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Structural basis for the enantiospecificities of R- and 
S-specific phenoxypropionate/a-ketoglutarate dioxygenases 

TINA A. MULLER, 1 MARIA I. ZAVODSZKY,2 MICHAEL FEIG,2•3 LESLIE A. KUHN,2 

AND ROBERT P. HAUSINGER 1'2 

Departments of 1Microbiology & Molecular Genetics, 2Biochemistry & Molecular Biology, and 3Chemistry, Michigan 
State University, East Lansing, Michigan 48824-4320, USA 

(RECEIVED December 21 , 2005 ; FI NAL REVISION March 15 , 2006; ACCEPTED March 19, 2006) 

Abstract 

(R)- and (S)-dichlorprop/a-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 (meco­
prop) to form pyruvate plus the corresponding phenol concurrent with the conversion of a-ketoglutarate 
(aKG) 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 appro­
priate mecoprop enantiomer in each protein, and the predictions were tested by characterizing the activities 
of site-directed variants of the enzymes. Mutant proteins that 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 iden­
tification 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 Phel 71 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 

Supplemental material: see www.proteinscience.org 

Reprint requests to: Robert P. Hausinger, Department of Microbiol­
ogy and Molecular Genetics, 6193 Biomedical Physical Sciences, 
Michigan State University, East Lansing, MI 48824-4320, USA; 
e-mail : hausinge@msu.edu ; fax : (517) 353-8957. 

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 syn­
thase; dichlorprop, 2-(2,4-dichlorophenoxy)propanoic acid; FIH, factor 
inhibiting hypoxia-inducible factor; aKG, a -ketoglutarate; mecoprop, 
2-(4-chloro-2-methyl-phenoxy)propanoic acid; NTA, nitrilotriacetic acid; 
PAID(, phytanoyl-coenzyme A 2-hydroxylase; PDB, Protein Data Bank; 
RdpA, (R)-specific dichlorprop/aKG dioxygenase; SdpA, (S)-specific 
dichlorprop/aKG dioxygenase; TfdA, 2,4-D/aKG dioxygenase; TauD, 
taurine/aKG dioxygenase; TR, tropinone reductase; SDS-PAGE, sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis. 

Article and publication are at http://www.proteinscience.org/cgi/doi/ 
10.111 0/ps.052059406. 

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 (A.berg 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). Micro­
organisms 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; 
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Miiller et al. 1999, 2001). For example, the first step in 2,4-
D metabolism is side-chain hydroxylation to form an un­
stable intermediate that decomposes by elimination of the 
phenol derivative (Scheme 1). 

The 2,4-D hydroxylase_ (TfdA) from Cupriavidus necator 
(formerly Ralstonia eutropha) JMP134(pJP4) has been 
intensively studied and shown to require Ferr as a cofactor 
and a-ketoglutarate (aKG) as a cosubstrate (Fukumori and 
Hausinger 1993a,b; 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/aKG dioxygenases 
(RdpA and SdpA) catalyze the initial degradation steps as 
illustrated in Scheme 2 (Nickel et al. 1997; Muller 2004; 
Muller 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 that they are all close struc­
tural homologs (Sander and Schrreider 1991). The substituted 
phenol products released from these Fe11/aKG-dependent 
dioxygenases are subsequently converted to the corresponding 
catechols and further metabolized by the modified ortho­
cleavage pathway. 

The herbicide-degrading dioxygenases belong to a large 
family of mononuclear, nonheme Fe11 enzymes that catalyze 
a broad array of reactions (for review, see Hausinger 2004; 
Clifton et al. 2006) including hydroxylations, epoxidations, 
desaturations, ring formation, ring expansion, and as only 
recently discovered, chlorinations (Vaillancourt et al. 
2005a,b ). Crystal structures have been elucidated for several 
family members including taurine/aKG dioxygenase (TauD) 
(Elkins et al. 2002; O'Brien et al. 2003), alkyl sulfatase 
(AtsK) (Muller et al. 2004a, 2005), clavaminate synthase 
(CAS) (Zhang et al. 2000), deacetoxycephalosporin C syn­
thase (DAOCS) (Valegard et al. 1998), anthocyanidin syn­
thase (ANS) (Wilmouth et al. 2002), carbapenam synthase 
(CarC) (Clifton et al. 2003), praline 3-hydroxylase (Clifton 
et al. 2001), the factor inhibiting hypoxia-inducible factor 
(FIH) (Dann et al. 2002; Elkins et al. 2003), phytanoyl-

OH 
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coenzyme A 2-hydroxylase (PAHX) (McDonough et al. 
2005), and the DNA repair enzyme AlkB (Yu et al. 2006). 
The structures reveal a common ~-jelly roll or double­
stranded ~-helix fold containing a metal ion-binding motif: 
His 1 -X-Asp/Glu-Xn-His2 (where n varies from 40 to 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 aKG C-2 keto group coordinating opposite the 
carboxylate side chain and the aKG C-1 carboxyl group 
binding opposite either His 1 (TauD, AtsK, CAS, and 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 
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 aKG in all structures 
except FlH, where a Lys located elsewhere in the sequence 
provides stabilization. Unlike other Fe11 sites, the aKG­
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 sub­
strate ( e.g. , ta urine in the case of TauD) does not bind to the 
metal center, but the aforementioned crystallographic stud­
ies and additional spectroscopic evidence (Ho et al. 2001; 
Zhou et al. 2001) indicate 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 decar­
boxylation of aKG has been shown to produce an Fe1v-oxo 
intermediate species that inserts oxygen into the unacti­
vated C-H bond (Price et al. 2003a,b, 2005; Proshlyakov et al. 
2004; Riggs-Gelasco et al. 2004; Grzyska et al. 2005). 

Sequence alignments highlight several potential key 
residues of the (R)- and (S)-dichlorprop/aKG dioxygen­
ases from S. herbicidovorans MH (Muller 2004). The 
His 1-X-Asp/Glu-Xn-His2 motif of RdpA is comprised of 
residues Hisl 11, Asp 113, and His270, while that of SdpA 
involves Hisl02, Aspl04, and His257. Fifteen residues 
beyond His2 are residues predicted to interact with the 
C-1 carboxylate of aKG, Arg285 and His272, respectively. 

O~ COO- O~COO- OH 

?'' ?'" 
02 +aKG 

?'" 
0 

\, 
l COO-

\ 
.. 

CO2 + succinate 
glyoxylate 

Cl Cl Cl 

2,4-0 2,4-dichlorophenol 

Scheme l. 
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( R)-mecoprop 

(or (R)-dichlorprop) 

2-methyl-4-chlorophenol 

(or 2,4-dichlorophenol) 

( S)-mecoprop 

(or (S)-dichlorprop) 

Active 
Herbicides Non herbicidal 

Scheme 2. 

Fwt hermore, Arg28 l and Arg268 of the two proteins are 
predicted to form salt bridges to the a KG C-5 carboxylate, 
with additional interactions involving Thrl 38 of RdpA and 
Thrl 29 of SdpA. In contrast to these conserved residues, 
essenti ally nothing is known about the phenoxypropanoic 
acid-binding sites of these proteins, espec iall y with regard 
to the structural bas is of enantiospec ificity. 

He re, we desc ribe the construction of homology mod­
els of SdpA and RdpA from S. herbicidovorans MH and 
the use of docking to identify res idues li ke ly to be 
involved in herbi c ide b inding. Previous homology models 
have led to successes in e luc idating or des igning spec i­
ficit y-conferring interacti ons in li gands. For instance, 
homology modeling of a cerca1ial (human parasite) elastase 
led to the development of an effecti ve elas tase inhibi tor 
(Cohen et al. 199 1) and to understanding the specific ity 
determinants for ligands binding to a parasite tRNA synthe­
tase versus its human homo log (S ukuru et al. 2006) . Here, 
we test by site-directed mutagenesis and kineti c analys is 
the residues predi cted to be invo lved in substrate binding, 
enantiospecificity, or catalys is. The acti vity experiments are 
consistent with the key residues identified by modeling 
being involved in substrate binding. We provide additiona l 
ev idence that several amino acids are responsible fo r the 
enantiospecificity of RdpA and SdpA, demonstrate that the 
ac ti ve site of SdpA is less spec i fie than RdpA fo r its 
substrate, and di scuss the structural impli cations of these 
results. 

Resu lts 

SdpA and RdpA homology models 

RdpA and SdpA were ali gned with TauD (S uppl emental 
Fig . S I), and homology mode ls were created as described 
in Mate ri a ls and Methods (Supplementa l Fig. S2) using 
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the TauD structure as a structura l te mpl ate (O ' Brien et al. 
2003). The two phenoxypropi onate-degrading proteins 
are pred icted to contain jell y ro ll or double-stranded 
~-he li x fo lds compri sed of eight ~-strands with connect­
ing loops, as is typica l of this enzyme fa mil y (Hausinger 
2004; C li fto n et al. 2006) . The homo logy mode ls contain 
Fe 11 -binding s ites (Hi s 111 , Asp! J 3, and Hi s270 in RdpA 
or His l02, Asp1 04, and His257 in SdpA), as expected 
from fo rmer sequence a lignments with other Fe 11/aKG­
dependent di oxygenases (Mi.iller 2004). The high degree 
of active-site sequence identity and strong ori entati on of 
key side cha ins by interactions with the Fe 11 are support­
ive of the ac tive site be ing the most conserved and struc­
turally accurate part of the RdpA and SdpA models. Detailed 
analys is of favo red a KG-binding motifs in other members 
of thi s enzyme fa mily indi cate the iron is che lated by aKG 
with its keto group pos itioned opposite Aspl 13 of RdpA or 
Asp I 04 of SdpA and its C- 1 carboxylate located so as to 
interact with His I 11 and His l02, respective ly. The posi­
ti vely charged residues Arg285 in RdpA and Hi s272 in 
SdpA are we ll pos itioned to prov ide additional stabili zation 
of the aKG C- 1 carboxylate, and, in each protein , the C-5 
carboxylate of aKG fo rms a sa lt bridge with Arg268 and 
Arg28 I, respecti vely. Whereas the RdpA structure repre­
sents onl y one subun it of the predi cted trimeric protein , 
SdpA is suggested to be monomeri c. based on gel-fil trati on 
experiments (Mi.ill er 2004). 

Docking of substrates into !he RdpA and SdpA structures 

The natural substrates (R)- and (S)- mecoprop were 
docked into the acti ve sites of Rd pA and SdpA to ga in 
insight into the bas is of enzyme enanti ospec ificity. First, 
the cosubstra te aKG was mode led into the acti ve sites of 
RdpA and SdpA using two di stinct conformations, as found in 
the crysta l structures of Fe 11/a KG-dependent dioxygenases 



(C lifton e t a l. 2006). The fl at confo rmati on has the five­
member ring fo rmed by the metal che late coplanar with the 
C-5 carboxy late, whereas the twist confo rmation has the 
two planes forming a 90° ang le. The resulting four mode ls 
were energy-minimized and used as targets fo r substra te 
docking with the program SLIDE (Zavodszky et a l. 2002) 
with the assumption that the substra te carbon undergoing 
hydroxy lati on would be located approx imate ly at the same 
position re lative to the iron center as the key carbon atom of 
taurine in TauD (Elkins et a l. 2002; O ' Brien et a l. 2003) . 
The mecoprop-doc king interacti ons with RdpA and SdpA 
were analyzed in deta il , and one mode l of each prote in was 
selected ba ed on the most favorable interactions between 
enzy me and substrate (see below) . These mode ls are 
illustrated in Figure I , with the corresponding plots of 
mecoprop interacti ons shown in Figure 2 . 

Binding of (R)-111ecoprop 10 RdpA 

The substrate (R)-mecoprop consists o f a hydro pho bic 
phenoxy ring and a po lar propano ic ac id , with both 
compo nents needing to be acco mmodated and bound by 
the acti ve s ite. T he a. KG conform atio n leading to the 
most fa vorable interac ti o ns has a.KG in the twist confo r-

A 

B 
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mat io n a nd pos iti ons the phenoxy rin g of (R)-mecoprop 
as illustra ted in F igure I A (w ith the co rresponding inter­
actio ns plotted in Fig. 2A). T he mecoprop carboxy la te 
inte racts with the amide nit roge n of Se rl 14, the hydroxy l 
group of Tyr22 l , and a guanidino nit rogen of Arg285. The 
Tyr22 l hydroxy l group also is predi cted to li e near (3.5 A) 
the substrate ether oxygen atom and could play a ro le in 
directing e nanti ospec ific ity. Res idues lining the hydropho­
bic substrate-bind ing pocket inc lude Va l 80, Leu 83, Tie I 06, 
G ly l07, and Phe l7 1 (Figs . IA, 2A) , with Yal80 and Leu83 
being we ll pos iti oned to interact with the propanoic acid 
methyl group. The tenn inal carbon atom (CZ) of the Phe 171 
side chain is 4. 1 A from the phenoxy group of (R)­
mecoprop; s ince LigPl ot has a 4 .0 A thresho ld for hydro­
phobic interactions, thi s interaction is mi ssed in Figure 2A. 

To directly test the importance of pote ntial substrate­
binding res idues of Rdp A identi fie d by the homology 
mode ling a nd substra te docking procedures , vari ant fo rms 
of the e nzy mes were created by site-directed mutagene­
sis. To e liminate the bulky and pol ar Tyr22 I and Arg285 
re sidues, Y22 l A a nd R285A mutants were gene rated. In 
the presumed ' ·hydrophobic pocket," Yal80, Le u83, lie I 06, 
and Phe 17 1 each were changed to a lanine to reduce hy­
drophobic interacti ons and thereby decrease the binding 

Figure I. Ste reo views o f the most fa vorabl e mode ls o f the ac ti ve s ites o f RdpA (A) and SdpA (B) with bound substrates. Shown are 
se lected protein res idues that are predi c ted to inte rac t with the substrate. For c larit y reasons. the Fe 11 li gands are not depic ted . (R)- and 
(S)-meco prop are indicated in li ght blue and in turqu o ise. respec ti ve ly. and a KG in ye ll ow. 
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Figure 2. LIGPLOT diagrams of the active site mode ls of RdpA (A) and 

SdpA (8). Shown are the most important interac tions between the substrate 

and the active site accordi ng to the model. 

affinity of (R)-mecoprop to the acti ve site. Replac ing 
Gly 107-positioned near and coplanar with the phenoxy 
ring-with a bullcier hydrophobic res idue is expected to 
hinder substrate binding, so thi s res idue was mutated to Il e 
and Asn in the double mutants 11 06G/G I 071 and I I 06G/ 
GI 07N, respecti vely. 
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T he spec ific act ivi ties of the Rdp A vari ants were tes ted 
using (R)- mecoprop and the racem ic mixture (Table I). 

The (S) enantiomer is not so ld commerc iall y and was 
ava il able in very limited suppl y, so the RdpA va1iants were 
not tested with thi s compound . When the RdpA vari ants 
were examined using 4 mM (R)-mecoprop, the V80A and 
F l 7 1A vari ants exhibited ~ 60% of wi ld-type enzyme ac­
ti vity; Il 06A had ~ 30% of that act ivity and L83A, Y22 l A, 
and R285A were ~ I 0% acti ve. The activities of the double 
mutants Il06G/G I 071 and II 06G/G I 07 were fu rther 
reduced compared with that of 11 06A, consisten t wi th a 
bullcier side chain at pos ition I 07 presenting steri c hindrance 
to substrate binding in a reacti ve confo rmation. 

The RdpA va ri ants reta ining at least I 0% of wild-type 
enzy me activity were subj ected to more deta il ed kineti c 
charac terization (Table 2). The max imal concentrati on of 
substra tes that could be tested was 4 mM due to so lubility 
lim itati ons; therefore, Km va lues higher than 800 µM are 
on ly approx imati ons and possess large e rrors. The Km 
va lues of V80A and R285A RdpA vari ants were at leas t 
fivefo ld increased over that of the wild-type enzyme, 
whereas that of the I I 06A RdpA vari ant was more than 
20-fo ld greater, supporting the described docking ori en­
tati on of the mode l. The effec t on the R285A vari ant can 
be understood in terms of dec reased inte raction with the 
substrate carboxylate, while the changes observed fo r the 
Y80A and Il06A vari ants are li ke ly to ari se fro m loss of 
hydrophobic in teractions. The F 17 1 A prote in had a three­
fo ld lower Km. ind ica ting e ither that this res idue does 
not interact spec ifica lly with the phenoxy ri ng of (R)­
mecoprop or that F 17 1 is actually slightl y hindering ( R)­

mecoprop binding. The calcul ated kcat of all mutant proteins 
was si milar to the wild-type value with the exception of the 

R285A mutant enzyme. Arg285 is postul ated to in teract 
with both the mecopro p ca rboxylate and the C- 1 carbox­

ylate of a KG, so it could di rectl y influence catalys is. 

Binding of (S)-mecoprop to SdpA 

T he most favorab le orientati on of (S)-mecoprop was ob­
ta ined with a KG in the twist confo rmat.ion in SdpA and 
(S)-mecoprop bound as illustra ted in Figure IB (with the 
corresponding ligand interac ti ons shown in Fig. 2B). In 
thi s model, the substrate carboxylate interacts with the amide 

nitrogen of Serl 05 , the hydroxy l group of Tyrl07, and the 
guanidino nitrogens of Arg274. Additional acti ve site res i­

dues near the polar carboxy late inc lude His272 and His208. 
Also of interest, the substrate ether oxygen atom is 
predi cted to li e with in 3.4 A of the two carboxyl oxygens 
of Glu69. If protonated or bridged by the proton of a bound 
water molecule, the G lu69 carboxyl group could confer 
specificity to the (S) enantiomer by making a hydrogen 
bond wi th the ether oxygen (a pred iction not borne out by 
experimental resul ts, vide infra) . Res idues pred icted to be 
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Table 1. Activity measurements of native and variant forms of RdpA and SdpA 

(R)-rnecoprop (4 mM) (R)-mecoprop (2 mM) (R.S)-mecoprop (4 mM ) 

Hypothesis Specific act ivity Specific activity Specific activity 
RdpA Sample probed" (U/rng protein) (%) (U/mg protein) (%) (U/mg protein) (%) 

Wild type 7. 11 :!: 1.34 100 5.60 :!: 0.26 100 6.46 :!: 0.44 100 
V80Ab 4.3 :!: 2.1 60.S 2.06 :!: 0.48 36.8 2.7 :!: 0.5 41.8 
L83A'" I, II 0.37 :!: 0.09 5.2 0.24 :!: 0.06 4.3 0.27 :!: 0.02 4.2 
Q93Ah II 4.3 :!: 0.7 60.S 3.27 :!: 0.23 58.3 2.27 :!: 0.15 35.2 
11 06Ac I, ll 2.14 :!: 0.025 30.I 1.4 I :!: 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 
Fl71Qc II 5.2 :!: 0.4 73.1 4.86 :!: 0.52 86.8 4.49 :!: 0.31 69.5 
Y22 1Ab I 0.37 :!: 0.17 5.2 0.43 :!: 0.02 7.7 0.31 :!: 0.01 4.8 
R28SAC I, II I. I :!: 0. l 14.8 0.92 :!: 0.06 16.4 0.80 :!: 0.06 12.4 
11 06G/G I 071d I, II 0.05 :!: 0.03 0.7 0.04 :!: 0.03 0.7 0.05 :!: 0.05 0.8 
11 06G/G I 07Nd I, II 0.62 :!: 0.06 8.7 0.56 :!: 0.05 10.0 0.53 :!: 0.04 8.2 

(S)- rnecoprop ( 4 rnM) (S)- rnecoprop (2 mM) (R,S)-mecoprop ( 4 mM) 
(R)- rnecoprop (4 mM) 

Hypothesis Specific act ivi ty Specific acti vity Specific ac ti vi ty Specific activity 
SdpA Sample probed" (U/mg protein) (%) (U/mg protein) (%) (U/mg protein) (%) (U/mg protein) 

Wild type 25.S :!: 1.7 100.0 28.96 :!: 3.6 100 23.S :!: 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 
QI62P' I. II 1.22 :!: 0.3 4.8 0.87 :!: 0. IS 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 I. I 0 
R274Ad 0.0 1 :!: 0.0 1 0.0 0.0 1 :!: 0.01 0.0 0 0.0 0 
G97N/N98Gd n 0.07 :!: 0.03 0.3 0.06 :!: 0.01 0.2 0.02 :!: 0.03 0.1 0 
G971/N98Gd II 0.96 :!: 0.27 3.8 0.93 :!: 0.26 3.2 0.83 :!: 0.26 3.5 0.01 :!: 0.0l 

"The leners indicate whether the mutant was used LO probe (I) the pred icted binding mode of the substrate or (I I) the enant iospecific ity of the enzyme. 
b Values were determined by measuring ac ti vities of samples isolated from three independent cell cu ltures. 
c Values were determi ned by tripli cate measurements of a single sample. 
ct Values were determined by measuring activit ies of samples isolated from two independent cell cu ltures. 
e Values were determined by tripli cate (for (R,S)-mecoprop) or duplicate (for (S)- and (R)-mecoprop) measurements of a single sample. 

in contact with the hydrophobic ring of (S)-mecoprop in­
clude AJa7 l , AJa72 , Leu82, Val84, Gly97, Asn98, Gin 162, 
and Arg207 (with the latter four residues depicted in Fig. 
lB). TI-Cation interactions between pos iti vely charged side 
chains like Arg207 and aromatic side groups like that in 
mecoprop can contribute very favorab ly to li gand binding 
(Mitche ll et al. 1994) . 

To experimentall y test the importance of severa l of 
these res idues for the binding of (S)-mecoprop in the 
act ive site of SdpA , a series of mutant prote ins was con­
structed . Glu69, Hi s208, Hi s272, and Arg274 each were 
changed to a lanine to eliminate the bulky and charged 
side chains proposed to interact with the substrate carbox­
ylate. The ex tended side chain of Arg207 was e liminated 
in the R207A SdpA variant, and Glnl62 was substituted 
with the co rresponding hydrophobic res idue fo und in 
RdpA to generate the Q l 62F variant. 

The spec ifi c ac ti vities of the SdpA variants were tested 
using the (S) enantiomer, the racemic mixture, and the (R) 
enantiomer of mecoprop (Tab le I ). The acti vi ty of all 
SdpA mutants was strongly reduced. The most acti ve 

SdpA variants were the E69A and R207 A prote ins, while 
all other variants exhibited <5% of the wild-type enzyme 
activity. No activity was detected in the R274A sample . 
E69A, R207 A, and H208A were subjected to detailed 
kineti c characterization (Table 2). When analyzed with 
(S)-mecoprop, the R207 A and H208A samples had 15-
and 18-fold increases, respective ly, in their Km va lues 
compared with the wild-type enzyme. The H208A result 
is compatible with an ionic interaction between the mecoprop 
carboxy late group and His208. A similar interacti on might 
be poss ible with the highly flexible Arg207 res idue, o r 
thi s side chain may parti c ipate in a TI-cat ion interac ti on 
with the aro matic gro up of the substrate, in either case 
accounting for the large Km change in the R207 A variant. 
In contrast to these results, the E69A vari ant exhibited 
a lower Km than the native SdpA, arg uing aga inst the 
ether oxygen having a significant role in substrate 
binding. With (S)- mecoprop, the k cat was reduced four­
fo ld for the E69A and R207 A SdpA mutants compared 
with wild- type enzyme, and even greate r reductions were 
no ted fo r the H208A vari ant. 
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Table 2. Kinetic parameters of selected variant forms of RdpA and SdpA 

(R)-mecoprop 
RdpA 
Variant Range (µM) 

Wild type 100-4000 
V80A" 200-4000 
Q93A" 200-4000 
ll06Ab 500-4000 
F171Ab 200-4000 
Fl 7 lQb 62.5-4000 

R285A" 200-4000 

(S)-mecoprop 

SdpA Range Km k ca l 

Variant (µM) (µM) (min - 1
) 

Wild type 31-4000 16 1 ± 20 1010 ± 44 
E69Ac 31-4000 91 ± 14 241 ± 8 
R207Ad 250-4000 2500 ± 400 238 ± 20 
H208Ac 500-4000 2900 ± 960 2 1 ± 4 
G97 I/N98Gc 250-4000 1100 ± 270 42 ± 4.4 

N.D., not determined. 

Km (µM) 

380 ± 28 
2300 ± 1100 
2800 ± 400 
8900 ± 2100 

108 ± 7 
438 ± 34 

1550 ± 220 

kc:iKm Range 
(min- 1eµ.M - 1) (µM) 

6.24 31-4000 
2.65 222-4000 
0.1 250-4000 
0.007 N.D. 
0.04 N.D. 

kca, (mi n 1
) 

252 ± 5 
248 ± 56 
260 ± 21 
238 ± 42 
175 ± 2 
203 ± 4 
52 ± 4 

(R. S)-mecoprop 

Km k cat 

(µ.M) (min I) 

234 ± 18 899 ± 24 
18 1 ± 38 194 ± 8.4 

2780 ± 370 117 ± 8.4 

0.66 
0.11 

0.09 
0.03 
1.62 
0.46 
0.03 

kc~i/Km 
(min - 1*µM - 1

) 

3.85 
I.I 

0.04 

• 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 ce ll cultures. 
d Values were determined by triplicate (fo r (R,S)-mecoprop) or duplicate (for (S)- and (R)-mecoprop) measurements of a single sample. 

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 
ca rboxy l groups and aromatic rings nearly overlapping 
but at distinct angles . RdpA residues Leu83 , Gln93 , Ile95 
(om itted for clarity), Ilel06, Phe1 7 1, and Arg285 (shown 
in Fig. IA) could hinder binding of (S)-mecoprop ; the 
corresponding res idues in SdpA are Ala72, Leu82, Yal84, 
Gly97 , Gln162, and Hi s272, respectively. Similarly, SdpA 
residues Glu69, Asn98, Serl61, His208, and Arg207 
could restrict binding of (R)-mecoprop; Val 80, Gly I 07 , 
Val 170, Tyr22 I , and Val220 occupy these positions in 
RdpA. Ala72, Gly97 , and Glnl62 are predicted to allow 
access by the (S) enantiomer. In general , side-chain inter­
actions suggest that SdpA is less specific than RdpA for 
its substrate. This finding is compatible with activity mea­
surements (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 toward the (R) enantiomer 
in the presence of (S)-mecoprop (Mi.iller 2004). 

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 con­
trolling enantioselectivity. Single substitutions included 
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the L83A, Q93A , 1106A, Fl71A, Fl71Q, and R285A 
variants of RdpA along with the E69A, Q l 62F, R207 A, 
R207V, and H208A variants of SdpA. In addition, to test 
the possibility that Ile l06/Glyl07 (large residue/small resi­
due) in RdpA versus Gly97/Asn98 (small residue/large 
residue) in SdpA confers some measure of enantiospeci­
ficity to the enzymes, the 1106G/G l071 and Il06G/Gl07N 
double variants of RdpA along with G97N/N98G and 
G971/N98G double variants of SdpA were generated. 
Each enzyme was tested for activity using its enantiomer, 
the racemate, and in the case of the SdpA mutants, with 
(R)-mecoprop, too (Tables I, 2). 

Among the RdpA variants were several that show 
evidence of inhibition by the (S) enantiomer. For exam­
ple, 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 Y22 l A and R285A 
variants; these results suggest that Tyr22 I and Arg285 
contribute to enantiospecificity. These variant proteins 
exhibited - 5% to - 15% of the wild-type enzyme activ­
ity. Less dramatic differences were observed using the 
I 106A, F 171 A, F 171 Q, and I I 06G/G I 07N variants , but in 
each case the activity was reduced in the presence of the 
incorrect enantiomer. The 1106A, F 171 A, F 171 Q, 
and R285A prote ins were subj ected to detailed kinetic 
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Figure 3. Stereo views of the superimposition of the substrate-bound active site models of RdpA and SdpA. Shown are se lected 

residues predicted to be involved in dictating enantiospecificity. Amino acid res idues of RdpA are depicted in pink: residues of SdpA. 

in green. (R)-mecoprop is shown in purple: (S)-mecoprop. in turquoise. (A) View w ith 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 interac tion with the amino ac id residues 

llc 106/Gly l 07 in RdpA and Gly97/Asn98 in SdpA. 

analysis with (R)-mecoprop (Tab le 2). With the exception 

of the R285A variant (w hich ex hibited - 20% of the wild­

type enzyme kcai), the proteins retained >70% of the 

wild-type enzyme kcai· The I I 06A and R285A variants 

exhibited 23- and fourfold increases in Km; the F 171 Q 
form exhibited a Km simi lar to the wi ld-type enzyme, and 

the FI 71 A mutant had a threefold lower Km. The latter 

result is consistent with Phe 171 hinderi ng binding of the 

correct (R) enantiomer whil e helping to exc lude the (S) 

enantiomer from the RdpA active sire. so that the 

expanded active s ite in the Fl7IA variant more readily 

binds it s substrate . 
Significantly, four SdpA variants (E69A, R207 A, 

R207Y, and G97I/N98G) showed s li ght act ivity with the 

opposite enantiomer, (R)-mecoprop (Table I). 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 

interacti on of Glu69 with the (S)-mecoprop ether oxygen 

and with steric constraints on (R)-mecoprop binding im­

posed by Glu69, Arg207, and Asn98. Kinetic analyses of 

the E69A variant (Tab le 2) argue against a positive, sta­

bilizing 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 sli ght ly hindering binding of the correct 

enantiomer. The apparen t Km of wild-type SdpA was ap­

proximately doubled when examined using the racemic 

mixture, as expected from earli er work (Muller 2004). 

Similar results were obtained for the E69A variant, while 

the Km was essenti a ll y unchanged for the R207 A protein 

when comparing the single enantiomer versus the racemate. 

The R207 A Km results are consistent with both substrate 

enantiomers binding to the active site with similar affini ­

ties. This point was directly demonstrated by assaying the 

R207 A enzyme with (R)-mecoprop, yielding a Km of 4.0 :!:: 

1.3 mM and a kcai of - 0 . 16 min - 1
• For compari son, the 

Km of E69A SdpA for (R)-mecoprop was determined to 

be 5.4 :!:: 1.7 mM with a k cai of 65 :!:: 15 min - 1
• The k cai 

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 G97l/N98G proteins precluded a simi lar 

analys is. 

Discussion 

On the bas is of the modeled RdpA and SdpA structures , 

we identified seve ral amino acid residues that a re like ly to 

interact with (R)- and (S)- mecoprop , including severa l 

tha t are likel y to contribute to the enantiospecific iti es of 
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the two enzy mes. The structura l modeling pe rfo rmed he re 
incorporated small -scale conform at iona l changes in opt i­
mizing the protein- ligand complex through flex ible docking 
using SLIDE and energy minimization of the structures. 
However, many enzymes, including se lected representa­
ti ves of the Fe 11/aKG dioxygenases (C lifton et al. 2006), are 
known to undergo larger-scale confom1at ional changes upon 
ligand binding. The problem then becomes one of pred ict­
ing prote in confo rmational change as well as the orientati on 
of li gand binding, a prodigious task fo r which no genera lly 
proven method exists. Success has been shown on subpro­
blems fo r some complexes, e .g., predicting relative degrees 
of fl ex ibility within a protein and how this flex ibility 
redistributes upon complex formation (Gohlke et al. 2004), 
predi cting large-scale conformational change betwee n two 
protein states (Tama et al. 2004), eva luating conformati onal 
ensembles of the li gand and protei n structures that are 
consistent with binding (Zavodszky et al. 2004), and pre­
di cting ligand binding by docki ng into a series of experi ­
menta ll y known enzyme conformati ons that approx imate 
larger-sca le prote in fl ex ibility (Lorber and Shoichet 1998). 
Molecular dynamjcs simulation of the prote in- ligand com­
plex is another option. However, it is generall y di fficult to 
access substanti all y di ffe rent li gand orientations and pro­
te in confo rmati ons in molecul ar dynamics simulati ons. In 
our case, the situati on is furthe r complicated g iven the 
trimeri c state of RdpA and the possible influence of subunit 
interfaces on active-s ite confo rmati ons. Therefore, the ac­
curacy of homology modeling and predi ction of (R)- and 
(S)-mecoprop interactions with the RdpA and SdpA enzymes 
may be limited by not anti cipating medium- to large-scale 
protein confo rmational change. The predi cti ve value of thi s 
mode ling-identi fy ing residues like ly to be responsible for 
recogni zing the (R) versus (S) enantiomer of mecoprop­
can be assessed by consistency with the binding effects of 
mutat ions of these res idues. Site-spec ific vari ants of RdpA 
and SdpA were created, the ir act ivities measured, and, in 
selected cases, detailed kineti c experi ments were perfo1med. 
The results confirm the res idues involved in substrate or 
cosubstrate binding and prov ide useful insights into the 
structural basis of enantiomeri c specific ity. 

Basis of the substrate-binding specificity of RdpA 
and SdpA 

(R)- and (S)- mecoprop docked to the predi cted structu res 
of RdpA and SdpA, respec ti ve ly, indi ca te that the meco­
prop carboxy lates and phenoxy rings are similarl y pos i­
tioned in the two prote ins, with the substrate meth yl 
g roup ori ented in oppos ite confi gurati ons. The acti vity 
and kineti c data fo r R285A and Y22 l A va ri ants of Rdp A 
are compatible with the (R)-mecopro p ca rboxy late inter­
acting with both the guani d ino group of Arg285 and the 
hydroxy l group of Tyr22 l , where Tyr22 l also for ms 
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a poten ti a l hydroge n bond to the ether oxygen atom . 
Sim ilarl y, activity and kineti c measurements of the 
R274A and H208A prote ins are cons istent with SdpA 
usi ng the correspondi ng res idues Arg274 and Hi s208 to 
bind the carboxy late of (S) -mecoprop. Comparabl e Arg 
residues are conserved in many Fe11/a KG-dependent dioxy­
genases, where they play a dual role of binding the primary 
substrate and the C 1-carboxyl gro up of a KG (Valegard 
et al. 1998; Elki ns et al. 2002; O ' Brien et al. 2003; 
Hausinger 2004; Mi.ill er et al. 2004a). Such a dua l role is 
predicted fo r Arg285 of RdpA, whereas Arg274 and Hi s272 
split these functions in SdpA. 

Examin ation of the mutant fo rm s of RdpA and SdpA 
also prov ided insights into the spec ific ity fo r the di stinct 
mecoprop enantiomers. For RdpA va ri ants, Gln93 , Il e I 06, 
and Phe 17 l are proposed to steri call y exc lude binding by 
the incorrect enanti omer, whereas the Q93A vari ant yields 
res ul ts consistent with inhibition by (S)-mecopro p. Sim­
ilarl y, the res ults with the SdpA mutants are consistent 
with G lu69, As n98, and Arg207 and His208 acting to 
prevent binding of the (R) enanti omer. In parti cul ar, the 
E69A , R207 A, and G971/N98G variants exhib ited ac ti vity 
with the incorrect substrate, (R)- mecoprop . Hydro phobic 
in teractions are also like ly to be criti ca l fo r substra te 
di scriminati on. For example, Ya l80 and Leu83 in RdpA 
are predi cted to be we ll pos itioned to interact with the 
propanoic ac id methyl group, whereas Glu69 and Ala72 
occupy these positi ons in SdpA. We conc lude that severa l 
res idues in each prote in play a ro le in di ctating the sub­
stra te enantiospec ifi c ity. 

Comparison of the proposed RdpA- and SdpA-substrate 
interactions with 2,4-D binding by TfdA 

RdpA and SdpA are 30% and 37% identi ca l to TfdA, fo r 
which a homology model was prev iously constructed and its 
2,4-0 substrate docked (Elkins et al. 2002) . Predi cted in­
teractions in theT fdA model prev ious ly were tested by site­
di rected mutagenes is and kinetic analyses (Hogan et al. 
2000; Dunning Hotopp and Hausinger 2002) , simil ar to 
what is described here fo r RdpA and SdpA. In the case of 
TfdA, the substrate carboxylate was suggested to interact 
with Arg278, His2 14, and Lys7l. While the TfdA Arg and 
His residues have direct counterparts in the mecoprop­
degrad ing enzymes (Arg285 and Tyr22 I in RdpA; Arg274 
and Hi s208 in SdpA) , there is no indication of a carboxylate­
stabili zing Lys in RdpA or SdpA. Also of interest, Lys7 I 
and/or Lys95 of TfdA was suggested to interact with the 
ethe r oxygen atom of 2,4-0 . Again , a Lys does not appear 
to funct ion in thi s manner in the mecoprop-degrading 
enzymes; however, Tyr22 I of Rdp A is reasonably well 
pos itioned for this ro le. 

TfdA is slightl y acti ve with (S)-d ichlorprop, but not with 
(R)-d ichlorprop (Saari et al. 1999). Based on secondary 



structure a li gnment, TfdA residues Ala I 09 and Asn l I 0 

correspond to the Gly97/Asn98 (small residue/l arge residue) 

pair in SdpA, versus Ile I 06/G ly I 07 in RdpA. Evidence 

described earl ier is consistent with thi s pair of RdpA and 

SdpA residues contributing to the enantiospecifi city of 

these enzymes. The presence of (S)-dichl orprop-degrading 

acti vity in T fdA supports this proposa l. 2,4-D converting 

TfdAs from other strains also show slight ac ti vities with 

phenoxypropanoic acids. Li ke TfdA fro m C. necator 
JMPl 34(pJP4), TfdA from Burkholderia cepacia stra in 

RASC c leaves the ether bond of (S)-dichl orprop (Saari et 

al. 1999), whereas TfdA fro m Alcaligenes denitrificans 
exclusively conve1ts the (R) enantiomer (Tett et al. 1997) . 

Interesting ly, PCR-deri ved DNA frag ments 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 exhibi t thi s leve l of identity, the 

enantiospec ific ity is li kely to be confe rred by a few key 

amino acid residues. 

Conclusion and relationship to other 
enantiospecific enzymes 

The ste reocenter-recogni tion-mode l of Sundaresa n and 

Abrol (2002, 2005), much like the simple r three-point 

interact ion model (Dava nkov 1997), generali zes the in­

teracti ons between a chira l substra te and an enzy me or 

a receptor by postul ating that at least three points of 

interac ti on are needed to d istingui sh betwee n enanti omers 

with one chi ral center. For the enanti ospec ific binding of 

mecoprop to RdpA and SdpA, the acti ve site could be 

ex pected to interact w ith the ca rboxy li c ac id , e ithe r the 

ethe r oxygen atom or the phenoxy ring, and the meth yl 

group . The predi cted substrate in terac tions and kineti c 

results fo r Rdp A and its vari ants are consistent with such 

mecoprop interacti ons. That is, seve ra l prote in side chains 

are predi cted to pos iti on the carboxy late, and Tyr22 l 

like ly forms a hydrogen bond to the ethe r oxygen, whil e 

severa l res idues, notably the Il e I 06/G ly I 07 pai r, pos ition 

the phenoxy ring, and Va l80 and Leu83 interac t with the 

methyl g roup. [n contras t, the SdpA mode l di spl ays onl y 

two clea r interactions with (S)-mecopro p; Tyr I 07 and 

Arg274 side cha in s position the carboxy late, and severa l, 

incl uding the G ly97 Asn98 pair, position the phenoxy 

ring, but the meth yl group ex hi bits littl e in terac ti on with 

the acti ve site. T herefore, the acti ve site of SdpA appears 

to be inherentl y less enanti ospec ifi c for (S)-mecoprop and 

more eas il y binds the oppos ite (R) enantiomer. The 

observed inhi bition of SdpA by the (R) enanti omer and 

the reacti vity of certai n SdpA vari ants with (R)-mecoprop 

support thi s hypothes is. 
In genera l, enantioselecti vity is known to ari se from both 

stabili zati on of the preferred substrate and relative desta­

bili zati on of binding by the other enantiomer (Sundaresan 

Dichlorprop hydroxylase enantiospecificity 

and Abrol 2002, 2005). For example, tropinone reductase 

(TR)- ! and TR-II reduce tropinone in a stereoselective 

manner to produce tropine and '¥-tropine. Tropinone is 

differentl y ori ented in the acti ve sites of the two enzymes, 

with both proteins prov iding stabili zing interactions and 

TR-I acting to prevent the inappropri ate binding mode by 

a repulsion interacti on involving the posi ti vely charged 

nitrogen of tropinone and a positively charged hi stidine 

residue (Nakajima et al. l 998). RdpA and SdpA are 

proposed to confom1 to thi s general pattern by using both 

positi ve and negati ve interacti ons to enhance binding by the 

appropriate enantiomer. 

Materials and methods 

Recombinant plasmids 

M utagenes is of rdpA and sdpA withi n pMec 15 and pMec 19 was 
carri ed o ut by using the Stratagene Qui kChange System (S tra­
tagene) and the mutageni c primers li sted in Supplemental Tabl e 
SI . Each mutation was confirmed by sequence analysis (Davis 
Sequenc ing). These constructs produce "wild-type" and vari ant 
enzymes as His6-tagged fusion prote ins. 

Enzyme purifica tion 

Escherichia coli C4 l (DE3) (Mi ro ux and Walker 1996) cells 
harboring pMec l5 , pM ec l51 , pMec l 52, pMec l5 3, pMec l 54, 
pM ec l55 , pMec 156, pMec l 57, pMec l 58, pMec l 60, and 
pM ec 16 1 were used to puri fy Hi s6-tagged wil d-type RdpA and 
its V80A, Q93A, Y22 1A, R285A, 11 06G/G I07 I, I1 06G/G l07N, 
L83A, 11 06A, F 17 1A, and Fl 7 lQ vari ants, respecti ve ly. S imi­
la rl y, £. coli BL2 I (DE3) (Novagen) ce ll s harborin g pMec I 9, 
pMec l9 1, pMec l92 , pM ec l 93, pMec l94, pMec l 95, pMec l 96, 
pMec 197, and pMec 198 were used to purify Hi s6-tagged wi ld­
type SdpA and its E69A, H208A, H272A, H274A, G97N/ 98G , 
G981/N98G, Q I 62F, R207 A, and R207 V vari ants, respecti vely. 
T he cell s were grown with constant shaking in Erlenmeyer 
flas ks conta in ing terrific bro th supplemented with 200 µ g/mL of 
ampi ci llin . Starter cultu res grown overnight at 37°C were used 
to inocul ate (0.5% [v/v]) med ium fo r growth at room temper­
ature. Upon reac hing an 00600 between 0.3 and 0.7 , isopropyl­
(3- D-thi oga lac topyranoside was added to a fi na l concentrati on of 
I mM, and the cultu res were grow n fo r an additi ona l 16- 18 h. 
To overex press wi ld-type and varia nt fo rms of Hi s6-tagged 
RdpA in £. coli C4 I (DE3) cell s, it was important to fill fl as ks 
to 50% of the ir vo lume with med iu m and that the shaking be 
kept at moderate levels to mi nim ize aeration and decrease growth 
rate. The ce ll s were harves ted by centrifugat ion at 6000g for 
IO min at 4°C. To prepare cell ex trac ts, each I g of the cell pellet 
was resuspended in 2.5 mL of lysis bu ffer (50 mM NaH2P04, 
300 mM aCI, 10 mM imidazo le at pH 8), and the cell were 
di srupted by sonication wi th cooling on ice between pulses. The 
di srupted cell s were centri fuged at 130,000g fo r 60 mi n at 4°C, 
and the c lari fied cell ex tracts were stored in aliquots at -80°C. 
RdpA and SdpA accounted fo r up to 23 % and 33% of the protein 
in the respective solubl e ce ll ex u·acts. 

His6-RdpA and its varian ts were pur ified by a one-s tep procedure 
carried out at room temperature. Up to I 00 mg of protein was 
loaded onto a Ni-bound NTA-agarose colu mn (5 X 2.5 cm; 
Tnvitrogen) in lys is buffer. Unbound proteins were removed from 
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the column with five column volumes of wash buffer (50 mM 
NaH2PO-1, 300 mM NaCl, 50 mM imidazole at pH 8). His6-RdpA 
and its variants were released from the resin with elution buffer (50 
mM NaH2PO-1, 300 mM NaCl , 200 mM imidazole at a 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 represen­
tative purifications in Supplemental Fig. S3). Purifi ed proteins were 
stored on ice for up to 4 d. 

Prote in concentrations were determined by usi ng the Bio-Rad 
protein assay (Bio-Rad) with bovine serum albumin as the 
standard. Sodium dodecyl su lfate-polyacry lamide ge l e lectro­
phoresis (SOS-PAGE) analysis was carried out according to 
established procedures (Laemmli 1970). 

Assays 

Typical assays contained I 00 µM (NH4)zFe(SO4)z, I mM 
ascorbic ac id, I mM o:KG, 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 phe noxypro­
panoic ac ids, the coupled continuous enzy me assay was used as 
previously described (MUiler 2004). Units of act ivity were 
defined as micromoles of product produced per min per mg 
prote 111. Va lues of kcu , were ca lculated using M, 34,950 for the 
Hi s6- RdpA variants and 33,460 for the Hi s6-SdpA variants . 

Structural modeling 

Homology models of RdpA and SdpA were generated on the basis 
of the structure of the related taurine/o: KG dioxygenase (TauD) 
from £. coli (O'Brien e t al. 2003) . With 33% and 29% identity to 
RdpA and SdpA and no significant gaps in the alignment, TauD 
(PDB code IOS7 , 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 a lignments 
for the dichlorprop hydroxylase structures were obtained with the 
Bioin fo 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, 2004). Nonconserved loops 
and missing residues were added with Modeller (Fiser et a l. 2000, 
2002). The iron was placed into the active site according to the 
TauD structure, and the side chains in the predicted binding sites 
were adj usted using Insight II (Accelrys) to have similar conforma­
ti ons to the corresponding side chains from TauD, since conserved 
res idues in catalytic s ites tend to be highly structurall y conserved. 
Catalytic sites are even more strongly con erved in structure when 
they involve a metal center, which strongly orients its li gating side 
chains. In patticular, residues His t 11 , Asp I 13, and Hi s270 in RdpA 
and Hi s I 02, Asp 104, and Hi s257 in SdpA were repositioned to bind 
the Fe 11 metallocenter as they do in TauD, and o: KG was positioned 
with its C- 1 carboxylate plus C-2 carbonyl group chelating the meta l 
and its C-5 carboxylate forming an ion pair with Arg268 or Arg28 I, 
respectively. The conformation of the free o: KG ( ID code COTPAC) 
was obtained from the Cambridge Structural Database (CSD) . 

To model o:KG interactions with RdpA and SdpA as accurately 
as possible, multiple bound o:KG conformations were retrieved 
from crystal structures of other o:KG-dependent dioxygenases 
(PDB codes JOS7 , IGY9, IGQW, IOI! , IOIJ , JOIK, INX4, and 
l XS). This analysis revealed two di stinct conformations: The 
flat conformation has the five-member rin o formed by chelatino h F II . t, 0 t e e nearly coplanar with the C-5 carboxy late. whereas the twi st 
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conformation has the two planes at a 90° ang le. Both conforma­
tions could be accommodated by RdpA and SdpA, and four 
models (RdpA and SdpA with the flat and the twist o:KG con­
formation) 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 o:KG con­
formation s were used as targets for docking with the program 
SLIDE (Schnecke and Kuhn 2000; Zavodszky e t a l. 2002), 
which models the small -scale prote in and ligand side-chain 
rotations that are ubiquitous in induced fit be tween proteins 
and their li gands (Zavodszky and Kuhn 2005). The free (R)­
mecoprop conformati on was obtained from CSD. Alternative 
low-energy conformations for both the (R) and the (S) enanti o­
mer, reflecting the range of conformations likely to be energet­
ically accessible, were generated from connectiv ity information 
using Omega v l.8.b3 (Open Eye Scientific Software). The 
energy window all owed for the conformers was 20 kcal/mot , 
ensuring a very thorough search of the li gands' conformati ons. 
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 model s (RdpA with flat a nd twisted o:KG 
conformations, and likew ise for SdpA ) wi th SLIDE using the 
default parameter set (Schnec ke and Kuhn 2000; Zavodszky et 
al. 2002). To identify the most like ly binding orientation, the 
<lockings of mecoprop into RdpA and SdpA were filtered using the 
following geometric criteria for catalysis: The distance between 
the Fe 11 and the C7 carbon atom of mecoprop should be - 4 A, and 
the C7-H4 bond should orient toward the Fe11

• In addition, based 
on the interactions observed between enzymes of thi s c lass 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 
catalys is. Among the (R)- mecoprop <lockings sati sfy ing these 
crite ria, 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 Le u83 in 
RdpA , and the propanoic acid methyl group in the hydrophobic 
pocket created by replacing His70 of TauD with Yal80. This 
comprised the favored RdpA-( R)- mecoprop mode l. 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. 

Fi gures I , and 3, and Supplemental Fi gure· S2 of RdpA and 
SdpA structures and active s ites were produced using the 
program PyMOL (Delano Scientific LLC). Li gand interac tion s 
were depicted using LIGPLOT v.4.4.2 (Wallace et al. 1995). 

Electronic supplemental material 

Coordinate files in PDB format containin g the atomic coordi­
nates of the modeled RdpA and SdpA structures in complex 
with ( R)- and (S)-mecoprop a nd a document file containing 
a tabl e, three figures. and their lege nd s. 

Acknowledgments 

These studies were supported by a fellowship for prospective 
researc hers from the Swiss National Science Foundation (to 



T.A.M.). by NSF CAREER gra nt 0447799 (to M.F.), and by the 
NIH (A 15 3877 to L.A .K and GM063584 to R.P. H.). We thank 
Professor Hans-Peter Ko hl er for generously prov iding (S)­
mecoprop and OpenEye (San ta Fe. NM) for generou sly pro­
vid ing their Omega software for our use. 

References 

A.berg. B. 1973. Plant growth regulators. XXX I. Some monochloro-mono­
methylphcnoxyacet ic and related optical ly act ive propionic acids. S\\'ed. J. 
Agric. Res. 3: 49-62. 

Ahrens, W.H . 1994. Herbicide handbook (WSSA). 7th ed. Weed Science 
Society of America. C hampai gn. IL. 

Brooks, B.R .. Brucco leri. R.E.. Olafson. B.D .. States. D.J .. Swaminathan. S .. 
and Karplus. M. 1983. C HARMM : A program for macromolecular energy. 
minimization, and dynamics calcul at ions. J. Comp/If. Chem. 4: 187-2 17. 

Cl ifton. I.J .. Hsueh. L.-C.. Baldwi n. J .E .. Harlos, K .. and Schofield . C.J. 2001. 
Structure of proline 3-hydroxy lase. Evolution of the fam ily of 2-oxoglu­
tara te dependent dioxygenases. E111: J. Biochem. 268: 6625-6636. 

Cl ifton . I.J .. Doan. L.X., Sleeman. M.C., Topf, M., Suzuk i. H., Wilmouth , R.C.. 
and Schofield. C .J . 2003. Crystal structure of carbapenem synthase (CarC). 
J. Biol. Chem. 278: 20843-20850. 

Clifton. I.J.. McDonough. M.A .. Ehrismann. D .. Kershaw. N.J .. Granatino. N .. 
and Schofield. C J. 2006. Su·uctural studies on 2-oxoglut arate oxygenases 
and relaied double-stranded 13-helix fold proteins. J. Jnorg. Bioche111. l00: 
644-669. 

Cohe n. F.E.. Gregoret. L.M.. Amiri. P. , Aldape. K.. Rail y, J .. and 
Mc Kerrow. J .H. 1991. Arresting tissue invasion of a parasite by protease 
inhibitors chosen with the aid of computer modeling. Biochemisrry 30: 
I 1221 - 11229. 

Dann Ill. CE .. Bruick. R.K .. and Deisenhofer. J. 2002. Structure of a factor­
inhibiting hypoxia-inducible fac tor I: An essentia l asparaginyl hydroxy lase 
invol ved in the hypox ic response pathway. Proc. Nari. Acad. Sci. 99: 
15351 - 15356. 

Davankov. VA . 1997. The nature of chira l recognition: Is it a three-point 
interaction? Chiraliry 9: 99- 102. 

Dona ldson , D. , Kiel y, T.. and Grube, A. 2002. Pesricides ind11s1ry sales and 
usage. 1998 and 1999 marker esrimares. pp. 1-32. U.S. Environmental 
Protecti on Agency. Washington, D.C. 

Dunning Hotopp. J.C. and Hausinger. R.P. 2002. Prob ing the 2.4-d ichlorophe­
noxyacetate/c,-ketoglutarate dioxygenase substrate bind in g si te by site ­
directed mutagenesis and mechanism-based inactivation. Biochemisrry 41: 
9787- 9794. 

Elkins. J.M., Ryle, M.J .. Clifton. I.J ., Dunning Hotopp. J.C.. Lloyd. J .S .. 
Burzlaff. N.I.. Baldwin. J .E .. Hausinger. R.P .. and Roach. P.L. 2002. X-ray 
crystal structure of Escherichia coli taurine/c,-ketoglutarate dioxygenase 
complexed to fe rrous iron and substrates. Biochemisrn· 41: 5 I 85-5 192. 

Elkins, J.M., Hewi tson. K.S. , McNeil!. L.A .. Seibe l, J.F.. Sch lemminger, I. . 
Pugh. C W .. Ratcliffe. P.J., and Schofi eld . C .J . 2003. Structure of factor­
inhibiting hypoxia-inducible factor (HIF) reveals mechanism of ox idati ve 
modification of HIF- 1 c,. J. Biol. Chem. 278: I 802- 1806. 

Feig. M .. Rotkiewicz. P .. Kolinski. A .. Skolni ck . J .. and Brooks 111. CL. 2000. 
Accurate reconstruction of all-atom protein representat ions from side­
chain-based low-resolution model s. Pro1ei11s 41 : 86-97. 

Feig, M .. Karanico las. J .. and Brooks Ill . C.L. 2004. MMTSB tool set: 
Enhanced sampling and multiscale modeling methods for applications in 
structural biology. J. Mo/. Graph. Model. 22: 377-395. 

Fiser. A .. Do. R.K .. and Sali. A. 2000. Modeling of loops in protein structures. 
Prorein Sci. 9: 1753- 1773 . 

Fiser. A .. Feig. M .. Brooks Ill. CL.. and Sali. A. 2002. Evolution and physics 
in comparative protein structure modeling. Acc. Chem. Res. 35: 413----421. 

Fukumori. F. and Hausi nger. R.P. 1993a. Alcoligenes ellfroph11s JMPl34 .. 2.4-
dichlorophenoxyacetatc rnonooxygcnase·· is an o:-ketoglutarate-dependent 
dioxygenase. J. Bacrerio/. 175: 2083- 2086. 

---. 1993b. Purification and characteri zation of 2.4-dichlorophenoxyacetate/ 
c,-ketog lutarate dioxygenase . .I. Biol. Chem. 268: 2-B 11 -243 17. 

Gohlke. H .. Kuhn. L.A .. and Case. D.A. 200.J. Change in protein flexibility 
upon complex formation : Analysis of Ras-Raf using molecular dynamics 
and a mol ecular framework approac h. Proreins 56: 322-337. 

Grzys ka, P.K. , Ryle. M.J .. Monterosso. G.R. , Liu. J .. Ballou. D.P.. and 
Hausingcr. R.P. 2005 . Steady-state and transient kinetic anal yses of 
taurine/c,-ketog lutarat e diox ygenase: Effects of oxygen concentration. 
alternative sulfonatcs. and active site variants on the Fe(IV) intermediate . 
Bioche1nis11y 44: 38-15- 3855. 

Dichlorprop hydroxylase enantiospecificity 

Hausinger. R.P. 2004. Fe( ll )/c,-ketog lutarate-dependent hydroxylases and 
related enzymes. Crir. Rei•. Bioche111. Mo/. Biol. 39: 2 1-68. 

Hausinger. R.P .. Fukumori. F .. Hogan. D.A.. Sassanella. TM .. Kamagata. Y.. 
Takami, H .. and Saari. R.E. 1997. Biochemistry of 2.4-D degradation: 
Evoluti onary implicat ions. In Microbial diversify and generics of bio­
degradarion (eds. K. Horikoshi et al.). pp. 35- 51. Japan Sc ientific Press. 
Tokyo. 

Hegg. E.L.. Whiting. A.K.. Saari. R.E., McCracken . J. , Hausinger. R.P .. and 
Que Jr .. L. 1999. Herbicide-degrading ci-keto acid-dependent enzyme 
TfdA : Mera! coordination environme nt and mechanistic insights. Bio­
chemisrn• 38: 16714-16726. 

Ho. R.Y.N .. Mehn. M.P .. Hegg, E.L.. Liu, A .. Ryle. M.A .. Hausinger, R.P.. and 
Que Jr .. L. 200 I. Resonance Raman studies of the iron(Il )-ci-keto ac id 
chromophore in model and enzy me complexes. J. Am. Chem. Soc. 123: 
5022- 5029. 

Hogan. D.A .. Smith. S.R .. Saari . E.A .. McCracken. J .. and Hausinger. R.P. 
2000. Si te-di rected mutagenesis of 2.4-dich lorophenoxyacetic acid/c,-keto­
glutarate dioxygenase. Identification of residues involved in metallocenter 
formatio n and substrate binding. J. Biol. Chem. 275: 12400- 12409. 

Laemmli. U.K. 1970. Cleavage of structural proteins during the assemb ly of the 
head of bacteriophage T4. Na/I/re 227: 680-685. 

Loos. M.A. 1975. Phenoxya lkanoic acids. In Herbicides chemisrrl': Degrada-
1io11 and mode of ac1ion. 2d ed. (ed. D.D. Kaufmann). pp. 1- 128. Marce l 
Dekker. Inc. New York. 

Lorber. D.M. and Shoichet. B.K. 1998. Flexible ligand docking using 
conformati onal ensembles. Prorei11 Sci. 7: 938-950. 

Matell. M. 1953. Stereochemical studies on plant growth regulators. VII. 
Opt ica ll y act ive c,-(2-methy l-4-ch lorophenoxy)-propionic acid and c,-(2.4-
di chl o rophenoxy)-11-butyric acid and the ir steric relat ions. Ark. Ke111i 6: 
365-373. 

McDonough . M.A., Kavanagh, K.L.. Butler, D., Searls. T. Oppermann. U .. and 
Schofield. CJ. 2005. Structure of human phytanoyl-CoA 2-hydroxylase 
identifies molecu lar mechanisms of Refsum disease. J. Biol. Chem. 280: 
4 1101-4 111 0. 

Miroux. B. and Walker. J.E. 1996. Over-producti on of proteins in Escherichia 
coli: Mutant hosts that al low sy nthes is of some membrane prot ei n and 
g lobular proteins at high levels. J. Mo/. Biol. 260: 289-298. 

Mitchell. J.B.O .. Nandi. L.. McDonald. I.K. . Thornton. J.M., and Price. S.L. 
I 994. Amino/aromatic interactions in protei ns: Is the ev idence stacked 
against hydrogen bonding? J. Mo/. Biol. 239: 3 15- 33 1. 

Miiller. TA . 2004. ·'Metabolism of phenoxyalkanoic acid he rbic ides in 
Sphingomonas herbicidOl'orans MH : Cloning and characteri zation of two 
enantiospecific c,-ketog lutarate-dependent dioxygenases and deg radation 
analysis:· pp. 167. Ph.D. thesis. Swiss Federal Instit ute of Technology 
Zurich, Zuri ch. 

Muller. R.H .. Jorks. S .. Kleinsteuber. S .. and Babel. W. 1999. Co111a111011as 
acidOl'orans strain MC I: A new isolate capable of degrading the chiral 
herbicides dichlorprop and mecoprop and the herbicides 2.4-D and MCPA. 
Microbial. Res. 154: 241 - 246. 

MUiier, R. H .. Kle insteuber. S .. and Babel. W. 200 I. Physio logical and genetic 
characteristics of two bacterial strains utilizing phenoxypropionate and 
phenoxyacetate herbicides. Micmbiol. Res. 156: 121 - 131. 

Muller. I. , Kahnert . A.. Pape. T.. Sheldric k. G.M .. Meyer-Klaucke. W .. 
Dierks. T., Kertesz. M .. and Uson. I. 200.Ja. Crystal structure of the 
alky lsulfatase AtsK: Insights into the cata lytic mechanism of the Fe(II) 
c,-ketog lutarate-dependent dioxygenase superfamily. Bioche111isrry 43: 
3075- 3088. 

Miiller. TA .. Byrde. S.M .. Werlen, C.. van der Meer. J.R .. and Kohl er. H.-P.E. 
2004b. Genet ic analysis of phenoxyalkanoic acid degradation in Sp/1i11go-
11101ws herbicidol'orans MH. Appl. Enriron. Microbial. 70: 6066-6075. 

Muller. I.. StUckl. C.. Wake ley. J .. Kertesz. M .. and Uson. I. 2005. Succinate 
complex crystal structu res of c,- ketoglutarate-dependent dioxygenase AtsK. 
Steric aspects of enzyme self-hyd roxylation. J. Biol. Chem. 280: 5716-
5723. 

Nakajima. K .. Yamashi ta. A .. Akama, H., Nakatsu, T. Kato. H .. Hashimoto. T. , 
Oda. J .. and Yamada. Y. 1998. Crysta l structures of two tropinonc 
reductases: Different reaction stereospecificities in the same protein fo ld. 
Proc. Nari. Acad. Sci. 95: 4876----4881. 

Nickel. K .. Suter. M.J.-F.. and Kohler. H.-P.E. 1997. lnvolvement of two 
c,-ketoglutarate-dependent dioxygenases in enan ti oselective degradation of 
(R)- and (S)-mecoprop by Sphi11go111011as herbicidOl'ora11s MH. J. Baue­
rio/. 179: 6674-6679. 

O'Brien, J.R .. Schuller. D.J .. Yang. Y.S .. Dillard. B.D .. and Lanzilotta. W.N. 
2003. Substrate-i nduced conformational changes in Escherichia coli 
taurine/a-ketoglularate dioxygenase and insight into the oligomeric struc­
ture. Biochemisrrr 42: 55-17-5554. 

www.proteinscience.org 1367 



Miiller et al. 

Pavel, E.G., Zhou, J., Busby, R.W. . Gunsior, M .. Townsend, C.A. , and 
Solomon, E. l. 1998. Circul ar d ichroism and magneti c circul ar di chroism 
spectroscopic studies of the non-heme ferrous acti ve s ite in cl avaminate 
synthase and its interacti on with o:-ketoglutarate cosubstrate. J. Am. Chem. 
Soc. 120: 743-753. 

Price, J.C. , Barr, E.W. , Glass, T.E., Krebs, C., and Bollinger Jr. , J.M. 2003a. 
Evidence for hydrogen abstracti on from C I of taurine by the high-spi n 
Fe( IV) intermed iate detected during oxygen act ivation by taurine: 
o:-ketoglutarate dioxygenase (TauD). J. Am. Chem. Soc. 125: 13008- 13009. 

Pri ce, J.C. , Barr, E. W. , Tirupati , B. , Bollinger Jr. , J.M., and Krebs, C. 2003 b. 
The first direct characterization of a high-valent iron intermedi ate in the 
reaction of an o:-ketoglutarate-dependent di oxygenase: A high-spin Fe([V) 
complex in taurine/o:-ketoglutarate di oxygenase (TauD) fro m Escherichia 
coli. Biochemistry 42: 7497-7508. 

Pri ce, J.C. , Barr, E.W. , Hoffart , L.M., Krebs, C. , and Bollinger Jr. , J.M. 2005. 
Kinetic di ssecti on of the catalyti c mechanism of taurine:o:-ketoglutarate 
dioxygenase (TauD) from Escherichia coli. Biochemistry 44: 8 138-8 147. 

Proshlyakov, D.A., Henshaw, T.F. , Monterosso, G.R., Ryle, M.J. , and 
Hausinger, R.P. 2004. Direct detecti on of oxygen intermedi ates in the 
non-heme Fe enzyme taurine/o:-ketoglutarate dioxygenase. J. Am. Chem. 
Soc. 126: 1022- 1023. 

Riggs-Gelasco, P.J. , Price, J.C., Guyer, R.B., Brehm, J.H., Barr, E.W., Bollinger 
Jr., J.M., and Krebs, C. 2004. EXAFS spectroscopic ev idence fo r an Fe= O 
unit in the Fe(IV) intermedi ate observed during oxygen acti va ti on by 
taurine:o:- ketoglutarate dioxygenase. J. Am. Chem. Soc. 126: 8 108-8 109. 

Ryle, M.J., Padmakumar, R. , and Hausinger, R.P. I 999. Stopped-fl ow kinetic 
analysis of Escherichia coli taurine/o:-ketoglutarate dioxygenase: Interactions 
with cx-ketoglutarate, taurine, and oxygen. Biochemistry 38: 15278-15286. 

Saari , R.E. and Hausinger, R.P. 1998. Ascorbic acid-dependent turnover and 
reacti vation of 2,4-dichlorophenoxyacetic acid/cx-ketog lutarate dioxyge­
nase using thiophenoxyaceti c acid . Biochemist,y 37: 3035-3042. 

Saari , R.E. , Hogan , D.A., and Hausinger, R.P. 1999. Stereospec ific degradati on 
of the phenoxypropionate herbi cide dichl orprop. J. Mo/. Cata/. B Enzym. 6: 
42 1-428. 

Sander, C. and Schneider, R. 1991 . Database of homology-deri ved protein struc­
tures and the structural meaning of sequence a li gnment. Proteins 9: 56-68. 

Schnec ke, V. and Kuhn , L.A. 2000. Virtual screening with sa lvati on and li gand­
induced complementarity. Perspect. Drug Discov. Des. 20: 171 - 190. 

Sundaresan , V. and Abrol , R. 2002. Towards a general mode l fo r protein­
substrate stereoselecti vity. Protein Sci. 11 : I 330- 1339. 

---. 2005. Biologica l chiral recognit ion: The substrate's perspecti ve . 
Chiraliry (Suppl. ) 17: S30--S39. 

Sukuru, S .C.K., Crepin , T. , Milev, Y. , Marsh, L.C. . Hill , J.B ., Anderson, R.J ., 
Morri s, J.C. , Rohatgi, A. , O ' Mahony, G. , Grll!tli , M .. et al. 2006. 
Discovering new classes of Brugia malayi asparaginyl tR NA sy nthetase 
inhibitors and relating specific ity to conformational change. J. Compw. 
Aided Mot. Des. (in press). 

Tama, F., Mi yashita, 0., and Brooks Ill, C.L. 2004. Fl ex ible multi -sca le fitting 
of atomic structures into low- resolution e lectron density maps with elast ic 
network normal mode analysis. J. Mo/. Biol. 337: 985-999. 

1368 Protein Science, vol. 15 

Teti. VA., Willetts, A.J .. and Lap pi n-Scott . H.M. 1997. Biodegradati on of the 
chl orophenoxy herbic ide (R)-(+)-mecoprop by Alcaligenes denit rificans. 
Biodegradation 8: 43- 52. 

Trewick , S .C. , Henshaw, T. F. , Hausinger. R.P., Lindahl , T. , and Sedgwick, B. 
2002. Oxidati ve demethyl atio n by Escherichia coli AlkB directl y reverts 
DNA base damage. Nature 419: 174-178. 

Vaillancou rt. F.H ., Yeh. E .. Vosbu rg, D.A., O' Connor, S.E., and Walsh. C.T. 
2005a. Crypti c chl orination by a non-hae m iron enzyme du ri ng cyc lopropyl 
amino acid biosynthesis. Nature 436: 11 9 1- 11 94. 

Vai ll ancourt. F.H .. Yin. J., and Walsh, C.T. 2005b. SyrB2 in syringomyc in E 
biosynthesis is a nonheme Fe ll o:-ketog lutarate- and Or dependent ha!o­
genase. Proc. Na tl. Acad. Sci. 102: 10 111 - 10 11 6. 

Valegard, K .. Terwisscha van Sche ltinga. A.C., Ll oyd, M.D., Hara, T. , 
Ramaswamy, S., Perrakis, A. , Thompson, A. , Lee, W.-J., Bald win , J.E., 
Schofi eld , C.J ., et al. 1998. Structure of a cephalosporin sy nthase. Nature 
394: 805-809. 

Wall ace, A.C. , Laskowski . R.A., and Thornton, J.M . 1995. LIGPLOT: A 
progra m to generate schemati c diagrams of protein-li gand interactions. 
Protein Eng. 8: 127- 134. 

Wilmouth . R.C., Turnbull , J.J ., Welford, R.W.D., Clifton, l.J ., Prescott , A.G. , 
and Schofi e ld , C.J. 2002. Structure and mechani sm of anthocyanidin 
synthase from Arabidopsis thaliana. Structure 10: 93- 103. 

Worthing, C.R. and Hance, R.J . 199 1. The pesticide mcmual-A world 
compendium, 9th ed. The Briti sh Crop Protection Council , Farnham, UK. 

Yu , B. , Edstrom, W. C. , Benach, J., Hamuro, Y. , Weber, P.C., Gibney, B.R., and 
Hunt. J .F. 2006. Crystal structures of catalytic complexes of the ox idati ve 
DNNRNA repai r enzyme AlkB. Nature 439: 879-884. 

Zavodszky, M.l. and Kuhn, L.A . 2005. Side-chain nex ibility in protein­
ligand binding : The minimal rotation hypot hesis. Protein Sci. 14: I 104-
111 4. 

Zavodszky, M.l. , Sanschagrin , P.C. , Korde, R.S., and Kuhn. L.A. 2002. 
Distilling the essential fea tures of a prote in surface for improv ing pro­
tein-ligand docking. scoring, and virtual sc reening. J. Comput. Aided Mo/. 
Des. 16: 883- 902. 

Zavodszky, M.I. , Lei, M .. Day, A. R., Thorpe. M.F.. and Kuhn , L.A. 2004. 
Modeling corre lated main-cha in moti ons in proteins fo r flexibl e molecul ar 
recogniti on. Proteins 57 : 243-261 . 

Zhang, Z.. Ren, J .. Stammers, D.K.. Ba ldwin , J.E., Harlos, K., and 
Schofi eld. C.J. 2000. Structura l origins of the selecti vity of the trifunctional 
oxygenase clavaminic acid synthase. Nat. Struct. Biol. 7: 127- 133. 

Zhou, J., Kell y, W.L. . Bachmann . B.O .. Gunsior, M., Townsend , C.A., and 
Solomon, E.I. 200 I. Spectroscopic studi es of substrate interacti ons with 
c lavaminate synthase 2, a multifuncti onal ex- KG -dependent non-heme iron 
enzyme: Correlation with mechani sms and reacti vities. J. Am. Chem. Soc. 
123: 7388- 7398. 

Zipper, C., Nickel, K., Angst, W .. and Kohler, H. -P.E. 1996. Complete 
microbial degradati on of both enanti omers of the chira l herbicide mecoprop 
[(RS)-2-(4-chloro-2- methylphenoxy)propion ic acid] in an enantiose lecti ve 
manner by Sphingomonas herbicidovorans sp. nov. Appl. Environ. Micro­
biol. 62: 43 18-4322. 




