensor technologies. 32 

The rho-GDO encoding gene was identified in the genomic DNA of the R. opacus 1CP. 33 

According to phylogenetic analysis, the rho-GDO belongs to the group of apparently most 34 
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recently acquired activities in bacterial genera Rhodococcus, Arthrobacter, Corynebacterium, 35 

Nocardia, Amycolatopsis, Comamonas, and Streptomyces. Homology modeling the rho-GDO 36 

3D-structure demonstrates the composition identity of the first-sphere residues of the active site 37 

of rho-GDO and salicylate 1,2-dioxygenase from Pseudaminobacter salicylatoxidans (RCSB 38 

PDB: 2PHD), despite of their different substrate specificities. The phenomenon described for the 39 

first time for this family of enzymes supposes a more complicated mechanism of substrate 40 

specificity than previously imagined, and makes the rho-GDO a convenient model for a novel 41 

direction of structure-function relationship studies.  42 

 43 

 44 

1. Introduction 45 

Gentisate 1,2-dioxygenase (GDO, EC 1.13.11.4) is one of the key enzymes of the 46 

catabolism of a wide range of aromatic substrates such as: benzoate and its substituted 47 

derivatives, salicylate, 3-phenylpropionate, dibenzothiophene, naphthalene, phenanthrene, and 48 

anthracene (Table 1) [1-18]. GDOs catalyze aromatic ring fission between a hydroxyl and an 49 

adjacent carboxyl groups of substrate molecules, such as gentisate as well as methyl-, ethyl-, 50 

isopropyl-, halogen substituted gentisates, 1,4-dihydroxy-2-naphthoic acid and salicylate [1, 9, 51 

11, 12]. GDOs belong to the class III bicupin dioxygenases, which are characterized by a six-52 

stranded β-barrel fold and conserved amino acid motifs that provide the 3His ligand environment 53 

of a divalent metal ion, usually a Fe(II) ion [19, 20]. 54 

Table 1 55 

Currently, about twenty enzymes with GDO activity have been isolated from different 56 

bacterial sources (Table 1) and partially characterized. Among them there is an atypical GDO 57 

(salicylate 1,2-dioxygenase (SDO)) isolated from the gram-negative bacterium 58 

Pseudaminobacter salicylatoxidans BN12 which is able to oxidize the ring fission not only of 59 

gentisate, but also of (substituted) salicylate(s) and a broad range of monohydroxylated 60 

substrates including 1-hydroxy-2-naphthoate [3, 4, 19, 21, 22]. Very specific GDOs with unusual 61 

selectivity were also purified and characterized. For example, GDO from the gram-negative 62 

bacterium Xanthobacter polyaromaticivorans 127W oxidized mainly 1,4-dihydroxy-2-63 

naphthoate and gentisate [13]. 5-Aminosalicylate 1,2-dioxygenase from the gram-negative 64 

bacterium Comamonas sp. strain QT12 was able to cleave gentisate and predominantly 5-65 

aminosalicylate as substrates [18]. 66 

Up to now the 3D-structures of only three GDO-like enzymes from gram-negative bacteria 67 

have been described. These are include the 3D-structures of GDOs from Esherichia coli O157: 68 

H7 (RCSB PDB: 2D40, [23]), Ruegeria (Silicibacter pomeroyi DSS3 (RCSB PDB: 3BU7, [24]), 69 
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and P. salicylatoxidans BN12 (RCSB PDB: 2PHD, [19, 21]). At the same time, there are no data 70 

on the full structure of GDOs of gram-positive bacteria.  71 

Previously we have shown that the gram-positive bacterium Rhodococcus opacus 1CP 72 

actively utilized 3-hydroxybenzoate and gentisate as the sole source of carbon and energy using 73 

gentisate 1,2-dioxygenase [25]. This work focuses on the study of the biochemical, kinetic and 74 

structural properties of the novel gentisate 1,2-dioxygenase from this organism.  75 
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2. Materials and methods 76 

 77 

2.1. Chemicals 78 

 79 

3-Hydroxybenzoate and the reagents used to prepare culture media were from Reakhim 80 

(Russia). Gentisate, β-mercaptoethanol, 2,3-, 2,4- and 3,4-dihydroxybenzoates were from Fluka 81 

(Switzerland). Catechol, 4-methyl- and 4-chlorocatechol, protocatechuate, 2,6-82 

dihydroxybenzoate, homogentisate, salicylate, hydroxyquinol, ammonium persulfate, Tris, 83 

protein markers for SDS-polyacrylamide electrophoresis (SDS-PAGE) and gel-filtration were 84 

obtained from Sigma (USA). Agarose was from Helicon (Russia), acrylamide and bis-85 

acrylamide were from Dia-m (Russia), Coomassie brilliant blue R-250 was from Bio-Rad 86 

(USA). Ethanol was HPLC-purity from Sigma (USA). 87 

 88 

2.2. Microorganism and growth conditions 89 

 90 

R. opacus 1CP (VKM Ac-2638) biomass for gentisate 1,2-dioxygenase (rho-GDO) 91 

purification was obtained during the cell cultivation in a 10-l bioreactor (рО2 = 80, under shaking 92 

350 rpm at 29 oC) with 7 l of mineral media [26] and 3-hydroxybenzoate (up to 1.2 g/h) as a sole 93 

source of carbon and energy. Substrate exhaustion was monitored by the decrease in oxygen 94 

uptake. The cells were harvested at the exponential growth phase by centrifugation at 3000 g, 95 

washed twice with 50 mM Tris/HCl containing 10 % ethanol (v/v), pH7.2, and stored at -20 oC.  96 

 97 

2.3. Preparation of crude extract and enzyme purification 98 

 99 

Frozen cells were resuspended in an equal volume of 50 mM Tris/HCl with 10% ethanol 100 

(v/v), pH7.2, and disrupted by French press. After the treatment with 0.01 mg/mL DNAase 101 

(Sigma, USA), the cell extract was clarified by centrifugation for 30 min at 27000 g. The 102 

supernatant was used as a crude extract for further investigations. 103 

All the procedures of the rho-GDO purification were performed in the presence of 50 mM 104 

Tris/HCl pH7.2 with 10% ethanol (v/v). rho-GDO was purified from crude extract of R. opacus 105 

1CP cells using subsequent steps: anion-exchange chromatography on QAE-Toyopearl (30 mL 106 

volume, Supelco (Japanese)) with a linear gradient of NaCl (0.0-0.5 M), hydrophobic 107 

chromatography on Butyl Sepharose Fast flow (30 mL volume, Sigma-Aldrich (Germany)) with 108 

a linear gradient of (NH4)2SO4 (0.6-0.0 M), and gel-filtration on Superdex 200 prep grade 109 

(Pharmacia Biotech (Switzerland)). During each step fractions with GDO activity were joined, 110 
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concentrated and desalted using ultrafiltration unit with Millipore membrane (10 kDa).  111 

Protein concentration was determined by the Bradford method [27] with BSA as a 112 

standard. 113 

 114 

2.4. Enzyme assay and analysis of the kinetic data 115 

 116 

The rho-GDO activity was measured spectrophotometrically with a Shimadzu UV-160 117 

spectrophotometer (Japan) in 1 cm quartz cuvettes at 25 oC with 0.33 mM gentisate as a substrate 118 

at 334 nm [28]. The reaction mixture contained also air-saturated 50 mM Clark and Lubs 119 

phosphate buffer at рН8.0. The reaction was started by adding the enzyme.  120 

Apparent Km and Vmax values were calculated from 1/V versus 1/[S] plots [29]. Apparent 121 

kcat values were determined using molecular masses of the enzymes. Specific rate of the rho-122 

GDO with gentisate was determined using molar extinction coefficients for maleylpyruvate - 123 

10.8 mM-1cм-1 [28]. Activity of rho-GDO with the other substrate analogs was determined using 124 

the molar extinction coefficients of the corresponding reaction products [3, 13] as well as was 125 

concurrently investigated by monitoring spectrum dynamics of the reaction products in the range 126 

of 200-800 nm. 127 

One unit of enzyme activity was defined as the amount of enzyme catalyzing the formation 128 

of 1 micromole of product per minute under the described conditions. Inhibition constants were 129 

determined graphically utilizing the method of Lineweaver and Burk [29] using three fixed 130 

gentisate concentrations: 40 μM, 80 μM and 160 μM. The enzyme activity was measured at least 131 

3 times for each of 10 increasing concentrations of inhibitor for each gentisate concentration.  132 

For calculation of each kinetic constant, the data of at least three experiments were used. 133 

All kinetic constants were obtained with an error <10%.  134 

 135 

2.5. Enzyme characterization 136 

 137 

The pH effect on the reaction rates of the rho-GDO was studied by determining the 138 

enzyme activities in 40 mM acetate-phosphate-borate/NaOH buffer (APB) in the range of pH5.6-139 

10.0 [30], 50 mM tris/HCl buffer (pH7.2-9.0), 50 mM tris/H2SO4 buffer (pH7.2-9.0), and 50 mM 140 

Clark and Lubs phosphate buffer (pH6.0-8.0) [31]. The temperature effect on the enzymatic 141 

reaction rate was determined in the range of 15–60°C in 50 mM Clark and Lubs phosphate 142 

(pH8.0) using a Shimadzu TCC-controller (Japan).  143 
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Molecular mass of the rho-GDO was determined by 12% SDS-PAGE according to the 144 

modified Laemmli method [32]. Low molecular weight kit SigmaMarker (6,500-66,000 Da) was 145 

used as a standard.  146 

For estimation of molecular mass under non-denaturing conditions, the protein was applied 147 

to a Superdex 200 column (110 mL, “Pharmacia Biotech”, Switzerland) and eluted with 50 mM 148 

tris/HCl (pH7.2) buffer containing 10% ethanol (v/v) and 0,1 M NaCl. The molecular mass was 149 

calculated using a standard linear regression curve of the reference proteins (29,000-700,000 Da, 150 

Sigma (USA)).  151 

 152 

2.6. Bacterial strains, plasmids and growth conditions 153 

 154 

For DNA manipulations, R. opacus 1CP and E. coli strains were grown at 29°C and 37 oC, 155 

respectively, in LB media [33] under shaking at 200 rpm. E. coli DH5α and E. coli BL21(DE3) 156 

were obtained from Invitrogen (USA) and Novagen (USA), respectively. Culture growth was 157 

measured using UV-visible spectrophotometer Shimazu UV-160 at 545 nm.  158 

Plasmid pGEM-T Easy (Promega, USA) was used for cloning the wild type of rho-GDO 159 

gene (mhbD). For expression of mhbD gene the pET22b(+) vector (Novagen, USA) was applied. 160 

 161 

2.7. DNA manipulation, cloning, and sequencing 162 

 163 

Genomic DNA from R. opacus 1CP was isolated by modified method using Genomic 164 

DNA Purification Kit (Fermentas). Cells were incubated in lysis solution for 1 h, following the 165 

DNA purification according to the manufacturer protocol. Purification of plasmid DNA was 166 

carried out using Plasmid Miniprep kit (Eurogene (Russia)). The quality and quantity of the 167 

extracted DNA were determined by the NanoDrop 2000 spectrophotometer (ThermoFisher). 168 

The search of homological nucleotide sequences was performed by BLAST [34]. 169 

Alignment of the nucleotide sequences of 3-hydroxybenzoate degradation gene cluster of R. 170 

jostii RHA1 (GenBank: CP000431.1), R. opacus B4 (GenBank: AP011115.1), Rhodococcus sp. 171 

TFB (GenBank: JF754465.1) was performed using the MEGA6 software [35]. To design the 172 

primers GDO1f and GDO1r (Supplementary Tables S1) for highly conserved regions flanking 173 

the gentisate-1,2-dioxygenase genes of R. jostii RHA1, R. opacus B4, Rhodococcus sp. TFB 174 

(GenBank JF754465.1) the Primer3Plus web service was used [36].   175 

Amplification of a part of gene cluster containing the complete sequence of the mhbD gene 176 

encoding the gentisate-1,2-dioxigenase from R. opacus 1CP was performed using the ScreenMix 177 

kit (Evrogen, Russia) and GDO1f and GDO1r primers. PCR mixture (25 µl) contained 0.8 µM of 178 
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each primer, 1 µl of the template genomic DNA, 5 µl ScreenMix kit solution (Evrogen, Russia). 179 

The following PCR program was used: an initial denaturation (95°C, 3 min) was followed by 33 180 

cycles consisting of a denaturation step (94°C, 30 s), an annealing step (70°C, 30 s), and an 181 

extension step (72°C, 60 s). The final extension step was done at 72 °C for 10 min. Isolation of 182 

PCR-products from agarose gel was performed using Cleanup Standard kit (Evrogen, Russia). 183 

The resulting PCR product was ligated into pGEM-T Easy vector (Promega, USA) and 184 

sequenced using the Evrogen commercial service (Russia). 185 

The GDO2f and GDO2r primers (Supplementary Tables S1) designed from the obtained 186 

genomic DNA sequence were used for amplification of full-length mhbD gene coding rho-GDO. 187 

The GDO2f primer contained a start codon and restriction site of SacI. The GDO2r primer 188 

contained a stop codon and HindIII restriction site. 189 

PCR mixture (20 µl) contained 0.5 µM of each primer, 1 µl of genomic DNA, 10 µl KAPA 190 

HiFi HotStart ReadyMix (Roche). The following PCR program was used: an initial denaturation 191 

(95°C, 3 min) was followed by 30 cycles of a denaturation step (98°C, 20 s), an annealing step 192 

(69°C, 20 s), and an extension step (72°C, 60 s). The final extension step was done at 72°C for 5 193 

min. 194 

The pET22-mhbD plasmid was obtained by cloning the mhbD gene, coding rho-GDO into 195 

the pET22b (+) expression vector (Novagen) at the SacI and HindIII restriction sites. 196 

Restriction, ligation, preparation of competent cells of E. coli strains and their subsequent 197 

transformation were processed according to standard protocols [37].  198 

 199 

2.8. Expression procedure 200 

 201 

The rho-GDO was expressed in E. coli strain BL21 (DE3) cells transformed with the 202 

pET22-mhbD plasmid. 10 mL of the cell culture was incubated overnight at 37°C with agitation 203 

in LB medium in the presence of 100 μg/mL ampicillin (Sigma-Aldrich). Then, 0.15 mL of the 204 

obtained inoculum was transferred to 100 mL of LB medium containing 100 μg/mL ampicillin 205 

and cultured at 37°C with agitation until the optical density OD545 was equal to 0.7. The 206 

expression of the mhbD gene was induced by 1 mM isopropyl-β-D-thiogalactopyranoside 207 

(IPTG) at 37 °C. After incubation for 3.5 h, the cells were pelleted by centrifugation at 3000 g, 208 

washed and resuspended in 5 mL of 50 mM Tris/HCl with pH7.2. Cell disruption was performed 209 

using an MSE ultrasonic disintegrator (UK) for 20 min at 200 kHz. 210 

GDO-activity in the obtained crude extract was measured as described above. E. coli 211 

BL21(DE3) strain, not transformed with pET22-mhbD, was used as a control. 212 

 213 
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2.9. Nucleotide sequence accession number 214 

 215 

The GenBank accession number of the sequence reported in this paper is KF806993 216 

(AHH30829). 217 

 218 

2.10. Phylogenetic analysis 219 

 220 

All amino acid sequences of bacterial GDOs used in the present studies were obtained 221 

from GenBank, RCSB PDB, NCBI, and UniProtKB/Swiss-Prot databases. The alignment was 222 

performed with the MEGA6 software [35] using the ClustalW algorithm (default parameters). 223 

The tree was also constructed by MEGA6 using the Neighbor-Joining statistical method and the 224 

Poisson correction method with a number of bootstrap replications equal to 1000. All positions 225 

containing gaps and missing data were eliminated.  226 

 227 

2.11. rho-GDO theoretical model 228 

 229 

Homology modeling of rho-GDO was performed using Modeller software [38]. The 230 

crystal structures of salicylate 1,2-dioxygenase from P. salicylatoxidans (RCSB PDB: 2PHD) 231 

and salicylate 1,2-dioxygenase from P. salicylatoxidans W104Y mutant (PDB ID: 4FAG) were 232 

used as the templates for modeling rho-GDO. Tetrameric structure of 4FAG was modeled with 233 

UCSF Chimera [39] and Modeller [38] software. The best model was selected by means of 234 

DOPE assessment score implemented in the Modeller software [40]. Verification of the model 235 

was done with ProCheck v.3.4 [41], WHAT_CHECK [42] and UCSF Chimera [39]. In addition, 236 

the root mean square deviation (RMSD) between the main chain atoms of the model and the 237 

templates was calculated for the reliability of the model. Alignment of protein sequences was 238 

performed by MEGA6 software using Muscle algorithm (default parameters) [35]. 239 

The rho-GDO model data are available in the PMDB database under the accession number 240 

PM0082625. 241 

242 
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3. Results and discussion 243 

 244 

3.1. Purification and characterization of the native rho-GDO 245 

 246 

Electrophoretically homogenous rho-GDO was isolated from the cells of R. opacus 1CP 247 

utilizing m-hydroxybenzoate as a sole source of carbon and energy, using anion exchange and 248 

hydrophobic chromatography, and gel-filtration step (Supplementary Tables S2 and Figure S3). 249 

The purified enzyme with specific activity of 108 U/mg had 177+2 kDa molecular mass and 250 

41+1 kDa subunit mass. The enzyme was unstable in crude extract, but restored activity during 251 

subsequent purification (Supplementary Tables S2 and Figure S3). 252 

Thus, rho-GDO was a tetramer like the majority of known GDOs from gram-negative and 253 

gram-positive strains (Table 1). rho-GDO belongs to the group of relatively high molecular 254 

mass enzymes, which property is not connected to their taxonomic affiliation (Table 1). 255 

rho-GDO was the most active at 40-45oC. pH optimum of the enzyme was observed in 256 

slightly alkaline conditions: in 50 mM Tris/HCl buffer – at pH8.0-8.3, in 50 mM Tris/H2SO4 257 

buffer - at рН7.6-8.0, in 40 mM APB - at pH7.5-8.5, and in 50 mM Clark and Lubs phosphate 258 

buffer - at рН8.0 (Table 1). This is also typical to all known dioxygenases cleaving gentisate. In 259 

Clark and Lubs phosphate buffer, the enzyme activity was found 10 times higher than in other 260 

buffers. In subsequent experiments, this buffer was chosen to measure the enzyme kinetic 261 

parameters. 262 

 263 

3.2. Kinetic properties of rho-GDO 264 

 265 

The purified rho-GDO has a narrow substrate specificity (Table 2). Among all the 266 

investigated substrate analogs, containing a carboxyl- and adjacent hydroxyl-substituents, only 267 

gentisate was oxidized by the enzyme. It is interesting to note that rho-GDO has a different 268 

selectivity concerning the hydroxy-substituted salicylates as competetive inhibitors. Thus the 269 

absence of a hydroxyl-substituent at position 5 in salicylate led to a loss of catalytic activity and 270 

reduction of the strength of its binding to the rho-GDO active site (Ki=810 μM). Salicylate 271 

analogues with a hydroxyl-substituent at position 3 or 4 in the aromatic ring of the salicylate 272 

molecule, excepting position 5 (gentisate), were not substrates of the enzyme and had a reduced 273 

inhibitory effect (Ki values – 1069 and 1130 μM correspondingly). Nevertheless, the 6-hydroxyl 274 

substituted salicylate had inhibitory effects on enzyme catalysis and was more strongly bound to 275 

rho-GDO active site. A surprising effect was observed for 5-chlorosalicylate: this compound was 276 

Jo
urn

al 
Pre-

pro
of



not a substrate (a competitive inhibitor), however it was bound strongly to the rho-GDO active 277 

site (Ki=57 μM) as compared with apparent gentisate binding (Km=40 μM). Thus, the presence of 278 

a 5-hydroxy-substituent in the aromatic ring of salicylate (gentisate) is required for the 279 

performance of rho-GDO catalysis. 280 

Table 2 281 

Concurrently, another series of substrate analogs containing two adjacent hydroxyl 282 

substituents as reactive groups was tested: catechol, 4-methyl- and 4-chlorocatechols, 283 

hydroxyquinol (1,2,4-trihydroxybenzene) and protocatechuate (3,4-dihydroxybenzoate). With 284 

the exception of protocatechate, all tested compounds were competitive inhibitors. Catechol and 285 

especially its 4-methyl and 4-chlorosubstituted derivatives were not substrates but they were 286 

very strong inhibitors. The presence of hydroxyl- or carboxyl-substituent at 4-position of 287 

catechol ring led to a weak inhibitory effect up to disappearance of rho-GDO inhibition 288 

(protocatechuate). It can be concluded that the hydroxyl group at exactly position 5 in the 289 

salicylate-like molecule (gentisate) is important both for the catalytic process and for binding to 290 

the rho-GDO-active site, while at the same position in molecules containing two hydroxyls as 291 

adjacent reactive groups (substituted catechols) decrease the binding of the substrate analogues. 292 

Thus, the presence of the carboxyl and hydroxyl groups at positions 2 and 5, respectively, of the 293 

substrate molecule is mandatory for the rho-GDO catalysis. 294 

Unfortunately, the kinetic and inhibition properties only of a few enzymes of all known 295 

GDOs (Table 1) have been investigated. The majority of the gentisate 1,2-dioxygenases isolated 296 

and characterized so far has a rather narrow substrate specificity (Table 1), which was 297 

determined using gentisate and its derivatives as substrates. For example, GDOs from M. 298 

osloensis [11], P. (Comamonas) testosteroni [9], P. (Delftia) acidovorans [9], R. erythropolis S1 299 

[1], Sphingomonas sp. strain RW5 [7], P. alcaligenes NCIB 9867 and P. putida NCIB 9869 [12, 300 

43] were active with gentisate and its methyl-, ethyl, bromo-, and chlorosubstituted derivatives. 301 

At the same time, the highest dioxygenase activity was observed with respect to gentisate. The 302 

exception was GDO from P. alcaligenes P25X which exhibited the highest activity with 3-303 

methylgentisate as a substrate [12]. 304 

As a rule, GDOs are weakly active with structural analogues of gentisate: 2,4-, 2,3-, 2,6-, 305 

3,5-dihydroxybenzoates and salicylates [1, 3, 4]. The exception is the GDO from P. (Delftia) 306 

acidovorans that is inhibited by hydroxybesoates like rho-GDO (Table 2) [44]. At the same time, 307 

this enzyme showed weak activity with hydroxyquinol, in contrast to rho-GDO (Table 2) [44]. 308 

Moreover, some GDOs make cleavage of hydroxynaphthoates. GDOs from P. 309 

(Comamonas) testosteroni, P. (Delftia) acidovorans, and X. polyaromaticivorans 127W were 310 
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active with 1,4-dihydroxy-2-naphthoate [9, 13], GDOs from P. salicylatoxidans and from X. 311 

polyaromaticivorans 127W – with 1-hydroxy-2-naphthoate [3, 13].  312 

As well as rho-GDO the GDO from Corynebacterium glutamicum ATCC 13032 was not 313 

active with salicylate, 1-hydroxy 2-naphthoate, 3-hydroxysalicylate [6]. At the same time, this 314 

enzyme did not cleave methyl-, amino-, bromo- and fluorosalicylates [6]. Unfortunately, the 315 

inhibitory effects of the above compounds on the GDO from C. glutamicum ATCC 13032 were 316 

not evaluated, as well as catechol-like compounds, 5-chlorosalycilate, and 2-hydroxy-3-317 

naphthoate were not tested as substrates, which greatly complicates the comparative analysis. 318 

Recently, 5-aminosalicylate 1,2-dioxygenase from Comamonas sp. strain QT12 was 319 

purified and characterized. The enzyme was able to cleave gentisate and predominantly 5-320 

aminosalicylate as substrates [18]. 321 

Unfortunately, there are no data concerning substrate specificity of GDOs with known 3D-322 

structure from E. coli O157:H7: (ec-GDO; RCSB PDB: 2D40, [23]) and R. (Silicibacter) 323 

pomeroyi DSS3 (rp-GDO; RCSB PDB: 3BU7, [14, 24]) that complicates an insight into the 324 

nature of GDO function.  325 

Thus, rho-GDO is a rather unusual enzyme among the GDOs possessing a relatively 326 

narrow spectrum of substrates.  327 

 328 

3.3. Cloning and expression of rho-GDO 329 

 330 

As a rule, the genes of rhodococci encoding the enzymes decomposing 3-hydroxybenzoate 331 

through gentisate are assembled into clusters. The Rhodococcus strains (R. jostii RHA1, R. 332 

opacus B4, and Rhodococcus sp. TFB) for which the complete nucleotide sequences of such 333 

gene clusters are known were selected as closest to R. opacus 1CP strain. Multiple alignment of 334 

their sequences was carried out and the highly conserved regions flanking the genes of gentisate 335 

1,2-dioxygenases were found. Based on these regions, the primers GDO1f and GDO1r were 336 

designed to amplify and sequence a part of gene cluster (1253 bp) containing the complete mhbD 337 

gene of gentisate 1,2-dioxygenase from R. opacus 1CP.  338 

The obtained open reading frame of 1077 bp and encoded a protein containing 358 amino 339 

acid residues. The predicted molecular weight of the protein was 39.6 kDa. BLAST analysis 340 

confirmed a high degree of homology of the obtained sequence with the known gene sequences 341 

of GDOs of rhodococci. The GDO genes from R. opacus PD630 (AHK33220, 94.26%), R. jostii 342 

RHA1 (ABG93677, 93.16%) and R. opacus R7 (AII05708, 92.42%) showed the highest identity 343 

with the mhbD gene of R. opacus 1CP. The nucleotide sequence of the mhbD gene coding rho-344 
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GDO and the amino acid sequence of the rho-GDO from R. opacus 1CP (Fig. 1) have been 345 

deposited at GenBank accession numbers KF806993 and AHH30829, respectively. 346 

Heterologous expression of the mhbD gene encoding the gentisate-1,2-dioxygenase of R. 347 

opacus 1CP in E. coli strain BL21(DE3) allowed to detect the GDO activity in the cell-free 348 

extract of E. coli. The typical spectral changes of gentisate transformation were observed. The 349 

peak at 334 nm indicated the formation of maleylpyruvate - the product of gentisate cleavage, 350 

which absorbs at this region of the spectrum (data not shown). In addition, the recombinant 351 

enzyme was not active with salicylate and 1-hydroxy-2-naphthoate. The activity of recombinant 352 

mhbD with gentisate in the cell-free extract was 0.0016 U/mL. 353 

Fig. 1 (2-column fitting image) 354 

 355 

3.4. Amino acid alignment of rho-GDO and evolutionary relationship  356 

 357 

Phylogenetic analysis of the amino acid sequence of GDO from R. opacus 1CP obtained 358 

by translation of nucleic acid sequence of the identified mhbD gene (Fig. 1), as well as the 359 

currently characterized biochemically or structurally GDOs, and the GDOs from annotated 360 

genomes of other bacteria showed formal division into 5 separate groups. Each of them 361 

contained GDOs with confirmed properties, which indicates the belonging of the majority of the 362 

selected annotated proteins to the class of GDOs (Fig. 2). 363 

Fig.2 (2-column fitting image) 364 

 365 

The most distant group of GDOs are the enzymes of the archaea of the genus Haloferax 366 

and the actinobacteria of the genus Mycobacterium as well as 5-aminosalicylate 1,2-dioxygenase 367 

from proteobacteria Comamonas sp. strain QT12 (Fig. 2, group 1). The second group is formed 368 

by high molecular weight GDOs of gram-positive (Rhodococcus, Bacillus, Mycobacterium, and 369 

Streptomyces genera) and gram-negative (Silicibacter (Ruegeria) and Sphingomonas genera) 370 

bacteria (Fig. 2, group 2). The third branch of the tree is formed by low molecular weight GDOs 371 

of gram-negative bacteria of the genera Delftia, Acinetobacter, Polaromonas, and Ruegeria (Fig. 372 

2, group 3). 373 

The largest young branch of the phylogenetic tree is formed by two types of GDOs - low 374 

molecular weight gram negative GDOs (Figure 1, 4) and for the most part low molecular weight 375 

and high molecular weight gram-positive GDOs (Figure 1, 5). The exception is a few GDOs of 376 

gram-negative bacteria of the genera Pseudoaminobacter and Comamonas, which fall into the 377 

group of gram-positive GDOs (Fig. 2, group 5). 378 
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The rho-GDO described in this paper belongs to the group of the evolutionarily youngest 379 

enzymes (Fig. 2, group 5). The interesting fact is the presence of at least two types of GDOs in 380 

bacteria of the genus Rhodococcus: the evolutionarily earlier group of GDO-like enzymes with a 381 

large numbers of amino acids (365-382 aa) and the youngest group of smaller enzymes (356-359 382 

aa) of the most gram-positive bacteria. Unfortunately, to date, there are no reports about the 383 

GDOs from bacteria of the Rhodococcus genus as well as their properties.  384 

The enzyme, evolutionary most closely related to the high molecular weight GDO-like 385 

proteins of the Rhodococcus genus, is GDO with a known three-dimensional structure, isolated 386 

from the gram-negative bacterium S. (Ruegeria) pomeroyi DSS3 (RCSB PDB: 3BU7, [14, 24]) 387 

(Fig. 2, group 2). 388 

Relatively close enzymes to the rho-GDO, isolated in this work, are salicylate 1,2-389 

dioxygenase of known 3D-structure from P. salicylatoxidans (ps-SDO, RCSB PDB: 2PHD, 390 

3NL1, [19, 22, 45]) and the purified and biochemical characterized GDO from gram-positive 391 

bacteria C. glutamicum ATCC13032 [5, 6], belonging to the group of evolutionarily youngest 392 

GDOs (group 5). 393 

Alignment of the amino acid sequences of GDOs demonstrates high identity of rho-GDO 394 

and the low-molecular GDOs of Rhodococcus bacteria (> 96% identity), but the identity of the 395 

rho-GDO and GDOs of known crystal structure is less than 70% (Fig. 1, 2): with SDO from P. 396 

salicylatoxydans BN12 (RCSB PDB: 3NL1) - 66.5%, with GDO from E. coli O157: H7 397 

(UniProtKB/Swiss-Prot: Q8X655) - 34.2%, and with GDO from R. pomeroyi DSS3 (RCSB 398 

PDB: 3BU7) - 29.9% identity. It is worth to note that the crystal structure is available only for 399 

GDOs from gram-negative bacteria. 400 

According to the alignment the amino acid composition of rho-GDO active site is very 401 

similar to that of salycilate 1,2-dioxygenase from gram-negative P. salicylatoxidans (Fig. 1) 402 

which conversely shows a very broad substrate specificity [22]. This fact does not fit into the 403 

overall picture of the understanding of structural-functional relationships and encouraged us to 404 

perform further more rigorous investigations of rho-GDO structure using computational 405 

approaches. 406 

 407 

3.5. Homology model of rho-GDO 3D-structure  408 

 409 

According to the obtained homology modeling data the rho-GDO molecule was assembled 410 

from 4 subunits bound trough α-helixes, with each two subunits of the tetramer interacting 411 

through their N-terms forming a dimer (Fig. 3ab (1-3)). The dimer of the tetrameric structure is 412 

stabilized by two type of contacts: the first, between the N-terminal α-helixes of two adjacent 413 
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subunits, are formed by residues Ala11-Ser22 of one subunit and the α-helix formed by Ser52-414 

Leu64 of another one (Fig. 3ab (1)); the other type of inter-subunit contacts are mediated 415 

through two nearest α-helixes of each subunit formed by Thr174-Ile168 and Asp340-Leu347 416 

(Fig. 3ab (2)). The inter dimer contacts are made through α-helixes containing Trp225-Glu241 417 

residues and Arg196-Thr202 residues of each subunit (Fig. 3ab (3)). 418 

Fig. 3 (2-column fitting image) 419 

 420 

Each subunit of the rho-GDO contains two cupin motifs with one catalytic ferrous located 421 

in the N-terminal cupin active site cavity (Fig. 3ab), which is oriented outwards in the tetrameric 422 

structure of GDOs and thus is accessible to the substrate molecule [46]. The secondary structure 423 

of the rho-GDO C-terminal cupin is similar to the N-terminal cupin domain. However, unlike the 424 

R. pomeroyi gentisate 1,2-dioxygenase structure (rp-GDO, RCSB PDB: 3BU7 [24]) the cavity 425 

formed by the ß-fold of the rho-GDO C-terminal cupin domain is unable to hold a ferrous ion 426 

because of the absence of coordinating residues (Asp287/His292, Arg285/His290, and 427 

Ser326/His330 in the structure of rho-GDO/rp-GDO, correspondingly) (Fig. 4A and Fig. 1). 428 

Moreover, the amino acid compositions of the C-cupin domain cavities of rho-GDO and rp-429 

GDO do not match completely to each other, as is shown by the amino acid sequence alignment 430 

(Figure 1, 4). Thus, the rho-GDO, like the gentisate 1,2-dioxygenase (ec-GDO) from E. coli 431 

O157:H7 [23] and the salicylate 1,2-dioxygenase (ps-SDO) from P. salicylatoxidans [19], does 432 

not have a second C-cupin active site as in rp-GDO. 433 

Fig. 4 (2-column fitting image) 434 

 435 

3.6. Structure of the active site of rho-GDO and comparison with the active sites of other GDO-436 

like enzymes 437 

 438 

Ferrous ion of rho-GDO N-terminal cupin domain is coordinated by His111, His109, and 439 

His150 (Fig. 1, 4C, 5), what is common to all other GDOs [21, 23, 24, 46]. Arg73, Gln98, 440 

Arg117, His152, Trp162, and Asp164 residues are also conserved in all gentisate 1,2-441 

dioxygenases (Fig. 1, 4C, 5) and are considered to participate in binding to a substrate molecule 442 

and in the subsequent acid-base catalysis [46]. His152 of rho-GDO active site corresponding to 443 

His162 of ps-SDO, His162 rp-GDO and His147 of ec-GDO is supposed to act as proton donor to 444 

the evolving peroxidate intermediate during catalysis (Fig. 4C, 5) [21, 23, 24, 46]. Asp164 and 445 

Gln98 residues of rho-GDO, which correspond to Asp174/Asp175/Asp159 and 446 

Gln108/Gln108/Gln93 in ps-SDO/rp-GDO/ec-GDO structures, accordingly, have been 447 
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implicated in the deprotonation of the 5-hydroxyphenyl group of gentisate [21, 23, 24, 46] (Fig. 448 

1, 4C, 5). Arg73, Arg117, and Trp162 of the rho-GDO active site correspond to Arg83, Arg127, 449 

and Trp172 of the ps-GDO where they stabilize the substrate carboxyl group coordinated to the 450 

iron ion [19] (Fig. 5A). 451 

Fig. 5 (2-column fitting image) 452 

 453 

The other residues covering the inner surface of the rho-GDO active site cavity (Glu72, 454 

Ala75, Trp94, Gln113, Ala115, Thr144, Leu166, Ile168, Phe179) are identical to the relevant 455 

residues of salicylate 1,2-dioxygenase from P. salicylatoxidans (Fig. 5A, [19, 21]. This is also 456 

supported by amino acid sequence alignment (Fig. 1). It is also interesting that for the GDO from 457 

C. glutamicum ATCC 13032, which has catalytic properties similar to rho-GDO [6] and belongs 458 

to the same group of enzymes (Fig. 2), identical residues are in the relevant positions as the 459 

residues forming the cavity of the rho-GDO active center (Fig. 1). From the other side, the 460 

residues of the GDO from P. (Delftia) acidovorans that are similar to the rho-GDO (Table 2, 461 

[44]) and belongs to another phylogenetic group of GDOs (Fig. 2) do not completely coincide at 462 

the relevant positions (Fig. 1). 463 

Residue Trp94 of rho-GDO corresponds to Trp104 of ps-SDO, which is able to form a 464 

hydrogen bond with the 5-phenolate of gentisate as discussed earlier [19, 45]. Thus, this residue 465 

is important for the specificity towards gentisate and 5-substituted substrate analogues. Salicylate 466 

is only a weak inhibitor of rho-GDO as well as catechol and its analogues (Table 2), whereas in 467 

the case of ps-SDO salicylate is a substrate even if the catalytic activity is sharply reduced 468 

compared to gentisate. Therefore, probably Trp is important for interaction with 5-hydroxyl of 469 

gentisate but is not determinant for the inability of rho-GDO to cleave substrate analogues, not 470 

containing hydroxyl-substituent at position 5. 471 

 472 

3.7. Differences in the second-sphere residue composition of the active sites of rho-GDO and ps-473 

SDO 474 

 475 

As mentioned above, the residues covering the inner surface of the active site cavities of 476 

rho-GDO and ps-SDO are identical (Fig. 5A), whereas the enzymes have very different substrate 477 

specificity (Table 2). Thus, other factors determining difference in substrate specificity of the 478 

enzymes should be investigated.  479 

In the second-sphere residues of the rho-GDO active site there are three positions differing 480 

from the ps-SDO structure, deserving consideration (Fig. 6). Ala96/Gly106, a residue not 481 

directly interacting with the substrate, but able to change conformation of the side chain of 482 
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Trp94/Trp104, is important for the substrate binding [22], Ala112/Ser122 interacting with 483 

His111/His121, one of the three ferrous ion coordinating residues, and His153/Met163 484 

interacting with His152/His162, are important for acid-base catalysis [22].  485 

Fig. 6 (1-column fitting image) 486 

 487 

In the first case, the alanine residue of rho-GDO active site is at a position corresponding 488 

to Gly106 of ps-SDO. The structure of the Gly106Ala mutant of ps-SDO indicates that the 489 

mutation induces a change in orientation of the Trp104 side chain that causes an unproductive 490 

binding of salicylate and 1-hydroxy-2-naphthoate molecules to the active site [22]. Like the 491 

Gly106Ala mutant of ps-SDO, the investigated rho-GDO was not active with salicylate and 1-492 

hydroxy-2-naphthoate. Unfortunately, there is no data about substrate specificity of the rp-GDO 493 

and ec-GDO of known structure, containing Gly at this position (Fig. 4C and 5B). Nevertheless, 494 

the GDO from X. polyaromaticivorans 127W also containing Gly at this position is active with 495 

1-hydroxy 2-naphthoate as the native ps-SDO (Fig. 1, [13]). At the same time, the relevant 496 

mutation Ala→Gly introduced into the GDO from C. glutamicum ATCC 13032 as well as 497 

Ala→Ser, Ala→Ile, and Ala→Asp mutations led to a weak ability of mutant enzyme to convert 498 

salicylate and several other monohydroxylated substrates [6]. 499 

The other interesting position is the neutral-polar residue Ser122 of ps-SDO, which takes 500 

part in the formation of an hydrogen bond network with Gln123 and Asp44 of another subunit 501 

maintaining the enzyme tetrameric structure (RCSB PDB:2phd), that is replaced by the small 502 

hydrophobic residue Ala112 in rho-GDO structure, which is unable to form a similar hydrogen 503 

bond network. This can be the reason of an increased conformational instability observed for 504 

rho-GDO. An Ala residue is also present in GDOs of other bacteria of the Rhodococcus genus, 505 

whereas a neutral-polar Ser, Thr, Asn or Met residues are generally located at this position in 506 

GDOs of other bacterial genus (Fig. 1). Thus, Ser is located in the relevant position in GDO 507 

from C. glutamicum ATCC 13032 that exhibits properties relatively close to those of rho-GDO 508 

[6], suggesting no significant role in substrate selectivity of GDOs.  509 

The replacement of the polar Met163 in ps-SDO structure by the basic His153 in rho-GDO 510 

can also influence on the location and function of the substrate carboxyl group and can be 511 

involved in the subsequent acid-base catalytic role played by His152/His162 residue of rho-512 

GDO and ps-SDO correspondingly. The alignment of the amino acid sequence of bacterial 513 

GDOs shows that the most of the low molecular GDO-like enzymes from genus Rhodococcus 514 

(Fig. 1, 2) as well as from gram-positive strains (data not shown) have a histidine in this 515 

position. Contrariwise, the majority of GDOs from gram-negative strains has a glycine residue or 516 

hydrophobic/neutral-polar residues at the same position (Fig. 1, data not shown). Unfortunately, 517 
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it is difficult to determine the contribution of one or another residue at this position to the 518 

enzyme catalytic activity due to the lack of kinetic data and to clarify this point further 519 

investigations are needed. 520 

 521 

3.8. Differences in the entrance of the rho-GDO and ps-SDO active sites 522 

 523 

Another interesting region in terms of differences between rho-GDO and ps-SDO substrate 524 

specificity is the enzyme active site cavity entrance. In this region, two residues are different: 525 

Ala77/Gly87 and Pro87/Ala97 in rho-GDO/ps-SDO structures correspondingly (Fig. 6). 526 

Ferraroni and co-authors [45] previously showed that the side chain of Trp104 of the native ps-527 

SDO is oriented so that the hydrophobic part of its side chain is in an outside cavity position. 528 

Binding of the substrate leads to a rotation of about 180o around the CD-CB bond of Trp104 to 529 

form a hydrogen bond with the 5-phenolate group of gentisate. The replacement of Gly87 and 530 

Ala97 of ps-SDO by Ala77 and Pro87 in rho-GDO structure makes the surrounding of Trp94 of 531 

rho-GDO (Trp104 in ps-SDO structure) more hydrophobic thus strengthening Trp94 residue in 532 

the outside position and probably improving the affinity of the enzyme to binding of 5-533 

substituted substrates. According to this hypothesis, the obtained kinetic data of Km/Ki for rho-534 

GDO with gentisate and 5-chlorosalicylate are lower than the corresponding values for ps-SDO 535 

(Table 2).  536 

 537 

3.9. Differences in interchain interactions between rho-GDO and ps-SDO 538 

 539 

The 178-184 loops of each subunit of ps-SDO (residues 168-176 in rho-GDO) are the 540 

regions which form close contacts between two adjacent subunits of each dimer in the enzyme 541 

tetrameric structure(Fig. 3 A2, Fig. 7). In this loop, there are two noteworthy replacements: 542 

His172/Gln182 and Tyr173/Gln183, in rho-GDO/ps-SDO structures correspondingly (Fig. 7). In 543 

the ps-SDO structure, Gln182 (Fig. 7A), takes part in the interactions between subunits (RCSB 544 

PDB: 2PHD). This residue, located near the active site entrance, makes hydrogen bonds with the 545 

Tyr98 side chain and with Asp44 of another subunit, contributing to the closure of the active site 546 

upon substrate binding [19], thereby making the ps-SDO structure more compact (Fig. 7A). 547 

Fig. 7 (2-column fitting image) 548 

 549 

In rho-GDO the replacement of the polar Gln182 by a histidine (His182), forming weaker 550 

interactions with Asp34 than Tyr88, can make this region more unstable and affect the rho-GDO 551 

activity.  552 
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The same applies to the Tyr173/Gln183 substitution in rho-GDO/ps-SDO, correspondingly 553 

(Fig. 7). In ps-SDO structure, the neutral-polar Gln183 residues of each subunit of the dimer 554 

make hydrogen bond with the same residue of another subunit. This interaction increases the 555 

compactness of the ps-SDO dimer (Fig. 7A), in contrast to rho-GDO, where in the same position 556 

there are two hydrophobic-aromatic Tyr173 residues (Fig. 7B). 557 

 558 

4. Conclusions 559 

 560 

Studies of gentisate oxidizing enzymes show that there is a curious phenomenon, 561 

consisting in the combined existence of different substrate specificity and the identity of the 562 

composition of their active sites, most likely obtained as a result of the exchange of a part of the 563 

genetic material between organisms of one taxonomic group and among different taxonomic 564 

groups. 565 

This is the first report of a similar phenomenon for the class III ring-cleaving 566 

dioxygenases. A related effect was first discovered by us earlier on the example of the class I 567 

ring-cleaving (intradiol) dioxygenases. In fact, catechol 1,2-dioxygenase and 3-chlorocatechol 568 

1,2-dioxygenase of R. opacus 1CP had the same composition of the active sites although 569 

showing different substrate specificities [47].  570 

The results of our studies suggest a more complicated nature of the mechanism behind 571 

enzyme substrate specificity as commonly accepted, and should encourage researchers to more 572 

thoroughly investigate the relationships between enzymes and their substrates. 573 

The unique gentisate 1,2-dioxigenase from the gram-positive strain R. opacus 1CP 574 

presented in this work, which has a narrow substrate specificity, has a high potential for use in 575 

biosensor technologies for monitoring the metabolism of tyrosine and salicylic acid by 576 

organisms, as well as a pollution of environment and different materials by polyaromatic 577 

compounds, the degradation of which is usually carried out through gentisate. 578 
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Figure legends 743 

Fig. 1. The alignment of amino acid sequences of the gentisate oxidizing enzymes from 744 

different bacteria. AHH30829 Rop 1CP – GDO from R. opacus 1CP (GenBank accession 745 

number AHH30829), ELB94938 Rw IFP2016 – GDO from R. wratislaviensis IFP 2016 746 

(GenBank accession number ELB94938), EHI40830 Rhop PD630 - R. opacus PD630 (GenBank 747 

accession number EHI40830), 3NL Psal BN12 – SDO from P. salicylatoxidans BN12 (RCSB 748 

Data Bank: 3NL1), BAC00417 Cglu – GDO from C. glutamicum ATCC 13032 (GenBank 749 

accession number BAC00417), EPD39425 Dac CCUG15835 – GDO form P. (Delftia) 750 

acidovorans CCUG15835 (GenBank accession number EPD39425), BAC98955 Xpol 127W - 751 

GDO from X. polyaromaticivorans 127W (GenBank accession number BAC98955), Q8X655 752 

Ecoli O157:H7 – GDO from E. coli O157:H7 (UniProtKB/Swiss-Prot: Q8X655), 3BU7 Spom 753 

DSS3 – GDO from S. (Ruegeria) pomeroi DSS3 (RCSB Data Bank: 3BU7), EHI47270 Rop 754 

PD630 – GDO from R. opacus PD630 (GenBank accession number EHI47270), ELB89931 Rw 755 

IFP2016 – GDO from R. wratislaviensis IFP 2016 (GenBank accession number ELB89931), 756 

AAQ62856 Hal D1227 – GDO from Haloferax sp. D1227 (GenBank accession number 757 

AAQ62856). The GDOs which have the identical amino acid composition of the N-terminal 758 

cupin active site surfaces are marked by an asterisk. The GDOs containing a second C-terminal 759 

cupin active site bearing Fe2+ are marked by a double asterisk. 760 

Fig. 2. Phylogenetic relationships of GDOs and related proteins based on the alignment of 761 

their amino acid sequences (GenBank, NCBI, UniProtKB/Swiss-Prot and RCSB PDB accession 762 

numbers of proteins are indicated). The bootstrap values (consensus support, %) are displayed on 763 

the tree. 764 

Fig. 3. The overall structure of rho-GDO molecule calculated by homology modeling: a) 765 

homotetrameric native molecule and b) subunit structure: 1, 2, and 3 – the sites of contacts 766 

between subunits in rho-GDO tetramer (the description is presented in the text). 767 

Fig. 4. The least-square superposition of the rho-GDO and rp-GDO (RCSB PDB: 3BU7) 768 

subunits (A) and their cupin domains with active site cavities (B – in C-terminal cupin domain 769 

and C – in N-terminal cupin domain). Atoms are colored as element type, i.e. carbon, in gray for 770 

rho-GDO and in pink for rp-GDO; oxygen, red; nitrogen, blue; iron, brown in rho-GDO and 771 

violet purple in rp-GDO structures. The names of rp-GDO residues are reported above the names 772 

of rho-GDO. 773 

Fig. 5. The least-square superposition of the rho-GDO and ps-SDO subunits (A, RCSB 774 

PDB: 3NL1) and the rho-GDO and ec-GDO subunits (B, RCSB PDB: 2D40). Atoms are colored 775 

as element type, i.e. carbon, in gray for rho-GDO and in blue for ps-SDO; oxygen, red; nitrogen, 776 
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blue; iron, brown in rho-GDO, blue in ps-SDO, and violetpurple in ec-GDO structures. The 777 

names of ps-SDO and ec-GDO residues are reported above the names of rho-GDO. 778 

Fig. 6. The different second-sphere residues (coloured in red) in the active sites of rho-779 

GDO and ps-SDO (the least-square superposition of the rho-GDO and ps-SDO in complex with 780 

gentisate (coloured in green) (RCSB PDB: 3NL1)). Atoms colored as element type, i.e. carbon, 781 

in gray for rho-GDO and in blue for ps-SDO; oxygen, red; nitrogen, blue; iron, brown in rho-782 

GDO and blue in ps-SDO structures. The names of ps-SDO residues are reported above the 783 

names of rho-GDO. 784 

Fig. 7. The interchain interactions in ps-SDO (A) and rho-GDO (B). Atoms are colored as 785 

element type, i.e. oxygen, red; nitrogen, blue; iron, brown. Carbon elements are colored in green 786 

and blue in ps-SDO molecule, orange and pink - in rho-GDO structure.  787 

 788 

 789 
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Table 1 Physicochemical properties of known GDOs. 

Strain 
Growth  

substrate 

GenBank 

accession 
number of 

aa seq. 

Molecular 
mass, 
kDa 

Subunit 
mass, kDa 
(subunit 

number�) 

T 
optimum, 

˚Co 

pH 
optimum 

Apparent 
Km, µM 

(with 
gentisate) 

State References 

Rhodococcus erythropolis S-1  
salicylate, 
m-HBA 

no info 328 43 (8) 40 8.5 53 native [1] 

Bacillus stearothermophilus PK1  benzoate no info 260 40(6) 65-70 7.3 n.d. native [2] 
Pseudoaminobacter salicylatoxydans 
BN12 

naphthalene-
sulfonate 

3NL1 185 45(4) n.d. n.d. 79 
native and 

recombinant 
[3, 4] 

Corynebacterium glutamicum ATCC 
13032 

gentisate, 
m-HBA 

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 

Sphingomonas sp. strain RW5  
3,6-dichloro-2-

methoxy-benzoate 
CAA12267 177 38.5 (4) n.d. n.d. 15 native [7] 

Haloferax sp. D1227  
3-

phenylpropionate 
AAQ62856 174 42(4) 45 7.2 95 native [8] 

Delftia (Pseudomonas) acidovorans  m-HBA EPD39425 164 
37.2-

39.8(4) 
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 pneumoniae М5а1  m-HBA, gentisate AAW63413 159 38(4) 30 8.0-9.0 52 native [10] 
Escherichia coli O157:H7  no info Q8X655 154 38.9(4) n.d. 7.5-8.5 11 recombinant [2] 
Moraxella osloensis OA3  salicylate no info 154 40(4) n.d. 7.0-8.5 7.1 native [11] 
Pseudomonas alcaligenes NCIB 9867 m-HBA AAD49427 154 39(4) 50 8.0 92 native [12] 
Xanthobacter polyaromaticivorans 
127W 

dibenzothiophene BAC98955 146 40.0 (4) n.d. n.d. 18.6 recombinant [13] 

Ruegeria (Silicibacter) pomeroyi DSS-3 no info 3BU7 132 45(3) 40 8.0 12 recombinant [14] 

Martelella strain AD-3 phenanthrene, 
anthracene 

AMM86058 120 38(3) 30 7.0 26.6 recombinant [15] 

Pseudomonas putida NCIB 9869  m-HBA no info 82 41(2) 50 8.0 143 native [12] 

Ralstonia solanacearum GMI 1000 no info 
WP_011001

037 
n.d. 38 30 8.0 56 recombinant [16] 

Polaromonas naphthalenivorans CJ2 
NagI2  
NagI3, 

naphthalene 
 

AAZ93402 

no info 

 
80 

80 

 
39(2) 

38.7(2) 

 
50 

65 

 
8.0 

7.8 

 
31 

10 

 
recombinant 
recombinant 

 
[17] 
[17] 

Comamonas sp. strain QT12 m-aminobenzoate ARB18233 n.d. 45 10 8.0 823 recombinant [18] 

n.d. – not determined; m-HBA – m-hydroxybenzoate, no info – no information, 
� - predicted subunit number 
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Table 2 Kinetic properties of the rho-GDO in comparison to other known GDOs. All kinetic constants were obtained with an error <10% (the data of 

at least three independent experiments were used for each kinetic parameter calculation). 

 

Substrate Structure 

rho-GDO 

(the present work) ps-SDO 

[4, 22] 

Pseudomonas 
acidovorans GDO 

[44] 

Rhodococcus 
erythropolis S-1 

[1] 

Xanthobacter 
polyaromaticivorans 

127W [13] 
Km or  

Ki
#, µМ 

Vrel,  
%  

Km or  
Ki

#, µМ 

Vrel,  
%  

Km or  
Ki

#, µМ 

Vrel,  
%  

Km or  
Ki

#, µМ 

Vrel,  
%  

Km or  
Ki

#, µМ 

Vrel,  
%  

gentisate  
(5-hydroxysalicylate) 

COOH

OH

HO  
40.00 100.00  79.00* 100.00* 80 100 n.d. 100.00 n.d. 100.00 

salicylate 
COOH

OH

 
810.00# 0.00 12.00* 1.02* 2300.00-

3000.00# 
0.00 n.d. 5.00 n.d. n.d. 

2,3-dihydroxybenzoate  
(3-hydroxysalicylate) 

COOH

OH

OH 
1069.00# 0.00 67.00* 0.22* 3300.00# 0.00 n.d. 4.00 n.d. n.d. 

2,4-dihydroxybenzoate  
(4-hydroxysalicylate) 

COOH

OH

OH  
1130.00# 0.00 39.00* 0.09* 6400.00# 0.00 n.d. 3.00 n.d. n.d. 

2,6-dihydroxybenzoate  
(6-hydroxysalicylate) 

COOH

OHHO

 
220.00# 0.00 n.d. n.d. 2000.00# 0.00 n.d. n.d. n.d. n.d. 

5-chlorosalicylate 
COOH

OH

Cl  
57.00# 0.00 85.00* 0.22* 1400.00# 0.00 n.d. n.d. n.d. 0.00 

homogentisate OH

COOH

HO  
444.00# 0.00 n.d. n.d. 6800.00# 0.00 n.d. n.d. n.d. n.d. 

1-hydroxy-2-naphthoate 
OH

COOH

 
n.d. 0.00 140.00** 18.00** n.d. n.d. n.d. n.d. n.d. 2.90 

2-hydroxy-3-naphthoate 
OH

COOH n.d. 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

catechol 
OH

OH

 
44.90# 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.00 

4-methylcatechol 
OH

OH

CH3  
6.70# 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

4-chlorocatechol 
OH

OH

Cl  
1.45# 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

hydroxyquinol 
OH

OH

OH  
330.00# 0.00 n.d. n.d. n.d. 0.5 n.d. n.d. n.d. n.d. 

3,4-dihydroxybenzoate 
(protocatechuate) 

OH

OH

COOH  

not 
inhibitor 
and not 

substrate 

0.00 n.d. n.d. n.d. n.d. n.d. 6.00 n.d. n.d. 

n.d. – not determined; * - the data from the paper of Hinter et al., 2004, the Vrel values are given as percentage from the enzyme activity with gentisate [4]; ** - 
the data from the paper of Ferraroni et al., 2013, the Vrel values are given as percentage from the enzyme activity with gentisate [22] 
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Highlights 

� 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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