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ABSTRACT: TfdA is an Fe(II)- and a.-ketoglutarate- (aKG-) dependent dioxygenase that hydroxylates the 
herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) producing a hemiacetal that spontaneously decomposes 
to 2,4-dichlorophenol and glyoxylate. On the basis of a recently published TfdA structural model [Elkins 
et al. (2002) Biochemistry 41 , 5185- 5192), His214, Lys71 , Arg278, and the backbone amide of Serl 17 
are suggested to bind the 2,4-D carboxylate; Lys95 and possibly Lys71 are hypothesized to interact with 
the 2,4-D ether atom; and Arg274 and Thrl41 are suspected to bind aKG. TfdA variants with substitutions 
at these and other positions were purified and characterized in order to explore the roles of these residues 
in catalysis . The K71L, K71Q, K95L, K95Q, R274Q, R274L, and R278Q variants exhibited significantly 
increased 2,4-D Km, aKG Km, and aKG Kd values , consistent with their proposed roles in substrate binding. 
A protease-sensitive site was successfu lly eliminated in the R78Q variant, which also exhibited decreased 
affinity for 2,4-D. In contrast, the Y81F, Y126F, T141V, Y169F, and Y244F variants showed only modest 
changes in their kinetics. An observed 4-fold lower Km of the K95L variant compared to wild-type protein 
with the alternative substrate 2,4-dichlorocinnamic acid provided additional evidence for an interaction 
between Lys95 and the 2,4-D ether atom. Phenylpropiolic acid was identified as a mechanism-based 
inactivator of the enzyme [Ki = 38.1 ± 6.0 ,uM and k(inact)ma.x = 2.3 ± 0.1 min-1]. Th.is acetylenic 
compound covalently modifies a peptide (166-AEHYALNSR-1 74) that is predicted to fo1m one side of 
the substrate-binding pocket. The K95L variant of TfdA was not inactivated by phenylpropiolic acid, 
providing added supp01t that Lys95 is present at the active site. These results support the identity of 
suspected substrate-binding residues derived from strnctural modeling studies and extend our understanding 
of the oxidative chemistJy canied out by TfdA. 
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a-Ketoglutarate- (aKG-)1 dependent dioxygenases are 
mononuclear non-heme Fe(II) enzymes that couple the 
oxidative decarboxylation of aKG to substrate oxidation (1 
2). Depending on the specific enzyme, the prima1y substrate 
may be a protein side chain, a cellular metabolite, or a 
compound taken up from the environment (3). Most com­
monly, substrate oxidation involves hydroxylation at an 
unactivated carbon atom, but desaturations, epox.idations, or 
ring formation or expansion reactions have also been 
characterized. On the basis of c1ystal strncn1res of several 

t TI1ese studies were supported by National Institutes of Health Grant 
GM063584 and the Michigan State Uniyersity Agricultural Experiment 
Station. 

family members (4 - 9) and site-directed mutagenesis studies 
of the corresponding genes (e.g., ref 10) , Fe(II) is known to 
be ligated by two histidines and a carboxylic acid-containing 
side chain, leaving three coordination sites for binding of 
solvent. Upon binding, aKG displaces two water molecules 
and chelates the metal via the C-1 carboxylate and C-2 keto 
group, while the C-5 carboxylate forms a salt bridge with 
an arginine or lysine side chain. When substrate binds, the 
final water is displaced, leaving an open coordination site 
that is available for oxygen activation (1 , 2). A "jellyroll" 
protein architecmre serves as the platform for these residues 
( 4- 9), which form a conserved HX(D/E)X~- 10)(RIK) 
motif (JO). 
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1 Abbreviations: aKG. a -ketog:lutarate: CS. clm.-aminate sy11thase: 

DAOCS, deacetoxycephalospori.t1 C synthase: 2,4-D. 2,4-dichlorophen­
oxyacetic acid: EDTA. ethylenediarninetetraacetic acid: FAB. fast atom 
bombm·dment: l\1ALDI. matrix-assisted laser des01ption- ionization: 
PPA, phenylpropiolic acid: TauD, taurine/o:KG dioxygenase: TFA. 
trifluoroacetic acid: TfdA. 2.4-D/o:KG dioxygenase: Tris. tris(hy­
ch-ox·ymethyl)aminornethane. 

2,4-Dichlorophenoxyacetic acid (2,4-D)/aKG dioxygenase 
(TfdA) is a representative family member that hydroxylates 
the herbicide 2,4-D, producing a hemiacetal that spontane­
ously decomposes to 2,4-dichlorophenol and glyoxylate 
(Scheme 1). Previous site-directed mutagenesis sn1dies 
revealed the roles of His 114, Asp116, and His263 in binding 
iron and suggested that His214 functions in 2,4-D binding 
or catalysis (JO). Recently, a model of the three-dimensional 
stnJchire of TfdA (Figure 1) was developed on the basis of 
the c1ystal strnchires of two homologous enzymes, taurine/ 
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FIGURE I : Diagram illustrating the predicted positions of active 
site residues in TfdA. The crystal structures of TauD and CS were 
previously used to model the homologous protein TfdA (PDB 
accession number IGQX) (9). The residues believed to be involved 
in substrate binding, and for which variants were made in these 
studies, ai-e illustrated. Not shown is Lys95, which is found on a 
loop that could not be convincingly modeled; however, several 
possible models positioned this residue where it eould interact with 
the 2,4-D ether atom. 
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a -ketoghnarate dioxygenase (TauD) (9 ) and clavaminate 
synthase 1 (CS) (6) . The TfdA model plaeed Hisll4, 
Asp 116, and His263 together in a geometry consistent with 
a metal-binding site, located His2 l 4 nearby at the suspected 
2,4-D binding site, and revealed that a protease-sensitive site 
involving Arg78 was located on the surface of the protein. 
Furthermore, the model newly identified a set of additional 
residues likely to be involved in 2,4-D and aKG binding. 

The studies described here utilize site-directed mutagenesis 
and mechanism-based inactivation approaches to better define 
the residues at the substrate-binding site ofTfdA. The TfdA 
model is tested by characterizing selected mutant proteins 
substih1ted at the proposed substrate-binding residues . Ad­
ditional TfdA mutants are characterized in order to assess 
the effects of altering a residue at the protease-sensitive 
Arg78 site and to explore the impo11ance of tyrosine residues 
located near the metal center. Finally, phenylpropiolic acid 
(PPA) is shown to be a mechanism-based , irreversible 
inactivator of TfdA that covalently attaches to the protein, 
thus revealing an additional sequence located at the active 
site. 

EXPERIMENTAL PROCEDURES 

Site-Directed M11tagenesis. The amino acid residue num­
bering scheme used here is based on that derived from the 
gene sequence ra ther than that of the purified protein and 
differs by the addition of the amino-terminal methionine 
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residue compared to that used previously (J 0, 11). TfdA 
variants were created using the Stratagene QuikChange 
mutagenesis system and pUS311 (12) as the stai1ing plasmid. 
This pUC19 derivative contains the Ralstonia e11tropha 
JMP134 (pJP4) tfdA gene (13). 

Protein Purification Methods. Protein concentrntions were 
determined by using the Bio-Rad assay and bovine serum 
albumin as the standard . Wild-type and all variant forms of 
TfdA except Y126F protein were purified from Escherichia 
coli DH5a as previously described (14) . Yl26F TfdA was 
temperamre sensitive so the protein was pmified at 4 °C and 
with alterations to the last l\:vo chromatographic steps. 
Specifically. the active fractions eluting from the DEAE­
Sepharose column ·were pooled, adjusted to 1 M ammonium 
sulfate, loaded onto a phenyl-Sepharose column (2. 5 cm x 
19 cm) equilibrated with TE buffer (IO mM Tris, l mM 
EDTA, pH 7.7) containing the same concentration of this 
salt, and chromatographed with a 400 mL linear gradient 
from 1 to O M ammonium sulfate. The active fractions were 
dialyzed to remove the ammonium sulfate and then chro­
matographed on a Q-Sepharose column (2.5 cm x 19 cm) 
using TE buffer and a 400 mL linear gradient to 200 mM 

aCl in TE. 
Kinetic Ana~1:se.s. Typical activity measurements used the 

4-aminoantipyrene assay (15) for detecting 2,4-dichlorophen­
ol. Oxygen consumption and 2,4-dichlorocinnamic acid 
oxidation were monitored using previously described oxygen 
electrode and HPLC methods, respectively (14) . As previ­
ously documented (16) , TfdA activity decreases over time 
by a combination of irreversible inactivation [possibly 
associated with an enzymatic self-hydroxylation process (J l )] 
and ascorbate-reversible inactivation (presumably due to 
metal oxidation) . For the wild-type enzyme and some of its 
variants, the inactivation rate is insignificant over the course 
of a typical assay and linear kinetics were assumed. For 
several variant proteins, however, the activity was observed 
to decrease over the assay time course: thus, progress curves 
were analyzed by fitting the data to eq 1 where Pr is the 

(1) 

accumulated product at time t, Vi is the initial velocity, and 
k(inact) is the inactivation rate constant (16). In cases where 
high concentrations of substrate were found to decrease the 
kcat, the data were analyzed for competitive substrate inhibi­
tion (measured as K,;) by fitting to eq 2 . The Kct values 

kcat[S] 
k =--------

K,n + [SJ + [SJ2 /Ksi 
(2) 

associated with binding of Fe(II) and aKG to TfdA and its 
variants were measured by using intrinsic tryptophai1 fluo­
rescence and fitting to eq 3 as previously described (17). In 

M = Mmax (Kd + [LT] + [ET] -

✓cKd + [LTJ + [ETJi - 4[LTJ[ET])12rETJ (3) 

this equation, the observed changes in fluorescence (M) are 
related to the maximal fluorescence change (Mmax) extrapo­
lated to infinite concentration of titrant. On the basis of the 
known total concentrations of enzyme subunit ([E1]) and 
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ligand ([LT]), the Kct and Mrn2, ,vere calculated. Curve fits 
,vere computed using KaleidaGraph for Windows by Abel­
beck Software. 

Kinetics ofTfdA Inactivation by Phenylpropiofic Acid The 
inactivation of TfdA by PP A was studied in IO nu\11 
imidazole, I mM aKG, 5 µM (NRi)2Fe(SO-1)r6H2O, and 
20 µM ascorbic acid containing varying concentrations of 
the inactivator at 30 °C. Stock solutions of all reagents were 
made fresh prior to each set of experiments. Aliquots were 
withdrawn at the indicated tin1e intervals and diluted I 00-
fold into fresh assay buffer containing l mM 2,4-D, and 
residual activities were determined as in the standard 
4-aminoantipyrene assay procedure. These data were plotted 
according to log(residual activity) versus time in order to 
obtain the inactivation rates, k(inact), and further analyzed 
by fitting to the equation: 

k( inact )ma,JI] 
k(inact) = [ 

1
· 

Ki+ I 
(4) 

where [I] is the inactivator concentration. k(inact)max is the 
inactivation rate at sah1rating [I], and K; is the [I] that gives 
rise to half-maxin1al rates of inactivation. 

Large-Scafe Inactivation of TfdA by PPA Fo/loll'ed by 
Alkylation and Protease Digestion. TfdA (1 - 5 mg) was 
inactivated by PP A in 10 mM imidazole buffer (pH 6.8) 
containing 1 mM aKG, 1 mM PPA, 5 p.M (NH4) 2Fe(SO4) 2• 

6H2O, and 20 µM ascorbic acid at 30 °C. Inactivation was 
complete by 2 min as confirmed by using the 4-aminoan­
tipyrene assay. PP A-treated protein was dialyzed against 
water lyophilized, and redissolved in 6 M guanidine 
hydrochloride, 100 mM Tris (pH 8), and 10 mM EDTA. 
Using darkened vials, the sample was degassed, and dithio­
threitol was added at 10-fold excess over the cysteines. After 
30 min at 50 °C, iodoacetate was added in 2-fold excess to 
dithiothreitol. The alkrylation reaction was quenched with 
excess ,B-mercaptoethanol, and the sample was dialyzed into 
50 mM ammonium bicarbonate (pH 7.8). TPCK-treated 
trypsin (1 % w/w, Sigma) was added twice with incubation 
at 3 7 °C for l h after each addition. Digestion was confim1ed 
by sodium dodecyl sulfate- polyacrylamide gel electrophore­
sis (18) and matrix-assisted laser desorption- ionization 
(MALDI) mass spectrometly (Michigan State University 
Mass Spectrometry Facility). 

The MALDI mass spectra were measured using a Voyager 
STR time-of-flight mass spectrometer (Perceptive Biosys­
tems, Framingham, MA) equipped with a nitrogen laser (337 
nm, 3 ns pulse). Spectra were measured in the linear mode 
of operation. The accelerating potential of the Voyager 
instrument was +25 kV. The MALDI spectra represent the 
accumulation of 50- 100 laser shots, fued at the sample. The 
sample matrix u-cyano-4-hydroxycinnamic acid was dis­
solved in water/acetonitrile (1: 1 v/v) to give a san1rated 
solution at room temperan1re. To prepare the sample, 0.5 
µ.L of the peptide solution (1 - 10 pmol/µL of 0.1 % trifluo­
roacetic acid) was added to 0.5 µL of matrix and applied on 
a stainless steel target. The solution was left to dry at room 
temperatme, and the sample plate was inserted into the mass 
spectrometer and analyzed. Time to mass conversion was 
achieved by internal or external calibration using bradykinin 
and adrenocorticotropic hormone (18- 39). 
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Table I : 2,4-D-Related Kinetics of Variant TfdA Proteins" 

k,_,,,!Km 
rarnrn kc,, Km (min- 1 K:. / 

variant (tt~ (min- I) (µM) mM-1) (llllvl) 

wild type' 5-1000 1020 ± 90 20.0 ± 5.4 51000 
K71Ld,, 100-10000 256 ± 48 370 ± 170 692 16 ± 11 
K71Qd,, 100-10000 2093 ± 150 1100 ± 300 1900 
R78Q 125-5000 452 ± 21 1500 ± 200 301 
Y81F 5-1000 346 ± 12 33.2 ± 3.3 10400 
K95Ld,, 25-1000 893 ± 41 78.5 ± 12 11400 
K95Q 10-1000 733 ±22 39.5 ± 5.2 18600 
Y126F 5-1000 576 ± 26 31.9 ± 5.1 18100 
T141V 5-1000 707 ± 19 21.6 ± 2.2 32700 
Y169F 5-1000 444 ± 10 42.9 ± 5.1 10300 
Y244F 5-1000 512 ± 32 30.8 ± 4.0 16600 
R274Q'J 250-10000 208 ± 16 1600 ± 30 131 39 ± 18 
R2 74L 250-10000 296 ± 176 2500 ± 1300 118 9.9 ± 7.4 
R278Q'·( 250-10000 256 ± 17 4200 ± 200 160 11 ± 8 

• The kinetics ,,·ere linear during the time course of the assay, and 
I mM aKG was utilized. except where noted. b Substrate inhibition 
constant calculated according to eq 2. ' Previously published (12). 
d Values were detennined using 10 mM aKG. 'Reaction progress was 
nonlinear dming the course of the assay. and data were analyzed by 
using eq I. ! Values were determined using 2 mM aKG. 

Separation and Characteri=ation of TfdA Peptides. The 
tryptic digests of control and modified proteins were chro­
matographed on a pep-RPC (HRl0/ 10) (Pharmacia) column 
by using a linear 200 mL gradient from 0.1 % trifluoroacetic 
acid (TF A) in water to methanol containing 0.1 % TFA while 
monitoring the absorption at 280 nm. All peptides absorbing 
at this wavelength were characterized by MALDI mass 
spectrometry (Michigan State University Mass Spectrometry 
Facility). In addition, the aromatic species uniquely identified 
in the PPA-treated sample was subjected to fast atom 
bombardment (F AB) mass spectrometry. F AB mass spectra 
were obtained llSing a JEOL HX-110 double-focusing mass 
spectrometer (JEOL USA, Peabody, MA) operating in the 
positive ion mode. Ions were produced by bombardment with 
a beam of Xe atoms ( 6 ke V) . The accelerating voltage was 
10 kV, and the resolution was set at 1000. The samples were 
scanned from ml= 50 to ml= 1500. Spectra are derived from 
averaging five to seven scans. 

RESULTS 

Site-Directed Mutagenesis of Proposed 2,4-D Ligands. 
R278Q, K71L, K71Q, K95L, and K95Q TfdA variants were 
purified and characterized to assess the roles of these residues 
in catalysis and 2 4-D binding. Iron binding to these proteins 
was not affected on the basis of Kd determinations using 
previously described (J 7) fluorescence techniques ( data not 
shown). Kinetic analyses revealed only modest changes in 
krai, with an approximately 2-fold increase in the rate for 
the K71Q mutant and 4- 5-fold decreases for the K71L and 
R278Q variants (Table 1). The most striking changes 
observed for these proteins involved Km, ranging from a 
2-fold increase in the case of K95Q to a 200-fold increase 
for R278Q (Table 1). The large increases in Km result in 
corresponding decreases in the catalytic efficiency (kcatlKm) 
of these variants (Table I). The observed changes in 2,4-D 
Km are likely to correlate with the Kct changes; however, the 
values need not be related . Direct determination of the 2,4-D 
Kct by the fluorescence quenching approach was not possible 
because 2,4-D, along with all other TfdA substrates, absorb 
at the fluorescence excitation wavelength and interfere with 
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the analysis. Nevertheless, the steady-state kinetic results are 
consistent with a role for Arg278, Lys7 l , and perhaps Lys95 
in substrate binding. 

To funher examine the roles of these suspected 2,4-D 
binding residues, the variant proteins were incubated with 
the alternative substrate 2,4-dichlorocinnamic acid. This 
compound resembles 2,4-D but possesses a carbon- carbon 
double bond in the side chain rather than the ether oxygen. 
Wild-type TfdA converts 2,4-dichlorociruiamic acid to the 
epoxide, 2,4-dichlorophenylglycidic acid (Scheme 2) , with 
a Km of 190 ± 56 µMand a kcat of 52.5 ± 5.1 min-1 (14). 
No detectable epoxidation activity was observed for the 
K71L, K71Q, and R278Q variants ofTfdA in the presence 
of 1 mM 2,4-dicWorocinnamic acid (higher concentrations 
could not be tested due to its limited solubility in water). In 
contrast, both the K95Q and K95L variants were shown to 
oxidize the aliphatic substrate. Whereas the K95Q variant 
had an estimated Km > 500 µM for this compound, K95L 
TfdA had an approximate 4-fold decrease in the Km and 
similar kcal for 2,4-dicWorocinnamic acid (Km = 56.5 ± 14.0 
µMand kcal = 41.3 ± 3.2 min-1) when compared to wild­
type enzyme. These resu lts are consistent with participation 
of Lys95 in 2,4-D binding but not in 2,4-dichlorocinnamic 
acid binding . 

Site-Directed M11tage11esis of Proposed aKG Ligands. 
Tl41V, R274L, and R274Q variants ofTfdA were purified 
and characterized to assess the roles of these residues in 
catalysis and aKG binding (Tables 1 and 2). one of the 
variants exhibited significant differences in iron Kct (not 
shown), and the substitutions had only modest effects on 
ku.t• T141V also had no significant change in its aKG Km, 
aKG Kd, or 2,4-D Km, suggesting that it has at most a minor 
role in binding to aKG. In contrast, R274L and R274Q were 
found to have ~ 1000-fold increases in the aKG Km and Kd 
(Table 2), thus confirming the critical role for Arg274 at 
the active site. To examine whether the reduced activity of 
R274Q TfdA could be overcome by use of a different 
cosubstrate, several alternative a.-keto acids were examined. 
The enzyme used a.-ketocaproate and a.-ketoisovalerate with 
Km values of 1.7 ± 0.5 mM and 0 .70 ± 0.09 mM and k~,,_1 

values of365 ± 31 mi.n-1 and 22.4 ± 2.8 mi.n-1, respectively. 
A1gl8. To eliminate a protease-sensitive site in TfdA (12 ), 

the R78Q variant was constructed and characterized. In 
contrast to the sihiation for wild-type protein, no significant 
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proteolysis product was observed. Although the TfdA model 
suggests that Arg78 is not located near the active site, the 
R78Q variant exhibited a nearly 100-fold increase in the 
2,4-D Km. This variant was unaffected in the iron Ko and, 
unlike variants of the active site 2,4-D binding residues, did 
not have an increase in the aKG Kct or aKG Km. This lack 
of effect on aKG binding is consistent with the residue not 
being in the active site. 

Site-Directed Mutagenesis of Tyrosines Located near the 
Active Site. Tyrosine mutants of TfdA were of interest 
because a tyrosine radical has been detected in TauD (a 30% 
identica l protein) and considered as a possible catalytically 
relevant intermediate (M. J. Ryle, A. Liu , R. B. Muthuh 1-
maran, R. Y. N. Ho, J. McCracken, L Que, Jr. , and R. P. 
Hausinger, unp11blished observations). To assess the impor­
tance of the four TfdA tyrosines predicted to lie closest to 
the active site (Tyr81 , Tyr126, Tyrl69, and Tyr244), each 
was individually substihlted with phenylalanine, and the 
variant enzymes were characterized. All four variants were 
only slightly affected when compared to wild-type enzyme 
in terms of iron Kd, aKG Kd, aKG Km, and 2,4-D Km (Tables 
1 and 2), suggesting that these tyrosines are not involved in 
catalysis or substrate binding. The Y81F, Yl 68F, and Y244F 
proteins were purified by previously described procedures, 
but Y126F TfdA had the unique characteristic of rapidly 
precipitating unless maintained at low temperature. This 
!ability was not evident during the typical time course of 
the assay but was observed during the initial purification 
steps at room temperature. The lack oftemperah1re sensitivity 
during catalysis may imply that the presence of one or more 
of the substrates stabilizes the protein during activity 
measurements. 

Inactivation of TfdA by PPA. As an alternative approach 
to examine residues at the substrate-binding site, PP A, an 
acetylenic analogue of 2,4-D, was examined as a possible 
mechanism-based inactivator. PPA appeared to strongly 
inhibit or inactivate the enzyme on the basis of the absence 
of oxygen consumption after addition of 2,4-D to protein 
previously incubated with iron, aKG, ascorbate, and this 
compound. Kinetic analysis of enzyme inactivation revealed 
a first -order loss of activity (Figure 2, panel A) that was 
dependent on the concentration of PP A and required aKG 
and ferrous ions. Consistent with binding of the inactivator 
to the active site, high concentrations of 2,4-D protected the 
enzyme against inactivation. Saturation kinetics were ob­
served for the loss of activity, allowing the calculation of K; 
= 38. l ± 6.0 µMand k(inact)max = 2.3 ± 0.1 min-1 (Figure 
2. panel B). Inactivation ofTfdA by PPA was not reversible 
by dialysis against 10 mM imidazole (pH 6.8) for 72 h, 
consistent with it being an irreversible, mechanism-based 
inactivator. 

In contrast to wild-type TfdA that was inactivated within 
1 min, no inactivation of the K95L variant was observed 
for up to 4 min at 1 mM PPA. The K71L, K71Q, and R278Q 
variants were not examined by this approach since they have 
significantly increased 2,4-D Km values and would likely bind 
the inactivator poorly. As a control, the Y81F variant was 
found to be inactivated by PP A at the same rate as wild­
type enzyme (data not shown). The lack of inactivation in 
the K95L mutant was not due to a lack of binding since 
PPA is a competitive inhibitor with respect to 2,4-D with a 
K; "" 60 µM (Figure 3). 
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Table 2: oKG-Related Kinetics of Variant TfdA Proteins" 

ran2e kc., Km kc,IKm Ki K,.b 
variant (uM) (min- 1) (uM) (nllll- 1 niM-1) (uM) (mM) 

wild type 643 ± 44' 3.2 ± 0.6' 201000' 3.4 ± 0.4 
K71U• 2500- 106 112 ± 10 11700 ± 3300 9.6 2100±400 
K71Qd,, 2500- 106 > 1900 >20000 4800 ± 300 
R78Q 5- 1000 403 ± 45 <40 > 10100 9.9 ± 0.7 
Y81P 5- 1000 285 ± 21 < JO > 28500 8.9 ± 0.7 
K95U 5- 1000 461 ± 51 < 35 > 13200 10.0 ± I.I 
K9SQ 5- 1000 301 ± 5 < JO > 20100 14.9 ± 2.6 
Y126F 5- 1000 435 ± 3 < 20 > 21800 14.8 ± 1.0 
T14 1V 5- 1000 560 ± 48 < 20 > 28000 10.9 ± 1.2 
Y169F 5- 1000 454 ± 14 < JO > 45000 11.1 ± 2.2 
Y244F 5- 1000 512 ± 32 < JO > 51200 16.6 ± 3.7 
R274Qdf 500- 106 263 ± 72 8200 ± 3900 32 2300 ± 200 44 ± 24 
R274L 250- 106 271 ± 68 4800 ± 2700 56 9000 ± 600 11 6 ± 92 
R278Qdf 500- 106 224 ± 12 4100 ± 500 53 1350 ± 50 133 ± 24 

"The kinetics were linear dming the time comse of the assay and utilized 1 mM 2,4-D, except where noted. b Substrate inhibition constant 
calculated according to eq 2. ' Data from Fuhunori et al. (12). d Reaction progress was nonlinear dm·i..ng the course of the assay, and data were 
analyzed by us ing eq 1. 'Detennined using 10 niM 2.4-D. fDetennined using 2 mM 2,4-D. 
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FIGURE 2 : TfdA inactivation kinetics in the presence of PPA. (A) 
First-order loss of activity over time for 2 µM (e ), 4 µM (x), 6 
µM (♦). 8 µM (A), and 10 µM ('.-) PPA. (B) Inactivation rates 
versus the concentration of PPA, fit to eq 4. 

PPA-treated and untreated samples of wild-type TfdA were 
digested with t1ypsin and compared by using MALDI mass 
spectrnmetry and reverse-phase chromatography. o differ­
ences were observed between the direct MALDI analyses 
of digestions of modified and unmodified proteins ( data not 
shown), even though 92% of the peptides with molecular 
masses between 1100 and 2600 Da were able to be identified. 
In an extension of these sh1dies, the t1yptic digests were 
subjected to reverse-phase column chromatography while 
monitoring the absorbance at 280 nm (allowing detection of 
peptides containing Trp, Tyr, and the PP A aromatic ring). 
Comparison of the chromatography profiles revealed a novel 
peak in the PPA-treated sample (labeled * in Figure 4 , 
bottom) compared to the profile of untreated sample (Figure 
4, top) . In addition, a diminution in intensity and change in 
shape typically was observed for peak I of the PPA-treated 
sample (changes in this feahlre were more apparent in other 

preparations). Each of the 280 nm absorbing peaks was 
collected from the chromatography of the modified protein 
and analyzed by MALDI mass spectrometry (Table 3). The 
peptide molecular weights revealed by the MALDI ana lyses 
indicated that peak 1 contained two Tyr-containing peptides 
and showed that all four Trp and all seven Tyr in TfdA were 
accounted for. Notably, the purified peptide containing Lys95 
(peak 5) gave a very weak MALDI signal and this peak 
suppression was consistent with the inability to detect this 
peptide during MALDI analysis of the whole digest peptide 
mixtme. Tue sample in the fraction corresponding to the 
novel 280 nm absorbing peak also exhibited MALDI 
suppression problems, so that no novel mass was observed 
in the PP A-treated protein compared to the nontreated 
control. By contrast, F AB mass spectrnmetric analysis 
consistently revealed masses at 1177 and 1222 Da in both 
positive and negative ion modes. A mass of 1222 Da is 
consistent with the addition of phenylpropiolic acid (146 Da) 
and oxygen, and loss of a hydrogen atom, to the peptide 
corresponding to 166-AEHY AL SR-174 (1061 Da). A mass 
of 1177 could reasonably result from the decarboxylation 
of this same modified peptide (o.-keto acids are known to 
be read ily decarboxylated). otably, the nonmodified form 
of this peptide elutes in peak 1, which is altered in appearance 
between the treated and nontreated samples . The small 
difference in intensities of peak 1 in the hvo samples, 
accounting for less than 20% absorption loss, suggests that 
modification of this peptide is substoichiometric . N-Tenninal 
sequencing of the fraction containing the novel peak only 
revealed the sequence of the contaminating peptide from peak 
5, suggesting that the modified peptide is blocked close to 
the N-terminus. 

DISCUSSIOl\" 

On the basis of TfdA strueh1ral modeling smdies, interac­
tions ,vith the 2,4-D carboxylic acid were suggested to 
involve Arg278, Lys7 1, His2 14 (Figure 1), and the backbone 
amide of Serl 17 (not shown) (9). The model also indicated 
that a loop comprising residues 86- 11 1 made up one face 
of the 2,4-D binding pocket; however, a consensus stnich1re 
for this region could not be obtained, and these 25 residues 
were omitted from the final model. otably, several possible 
stmchlfes for this loop placed Lys95 where it could assist 
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FIGURE 3: PPA competitive inhibition kinetics for K95L TfdA 
Panels A and B depict progress curves of the K9 SL variant enzyme 
incubated with 2.5 µM and 150 µM PPA, respectively, with vaiying 
2,4-D concentrations [16 µ.M (e ), 40 µM (♦) , 80 µM (■) , 160 
µM (x), 400 µM (+), 800 /tM (.6), 1600 µM (.&.), and 4000 µM 
(..,)]. (C) The initial reaction velocities of the above and additional 
progress curves [utilizing 1.25 µM (e ). 2.5 µM (■) , 50 µ.M (♦) , 
and 150 µM (x) PPA] were plotted versus the concentration of 
2,4-D. (D) The Km of PPA for the K95L protein was deduced by 
replotting the apparent Km!Vma., as a function of PPA concentration. 

in binding 2,4-D via interactions ,vith the carboxylate or the 
ether moiety. In an effort to test this model, we used a site­
directed mutagenesis approach. Previous sh1dies had provided 
evidence for the participation of His214 in binding 2,4-D 
(JO), supporting at least that portion of the model. The current 
investigation focused on Arg278, Lys7 l , and Lys95 variants 
of TfdA and demonstrated that proteins altered at each of 
these positions exhibit decreased affinity for 2,4-D. Ad­
ditional studies with a Lys95 variant and the alternative 
substrate 2,4-dichlorocinnamic acid supported the pa1iicipa­
tion of this residue in binding 2,4-D. Whereas the K71L, 
K71Q, and R278Q variants of TfdA did not metabolize this 
substrate, presumably due to large increases in 2,4-dichlo-

Dunning Hotopp and Hausinger 

I 2 3 4*56 78 9 10 

FIGURE 4: Peptide purification and identification. Tryptic digests 
of (top) untreated and (bottom) PPA-treated TfdA were chromato­
graphed on a reverse-phase column while the absorption was 
monitored at 280 run. The asterisk indicates a peak observed only 
in the treated sample. 

Table 3: MALDI Mass Spectrometric Analysis of PP A-Treated 
TfdA Tryptic Peptides" 

peak molecular 
no. weight sequence 

1061.3 166-AEHYALNSR-174 
881.2 267-RYDISAR-273 and/or 268-YDISARR-274 

2 714.0 241 -EFVYR-245 
3 877.2 148-AAYDALPR-155 
4 1515.1 l 75-FLLGDTDYSEAQR-187 
5 1595.1 81-YAELADISNVSLDGK-95 
6 1394.4 188-NAMPPVNW1'L VR-199 
7 2589.8 103-EVVGNF ANQL WHSDSSFQQP AAR-125 
8 2420.2 126-YSMLSA VVVPPSGGDTEFCDMR-14 7 
9 1505.2 248-WNVGDLVMWDNR-259 
10 2234.0 unidentified 

1525 .1 unidentified 
0 Each of the 280 nm absorbing peaks collected from the chromato­

graph of Figure 4 for PPA-modified protein was examined by MALDI 
mass spectrometiy. TI1e molecular masses of the major MALDI species 
are indicated, along with the sequences c01Tesponding to these masses. 
Aromatic residues are highlighted in bold. 

rocinnamic acid Km similar to their increased 2,4-D Km, the 
K95L variant exhibited higher catalytic efficiency for the 
aliphatic substrate than found with wild-type enzyme. These 
results imply that changing the basic lysine to the more 
hydrophobic leucine at the active site enhances the substrate 
preference for the more aliphatic side chain of 2,4-dichlo­
rocinnamic acid, consistent with Lys95 having a role in 
binding the ether of 2.4-D. We conclude that Lys71 and 
Arg278 have important roles in binding the carboxylate of 
2,4-D and that Lys95 interacts with the 2,4-D ether oxygen, 
as predicted by the TfdA structural model. Residues ho­
mologous to Arg278 are conserved in several other aKG­
dependent dioxygenases (see sequence comparison in ref 9), 
whereas Lys7 l and Lys95 are not conserved. Given the 
diversity of substrate struch1res used by these enzymes, the 
lack of substrate-binding site conservation is not unexpect­
ed. 

Many of the aKG-dependent dioxygenases have a con­
served arginine and threonine/serine motif, the residues of 
which are shown or hypothesized to interact with the C-5 
carboxylate of aKG ( 5- 10). In TfdA, this motif is comprised 
of Arg274 and Thrl41 (JO) as predicted by our computer-
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generated struch1ral model (9) (Figure 1 ). Mutagenesis 
sh1dies were carried out to test whether these residues are 
critical to aKG binding. Arg274 was shown to play a 
substantial role in binding aKG, whereas Thr141 has only 
a mi.nor, if any, role in interacting with aKG. Codons 
encoding the analogous threonine residue have not been 
mutated in other family subgroup members; however, the 
corresponding arginine residues have been substimted in 
several related enzymes. For example, conversion of this 
arginine in deacetoxycephalosporin C synthase (DAOCS, 
another aKG-dependent dioxygenase) to a glutamine was 
reported not to affect the Km of its primary substrate (19). 
The loss of activity arising from conversion of the corre­
sponding arginine to glutamine in DAOCS (and phytanoyl­
CoA hydroxylase, another family member) was found to be 
reversed by llSing longer chain length a-keto acids, a 
phenomenon termed cosubstrate rescue (J 9, 20). In paiticular, 
a-ketocaproate and a-ketoisovalerate restored activity to 
greater than 100% of the aKG-dependent wild-type activity 
in the R258Q mutant of DAOCS. Cosubstrate rescue was 
not observed with the R274Q variant of TfdA using either 
a-ketocaproate or a-ketoisovalerate. The reasons for the 
differences in behavior of the arginine mutants in TfdA 
versus DAOCS or phytanoyl-CoA hydroxylase are not clear. 

In addition to mutating codons encoding the residues 
hypothesized from the model to be involved in substrate 
binding, Arg78 was converted to a glutamine in order to 
eliminate a protease-sensitive site in TfdA (12) and the 
requirement for several tyrosine residues was examined. Our 
successful removal of the protease-sensitive site might be 
beneficial in fuhlfe crystallography efforts, since preliminary 
attempts to crystallize TfdA have been stymied, in part, by 
the heterogeneity of the sample due to the presence of the 
proteolysis product. Although this arginine residue is pre­
dicted to lie on the protein surface distant from the active 
site, a significant increase in 2,4-D Km was observed for the 
R 78Q variant. A hypothetical role of Arg78 is to act as a 
gate for 2,4-D ent1y into the active site . Th.is role also has 
been hypothesized for His21 7, since the alanine variant 
(H217A) of this residue has an increased 2,4-D Km but is 
not in the active site (10). Possibly related to these findings, 
the crystal struch1re of the aKG-dependent dioxygenase 
anthocyanidin synthase reveals two bound substrate mol­
ecules with one binding site proposed to assist in transfer of 
substrate to the active site (8). Our mutagenesis studies 
involving four tyrosine residues located near the TfdA active 
site rule out any essential role for these residues. 

Lysines and arginines are expected to have multiple 
hydrogen-bonding partners because of their large size and 
positively charged side chains. Substih1tion of these residues 
could reasonably have long-range effects. One such effect 
observed here is the significantly increased aKG Km and 
aKG Kd of the 2,4-D-binding site mutants (Table 2), possibly 
resulting from repositioning of various active site residues 
shifting of the protein backbone, and/or disruption of 
secondmy struch1re elements. Complementary results were 
observed with the R274L and R274Q mutations involving 
the aKG-binding site; i.e. , the 2,4-D Km increased ~ 100-
fold (Table 1). Such interactions between two substrate­
binding sites are not unexpected but have not been docu­
mented in prior mutagenesis sh1dies within this enzyme 
fa1nily. 
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Scheme 3: Theoretical Mechanism of TfdA Inactivation by 
PP A, Based on the Inactivation Mechanism Determined for 
tl1e Thymine Hydroxylation Interaction with an Acetylenic 
Substrate Analoguea 

V::~1.,[~=l 
Jl 

[~ cA~-l 
Covalently modified, 

inactivated TfdA 

"References 21 - 23. 

Active TfdA 

PP A was demonstrated to be a mechanism-based inacti­
vator ofTfdA. A reasonable mechanism for how PPA reacts 
with TfdA is illustrated in Scheme 3. Initial oxidation of 
PP A by TfdA likely produces a highly reactive oxirene 
intermediate that rearranges to form either of two carbene 
intermediates. Analogous oxidative chemistry was established 
for thymine hydroxylase, an aKG-dependent dioxygenase 
that is inactivated upon treatment with an acerylenic analogue 
of thymine (11 - 23). In addition, cytochrome P450 enzymes 
are known to catalyze this type of reaction with acetylenic 
compounds (24). Low-energy interconvers.ions between 
oxi.rene and carbenes on adjacent carbon atoms are well 
documented (25, 26) . Si.nee carbenes are known to be able 
to react with amino acid side chains, a covalent linkage could 
reasonably form between oxidized PP A and a TfdA active 
site residue. Alternatively, carbenes may react with solvent 
to spare the enzyme and release an aromatic product. To 
explore this model further, two approaches were used: PPA­
dependent inactivation kinetics were analyzed using the 
previously prepared K.95 L variant and peptide studies were 
can-ied out on PPA-inactivated TfdA. 

Modeling and site-directed mutagenesis sh1dies indicate 
that Lys95 is likely to be positioned near the 2,4-D ether 
oxygen and thus may lie close to the suspected oxirene 
.intermediate formed from PPA acid . The K95L variant of 
TfdA was found to be resistant to inactivation by PP A. A 
reasonable explanation for the observed lack of ilmctivation 
is that the carbene il1termediate formed by the enzyme reacts 
with water (Scheme 3), as previously described for inactiva­
tion of thymine hydroxylase by an acetylenic substrate 
analogue (21- 23). For example, replacement of Lys95 by 
Leu may result in greater solvent access to the active site. 
Arguing against this scenario, however, K.95L TfdA did not 
release detectable quantities of a new aromatic product 
arising from PP A when analyzed by HPLC, and hlrnover of 
PP A by the variant enzyme was indiscernible on the basis 
of oxygen consumption. While the mechanism by which 
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K95L TfdA resists inactivation by PP A remains unclear, 
these results are consistent with the placement of Lys95 at 
the active site. 

MALDI mass spectrometric sh1dies of tryptic peptides 
derived from PP A-treated wild-type TfdA are consistent with 
a covalent linkage formed between PP A and the 166-
AEHY ALNSR-174 peptide. Portions of this peptide are 
predicted to lie close to the 2,4-D binding site (e.g., the 
Serl 73 side chain hydroxyl is located only 5.4 A from the 
2,4-D carboxyl group) according to the TfdA model. 
Substinition ofTyrl69 by Phe produced no effect on activity 
or binding of 2,4-D or aKG (Tables l and 2). In contrast, 
previous sn1dies analyzing the Hl68A TfdA variant (as a 
maltose binding protein fusion) resulted in an inactive 
enzyme (JO) . The mutagenesis and PPA-dependent inactiva­
tion results are consistent with the indicated peptide being 
present at the active site with His 168 playing a role in 
catalysis. Of interest, a basic residue is conserved at this 
position in all sequenced 2,4-D/aKG dioxygenases (JO). 
These PP A reactivity sh1dies extend our understanding of 
the range of chemistry available to TfdA by ind icating the 
enzyme's ability to oxidize an acetylenic compound. 
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