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 2 

ABSTRACT 

 
γ-Resorcylate decarboxylase (γ-RSD) has evolved to catalyze the reversible 

decarboxylation of 2,6-dihydroxybenzoate to resorcinol in a nonoxidative fashion.  This enzyme 

is of significant interest because of its potential for the production of γ-resorcylate and other 

benzoic acid derivatives under environmentally sustainable conditions.  Kinetic constants for the 

decarboxylation of 2,6-dihydroxybenzoate catalyzed by γ-RSD from Polaromonas sp. JS666 are 

reported and the enzyme is shown to be active with 2,3-dihydroxybenzoate, 2,4,6-

trihydroxybenzoate and 2,6-dihydroxy-4 methylbenzoate.  The three-dimensional structure of γ-

RSD with the inhibitor 2-nitroresorcinol (2-NR) bound in the active site is reported.  2-NR is 

directly ligated to a Mn2+ bound in the active site and the nitro-substituent of the inhibitor is 

tilted significantly from the plane of the phenyl ring.  The inhibitor exhibits a different binding 

mode compared to the substrate bound in the previously determined structure of γ-RSD from 

Rhizobium sp. MTP-10005.  On the basis of the crystal structure of the enzyme from 

Polaromonas sp. JS666, complementary density functional calculations were performed to 

investigate the reaction mechanism. In the proposed reaction mechanism, γ-RSD binds 2,6-

dihydroxybenzoate by direct coordination of the active site manganese ion to the carboxylate 

anion of the substrate and one of the adjacent phenolic oxygens.  The enzyme subsequently 

catalyzes the transfer of a proton to C1 of γ-resorcylate prior to the actual decarboxylation step.  

The reaction mechanism proposed previously, based on the structure of γ-RSD from Rhizobium 

sp. JS666, is shown to be associated with high energies and thus less likely to be correct. 
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 3 

INTRODUCTION 

γ-Resorcylate decarboxylase (γ-RSD), also called 2,6-dihydroxybenzoate decarboxylase 

(2,6-DHBD), catalyzes the nonoxidative reversible decarboxylation of γ-resorcylate (γ-RS; 2,6-

dihydroxybenzoate) to resorcinol (1,3-dihydroxybenzene) and CO2 as shown in Scheme 1a (1, 

2).  The resorcinol product of the decarboxylation activity is an important intermediate in the 

fields of organic, pharmaceutical, agricultural and polymer chemistries, and γ-RSD can be used 

as a biocatalyst to produce this valuable compound (3). Recently, the carboxylation activity of γ-

RSD has attracted increasing attention as a potential biological alternative to the Kolbe–Schmitt 

process (4), which requires harsh conditions in terms of pressure and temperature, for the 

production of γ-resorcylate and other benzoic acid derivatives (5-10). 

 

 

 

 

 

 

Scheme 1. Reactions catalyzed by γ-RSD (a) and LigW (b).  

 

γ-RSD has been characterized from several bacterial species, including Rhizobium sp. 

MTP-10005 (11), Rhizobium radiobacter WU-0108 (12), Agrobacterium tumefaciens IAM12048 

(13), Pandoraea sp. 12B-2 (14) and Rhodococcus jostii RHA1 (15).  In the γ-resorcylate 

catabolic pathway identified in Rhizobium sp. MTP-10005, the gene for γ-RSD is downstream 

from genes encoding a flavin reductase and a resorcinol hydroxylase and is upstream from genes 

encoding a maleylacetate reductase and hydroxyquinol 1,2-dioxygenase (16).  The enzyme from 
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 4 

Rhizobium sp. MTP-10005 has been shown to be a reversible decarboxylase with reported 

kinetic parameters for kcat, Km and kcat/Km of 0.95 s-1, 71 µM and 1.3 x 104 M-1 s-1, respectively, 

for the decarboxylation of γ-resorcylate (11).  Crystal structures were later determined for the 

apo-enzyme and in the presence of substrate or inhibitor, demonstrating that the enzyme exists as 

a homotetramer, of which each subunit consists of a (β/α)8-barrel, three linkers and a C-terminal 

tail (17). 

The enzyme 5-carboxyvanillate decarboxylase (LigW) from Novosphingobium 

aromaticivorans DSM 12444, catalyzing the formation of vanillate via the nonoxidative 

decarboxylation of 5-carboxyvanillate (Scheme 1b), is the closest structurally characterized 

homologue of γ-RSD from Rhizobium sp. JS666 with a 33% sequence identity.  Both enzymes 

are members of cog2159 of the amidohydrolase superfamily (AHS), and these enzymes require a 

single divalent metal for catalysis (18).  The structure of γ-RSD from Rhizobium sp. JS666 has 

previously been determined in complex with substrate (PDB id: 2DVU).  A zinc ion was 

observed in the active site and was coordinated by two histidines, one glutamate, one aspartate 

and one oxygen atom of the substrate carboxylate group (17).  In contrast, a manganese ion has 

been identified in LigW, and the substrate is suggested to bind such that both the hydroxyl group 

and the carboxylate group are coordinated to the metal ion (19).  Due to the high similarity in the 

reactions catalyzed by γ-RSD and LigW (Scheme 1), it is of interest to compare their structures 

and catalytic reaction mechanisms.  Furthermore, since both enzymes belong to the 

amidohydrolase superfamily, the members of which predominantly catalyze the hydrolysis of 

ester and amide bonds, it is of substantial importance to understand how these enzymes have 

evolved to catalyze the reversible decarboxylation of benzoic acid derivatives (18). 
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 5 

In the present study, we report the catalytic activity, substrate specificity and crystal 

structure of γ-RSD from Polaromonas sp. JS666 (locus tag: Bpro_2061) in complex with the 

substrate analog inhibitor, 2-nitroresorcinol.  On the basis of the crystal structure reported here, 

complementary theoretical calculations were performed with density functional theory to 

investigate the reaction mechanism.  The calculations show that γ-RSD follows a very similar 

mechanism as LigW.  The mechanism proposed previously on the basis of the Zn-structure of the 

enzyme from Rhizobium sp. MTP-10005 is shown to be associated with high energies and thus 

less likely to be correct. 

 

MATERIALS and METHODS 

Materials.  All chemicals, buffers, and purification reagents were purchased from Sigma-

Aldrich unless otherwise specified.  Pfu Turbo DNA polymerase and the E. coli strains BL21 

(DE3) and XL1-blue cells were obtained from Stratagene.  The restriction enzyme DpnI was 

purchased from New England BioLabs and oligonucleotides were obtained from Integrated Data 

Technology through the Gene Technology Laboratory at Texas A&M University.  Kanamycin, 

isopropyl β-D-thiogalactopyranoside (IPTG), and LB broth were acquired from Research 

Products International Corp.  Protamine sulfate, Wizard Plus SV Miniprep DNA purification 

system, and Vivaspin centrifugal concentrator (10 000 MWCO) were obtained from MP 

Biomedicals LLC., Promega, and Fisher Scientific, respectively.  Chromatographic gel filtration 

columns were purchased from GE Healthcare. 2-Nitroresorcinol was purchased from Sigma 

Aldrich. 

Expression and Purification of γ-Resorcylate Decarboxylase (γ-RSD) from 

Polaromonas sp. JS666.  The gene for γ-RSD (Bpro_2061; gi: 91787937) from Polaromonas 
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 6 

sp. JS666 was chemically synthesized.  The clone contained the codon-optimized gene for γ-

RSD with an N-terminal Met-Val extension and a C-terminal Ala-Glu-Asn-Leu-Tyr-Phe-Gln-

Ser-His6 extension.  The His6-tagged protein was used for crystallographic studies while the C-

terminal His-tag was removed for preparation of the enzyme used to measure the kinetic 

parameters via standard site-directed mutagenesis protocols using the primers 5'-

GAGAACCTCTACTTCTAATAGCACCATCATCACCACCAT-3’ (forward) and 5’-

ATGGTGGTGATGATGGTGCTATTAGAAGTAGAGGTTCTC-3’ (reverse).  The 

recombinant plasmid was transformed by electroporation into BL21 (DE3) cells, which were 

plated on agar containing 50 µg/mL kanamycin.  Six colonies were inoculated into 7 mL of LB 

broth containing 7 µg/mL kanamycin and grown overnight at 37 °C.  The starting cultures were 

used to inoculate a total of 6.0 L of LB broth containing 50 µg/mL kanamycin and left to 

incubate at 37 °C by shaking.  Isopropyl β-thiogalactoside (IPTG) was added to a final 

concentration of 0.5 mM to each of the flasks once the absorbance reached a range between 0.4-

0.6 OD.  Upon induction, 2.0 L of cells were supplemented with 1.0 mM MnCl2.  Expression of 

the protein was achieved by shaking at 22 oC overnight.  The cells were collected by 

centrifugation (8,000 rpm for 10 min) and stored at -80 oC.  

His-tagged protein for crystallographic studies was purified to homogeneity using general 

methods, which have been described (20).  Purification of the enzyme used to measure the 

kinetic parameters followed the methods described below.  The frozen cells were thawed at room 

temperature and resuspended in 20 mM HEPES (pH 7.5) containing 20 mg 

phenylmethanesulfonyl fluoride (PMSF) for every 5 g of cells.  Lysis was achieved by 

sonication, followed by centrifugation at 8,000 rpm for 10 min, and addition of 0.1 g of 

protamine sulfate dissolved in 10 mL of 20 mM HEPES (pH 7.5) over a period of 45 min.  The 
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 7 

solution was centrifuged at 8,000 rpm for 10 min and ammonium sulfate was added to the 

supernatant solution to achieve 45% saturation.  After stirring for 45 min, the suspension was 

centrifuged at 8,000 rpm for 10 min.  The pellet was re-suspended in 10 mL of 20 mM HEPES, 

pH 7.5, and loaded onto a 26/60 Superdex 200 gel-filtration column.  The protein was eluted 

using 20 mM HEPES, pH 7.5, and further loaded on a Resource-Q (GE Healthcare) anion-

exchange column (6.0 mL).  γ-RSD was eluted using a linear gradient of 1.0 M NaCl in 20 mM 

HEPES, pH 7.5.  The purified protein was concentrated and subsequently stored at -80 oC. 

Determination of Kinetic Parameters.  The decarboxylation of γ-resorcylate by γ-RSD 

was monitored by following the decrease in absorbance at 305 nm using a differential molar 

extinction coefficient (∆ε305) of 3,208 M-1 cm-1.  The decarboxylation of 2,3-dihydroxybenzoate, 

2,4,6-trihydroxybenzoate, and 2,6-dihydroxy-4-methylbenzoate was monitored by following the 

decrease in absorbance at 306, 256, and 304 nm using differential extinction coefficients (∆ε306) 

of 3680 M-1 cm-1, (∆ε256) of 5953 M-1 cm-1, and (∆ε304) of 2977 M-1 cm-1, respectively.  All 

assays were conducted using a 96-well SpectraMax Plus384 UV-vis spectrophotometer and the 

steady-state kinetic parameters were obtained using SoftMax Pro 5.0.  Standard assay conditions 

for the decarboxylation of 2,6-dihydroxybenzoate, 2,3-dihydroxybenzoate, 2,4,6-

trihydroxybenzoate, and 2,6-dihydroxy-4-methylbenzoate contained 50 mM HEPES (pH 7.0), 

substrate (0 - 500 µM, and 0.1 µM γ-RSD in a final volume of 250 µL at 30 °C.  All of the 

kinetic constants were obtained using eqn. 1, where v is the initial velocity, Et is the total enzyme 

concentration, [A] is the substrate concentration, kcat is the turnover number, and Km is the 

Michaelis constant.  

      v/Et = kcat [A] / (Km + [A])                                                       (1) 
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 8 

Inhibition Studies.  2-Nitroresorcinol (2-NR) was utilized as an inhibitor for the reaction 

catalyzed by γ-RSD.  The inhibition experiments for 2-NR contained 60 µM γ-resorcylate, 50 

mM HEPES, pH 7.0, and 1.0 µM γ-RSD in a total volume of 250 µL at 30 °C.  The apparent 

inhibition constant (Ki
app) for 2-NR was obtained from a fit of the data to eqn. 2, where [I] is the 

inhibitor concentration, vo is the velocity in absence of inhibitor, and vi is the velocity in presence 

of inhibitor.  The Kd value was obtained from eqn. 3, where [S] is the substrate concentration 

used in the inhibition experiment and Km is the Michaelis constant for the substrate.  

                                    vi/v˳ = Ki
app /([I] + Ki

app)                                                        (2) 

                                  Ki
app = Kd (1 + [S]/Km)                                                         (3) 

Crystallization, X-ray Data Collection, and Structure Determination.  γ-RSD was 

crystallized by the sitting-drop vapor diffusion method.  Concentrated (∼15 mg/mL) protein 

solutions were mixed with an equal volume of precipitant (0.5 µL) and equilibrated at room 

temperature against the same precipitant solution in clear tape-sealed 96-well INTELLI-plates 

(Art Robbins Instruments, Sunnyvale, CA).  Crystallization screens were performed with a 

PHENIX liquid handling robot (Art Robbins Instruments).  The protein crystallized from the 

mother liquor composed of 0.10 M sodium acetate, pH 4.6, 1.0 M dibasic ammonium citrate, and 

5.0 mM MnCl2.  Crystals were soaked in this solution supplemented with 10 mM 2-

nitroresorcinol overnight, followed by flashed-cooling and storage in liquid nitrogen. 

X-ray diffraction data were collected at 100K on the X29A beamline (National 

Synchrotron Light Source, Brookhaven National Laboratory, Upton, NY) at a wavelength of 

1.075Å.  The diffraction data were processed and scaled with HKL3000 (21).  The crystal 

structure was determined by molecular replacement using the coordinates of Protein Data Bank 
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 9 

(PDB) entry 3S4T as a starting model and PHASER software as implemented in CCP4 (22).  

The initial model was built and refined using the automated ARP/WARP protocol (23).  The 

model was further refined using REFMAC5 (24) and manually adjusted using COOT 

visualization and refinement software (25).  The structure was deposited to the PDB as entry 

4QRO.  All figures were produced using PYMOL (26).  The data collection and refinement 

statistics for the crystal structure are listed in Table 1. 

Computational Details.  All the calculations in the present study were preformed 

employing the Gaussian 09 program (27) with the B3LYP-D3(BJ) hybrid density functional 

method (28-31).  Geometry optimizations were conducted with the 6-31G(d,p) basis set for C, N, 

O and H and LANL2DZ pseudopotential for Mn and Zn (32).  At the same level, frequency 

calculations were preformed to obtain zero-point energies (ZPE).  To consider the effects of the 

rest of the enzyme that is not included in the model, single-point energy calculations were carried 

out at the same level of theory as the geometry optimization using SMD solvation model with the 

value of dielectric constant ε = 4 (33).  To obtain more accurate energies, single-point 

calculations on the optimized structures were performed with LANL2DZ for Mn and Zn and the 

larger basis set 6-311+G(2d,2p) for the other atoms.  The ZPE and solvation effects are then 

added to the large basis set energies (that include dispersion) and the final values are presented in 

this paper.  Following previous studies on other decarboxylation reactions, the entropy gain from 

the release of CO2 is estimated to be equal to the translational entropy for the free molecule (34-

36).  The value is calculated to be 11.1 kcal/mol at room temperature and this value is added to 

the energy of the corresponding step. 

Active Site Model.  To investigate the detailed mechanism of the decarboxylation 

reaction catalyzed by γ-RSD, quantum chemical calculations employing the cluster approach 
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 10

(37-41) were performed on the basis of the crystal structure in complex with 2-nitroresorcinol 

reported here.  A large active site model is designed by modifying the inhibitor to the natural 

substrate, 2,6-dihydroxybenzoate.  The model consists of the metal cation along with its ligands 

(Glu8, His10, His164, Asp287 and 2,6-dihydroxybenzoate), six crystallographic water 

molecules, residues that potentially form hydrogen bonds with the substrate directly or via water 

molecules (Ser20, Asn128, His218, Glu221, Arg229, Asn234 and Glu291), residues that are π-

stacked to the aromatic ring of the substrate (Phe23, Phe189 and Phe290), as well as other 

residues that also contribute to the active site (Leu32, Leu36, Ala61, Gly184, Pro185, Thr186 

and Ser262).  All amino acids were truncated at the α-carbons, and hydrogen atoms were added 

manually.  To preserve the overall structure of the active site during geometry optimizations, the 

truncated α-carbons and also a number of connected hydrogen atoms were kept fixed at their 

crystallographic positions, as indicated in the figures.  The Mn-coordinated hydroxyl group of 

the substrate is assumed to lose its proton upon binding to the metal, and the potential general 

acid group Asp287 is modeled as its neutral state.  The overall model consists of 317 atoms and 

is neutral in charge.  

 

RESULTS and DISCUSSION 

Purification and Properties of γ-RSD from Polaromonas sp. JS666.  γ-RSD was 

purified to homogeneity using a simple protocol that involved ammonium sulfate fractionation, 

gel filtration, and ion exchange chromatography.  The purified enzyme was shown to catalyze 

the decarboxylation of γ-resorcylate to resorcinol, 2,3-dihydroxybenzoate to catechol, 2,4,6-

trihydroxybenzoate to benzene-1,3,5-triol, and 2,6-dihydroxy-4-methylbenzoate to 5-

methylbenzene-1,3-diol.  The catalytic constants for the decarboxylation reactions are presented 
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 11

in Table 2 from a fit of the data to eqn. 1.  The values of kcat and kcat/Km for the decarboxylation 

of γ-resorcylate are 0.44 ± 0.01 s–1 and (1.3 ± 0.1) x 104 M–1 s–1, respectively.  The kinetic 

constants for the other compounds found to be substrates for this enzyme are quite similar, 

demonstrating that the enzyme is quite tolerant of the addition of other hydroxyl groups at C3, 

C4, and C6.  

2-Nitroresorcinol (2-NR) was identified as an inhibitor of the reaction catalyzed by γ-

RSD.  An apparent inhibition constant (Ki
app) of 96 ± 8 µM was obtained at a fixed substrate 

concentration of 60 µM (Figure 1) by a fit of the data to eqn. 2.  The dissociation constant for 

the binding of 2-NR was determined to be 40 ± 4 µM after correcting for the concentration of the 

substrate used in the experiments with eqn. 3. 

 

 

 

 

 

 

 

Figure 1.  Inhibition of the reaction catalyzed by γ-RSD in the presence of 2-nitroresorcinol (2-

NR) with data fitted to eqn. 2, where K
i

app
 is the apparent inhibition constant. 

Crystal Structure of γ-RSD.  The crystal structure of γ-RSD from Polaromonas sp. 

JS666 complexed with 2-nitroresorcinol and Mn
2+

 was determined to 1.65 Å resolution (PDB 

entry 4QRO).  The quaternary structure of γ-RSD is a homotetramer, but the minimal catalytic 

state is a homodimer (Figure 2).  An essential arginine residue that is conserved in all of the 
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decarboxylases from cog2159 extends from the adjacent subunit into the active site and 

presumably stabilizes the carboxylate substituent of the substrate.  

 

 

 

 

 

 

 

 

Figure 2.  Quaternary structure of γ-RSD from Polaromonas sp. JS666 (PDB entry 4QRO).  The 

residues that coordinate the active site Mn2+ are highlighted. 

Each of the four subunits consists of a distorted (β/α)8-barrel protein fold with the active 

site and Mn2+ embedded at the C-terminal end of the barrel.  A helical insertion domain is 

observed (amino acids 12-39) with the side chain of Phe23 in a “herring-bone like” interaction 

with the phenyl ring of the inhibitor at a van der Waals distance of 3.8 Å.  The inhibitor is further 

stabilized in the active site through π-π stacking with Phe290 at a distance of 3.5 Å.  His218 and 

Glu221 form a hydrogen-bonded triad with Asp287 from β-strand 8 as shown in Figure 3a.  As 

stated above, Arg229 from the adjacent monomer is within 3.2 Å of one of the oxygen atoms of 

the C1 nitro group; Asn234 from the same subunit as Arg229 hydrogen bonds to the hydroxyl 

group at C6 (Figure 3a).  
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Figure 3.  Active site structures of (a) γ-RSD from Polaromonas sp. JS6666 (PDB entry 4QRO), 

(b) LigW from Novosphingobium aromaticivorans (PDB entry 4QRN), and (c) γ-RSD from 

Rhizobium sp. MTP-10005 (PDB entry 2DVU).  
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The single divalent cation is bound in the active site in an octahedral geometry (Figure 

3a).  The residues important for binding Mn2+ include a glutamate and a histidine from the ExH 

motif found at the end of β-strand 1 (Glu8 and His10), a histidine from β-strand 5 (His164), and 

an aspartate from β-strand 8 (Asp287).  The remaining two ligands include the nitro-substituent 

of the inhibitor and the adjacent phenolic oxygen.  Most notably, the geometry of the inhibitor 

deviates significantly from planarity.  In particular, the nitro group at C1 is tilted from the plane 

of the phenyl ring plane with a torsion angle of 51°.  Interestingly, both the Mn2+ coordination 

geometry and the mode of inhibitor binding are very similar to those observed in the very high 

resolution X-ray structure of LigW in complex with 2-nitrovanillate (Figure 3b) (19).  

The expected high degree of similarity between γ-RSD from Polaromonas sp. JS666 and 

Rhizobium sp. MTP-10005 was borne out by three dimensional structural alignments, which 

revealed an agreement of 77% sequence identity and 0.36 Å RMSD over 317 aligned Cα atom 

(PDB entry 4QRO compared to 2DVX).  Likwise, γ-RSD from Polaromonas aligned fairly well 

with LigW from Sphingomonas paucimobilis, despite modest sequence identity (4QRO versus 

4INF, 37% sequence identity, 1.38 Å RMDS over 282 aligned Cα atoms). 

Reaction Mechanism. The optimized structure of the enzyme-substrate complex (called 

E:S) is shown in Figure 4.  The substrate retains a very similar binding mode as the inhibitor in 

the crystal structure.  The carboxylate group forms hydrogen bonds with Asp287, Arg229, Wat1 

and also the C6 hydroxyl group, which hydrogen bonds to Asn234.  The deprotonated C2 

hydroxyl group interacts with Ser20 and Asn128 through three water molecules.  It is noteworthy 

that this binding mode bears a very high similarity to that of LigW, suggesting a structural basis 

for a similar reaction mechanism (19, 36).  For γ-RSD the reaction would likely start with the 
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protonation of the C1 atom of the substrate by Asp287, followed by C-C bond cleavage to 

generate the CO2 and resorcinol products. 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Optimized structure of the active site model for γ-RSD designed on the basis of the 

crystal structure from Polaromonas sp. (PDB entry 4QRO).  For clarity, only the polar 

hydrogens and hydrogens on the substrate and truncated bonds are shown. Atoms fixed during 

geometry optimization are shown in green.  Selected distances are given in angstrom. 

Starting from the enzyme-substrate complex E:S, the protonation of the substrate C1 

carbon by Asp287 first takes place.  This step is calculated to be rate-limiting with a barrier of 

14.8 kcal/mol, and the resulting intermediate (Int) is 8.1 kcal/mol higher in energy than E:S 

(Figure 5).  At the optimized transition state for this protonation (TS1), the distances of the 

breaking O-H bond and the forming C-H bond are 1.29 Å and 1.40 Å, respectively (Figure 6).  

Next, the C-C bond between the carboxylate group and the C1 atom breaks to form the products.  

Interestingly, this decarboxylation process is easy with a calculated barrier of only 3.3 kcal/mol 
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relative to Int, that is 11.4 kcal/mol higher than E:S.  At the corresponding transition state (TS2), 

the length of the breaking C-C bond is 2.17 Å (Figure 6).  The enzyme-product complex (E:P) 

is 3.3 kcal/mol higher than E:S (Figure 5), including the contribution of the entropy gain from 

the release of CO2 as discussed in the Computational Details section.  In the E:P structure, the 

Mn2+ cation becomes five-coordinated.   

 

 

 

 

 

 

Figure 5.  Calculated energy profile for the mechanism proposed on the basis of the DFT 

calculations. 

Very similar coordination was observed in the X-ray structure of LigW from 

Sphingomonas paucimobilis complexed with the vanillate product (PDB entry 4L6D) (19).  The 

obtained energy profile here for γ-RSD is also very similar to that calculated for LigW (36).  For 

both enzymes, the proton transfer step corresponds to a higher barrier than the decarboxylation 

step.  Also, the structures of the intermediates and transition states bear high similarities. 

Alternative Mechanisms.  As discussed above, several crystal structures of γ-RSD from 

another organism, Rhizobium sp. MTP-10005, have been reported previously, one of which is an 

enzyme-substrate complex (PDB entry 2DVU) (17).  This enzyme was found to contain zinc in 

the active site and the substrate binds to the active site such that one oxygen atom of the 

carboxylate group, but none of the hydroxyl groups, coordinates to the metal ion (17).  On the 
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basis of this structure, Asp287 was suggested to be in the deprotonated state, acting as a general 

base to abstract a proton from the hydroxyl groups of the substrate to initiate the reaction. 

Protonation of the C1 carbon can then take place, followed by a C-C bond cleavage to generate 

the products (17). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Optimized structures of the stationary points along the proposed reaction pathway.  

For clarity, only a small part of the model is shown here.  Distances are given in angstrom. 
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It is interesting to compare the binding mode of the substrate in 2DVU with that in 4QRO 

and also the feasibility of the reaction mechanisms using the quantum chemical approach 

employed here.  To this end, we have on the basis of the 2DVU structure constructed an active 

site model (called E:S-Zn, see Figure 7 for optimized structure) for γ-RSD from Rhizobium sp.  

This model consists of the same residues as that in E:S, but with a Zn instead of Mn and a 

different binding mode for the substrate.  In E:S-Zn, both hydroxyl groups of the substrate are in 

the neutral form, and the Asp287 residue is modeled to be in the deprotonated state since it is 

suggested to act as a general base for the catalysis (17).  

 

 

 

 

 

 

 

 

 

Figure 7.  Optimized structure of the active site model for γ-RSD designed on the basis of the 

crystal structure from Rhizobium sp. (PDB entry 2DVU) containing Zn2+ with the substrate 

bound in a monodentate fashion by the carboxylate group.  For clarity, only polar hydrogen 

atoms and hydrogens on the substrate and truncated bonds are shown.  Atoms fixed during 

geometry optimization are shown in green. 
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Starting from E:S-Zn, the structures of the intermediates involved in the corresponding 

pathway were optimized (Figure 8).  The first intermediate, formed by the proton transfer from 

the substrate hydroxyl group to Asp287, is calculated to be 19.2 kcal/mol higher than E:S-Zn.  

The following intermediate, resulting from the proton transfer to C1 of the substrate, has an even 

higher energy, >23 kcal/mol relative to E:S-Zn, regardless of the identity of the proton source 

(either Asp287 or His218 via a water shuttle, see Scheme 2).  These energies are thus 

prohibitively high and the barriers leading to these intermediates should be even higher (not 

calculated).  Therefore, this mechanistic scenario should be ruled out, and it can be concluded 

that the binding mode as reported in 2DVU is not a productive mode for catalysis. 

Alternatively, we sought to establish whether or not it is possible that the substrate in the 

Zn-containing enzyme binds to the metal ion similarly to the Mn-dependent enzyme (4QRO), i.e. 

in a bidentate binding mode as in Figures 3 and 4.  In order to examine this possibility, another 

active site model was constructed by manually repositioning the substrate in E:S-Zn (see SI for 

the optimized structure).  The new enzyme-substrate complex is, however, calculated to have a 

much higher energy when compared to E:S-Zn, 14.9 kcal/mol, showing that for the Zn-

dependent enzyme the binding mode observed in 2DVU is highly preferred.  Combined with the 

prohibitively high barriers for the reaction pathway starting from E:S-Zn as discussed above, 

one might therefore speculate that the Zn-bound form is not active for γ-RSD. 
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Figure 8.  Optimized structures of the intermediates along the previously proposed reaction 

pathway for the γ-RSD from Rhizobium sp. shown in Scheme 2. In the case of Int2'-Zn (c), the 

proton of Asp287 transfers to His218 spontaneously during the geometry optimization.  For 

clarity, only a small part of the model is shown here. The calculated energies relative to E:S-Zn 

are also given (in kcal/mol).  Distances are given in angstrom. 
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Another alternative is whether for the Mn-dependent enzyme the substrate can bind as 

that in 2DVU, i.e. only by the carboxylate group.  By modifying the binding mode of the 

substrate in E:S to resemble 2DVU, we optimized the geometry and calculated the energy of the 

of this binding mode (see SI for optimized structure).  The calculated energy difference between 

the new structure and E:S is very small, only 0.4 kcal/mol in favor of the former one.  This 

shows that both binding modes are accessible for the Mn-dependent enzyme.  However, 

similarly to the case with E:S-Zn, the intermediates along the reaction pathway were calculated 

(see SI) and the corresponding energies turned out to be prohibitively high.  These calculations 

thus show that the 2DVU binding mode is likely to be inactive for the Mn-dependent enzyme.  

Conclusions.  The catalytic activity, substrate specificity and crystal structure of γ-RSD 

have been reported.  The values of kcat and kcat/Km for the decarboxylation of γ-resorcylate are 

0.44 ± 0.01 s–1 and (1.3 ± 0.1) x 104 M–1 s–1, respectively.  In addition to the natural substrate, γ-

RSD is also shown to facilitate the decarboxylation of 2,3-dihydroxybenzoate, 2,4,6-

trihydroxybenzoate and 2,6-dihydroxy-4 methylbenzoate.  We described the crystal structure of 

the enzyme from Polaromonas sp. JS666 (locus tag: Bpro_2061) in complex with Mn2+ and the 

substrate analog inhibitor, 2-nitroresorcinol.  The binding mode of the inhibitor is different 

compared to the substrate in the previously reported structure of the enzyme from Rhizobium sp. 

in complex with Zn2+, and instead shows high similarity to that seen in LigW complexed with 2-

nitrovanillate.  Theoretical calculations employing density functional theory show that γ-RSD 

follows a very similar mechanism as LigW.  The reaction starts with the protonation of the 

carbon atom of the substrate, which is calculated to be the rate-limiting step of the overall 

reaction.  A C-C bond cleavage then takes place to form the products.  Additionally, the 

mechanism proposed previously on the basis of the Zn-structure, involving binding of the 
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substrate to the metal ion only by its carboxylate group, is shown to be associated with high 

energies both for the Zn- and Mn-bound enzymes. 

 

 

 

 

 

Scheme 2. Possible reaction mechanisms proposed on the basis of the structure of the Zn-

containing γ-RSD from Rhizobium sp.   
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                        Table 1. Data Collection and Refinement Statistics 
     PDB identifier 4QRO 

     Data collection 

Space group P 1 21 1 

Unit cell dimension (Å) a=80.958, b=151.058, c=143.826 

Unit cell angles (°) β=92.15 

Molecules per ASU 8 

Solvent content (%) 55.0 

Beamline NSLS X29A 

Wavelength (Å) 1.075 

Structure solution method MR 

Resolution 50.00–1.65 (1.69–1.65) 

Unique reflections 412849 

Rmerge 0.098 (0.67) 

Completeness (%) 99.8 (99.8) 

Redundancy 3.9 (3.6) 

I/σ(I) 12.4 (1.50) 

     Refinement 

Resolution (Å) 50.00–1.65 (1.68–1.65) 

Rwork 0.189 (0.363) 

Rfree 0.223 (0.358) 

Number of atoms 

Protein 21,059 

Water 180 

Ligand 2,241 

Ligand identity Mn2+, 2-nitroresorcinol, glycerol,  

 bicarbonate, acetate 

<B-factor> 

Protein 34.7 

Water 43.2 

Ligand 41.8 

RMSD 

Bonds lengths 0.012 

Bond angles 1.476 

Ramachandran plot statistics 

Most favored regions (%) 97.4 

Allowed regions (%) 2.3 

Outliers (%) 0.30; Trp-187 in all chains except F 
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Table 2.  Kinetic constants of γ-RSD 

Substrate  kcat (s
-1

)  Km (µM)  kcat/Km (M
-1 

s
-1

) 

γ-resorcylate  0.44 ± 0.01  32 ± 2  (1.3 ± 0.1) x 104 

2,3-dihydroxybenzoate  0.47 ± 0.02  111 ± 11  (4.2 ± 0.5) x 103 

2,4,6-trihydroxybenzoate  0.18 ± 0.01  48 ± 1  (3.8 ± 0.3) x 103 

2,6-dihydroxy-4-methylbenzoate  0.38 ± 0.01  79 ± 6  (4.8 ± 0.4) x 103 
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