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Abstract 

(R)- and (S)-dichlorprop/α-ketoglutarate dioxygenases (RdpA and SdpA) catalyze the oxidative 

cleavage of 2-(2,4-dichlorophenoxy)propanoic acid (dichlorprop) and 2-(4-chloro-2-methyl-

phenoxy)propanoic acid (mecoprop) to form pyruvate plus the corresponding phenol concurrent 

with the conversion of α-ketoglutarate (αKG) to succinate plus CO2. RdpA and SdpA are strictly 

enantiospecific, converting only the (R) or the (S) enantiomer, respectively. Homology models 

were generated for both enzymes on the basis of the structure of the related enzyme TauD (PDB 

code 1OS7). Docking was used to predict the orientation of the appropriate mecoprop 

enantiomer in each protein and the predictions were tested by characterizing the activities of site-

directed variants of the enzymes. Mutant proteins changed at residues predicted to interact with 

(R)- or (S)-mecoprop exhibited significantly reduced activity, often accompanied by increased 

Km values, consistent with roles for these residues in substrate binding. Four of the designed 

SdpA variants were (slightly) active with (R)-mecoprop. The results of the kinetic investigations 

are consistent with the identification of key interactions in the structural models and demonstrate 

that enantiospecificity is coordinated by the interactions of a number of residues in RdpA and 

SdpA. Most significantly, residues Phe171 in RdpA and Glu69 in SdpA apparently act by 

hindering the binding of the wrong enantiomer more than the correct one, as judged by the 

observed decreases in Km when these side chains are replaced by Ala.   

 

Keywords: dioxygenase; enantiospecificity; mecoprop; site-directed mutagenesis; structural 

modeling; docking 
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Abbreviations: 2,4-D, 2,4-dichlorophenoxyacetic acid; AlkB, alkylation-damaged DNA 

repair enzyme; AtsK, alkyl sulfatase; ANS, anthocyanidin synthase; CarC, carbapenam synthase; 

CAS, clavaminate synthase; CSD, Cambridge Structural Database; DAOCS, 

deacetoxycephalosporin C synthase; dichlorprop, 2-(2,4-dichlorophenoxy)propanoic acid; FIH, 

factor inhibiting hypoxia-inducible factor; αKG, α-ketoglutarate; mecoprop, 2-(4-chloro-2-methyl-

phenoxy)propanoic acid; NTA, nitrilotriacetic acid; PAHX, phytanoyl-coenzyme A 2-hydroxylase; 

PDB, Protein Data Bank; RdpA, (R)-specific dichlorprop/αKG dioxygenase; SdpA, (S)-specific 

dichlorprop/αKG dioxygenase; TfdA, 2,4-D/αKG dioxygenase; TauD, taurine/αKG dioxygenase; 

TR, tropinone reductase; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
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Phenoxyalkanoic acids are systemic and post-emergence inhibitors of broadleaf weeds and are 

among the most widely applied herbicides in the world (Worthing and Hance 1991; Ahrens 

1994; Donaldson et al. 2002). These synthetic auxins (Åberg 1973; Loos 1975; Ahrens 1994) 

include 2,4-dichlorophenoxyacetic acid (2,4-D) along with the chiral representatives 2-(2,4-

dichlorophenoxy)propanoic acid (dichlorprop) and 2-(4-chloro-2-methyl-phenoxy)propanoic 

acid (mecoprop), of which only the (R)-enantiomers are herbicidally active (Matell 1953). 

Microorganisms able to degrade these phenoxyalkanoic acid herbicides have been isolated from 

different environments, and their degradative pathways have been elucidated (Zipper et al. 1996; 

Hausinger et al. 1997; Tett et al. 1997; Müller et al. 1999; Müller et al. 2001). For example, the 

first step in 2,4-D metabolism is side chain hydroxylation to form an unstable intermediate that 

decomposes by elimination of the phenol derivative (Scheme 1).  

Scheme 1  

The 2,4-D hydroxylase (TfdA) from Cupriavidus necator (formerly Ralstonia eutropha) 

JMP134(pJP4) has been intensively studied and shown to require FeII as a cofactor and α-

ketoglutarate (αKG) as a co-substrate (Fukumori and Hausinger 1993b; Fukumori and Hausinger 

1993a; Saari and Hausinger 1998; Hegg et al. 1999; Hogan et al. 2000; Dunning Hotopp and 

Hausinger 2002). For mecoprop or dichlorprop metabolism, best studied in the soil bacterium 

Sphingomonas herbicidovorans MH, the enantiomers are separately transported into the cell by 

distinct uptake systems (Nickel et al. 1997), and enantiomer-specific (R)- and (S)-

dichlorprop/αKG dioxygenases (RdpA and SdpA) catalyze the initial degradation steps as 

illustrated in Scheme 2 (Nickel et al. 1997; Müller 2004; Müller et al. 2004b). RdpA and SdpA 

share 30% amino acid sequence identity to each other and 30% and 37% identity, respectively, to 

TfdA, with no significant gaps in alignment quality, indicating they are all close structural 
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homologs (Sander and Schneider 1991). The substituted phenol products released from these 

FeII/αKG-dependent dioxygenases are subsequently converted to the corresponding catechols 

and further metabolized by the modified ortho-cleavage pathway.  

Scheme 2  

The herbicide-degrading dioxygenases belong to a large family of mononuclear, non-

heme FeII enzymes that catalyze a broad array of reactions (reviewed in Hausinger 2004; Clifton 

et al. 2006) including hydroxylations, epoxidations, desaturations, ring formation, ring 

expansion, and, as only recently discovered, chlorinations (Vaillancourt et al. 2005a; 

Vaillancourt et al. 2005b). Crystal structures have been elucidated for several family members 

including taurine/αKG dioxygenase (TauD) (Elkins et al. 2002; O'Brien et al. 2003), alkyl 

sulfatase (AtsK) (Müller et al. 2004a; Müller et al. 2005), clavaminate synthase (CAS) (Zhang et 

al. 2000), deacetoxycephalosporin C synthase (DAOCS) (Valegård et al. 1998), anthocyanidin 

synthase (ANS) (Wilmouth et al. 2002), carbapenam synthase (CarC) (Clifton et al. 2003), 

proline 3-hydroxylase (Clifton et al. 2001), the factor inhibiting hypoxia-inducible factor (FIH) 

(Dann et al. 2002; Elkins et al. 2003), phytanoyl-coenzyme A 2-hydroxylase (PAHX) 

(McDonough et al. 2005), and the DNA repair enzyme AlkB (Yu et al. 2006). The structures 

reveal a common β-jelly roll or double-stranded β-helix fold containing a metal ion-binding 

motif: His1-X-Asp/Glu-Xn-His2 (where n varies from 40-153 residues). Three water molecules 

occupy the remaining metal ligand positions in the resting enzyme. Two water molecules are 

displaced upon binding of the cosubstrate, with the αKG C-2 keto group coordinating opposite 

the carboxylate side chain and the αKG C-1 carboxyl group binding opposite either His1 (TauD, 

AtsK, CAS, FIH) or opposite His2 (DAOCS, ANS, CarC, PAHX, and AlkB), with a nearby Arg 

residue (located 15-22 residues beyond His2 in the sequence) providing additional stabilization to 



 6

the C-1 carboxylate in the cases of TauD, AtsK, CAS, CarC, and AlkB. Another Arg residue 

(located in the sequence about 10 residues beyond His2) is positioned to form an ion pair with the 

C-5 carboxylate of αKG in all structures except FIH, where a Lys located elsewhere in the 

sequence provides stabilization. Unlike other FeII sites, the αKG-bound metallocenters exhibit a 

characteristic metal-to-ligand charge-transfer transition (Pavel et al. 1998; Hegg et al. 1999; Ryle 

et al. 1999; Trewick et al. 2002) conferring a lilac color to this state of the enzymes. The primary 

substrate (e.g., taurine in the case of TauD) does not bind to the metal center, but the 

aforementioned crystallographic studies and additional spectroscopic evidence (Ho et al. 2001; 

Zhou et al. 2001) indicates that substrate binding leads to the loss of the final water molecule, 

thus creating a site for binding of oxygen. In the case of TauD, oxidative decarboxylation of 

αKG has been shown to produce an FeIV-oxo intermediate species that inserts oxygen into the 

unactivated C-H bond (Price et al. 2003a; Price et al. 2003b; Proshlyakov et al. 2004; Riggs-

Gelasco et al. 2004; Grzyska et al. 2005; Price et al. 2005). 

Sequence alignments highlight several potential key residues of the (R)- and (S)-

dichlorprop/αKG dioxygenases from S. herbicidovorans MH (Müller 2004). The His1-X-

Asp/Glu-Xn-His2 motif of RdpA is comprised of residues His111, Asp113, and His270, while 

that of SdpA involves His102, Asp104, and His257. Fifteen residues beyond His2 are residues 

predicted to interact with the C-1 carboxylate of αKG, Arg285 and His272, respectively. 

Furthermore, Arg281 and Arg268 of the two proteins are predicted to form salt bridges to the 

αKG C-5 carboxylate, with additional interactions involving Thr138 of RdpA and Thr129 of 

SdpA. In contrast to these conserved residues, essentially nothing is known about the 

phenoxypropanoic acid binding sites of these proteins, especially with regard to the structural 

basis of enantiospecificity.  
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Here, we describe the construction of homology models of SdpA and RdpA from S. 

herbicidovorans MH and the use of docking to identify residues likely to be involved in 

herbicide binding. Previous homology models have led to successes in elucidating or designing 

specificity-conferring interactions in ligands.  For instance, homology modeling of a cercarial 

(human parasite) elastase led to the development of an effective elastase inhibitor (Cohen et al. 

1991) and to understanding the specificity determinants for ligands binding to a parasite tRNA 

synthetase versus its human homolog  (Sukuru et al. 2006).  Here, we test by site-directed 

mutagenesis and kinetic analysis the residues predicted to be involved in substrate binding, 

enantiospecificity, or catalysis. The activity experiments are consistent with the key residues 

identified by modeling being involved in substrate binding. We provide additional evidence that 

several amino acids are responsible for the enantiospecificity of RdpA and SdpA, demonstrate 

that the active site of SdpA is less specific than RdpA for its substrate, and discuss the structural 

implications of these results. 
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 Results 

 

SdpA and RdpA Homology Models  

 

RdpA and SdpA were aligned with TauD (Figure S1, Supplementary Material), and homology 

models were created as described in Materials and Methods (Figure S2, Supplementary Material) 

using the TauD structure as a structural template (O'Brien et al. 2003). The two 

phenoxypropionate-degrading proteins are predicted to contain jelly roll or double-stranded β-

helix folds comprised of eight β-strands with connecting loops, as is typical of this enzyme 

family (Hausinger 2004; Clifton et al. 2006). The homology models contain FeII-binding sites 

(His111, Asp113, and His270 in RdpA or His102, Asp104, and His257 in SdpA), as expected 

from former sequence alignments with other FeII/αKG-dependent dioxygenases (Müller 2004). 

The high degree of active-site sequence identity and strong orientation of key side chains by 

interactions with the FeII are supportive of the active site being the most conserved and 

structurally accurate part of the RdpA and SdpA models.  Detailed analysis of favored αKG 

binding motifs in other members of this enzyme family indicate the iron is chelated by αKG with 

its keto group positioned opposite Asp113 of RdpA or Asp104 of SdpA and its C-1 carboxylate 

located so as to interact with His111 and His102, respectively. The positively charged residues 

Arg285 in RdpA and His272 in SdpA are well positioned to provide additional stabilization of 

the αKG C-1 carboxylate, and in each protein the C-5 carboxylate of αKG forms a salt bridge 

with Arg268 and Arg281, respectively. Whereas the RdpA structure represents only one subunit 

of the predicted trimeric protein, SdpA is suggested to be monomeric, based on gel filtration 

experiments (Müller 2004). 
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Docking of Substrates into the RdpA and SdpA Structures 

 

The natural substrates (R)- and (S)-mecoprop were docked into the active sites of RdpA and 

SdpA to gain insight into the basis of enzyme enantiospecificity. First, the co-substrate αKG was 

modeled into the active sites of RdpA and SdpA using two distinct conformations, as found in 

crystal structures of FeII/αKG-dependent dioxygenases (Clifton et al. 2006). The flat 

conformation has the five-membered ring formed by the metal chelate co-planar with the C-5 

carboxylate, whereas the twist conformation has the two planes forming a 90 ° angle. The 

resulting four models were energy-minimized and used as targets for substrate docking with the 

program SLIDE (Zavodszky et al. 2002), with the assumption that the substrate carbon 

undergoing hydroxylation would be located approximately at the same position relative to the 

iron center as the key carbon atom of taurine in TauD (Elkins et al. 2002; O'Brien et al. 2003). 

The mecoprop docking interactions with RdpA and SdpA were analyzed in detail, and one model 

of each protein was selected based on the most favorable interactions between enzyme and 

substrate (see below). These models are illustrated in Figure 1 with the corresponding plots of 

mecoprop interactions shown in Figure 2.  

 Figures 1 and 2 

 

Binding of (R)-mecoprop to RdpA  

 

The substrate (R)-mecoprop consists of a hydrophobic phenoxy ring and a polar propanoic acid, 

with both components needing to be accommodated and bound by the active site. The αKG 
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conformation leading to the most favorable interactions has αKG in the twist conformation and 

positions the phenoxy ring of (R)-mecoprop as illustrated in Figure 1A (with the corresponding 

interactions plotted in Figure 2A). The mecoprop carboxylate interacts with the amide nitrogen 

of Ser114, the hydroxyl group of Tyr221, and a guanidino nitrogen of Arg285. The Tyr221 

hydroxyl group also is predicted to lie near (3.5 Å) the substrate ether oxygen atom and could 

play a role in directing enantiospecificity. Residues lining the hydrophobic substrate-binding 

pocket include Val80, Leu83, Ile106, Gly107, and Phe171 (Figures 1A and 2A), with Val80 and 

Leu83 being well positioned to interact with the propanoic acid methyl group. The terminal 

carbon atom (CZ) of the Phe171 side chain is 4.1 Å from the phenoxy group of (R)-mecoprop; 

since LigPlot has a 4.0 Å threshold for hydrophobic interactions, this interaction is missed in 

Figure 2A. 

To directly test the importance of potential substrate-binding residues of RdpA identified 

by the homology modeling and substrate docking procedures, variant forms of the enzymes were 

created by site-directed mutagenesis. To eliminate the bulky and polar Tyr221 and Arg285 

residues, Y221A and R285A mutants were generated. In the presumed “hydrophobic pocket”, 

Val80, Leu83, Ile106 and Phe171 each were changed to alanine to reduce hydrophobic 

interactions and thereby decrease the binding affinity of (R)-mecoprop to the active site. 

Replacing Gly107, positioned near and coplanar with the phenoxy ring, with a bulkier 

hydrophobic residue is expected to hinder substrate binding, so this residue was mutated to Ile 

and Asn in the double mutants I106G/G107I and I106G/G107N, respectively. 

 The specific activities of the RdpA variants were tested using (R)-mecoprop and the 

racemic mixture (Table 1). The (S) enantiomer is not sold commercially and was available in 

very limited supply, so the RdpA variants were not tested with this compound. When the RdpA 
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variants were examined using 4 mM (R)-mecoprop, the V80A and F171A variants exhibited 

approximately 60% of wild-type enzyme activity, I106A had about 30% of that activity and 

L83A, Y221A, R285A were ~10% active. The activities of the double mutants I106G/G107I and 

I106G/G107N were further reduced compared to that of I106A, consistent with a bulkier side 

chain at position 107 presenting steric hindrance to substrate binding in a reactive conformation.  

The RdpA variants retaining at least 10% of wild-type enzyme activity were subjected to 

more detailed kinetic characterization (Table 2). The maximal concentration of substrates that 

could be tested was 4 mM due to solubility limitations; therefore, Km values higher than 800 µM 

are only approximations and possess large errors. The Km values of V80A and R285A RdpA 

variants were at least 5-fold increased over that of the wild-type enzyme, whereas that of the 

I106A RdpA variant was more than 20-fold greater, supporting the described docking orientation 

of the model. The effect on the R285A variant can be understood in terms of decreased 

interaction with the substrate carboxylate, while the changes observed for the V80A and I106A 

variants are likely to arise from loss of hydrophobic interactions. The F171A protein had a three-

fold lower Km, indicating either that this residue does not interact specifically with the phenoxy 

ring of (R)-mecoprop or that F171 is actually slightly hindering (R)-mecoprop binding. The 

calculated kcat of all mutant proteins was similar to the wild-type value with the exception of the 

R285A mutant enzyme. Arg285 is postulated to interact with both the mecoprop carboxylate and 

the C-1 carboxylate of αKG, so it could directly influence catalysis.  

 

Binding of (S)-mecoprop to SdpA 
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The most favorable orientation of (S)-mecoprop was obtained with αKG in the twist 

conformation in SdpA and (S)-mecoprop bound as illustrated in Figure 1B (with the 

corresponding ligand interactions shown in Figure 2B). In this model, the substrate carboxylate 

interacts with the amide nitrogen of Ser105, the hydroxyl group of Tyr107, and the guanidino 

nitrogens of Arg274. Additional active site residues near the polar carboxylate include His272 

and His208. Also of interest, the substrate ether oxygen atom is predicted to lie within 3.4 Å of 

the two carboxyl oxygens of Glu69. If protonated or bridged by the proton of a bound water 

molecule, the Glu69 carboxyl group could confer specificity to the (S) enantiomer by making a 

hydrogen bond with the ether oxygen (a prediction not borne out by experimental results, vide 

infra). Residues predicted to be in contact with the hydrophobic ring of (S)-mecoprop include 

Ala71, Ala72, Leu82, Val84, Gly97, Asn98, Gln162 and Arg207 (with the latter four residues 

depicted in Figure 1B). Pi-cation interactions between positively charged side chains like Arg207 

and aromatic side groups like that in mecoprop can contribute very favorably to ligand binding 

(Mitchell et al. 1994). 

To experimentally test the importance of several of these residues for the binding of (S)-

mecoprop in the active site of SdpA, a series of mutant proteins was constructed. Glu69, His208, 

His272 and Arg274 each were changed to alanine to eliminate the bulky and charged side chains 

proposed to interact with the substrate carboxylate. The extended side chain of Arg207 was 

eliminated in the R207A SdpA variant, and Gln162 was substituted with the corresponding, 

hydrophobic residue found in RdpA to generate the Q162F variant.  

The specific activities of the SdpA variants were tested using the (S) enantiomer, the 

racemic mixture, and the (R) enantiomer of mecoprop (Table 1). The activity of all SdpA 

mutants was strongly reduced. The most active SdpA variants were the E69A and R207A 
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proteins, while all other variants exhibited less than 5% of the wild-type enzyme activity. No 

activity was detected in the R274A sample. E69A, R207A, and H208A were subjected to 

detailed kinetic characterization (Table 2). When analyzed with (S)-mecoprop, the R207A and 

H208A samples had 15- and 18-fold increases, respectively, in their Km values compared to the 

wild-type enzyme. The H208A result is compatible with an ionic interaction between the 

mecoprop carboxylate group and His208. A similar interaction might be possible with the highly 

flexible Arg207 residue or this side chain may participate in a π-cation interaction with the 

aromatic group of the substrate, in either case accounting for the large Km change in the R207A 

variant. By contrast to these results, the E69A variant exhibited a lower Km than the native SdpA, 

arguing against the ether oxygen having a significant role in substrate binding. With (S)-

mecoprop, the kcat was reduced four-fold for the E69A and R207A SdpA mutants compared to 

wild-type enzyme, and even greater reductions were noted for the H208A variant.  

 

Residues determining enantiospecificity in RdpA and SdpA 

 

 A direct comparison of the active sites in the RdpA and SdpA models is shown in Figure 3. The 

different substrate enantiomers are predicted to bind with remarkably similar geometries in the 

two predicted structures, with the carboxyl groups and aromatic rings nearly overlapping but at 

distinct angles. RdpA residues Leu83, Gln93, Ile95 (omitted for clarity), Ile106, Phe171, and 

Arg285 (shown in Figure 1A) could hinder binding of (S)-mecoprop; the corresponding residues 

in SdpA are Ala72, Leu82, Val84, Gly97, Gln162, and His272, respectively. Similarly, SdpA 

residues Glu69, Asn98, Ser161, His208 and Arg207 could restrict binding of (R)-mecoprop; 

Val80, Gly107, Val170, Tyr221, and Val220 occupy these positions in RdpA.  Ala72, Gly97, 
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and Gln162 are predicted to allow access by the (S) enantiomer. In general, side-chain 

interactions suggest that SdpA is less specific than RdpA for its substrate. This finding is 

compatible with activity measurements (Table 1), such as the activity with 2 mM (S)-mecoprop 

versus that with 4 mM of the racemate, that show inhibition of SdpA activity by (R)-mecoprop. 

However, RdpA remains completely active towards the (R) enantiomer in the presence of (S)-

mecoprop (Müller 2004).  

 Figure 3 

Site-directed variants of RdpA and SdpA, created and purified as described earlier, were 

used to test a subset of the above-mentioned residues for their importance in controlling 

enantioselectivity. Single substitutions included the L83A, Q93A, I106A, F171A, F171Q, and 

R285A variants of RdpA along with the E69A, Q162F, R207A, R207V, and H208A variants of 

SdpA. In addition, to test the possibility that Ile106/Gly107 (large residue/small residue) in 

RdpA versus Gly97/Asn98 (small residue/large residue) in SdpA confers some measure of 

enantiospecificity to the enzymes, the I106G/G107I and I106G/G107N double variants of RdpA 

along with G97N/N98G and G97I/N98G double variants of SdpA were generated. Each enzyme 

was tested for activity using its enantiomer, the racemate, and, in case of the SdpA mutants, with 

(R)-mecoprop, too (Tables 1 and 2). 

Among the RdpA variants were several that show evidence of inhibition by the (S) 

enantiomer. For example, the Q93A variant retains 60% of wild-type enzyme activity, but this 

dropped to 35% when the racemate was provided, suggesting that Gln93 prevents the incorrect 

enantiomer from binding to and inhibiting the enzyme. Significant decreases in activity also were 

apparent when comparing rates using the racemic mixture of mecoprop versus the (R)-

enantiomer with the Y221A and R285A variants; these results suggest Tyr221 and Arg285 
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contribute to enantiospecificity. These variant proteins exhibited ~5% to ~15% of the wild-type 

enzyme activity. Less dramatic differences were observed using the I106A, F171A, F171Q, and 

I106G/G107N variants, but in each case the activity was reduced in the presence of the incorrect 

enantiomer. The I106A, F171A, F171Q, and R285A proteins were subjected to detailed kinetic 

analysis with (R)-mecoprop (Table 2). With the exception of the R285A variant (which exhibited 

~20% of the wild-type enzyme kcat), the proteins retained over 70% of the wild-type enzyme kcat. 

The I106A and R285A variants exhibited 23- and 4-fold increases in Km, the F171Q form 

exhibited a Km similar to the wild-type enzyme, and the F171A mutant had a three-fold lower 

Km. The latter result is consistent with Phe171 hindering binding of the correct (R) enantiomer 

while helping to exclude the (S) enantiomer from the RdpA active site, so that the expanded 

active site in the F171A variant more readily binds its substrate. 

Significantly, four SdpA variants (E69A, R207A, R207V, and G97I/N98G) showed 

slight activity with the opposite enantiomer, (R)-mecoprop (Table 1). These results suggest that 

Glu69, Arg207, and Gly97/Asn98 contribute to determining the enantiomeric specificity, as 

predicted by docking. They are compatible both with the postulated interaction of Glu69 with the 

(S)-mecoprop ether oxygen and with steric constraints on (R)-mecoprop binding imposed by 

Glu69, Arg207, and Asn98. Kinetic analyses of the E69A variant (Table 2) argue against a 

positive, stabilizing interaction between Glu69 and the substrate ether atom, because the Km of 

this variant is less than that of the wild-type enzyme. These results are most consistent with 

Glu69 discriminating against binding by the opposite enantiomer while slightly hindering 

binding of the correct enantiomer. The apparent Km of wild-type SdpA was approximately 

doubled when examined using the racemic mixture, as expected from earlier work (Müller 

2004). Similar results were obtained for the E69A variant, while the Km was essentially 
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unchanged for the R207A protein when comparing the single enantiomer versus the racemate. 

The R207A Km results are consistent with both substrate enantiomers binding to the active site 

with similar affinities. This point was directly demonstrated by assaying the R207A enzyme with 

(R)-mecoprop, yielding a Km of 4.0 ± 1.3 mM and a kcat of ~0.16 min-1. For comparison, the Km 

of E69A SdpA for (R)-mecoprop was determined to be 5.4 ± 1.7 mM with a kcat of 65 ± 15 min-1. 

The kcat was further reduced for the E69A and H208A variants when using the racemic mixture, 

consistent with binding and inhibition by the (R) enantiomer. The low activities of the H208A 

and G97I/N98G proteins precluded a similar analysis. 
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Discussion  

 

On the basis of the modeled RdpA and SdpA structures, we identified several amino acid 

residues that are likely to interact with (R)- and (S)-mecoprop, including several that are likely to 

contribute to the enantiospecificities of the two enzymes. The structural modeling performed 

here incorporated small-scale conformational changes in optimizing the protein-ligand complex 

through flexible docking using SLIDE and energy minimization of the structures. However, 

many enzymes, including selected representatives of the FeII/αKG dioxygenases (Clifton et al. 

2006), are known to undergo larger scale conformational changes upon ligand binding. The 

problem then becomes one of predicting protein conformational change as well as the orientation 

of ligand binding, a prodigious task for which no generally proven method exists. Success has 

been shown on sub-problems for some complexes, e.g., predicting relative degrees of flexibility 

within a protein and how this flexibility redistributes upon complex formation (Gohlke et al. 

2004), predicting large-scale conformational change between two protein states (Tama et al. 

2004), evaluating conformational ensembles of the ligand and protein structures that are 

consistent with binding (Zavodszky et al. 2004), and predicting ligand binding by docking into a 

series of experimentally known enzyme conformations that approximate larger scale protein 

flexibility (Lorber and Shoichet 1998). Molecular dynamics simulation of the protein-ligand 

complex is another option. However, it is generally difficult to access substantially different 

ligand orientations and protein conformations in molecular dynamics simulations. In our case, 

the situation is further complicated given the trimeric state of RdpA and the possible influence of 

subunit interfaces on active-site conformations. Therefore, the accuracy of homology modeling 

and prediction of (R)- and (S)-mecoprop interactions with the RdpA and SdpA enzymes may be 
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limited by not anticipating medium to large-scale protein conformational change. The predictive 

value of this modeling - identifying residues likely to be responsible for recognizing the (R)- 

versus (S)- enantiomer of mecoprop - can be assessed by consistency with the binding effects of 

mutations of these residues. Site-specific variants of RdpA and SdpA were created, their 

activities measured, and, in selected cases, detailed kinetic experiments were performed. The 

results confirm the residues involved in substrate or co-substrate binding and provide useful 

insights into the structural basis of enantiomeric specificity.  

 

Basis of the Substrate-Binding Specificity of RdpA and SdpA 

 

(R)- and (S)-mecoprop docked to the predicted structures of RdpA and SdpA, respectively, 

indicate that the mecoprop carboxylates and phenoxy rings are similarly positioned in the two 

proteins, with the substrate methyl group oriented in opposite configurations. The activity and 

kinetic data for R285A and Y221A variants of RdpA are compatible with the (R)-mecoprop 

carboxylate interacting with both the guanidino group of Arg285 and the hydroxyl group of 

Tyr221, where Tyr221 also forms a potential hydrogen bond to the ether oxygen atom. Similarly, 

activity and kinetic measurements of the R274A and H208A proteins are consistent with SdpA 

using the corresponding residues Arg274 and His208 to bind the carboxylate of (S)-mecoprop. 

Comparable Arg residues are conserved in many FeII/αKG-dependent dioxygenases, where they 

play a dual role of binding the primary substrate and the C1-carboxyl group of αKG (Valegård et 

al. 1998; Elkins et al. 2002; O'Brien et al. 2003; Hausinger 2004; Müller et al. 2004a). Such a 

dual role is predicted for Arg285 of RdpA, whereas Arg274 and His272 split these functions in 

SdpA.  
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Examination of the mutant forms of RdpA and SdpA also provided insights into the 

specificity for the distinct mecoprop enantiomers. For RdpA variants, Gln93, Ile106, and Phe171 

are proposed to sterically exclude binding by the incorrect enantiomer, whereas the Q93A variant 

yields results consistent with inhibition by (S)-mecoprop. Similarly, the results with the SdpA 

mutants are consistent with Glu69, Asn98, and Arg207 and His208 acting to prevent binding of 

the (R) enantiomer. In particular, the E69A, R207A, and G97I/N98G variants exhibited activity 

with the incorrect substrate, (R)-mecoprop. Hydrophobic interactions are also likely to be critical 

for substrate discrimination. For example, Val80 and Leu83 in RdpA are predicted to be well 

positioned to interact with the propanoic acid methyl group, whereas Glu69 and Ala72 occupy 

these positions in SdpA. We conclude that several residues in each protein play a role in 

dictating the substrate enantiospecificity. 

 

Comparison of the Proposed RdpA- and SdpA-Substrate Interactions with 2,4-D Binding by TfdA 

 

RdpA and SdpA are 30% and 37% identical to TfdA, for which a homology model was 

previously constructed and its 2,4-D substrate docked (Elkins et al. 2002). Predicted interactions 

in theTfdA model previously were tested by site-directed mutagenesis and kinetic analyses 

(Hogan et al. 2000; Dunning Hotopp and Hausinger 2002), similar to what is described here for 

RdpA and SdpA. In the case of TfdA, the substrate carboxylate was suggested to interact with 

Arg278, His214, and Lys71. While the TfdA Arg and His residues have direct counterparts in the 

mecoprop-degrading enzymes (Arg285 and Tyr221 in RdpA; Arg274 and His208 in SdpA), 

there is no indication of a carboxylate-stabilizing Lys in RdpA or SdpA. Also of interest, Lys71 

and/or Lys95 of TfdA was suggested to interact with the ether oxygen atom of 2,4-D. Again, a 
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Lys does not appear to function in this manner in the mecoprop-degrading enzymes; however, 

Tyr221 of RdpA is reasonably well positioned for this role.  

TfdA is slightly active with (S)-dichlorprop, but not with (R)-dichlorprop (Saari et al. 

1999). Based on secondary structure alignment, TfdA residues Ala109 and Asn110 correspond to 

the Gly97/Asn98 (small residue/large residue) pair in SdpA, versus Ile106/Gly107 in RdpA. 

Evidence described earlier is consistent with this pair of RdpA and SdpA residues contributing to 

the enantiospecificity of these enzymes. The presence of (S)-dichlorprop-degrading activity in 

TfdA supports this proposal. 2,4-D converting TfdAs from other strains also show slight 

activities with phenoxypropanoic acids. Like TfdA from C. necator JMP134(pJP4), TfdA from 

Burkholderia cepacia strain RASC cleaves the ether bond of (S)-dichlorprop (Saari et al. 1999), 

whereas TfdA from Alcaligenes denitrificans exclusively converts the (R) enantiomer (Tett et al. 

1997). Interestingly, PCR-derived DNA fragments reveal that these enzymes share 86% amino 

acid sequence identity in the corresponding region of the proteins (Saari et al. 1999); if the entire 

proteins exhibit this level of identity, the enantiospecificity is likely to be conferred by a few key 

amino acid residues.  

 

Conclusion and Relationship to Other Enantiospecific Enzymes  

 

The stereocenter-recognition-model of Sundaresan and Abrol (Sundaresan and Abrol 2002; 

2005), much like the simpler three-point interaction model (Davankov 1997), generalizes the 

interactions between a chiral substrate and an enzyme or receptor by postulating that at least 

three points of interaction are needed to distinguish between enantiomers with one chiral center. 

For the enantiospecific binding of mecoprop to RdpA and SdpA, the active site could be 
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expected to interact with the carboxylic acid, either the ether oxygen atom or the phenoxy ring, 

and the methyl group. The predicted substrate interactions and kinetic results for RdpA and its 

variants are consistent with such mecoprop interactions. That is, several protein side chains are 

predicted to position the carboxylate, Tyr221 likely forms a hydrogen bond to the ether oxygen, 

while several residues, notably the Ile106/Gly107 pair, position the phenoxy ring, and Val80 and 

Leu83 interact with the methyl group. In contrast, the SdpA model displays only two clear 

interactions with (S)-mecoprop: Tyr107 and Arg274 side chains position the carboxylate and 

several including the Gly97Asn98 pair position the phenoxy ring, but the methyl group exhibits 

little interaction with the active site. Therefore, the active site of SdpA appears to be inherently 

less enantiospecific for (S) mecoprop and more easily binds the opposite (R) enantiomer. The 

observed inhibition of SdpA by the (R) enantiomer and the reactivity of certain SdpA variants 

with (R)-mecoprop support this hypothesis.  

In general, enantioselectivity is known to arise from both stabilization of the preferred 

substrate and relative destabilization of binding by the other enantiomer (Sundaresan and Abrol 

2002; 2005). For example, tropinone reductase (TR)-1 and TR-II reduce tropinone in a 

stereoselective manner to produce tropine and Ψ-tropine. Tropinone is differently oriented in the 

active sites of the two enzymes, with both proteins providing stabilizing interactions and TR-I 

acting to prevent the inappropriate binding mode by a repulsion interaction involving the 

positively-charged nitrogen of tropinone and a positively-charged histidine residue (Nakajima et 

al. 1998). RdpA and SdpA are proposed to conform to this general pattern by using both positive 

and negative interactions to enhance binding by the appropriate enantiomer.  
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Materials and methods 

 
Recombinant Plasmids 

 

Mutagenesis of rdpA and sdpA within pMec15 and pMec19  was carried out by using the 

Stratagene Quickchange System (Stratagene, LaJolla, CA) and the mutagenic primers listed in 

Table S1 (Supplementary Material). Each mutation was confirmed by sequence analysis (Davis 

Sequencing, Davis, CA). These constructs produce “wild-type” and variant enzymes as His6-

tagged fusion proteins.  

 

Enzyme Purification 

 

Escherichia coli C41(DE3) (Miroux and Walker 1996) cells harboring pMec15, pMec151, 

pMec152, pMec153, pMec154, pMec155, pMec156, pMec157, pMec158, pMec160, and 

pMec161 were used to purify His6-tagged wild-type RdpA and its V80A, Q93A, Y221A, 

R285A, I106G/G107I, I106G/G107N, L83A, I106A, F171A, and F171Q variants, respectively. 

Similarly, E. coli BL21(DE3) (Novagen, Madison, WI) cells harboring pMec19, pMec191, 

pMec192, pMec193, pMec194, pMec195, pMec196, pMec197, and pMec198 were used to 

purify His6-tagged wild-type SdpA and its E69A, H208A, H272A, H274A, G97N/N98G, 

G98I/N98G, Q162F, R207A, and R207V variants, respectively. The cells were grown with 

constant shaking in Erlenmeyer flasks containing terrific broth supplemented with 200 µg per ml 

of ampicillin. Starter cultures grown overnight at 37 °C were used to inoculate (0.5%, v/v) media 

for growth at room temperature. Upon reaching an OD600 between 0.3–0.7, isopropyl-β-D-

thiogalactopyranoside was added to a final concentration of 1 mM and the cultures were grown 
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for an additional 16-18 hours. To overexpress wild type and variant forms of His6-tagged RdpA 

in E. coli C41(DE3) cells, it was important to fill flasks to 50% of their volume with medium and 

that the shaking be kept at moderate levels to minimize aeration and decrease growth rate. The 

cells were harvested by centrifugation at 6,000 g for 10 min at 4 °C. To prepare cell extracts, 

each 1 g of the cell pellet was resuspended in 2.5 ml of lysis buffer (50 mM NaH2PO4, 300 mM 

NaCl, 10 mM imidazole, pH 8) and the cells were disrupted by sonication with cooling on ice 

between pulses. The disrupted cells were centrifuged at 130,000 g for 60 min at 4 °C and the 

clarified cell extracts were stored in aliquots at –80 °C. RdpA and SdpA accounted for up to 23% 

and 33% of the protein in the respective soluble cell extracts. 

His6-RdpA and its variants were purified by a one-step procedure carried out at room 

temperature. Up to 100 mg of protein was loaded onto a Ni-bound NTA-agarose column (5 x 2.5 

cm; Invitrogen, Carlsbad, CA) in lysis buffer. Unbound proteins were removed from the column 

with five column volumes of wash buffer (50 mM NaH2PO4, 300 mM NaCl, 50 mM imidazole, 

pH 8). His6-RdpA and its variants were released from the resin with elution buffer (50 mM 

NaH2PO4, 300 mM NaCl, 200 mM imidazole, pH adjusted to 8) containing 20% glycerol to 

increase stability. His6-SdpA and its mutants were purified as described for the His6-RdpA 

except that no glycerol was included in the elution buffer (see representative purifications in 

Figure S3, Supplementary Material). Purified proteins were stored on ice for up to 4 days. 

Protein concentrations were determined by using the Bio-Rad protein assay (Bio-Rad, 

Hercules, CA) with bovine serum albumin as the standard. Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) analysis was carried out according to 

established procedures (Laemmli 1970).  
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Assays 

 

Typical assays contained 100 µM (NH4)2Fe(SO4)2, 1 mM ascorbic acid, 1 mM αKG and the 

indicated amount of substrate in 100 mM imidazole buffer (pH 6.75). All assays were carried out 

at 30 °C. To determine kinetic parameters for phenoxypropanoic acids, the coupled continuous 

enzyme assay was used as previously described (Müller 2004). Units of activity were defined as 

µmol of product produced per min per mg protein. Values of kcat were calculated using Mr 

34,950 for the His6-RdpA variants and 33,460 for the His6-SdpA variants.  

 

Structural Modeling  

 

Homology models of RdpA and SdpA were generated on the basis of the structure of the related 

taurine/αKG dioxygenase (TauD) from E. coli (O'Brien et al. 2003). With 33% and 29% identity 

to RdpA and SdpA and no significant gaps in the alignment, TauD (PDB code 1OS7, chain A) 

meets the criterion of at least 25% identity over at least 80 residues (Sander and Schneider 1991) 

to be an accurate structural template for modeling. Multiple alignments for the dichlorprop 

hydroxylase structures were obtained with the Bioinfo Meta Server (http://bioinfo.pl/Meta) and 

one was selected based on optimal agreement with predicted secondary structures. Side chains of 

RdpA and SdpA were reconstructed with the MMTSB Tool Set (Feig et al. 2000; Feig et al. 

2004). Non-conserved loops and missing residues were added with Modeller (Fiser et al. 2000; 

Fiser et al. 2002). The iron was placed into the active site according to the TauD structure and 

the side chains in the predicted binding sites were adjusted using Insight II (Accelrys) to have 

similar conformations to the corresponding side chains from TauD, since conserved residues in 
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catalytic sites tend to be highly structurally conserved.  Catalytic sites are even more strongly 

conserved in structure when they involve a metal center, which strongly orients its ligating side 

chains.  In particular, residues His111, Asp113, and His270 in RdpA and His102, Asp104, and 

His257 in SdpA were repositioned to bind the FeII metallocenter as they do in TauD, and αKG 

was positioned with its C-1 carboxylate plus C-2 carbonyl group chelating the metal and its C-5 

carboxylate forming an ion pair with Arg268 or Arg281, respectively. The conformation of the 

free αKG (ID code COTPAC) was obtained from the Cambridge Structural Database (CSD).  

 To model αKG interactions with RdpA and SdpA as accurately as possible, multiple 

bound αKG conformations were retrieved from crystal structures of other αKG dependent 

dioxygenases (PDB codes 1OS7, 1GY9, 1GQW, 1OII, 1OIJ, 1OIK, 1NX4, and 1NX8).  This 

analysis revealed two distinct conformations. The flat conformation has the five-membered ring 

formed by chelating the FeII nearly co-planar with the C-5 carboxylate, whereas the twist 

conformation has the two planes at a 90 ° angle. Both conformations could be accommodated by 

RdpA and SdpA, and four models (RdpA and SdpA with the flat and the twist αKG 

conformation) were built and energy minimized in the context of the protein structure, with an 

implicit aqueous solvent (Generalized Born with solvent accessibility correction) using the 

MMTSB tool set and the CHARMM22 force field (Brooks et al. 1983; Feig et al. 2004). 

  

Docking of Substrates  

 

The energy-minimized structures with each of the αKG conformations were used as 

targets for docking with the program SLIDE (Schnecke and Kuhn 2000; Zavodszky et al. 2002), 

which models the small-scale protein and ligand side-chain rotations that are ubiquitous in 
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induced fit between proteins and their ligands (Zavodszky and Kuhn 2005). The free (R)-

mecoprop conformation was obtained from CSD. Alternative low-energy conformations for both 

the (R) and the (S) enantiomer, reflecting the range of conformations likely to be energetically 

accessible, were generated from connectivity information using Omega v1.8.b3 (OpenEye 

Scientific Software). The energy window allowed for the conformers was 20 kcal/mol, ensuring 

very thorough search of the ligands’ conformations. Nine conformers each of (R)- and (S)-

mecoprop and of the CSD structure were generated, and all 27 conformers were docked into each 

of the four models (RdpA with flat and twisted αKG conformations, and likewise for SdpA) with 

SLIDE using the default parameter set (Schnecke and Kuhn 2000; Zavodszky et al. 2002). To 

identify the most likely binding orientation, the dockings of mecoprop into RdpA and SdpA were 

filtered using the following geometric criteria for catalysis: the distance between the FeII and the 

C7 carbon atom of mecoprop should be ~4 Å and the C7-H4 bond should orient toward the FeII. 

In addition, based on the interactions observed between enzymes of this class and their 

substrates, the carboxylate group of mecoprop is expected to bind in the same region and make 

similar interactions as the taurine sulfate group bound to TauD, anchoring the substrate for 

catalysis. Among the (R)- mecoprop dockings satisfying these criteria, the one with the most 

favorable interactions positioned the mecoprop phenoxy ring into the enlarged hydrophobic 

pocket formed by the replacement of bulky Tyr73 in TauD by Leu83 in RdpA and the propanoic 

acid methyl group in the hydrophobic pocket created by replacing His70 of TauD with Val80. 

This comprised the favored RdpA-(R)-mecoprop model. The (S)-mecoprop dockings satisfying 

the above geometric criteria were very similar to each other, and the one with optimal protein-

substrate hydrogen bonds was selected.  
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 Figures 1, 3, and S2 (Supplementary Material) of RdpA and SdpA structures and active 

sites were produced using the program PyMOL (DeLano Scientific LLC, South San Francisco, 

CA). Ligand interactions were depicted using LIGPLOT v.4.4.2 (Wallace et al. 1995). 

 

Electronic supplementary material 

Coordinate files in PDB format containing the atomic coordinates of the modeled RdpA and 

SdpA structures in complex with (R)- and (S) mecoprop and a document file containing a table, 

three figures, and their legends. 
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Table 1. Activity measurements of native and variant forms of RdpA and SdpA 
 
 RdpA  (R)-mecoprop (4 mM) (R)-mecoprop (2 mM) (R,S)-mecoprop (4 mM) 

Sample Hypothesis 
probeda 

specific activity 

(U/mg protein) (%) specific activity  
(U/mg protein) (%) specific activity  

(U/mg protein)  (%) 

wild type -- 7.11 ± 1.34 100 5.60 ± 0.26 100 6.46 ± 0.44 100 
V80Ab I 4.3 ± 2.1 60.5 2.06 ± 0.48 36.8 2.7 ± 0.5 41.8 
L83Ac I, II 0.37 ± 0.09 5.2 0.24 ± 0.06 4.3 0.27 ± 0.02 4.2 
Q93Ab II 4.3 ± 0.7 60.5 3.27 ± 0.23 58.3 2.27 ± 0.15 35.2 
I106Ac I, II 2.14 ± 0.025 30.1 1.41 ± 0.29 25.2 1.10 ± 0.11 17.0 
F171Ac I, II 4.83 ± 0.31 67.9 4.75 ± 0.22 84.8 4.59 ± 0.35 71.1 
F171Qc II 5.2 ± 0.4 73.1 4.86 ± 0.52 86.8 4.49 ± 0.31 69.5 
Y221Ab I 0.37 ± 0.17 5.2 0.43 ± 0.02 7.7 0.31 ± 0.01 4.8 
R285Ac I, II 1.1 ± 0.1 14.8 0.92 ± 0.06 16.4 0.80 ± 0.06 12.4 

I106G/G107Id I, II 0.05 ± 0.03 0.7 0.04 ± 0.03 0.7 0.05 ± 0.05 0.8 
I106G/G107Nd I, II 0.62 ± 0.06 8.7 0.56 ± 0.05 10.0 0.53 ± 0.04 8.2 

 
 SdpA  (S)-mecoprop (4 mM) (S)-mecoprop (2 mM) (R,S)-mecoprop (4 mM) (R)-mecoprop  

(4 mM) 

Sample Hypothesis 
probeda 

specific activity 

(U/mg protein) (%) specific activity 

(U/mg protein) (%) specific activity 

(U/mg protein) (%) specific activity 

(U/mg protein) 
wild type -- 25.5 ± 1.7 100.0 28.96 ± 3.6 100 23.5 ± 0.74 100.0 0 

E69Ad I, II 7.85 ± 1.65 30.8 6.6 ± 1.3 22.8 5.54 ± 1.24 23.6 0.51 ± 0.22 
Q162Fe I, II 1.22 ± 0.3 4.8 0.87 ± 0.15 3.0 0.53 ± 0.08 2.3 0 
R207Ae I, II 4.4 ± 0.57 17.3 3.13 ± 0.52 10.8 2.08 ± 0.3 8.9 0.1 ± 0.02 
R207Ve II 0.71 ± 0.07 2.8 0.52 ± 0.05 1.8 0.35 ± 0.04 1.5 0.01 ± 0.004 
H208Ad I, II 0.35 ± 0.1 1.4 0.27 ± 0.07 0.9 0.14 ± 0.05 0.6 0 
H272Ad I 0.3 ± 0.16 1.2 0.27 ± 0.16 0.9 0.25 ± 0.09 1.1 0 
R274Ad I 0.01 ± 0.01 0.0 0.01 ± 0.01 0.0 0 0.0 0 

G97N/N98Gd II 0.07 ± 0.03 0.3 0.06 ± 0.01 0.2 0.02 ± 0.03 0.1 0 
G97I/N98Gd II 0.96 ± 0.27 3.8 0.93 ± 0.26 3.2 0.83 ± 0.26 3.5 0.01 ± 0.01 

 
a The letters indicate whether the mutant was used to probe (I) the predicted binding mode of the substrate or (II) the enantiospecificity of the enzyme. 
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b Values were determined by measuring activities of samples isolated from three independent cell cultures.  
c Values were determined by triplicate measurements of a single sample.  
d Values were determined by measuring activities of samples isolated from two independent cell cultures. 
e Values were determined by triplicate (for (R,S)-mecoprop) or duplicate (for (S)- and (R)-mecoprop) measurements of a single sample.  
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Table 2. Kinetic parameters of selected variant forms of RdpA and SdpA 
 
 RdpA (R)-mecoprop     

Variant Range 
(µM) 

Km 
(µM) 

kcat 
(min-1) 

kcat/Km 
(min-1*µM-1)

wild type 100 – 4000 380 ± 28 252 ± 5 0.66 

V80Aa 200 – 4000 2300 ± 1100 248 ± 56 0.11 

Q93Aa 200 – 4000 2800 ± 400 260 ± 21 0.09 

I106Ab 500 – 4000 8900 ± 2100 238 ± 42 0.03 

F171Ab 200 – 4000 108 ± 7 175 ± 2 1.62 

F171Qb 62.5 – 4000 438 ± 34 203 ± 4 0.46 

R285Aa 200 – 4000 1550 ± 220 52 ± 4 0.03 

 
SdpA (S)-mecoprop   (R,S)-mecoprop   

Variant range 
(µM) 

Km 
(µM) 

kcat 
(min-1) 

kcat/Km 
(min-1*µM-1)

range 
(µM) 

Km 
(µM) 

kcat 
(min-1) 

kcat/Km 
(min-1*µM-1)

wild type 31 – 4000 161 ± 20 1010 ± 44 6.24 31 – 4000 234 ± 18 899 ± 24 3.85 
E69Ac 31 – 4000 91 ± 14 241 ± 8 2.65 222 – 4000 181 ± 38 194 ± 8.4 1.1 
R207Ad 250 – 4000 2500 ± 400 238 ± 20 0.1 250 – 4000 2780 ± 370 117 ± 8.4 0.04 
H208Ac 500 – 4000 2900 ± 960 21 ± 4 0.007 n.d.    
G97I/N98Gc  250 – 4000 1100 ± 270 42 ± 4.4 0.04 n.d.    
 
a Values were determined by measuring activities of samples isolated from three independent cell cultures.  
b Values were determined by triplicate measurements of a single sample.  
c Values were determined by measuring activities of samples isolated from two independent cell cultures. 
d Values were determined by triplicate (for (R,S)-mecoprop) or duplicate (for (S)- and (R)-mecoprop) measurements of a single sample.  
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Figure 1. Stereoviews of the most favorable models of the active sites of RdpA (A) and SdpA 

(B) with bound substrates. Shown are selected protein residues that are predicted to interact with 

the substrate. For clarity reasons, the FeII ligands are not depicted. (R)- and (S)-mecoprop are 

indicated in light blue and turquoise, respectively, and αKG in yellow.  

 

Figure 2. LIGPLOT diagrams of the active site models of RdpA (A) and SdpA (B). Shown are 

the most important interactions between the substrate and the active site according to the model.  

 

Figure 3. Stereoviews of the superimposition of the substrate-bound active site models of RdpA 

and SdpA. Shown are selected residues predicted to be involved in dictating enantiospecificity. 

Amino acid residues of RdpA are depicted in pink, residues of SdpA in green. (R)-mecoprop is 

shown in purple and (S)-mecoprop in turquoise. (A) View with the focus on the propanoic acid 

moiety and its binding to the active sites. (B) Same as in (A), but rotated to focus on the phenoxy 

ring and its interaction with the amino acid residues Ile106/Gly107 in RdpA and Gly97/Asn98 in 

SdpA.  

 

 

 

 

 
 
 
 
 
 
 


