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Abstract

Two o-ketoglutarate-dependent dioxygenases carrying enan-
tiospecific activity for the etherolytic cleavage of racemic
phenoxypropionate herbicides [(RS)-2-(2,4-dichloropheno-
xy)propionate and (RS)-2-(4-chloro-2-methylphenoxy)pro-
pionate] from Delftia acidovorans MC1 were characterized
with respect to protein and sequence data. The (S)-phenoxy-
propionate/o-ketoglutarate-dioxygenase (SdpA) appeared as a
monomeric enzyme with a molecular weight of 32 kDa in the
presence of SDS. N-terminal sequences revealed relationship
to o-ketoglutarate-dependent taurine dioxygenase (TauD) and
to 24-dichlorophenoxyacetate/o-ketoglutarate-dioxygenase
(TtdA). The (R)-phenoxypropionate/o-ketoglutarate-dioxy-
genase (RdpA) referred to 36 kDa in the presence of SDS and
to 108 kDa under native conditions. Internal sequences of
fragments obtained after digestion made evident relationship
to TfdA and TauD. Two-dimensional electrophoretic separa-
tion resulted in the resolution of up to 3 individual spots with
almost identical molecular weights but different isoelectric
points with both RdpA and SdpA. The structural differences of
these isoenzyme forms are not yet clear.
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Introduction

A few strains are known which are capable of com-
pletely degrading the chiral herbicides (RS)-2-(2,4-
dichlorophenoxy)propionate  (2,4-DP; dichlorprop)
and (RS)-2-(4-chloro-2-methylphenoxy)propionate
(MCPP; mecoprop) in addition to phenoxyacetate deri-
vatives (2,4-dichlorophenoxyacetate; 2,4-D) (Zipper
et al. 1996; Ehrig et al. 1997; Miiller et al. 1999). This
contrasts with the experience gained with most of the
phenoxy herbicide-degrading strains, which have been
shown, based on the activity of 2,4-D/o-ketoglutarate-
dioxygenase (TfdA) (Fukumori and Hausinger 1993 a,
b; but cf. Saari er al. 1999), to be highly specific for the
productive degradation of phenoxyacetates (Haggblom
1992 ; Hoffmann et al. 1996). The enzymes of one of the
above strains, Delftia acidovorans MCI1, have been
purified and characterized (Miiller and Babel 1999;
Westendorf er al. 2003). Both enzymes were found
to be o-ketoglutarate-dependent dioxygenases (Miiller
et al. 2001). This matches the reaction mechanism des-
cribed for the cleavage of 2,4-D by the respective en-
zyme, ie. TfdA, from the canonical strain Ralstonia
eutropha IMP134 (Fukumori and Hausinger 1993 a, b).
Kinetic investigations revealed that one of the enzymes
of strain MC1 is highly specific for the cleavage of
the R-configuration of 2,4-DP and MCPP, ie. (R)-
phenoxypropionate/oi-ketoglutarate-dioxygenase, con-
secutively designed RdpA. The other enzyme, i.e. (S)-
phenoxypropionate/o-ketoglutarate-dioxygenase  and
designed SdpA, prefers the S-configuration but also
accepts phenoxyacetate derivatives as substrate (West-
endorf er al. 2003). Sequence data of {fdA are known

Microbiol. Res. 157 (2002) 4 317

Bayer EX1047



(Streber et al. 1987; Suwa et al. 1996 ; Mie et al. 1993,
Ka et al. 1994 ; Vallaeys et al. 1996; Hoffmann et al.
2001) revealing high similarity in the gene of the
various strains of - and y-Proteobacteria (but form a
separate cluster, fdAo, with o-Profeobacteria; Itoh
et al. 2002). The application of primers derived from
conserved regions of ffdA (Vallaeys ef al. 1996), how-
ever, failed to result in amplification products in PCR
with genomic DNA from strain MC1 (Miiller er al.
2001). No data are available on a molecular level with
respect to the phenoxypropionate-degrading strains.
The present investigation is designed to elucidate the
protein characteristics of the two different dioxygenases
of strain MC1. Special attention is directed to sequence
data whose elucidation should enable the assignment of
the two enzymes to known proteins by databank com-
parison. Moreover, these data should favor targeting the
genetic basis.

Materials and methods

Enzyme purification. The (R)-phenoxypropionate/o-
ketoglutarate dioxygenase (RdpA) and the (S)-phenoxy-
propionate/a-ketoglutarate dioxygenase (SdpA) were
purified as described by Westendorf er al. (2003). RdpA
and SdpA were enriched by this procedure by a factor of
20 and 30, respectively, resulting in 71% and >98%
purity.

Electrophoretic and chromatographic separations. For
one-dimensional electrophoresis, a PowerEase 500
system was used (Novex, San Diego, USA). SDS PAGE
of the enzyme preparation was carried out on 12% Tris
glycine pre cast acrylamide gels (Novex). The samples
contained 1-2 pg of protein. The running buffer was
composed of 2.9 g/l Tris base, 14.4 g/l glycine and
1.0 g/1 SDS. The sampling buffer contained 2 ml gly-
cerol, 4 ml 10% SDS (w/v), 0.5 ml 1% bromophenol
blue and 2.5 ml 0.5 M Tris/HCIL, pH 6.8 in 10 ml dis-
tilled water. The gels were treated at 125 V. Mark 12™
Wide Range Standard (Novex) was applied as a re-
ference.

Peptides obtained from the digested enzymes were
separated by peptide electrophoresis with Tris/Tricin
buffer as described by Schigger and von Jagow (1987)
in Mini Protean II Cell (Bio-Rad, Hercules, CA, USA).
The following concentrations of acrylamide were used:
separation gel (16% T and 3% C), spacer gel (10% T
and 3% C) and stacking gel (4% T and 3% C). Electro-
phoresis was run with a constant current of 10 mA/gel
for 0.5 h and a constant current of 20 mA/gel for 4 h.
Ultra low range proteins (Sigma) served as a standard.

Two dimensional electrophoresis was performed as
described by Benndorf and Babel (2002).
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Gels were stained by following a slightly modified
procedure described by Blum et. al. (1987), or by using
Coomassie brilliant blue.

Gel exclusion chromatography was performed by
HPLC at 23°C using a Bio-Sil SEC-250 column
(300 mm x 7.8 mm, Biorad) and a mobile phase con-
taining 5 mM Na,HPO,, 5mM NaH,PO,, 150 mM
NaCl (pH 6,8). The flow rate was 1 ml/min. The mole-
cular weight was determined by using a gel filtration
standard (Biorad).

Protein digestion. Before enzymatic and chemical in-
gel digestion, bands containing protein separated by
PAGE were cut out and the gel slices washed three
times with 50% methanol and 5% acetic acid in water
for at least 3 h. The gel slices were reduced and alky-
lated by adding and removing the following solutions:
200 pl acetonitrile (5 min), 30 pl 1,4-dithioerythrole
in 100 mM ammonium hydrogencarbonate (30 min),
30 ul 100 mM iodoacetamide in 100 mM ammo-
nium hydrogencarbonate (30 min), 200 pl acetonitrile
(5 min), 200 pl 100 mM ammonium hydrogencarbo-
nate (10 min) and 200 pl acetonitrile (5 min). After
drying the gel slices by vacuum centrifugation, enzy-
matic digestion was performed by adding 30 ul LysC
buffer (25 mM Tris/HC1 pH 8.5) containing 1.5 pl LysC
(Lys-C, enzyme preparation from Lysobacter enzymo-
genes, Merck, Germany), 1 mM EDTA and 0.05%
SDS, and incubating the sample overnight. Chemical
digestion was performed by adding 30 pl BNPS-sca-
tole solution (500 pg BNPS in 500 pl 75% acetic
acid; Crimmins ef al., 1990) and incubating the sample
for 1 h at 47°C by shaking. To recover the peptides, the
following solution were added and the respective
supernatants collected: twice 30 pl of 50 mM am-
monium hydrogencarbonate for 10 min and twice
30 ul extraction buffer (10 ml acetonitrile, 5 ml dist.
water, 1.176 ml 85% formic acid) for 10 min. The
unified supernatants were centrifuged under vacuum
until a dry pellet was obtained. The latter was solub-
ilized in sample buffer for electrophoretic separa-
tion.

Amino acid sequencing. Peptides separated by PAGE
were blotted onto PVDF membranes (Jin and Cer-
letti 1992). Gels were washed for 5 min in distilled
water and for 15 min in 10 mM CAPS buffer pH 11.
Blotting was performed for 2h at 3 mA/cm® with
10 mM CAPS buffer pH 11 (Trans Blot, Semi-Dry
Transfer Cell, Biorad, USA). After staining with
Coomassie brilliant blue, the bands were cut and app-
lied to N-terminal sequencing (PROCISE® 491 cl.C
Protein Sequencer or PROCISE® 473A Protein
Sequencer, Applied Biosystems; Forster City, CA,
USA).
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Results

One-dimensional SDS PAGE of the enzyme prepara-
tion resulted in distinct protein bands corresponding to
molecular weights of about 32 kDa for SdpA and to
36 kDa for RdpA. Gel exclusion chromatography of the
preparations of RdpA under native conditions resulted
in a protein fraction corresponding to about 108 kDa
which showed cleavage activity for (R)-2,4-DP. In the
presence of SDS, the 108 kDa band disappeared in
favor of a band with an apparent molecular weight of
36 kDa. This pattern indicates a trimeric structure of
the R-specific enzyme. By contrast, with SdpA no frac-
tion could be detected which corresponded to a
protein larger than the monomeric form in gel exclusion
chromatography. The protein appeared at a retention
time corresponding to a molecular weight of about
23.7 kDa under native conditions. The enzyme sepa-
rated under these conditions showed specific activity
corresponding to that found before. Applying this frac-
tion to SDS PAGE or performing gel exclusion
chromatography in the presence of SDS resulted in
separation patterns which correlated this protein to a
mass of about 32 kDa.

Table 1. Isoelectric points (pI) and molecular weight (MW)
of the isoforms of RdpA (R) and SdpA (S)

Spot plI MW [kDa]
R1 5.9 36.3
R2 5.86 35.9
R3 58 357
S1 6.33 32.8
S2 6.16 32.5

Data were obtained from electropherograms by software ana-
lysis (Phoretix 2D, 5.01, NonLinear Dynamics Ltd., G.B.)

The purified enzymes were treated by 2D-electro-
phoresis which resulted in the resolution of the respec-
tive enzymes into 2—3 individual protein spots. This is
convincingly shown for SdpA in Fig. 1. Apparently, the
isoforms were characterized by an almost identical
molecular weight but differed in their charges (Table 1).
A similar pattern was observed for RdpA (Table 1).
Although the latter preparation contained significant
impurities which could not be eliminated by the puri-
fication protocol applied, three spots were clearly
identified to correspond to RdpA by admixture of crude
extracts of pyruvate grown cells (not shown). The
individual protein spots with respect to RdpA and SpdA
preparations were used to determine N-terminal amino
acid sequences. The results are shown in Table 2. The
sequences were clearly identical with respect to the
isoforms of RdpA and SdpA except position 14 in spot
R3 which may be attributed to analytical uncertainties
in this late cycle of sequencing.

MW
—— 45 0 kDa

—32.0kDa

—24.0kDa
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|

.15
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Fig. 1. Part of the 2D-gel of SdpA. Isoelectric focusing from
right to left, SDS PAGE from up to down.

Table 2. N-terminal sequences of the isoforms of RdpA and SdpA and internal sequences from selected peptide fragments of

the two proteins

Position Sequence Accession No
N-terminal R-Spotl MHAALSPLSQRFERI P 83310
R-Spot2 MHAALSPLSQRFERI
R-Spot3 MHAALSPLSQRFEEIAVQPLTGGV
S-Spotl MQTTLQITPTGATLG P 83309
S-Spot2 MQTTLQITPTGATLGATVTGVHLAT
Internal R-FraclE SIEGYPEVQMIRREANESGRVIGDDXHTXII P 83310
R-Frac5C ETLSPTMQATIEGLN
R-Frac8C NEILDAFHTYQVIYFPGQAITNEQHIAFSR
S-FraclE LGHVQQAGSAYI P 83309
S-Frac2E VIVGNTAG

R, S refers to RdpA and SdpA; Spot designates the respective proteins in the 2D gels (Fig. 1 for SdpA; RdpA not shown);
Frac refers to the protein fractions after enzymatic (E) and chemical (C) digestion
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P96312 BURCE MSINSEYLHPLFVAEYEEADIQGAILSPTEV

TfdA_BURSR MSINSEYLHPRLFVGQVNDNLAUEQGALSPAEYV
TfdA_ALCEU MSVVANPLHPLFAAGNVEDI DEREALGSTEYV
TauD ECOLI SERLSITPLGPYI GAQI SGADETRPILSDNQ
SdpA_MC1 MQTTILQI IPTOATLGATNTGVHE AT

Consensus g od b s

P96312_BURCE, 2.4-D-dioxygenase [Burkholderia cepacia) ; TEDA_Bursr, Burkholderia sp. RASC; TfdA_Alceu, o-ketoglutarate-de-
pendent 2.4-dichlorophenoxyacetate dioxygenase [Ralstonia eutropha) ; TauD_Ecoli, taurine dioxygenase [Escherichia coli O157:H7];

Fig. 2. Alignment of the N-terminus of SdpA (SdpA_MC1) with TfdA and TauD.

RdpA_MC1 MHAALSPLSQRFEEIAVQP TGGV N LD FHTYQ  IY:PG&-A INEHIA?S:
AF170704_7 ELTDEQAA KR . FLRHH LV &«D¢ -V DGEUHKR A HEEEIHPVA
F83356 MSVSLPAPARADVPLQIRA DAAFGAEVLGLDILGLP !  AAEDFRR HR HIDEH LV :xE¢-RIIPAOIA:SERECEIQIHV
TauD_E.coli MSERLSITP GPYIGAQISGADITRP SDNQFELYH VIRHQ VF{xD¢-A IPQIURALAQRECEIHIHP
YY06_MYCTU MIDLITVKK GSRIGAQIDGVRIEGGDEDPAAVN RASLLAHK SVFL SGUHQLEDDAEGLA  BAGLLETP IGHP
TfdA_Alcen MSVVANP HPLFAAGVEDIDLREA GSTEVR ERLMDEKS 'LV :dtGa-PLSQD QIAANFPLEGGF
AAB47567 MSINSEY ! HPLFVAEYEEADIQGA SPTEVR EHQMDKKALVG—PLDQDQIAANFQLEGGF
Consensus ... ... 2. ... 1 N | PO AAl I Ugu NG FAE RN G N
P
RdpA_MC1
AF170704_7 LAPEGSD - - - - - PHILEISADK - - - - - - - - DSRNVAG- - - - - HGAGTADLKPSLGSMYVTRTEIGSDMFSNMHLA
F83356 LKQFLLPG- - -HPEILIVSNIV- - - - - - - - ENGQPIGLGDAGKF S/  LSYKELPSLGEM HAQEL  E
TauD_E.coli VYPHA-EG- - -VDEII[VLDTHN - - - - - - - - DNPPD- - - - - - NDN (TeVTFIETPPAGAI LAAKEL S
YY06 MYCTU AATALADD- - -APIITPINSEF - - - - - - - - GKA- - - - - - - - - NR (TeVTFAANYPAASVIRAVSL S
TfdA_Alcen IKVNQRPSRFKYAELADISNVSLDGKVAQRDAREVVGNFAN-QL S 'SSFQQPAARYSM SAVVV P
AAB47567 IKVNQRPSRFKYAELADISNVSVDGKVADREARESVGNFANNQLSSSFQQAAARYSMSASVLP
Consensus L L.l .
*
RdpA_MC1 T ESPTHQATI EGEN
AF170704_7 S E SPAKELLP TaVH- - - - - - - - - NGLLAWEGATPPPE- -YDVPVNVEH !V AR IEDTE¢RKL FEINGIYVSHIEQL SKG
F83356 WESEPEA RKAI "GRT  AHSYTARYSEPRFEGNWRPTLSAAQ-LAEVREVVH!I “BRT FPESERKA IFVSEGFTTRIVGILPAD
TauD_E.coli Y A SVPFRQLLSG R -EHDFRKSFPEYKYRKTEEEHQRWREAVAKNPPLLH: :V RT{FVSEKQA FVNEGFTTR|[VDVSEK
YY06 MYCTU YAE PEP KCLT:N LHTNRYDYVTTKPLTAAQRAFRQVFEKPDFR-TEH VRV IBETEERT ! LAGD-FVRSFVGLDSH
TfdA_Alcen "&’EA PRD QSELZ4 R Ef - - - - - YALNSRFLLGDTDYSEAQRNA-MPPVNW !L “BRT AGSE¢éRKF FIGA-HASHYEGLPVA
AAB47567 NLGGRDD PREL G (R ER--- - - YLONSRFILGDTDYSESQRNA - MPPVSWLRTAGSRKFFIGA HAGHI EGRPVA
Consensus yAs . @8 T - PRV NCIUNEN | N B
* *
RdpA_MC1 SIEGYPZVQMISREANESGR
AF170704_7 SSRAIIDMEVKQIINTALLSCHY SVAIAGHRPTA
F83356 S AQILLAE YAHSVREGHI -Y H “TIIQUDAPF
TauD_E.coli CSEAILLGFIFAHIIKEESFQ- -V W AT ILGDKEFYRAG
YY06 MYCTU CBRVILFEV . QRRIIME UNT -1 «WN VILMGDVEVDVYGQASRVISGAPMEIL AG
TfdA_Alcen SGRMILAE LEHAIQREFV-Y H CAITLDDAVY
AAB47567 GRMLLAELEHATQRKFV YiH CAITVDDGVYV
Consensus - . RN - N N N e

Fig. 3. Alignment of the N-terminal and internal amino acid sequences of RdpA (RdpA_MC1) with different proteins

(dioxygenases).

N-terminal sequence data were applied for databank
comparison using NCBI BLAST, Matrix Blossom 80.
The data from SdpA revealed similarity to other o-keto-
glutarate-dependent dioxygenases, i.e. taurine dioxy-
genase (TauD) and 2.4-D/o-ketoglutarate-dioxygenase
(TfdA) (Fig. 2). This was supported further by data
derived from internal sequences (see Discussion) the
alignment of which is not shown in detail. With respect
to RdpA, however, the N-terminal sequence did not
exhibit significant homology with any known protein.
Elucidation was expected from determining internal
sequences. Three fragments obtained by electrophoretic
separation after chemical and enzymatic proteolysis
gave unequivocal sequence data for their individual
N-termini (Table 2), in other cases the results were
obviously disrupted by the presence of different frag-
ments in the respective fractions. The sequence data
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from the positive results were again applied to databank
comparison, which now resulted in significant correla-
tion to known proteins. Accordingly, homology of the
individual fragments to sequences of TfdA and TauD
became evident (Fig. 3). The results of alignment also
highlight that the N-terminal sequence of RdpA deviates
significantly from the other cluster of proteins, which
explains the failure to obtain any positive correlation
in the initial attempts.

Discussion

The results make evident a monomeric structure with
the (S)-phenoxypropionate/a-ketoglutarate dioxygenase
(SdpA) and a trimeric structure with the (R)-phenoxy-
propionate/oi-ketoglutarate dioxygenase (RdpA) from
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D. acidovorans MC1. The molecular weights of the
monomers, 32 and 36 kDa respectively, are in the range
found for analog enzymes from other sources (Fuku-
mori and Hausinger 1993b; Nickel er al. 1997). With
TfdA from R. eutropha JMP134 a dimeric structure
was deduced (Fukumori and Hausinger 1993b). Sur-
prisingly, with the two enzymes of strain MC1, isomeric
enzyme forms were detected being separated from each
other by only slight differences in their isoelectric
points. The structural reasons are not yet apparent. The
existence of isoenzymes is a likely explanation of the
complex, multiphasic characteristics observed in esti-
mating the kinetic properties with preparations of both
RdpA and SdpA (Westendorf ef al. 2003).

The two dioxygenases from D. acidovorans MCI1
were shown to be related to other o-ketoglutarate-
dependent dioxygenases. According to the N-terminal
and two internal sequences, SdpA showed closest
homology to taurine dioxygenase (TauD) from E. coli
(Eichhorn et al. 1997) and Pseudomonas aeruginosa
(36%/43 % identical/similar to E. coli enzyme) and to
TfdA from strains JMP134 and RASC (18%/20%
identical/similar to JMP134) based on 44 amino acids
aligned. With respect to RdpA, homology with other
o-ketoglutarate-dependent dioxygenases was detected
from sequence data of various internal fragments, accor-
ding to which highest homology was attributed to TfdA
(32%/37% identical/similar; strain JMP134), followed
by TauD (21%/30% identical/similar; E. coli) on the
basis of 101 amino acids aligned. The present sequence
data are considered an appropriate basis to target the
genetic background and elucidate the whole structure of
these enzymes.
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