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Phe317 Is Essential for Rubber Oxygenase RoxA Activity
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RoxA is an extracellular c-type diheme cytochrome secreted by Xanthomonas sp. strain 35Y during growth on rubber. RoxA
cleaves poly(cis-1,4-isoprene) to 12-oxo-4,8-dimethyltrideca-4,8-diene-1-al (ODTD). Analysis of the RoxA structure revealed
that Phe317 is located in close proximity (=5 A) to the N-terminal heme that presumably represents the active site. To find evi-
dence of whether Phe317 is important for catalysis, we changed it to tyrosine, tryptophan, leucine, histidine, or alanine. All five
RoxA muteins were expressed after integration of the respective gene into the chromosome of a Xanthomonas sp. AroxA strain.
Residual clearing zone formation on opaque latex agar was found for Xanthomonas sp. strains expressing the Phe317Leu,
Phe317Ala, or Phe317His variant (wild type > Leu > Ala > His). Strains in which Phe317 was changed to tyrosine or tryptophan
were inactive. Phe317Ala and Phe312Leu RoxA muteins were purified, and polyisoprene cleavage activities were reduced to ~3%
and 10%, respectively. UV-visible spectroscopy of RoxA muteins confirmed that both heme groups were present in an oxidized
form, but spectral responses to the addition of low-molecular-weight (inhibitory) ligand molecules such as imidazole and pyri-
dine were different from those of wild-type RoxA. Our results show that residue 317 is involved in interaction with substrates.
This is the first report on structure-function analysis of a polyisoprene-cleaving enzyme and on the identification of an amino

acid that is essential for polyisoprene cleavage activity.

N atural rubber [poly(cis-1,4-isoprene)] (NR) is an important
naturally produced hydrocarbon polymer. Products made on
the basis of NR have been in use on the scale of thousands of tons
per year for more than a century. However, the fate of rubber
materials in the environment is poorly understood. Only the fact
that rubber is principally biodegradable is well-documented (2, 9,
10, 16, 26). The enzymes that are responsible for primary attack of
polyisoprene in rubber-degrading microorganisms and the bio-
chemical mechanisms by which these enzymes cleave rubber ma-
terials into low-molecular-weight products are almost unknown.
Due to the high stability of carbon-carbon bonds, biodegradation
of NR is a slow process compared to biodegradation of biopoly-
mers, such as polypeptides, polysaccharides, and others, in which
the polymer backbone contains heteroatoms such as nitrogen,
oxygen, or other elements that facilitate enzymatic cleavage reac-
tions. Heteroatoms are absent in polyisoprene; the C—=C double
bond is the only functional group in polyisoprene that allows an
attack by oxidizing enzymes. In fact, rubber-degrading organisms
are widespread in nature (9, 10, 16). Some rubber-degrading bac-
teria, such as Xanthomonas sp. strain 35Y (23) and many actino-
mycetes, produce clearing zones on opaque latex agar, while oth-
ers grow adhesively on rubber without clearing zone formation.
Gordonia polyisoprenivorans and Gordonia westfalica belong to the
latter group (see references 16 and 26 and references therein).
To date, two types of proteins that are essential for rubber
degradation and that catalyze the primary attack of polyisoprene
have been identified in rubber-degrading microorganisms. One is
the latex clearing protein (Lcp) and was first described for Strep-
tomyces sp. K30 but apparently is widely distributed in rubber-
degrading bacteria (17). The other is the rubber oxygenase RoxA
of Xanthomonas sp. 35Y (11), a potent rubber degrader isolated
more than 20 years ago (23). Lcp and RoxA are completely differ-
ent polypeptides without significant similarities in amino acid se-
quence. RoxA consists of 678 amino acids and is a c-type cyto-
chrome that features two heme binding sites as well as a MauG
motif (11). In contrast, Lcp (397 amino acids) does not have any
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metals or cofactors (17). Both Lcp and RoxA are responsible for
cleavage of rubber to low-molecular-weight degradation products
with aldehyde and keto groups at the molecule ends (4, 8, 22, 23),
and therefore they apparently catalyze similar or even the same
reaction. RoxA has been purified and studied in vitro (3, 4, 11).
Purified RoxA is active in an aqueous environment if only the
substrates, rubber and dioxygen, are present (4) and the physical
conditions (pH and temperature) are appropriate. 12-Ox0-4,8-
dimethyltrideca-4,8-diene-1-al (ODTD) was identified as the ma-
jor degradation product. Isotope labeling experiments revealed
that RoxA is a dioxygenase (3). Spectroscopic characterization of
RoxA (18) showed that the two heme centers are present in an
oxidized form and can be differentiated spectroscopically. Re-
cently, our cooperation partners succeeded in solving the three-
dimensional structure of RoxA (7; O. Einsle, University of
Freiburg, personal communication) (Protein Data Bank [PDB]
accession code 4B2N). The structure in the neighborhood of the
two hemes is similar to that of bacterial cytochrome ¢ peroxidases
(CCPs), with two hemes buried deeply in the protein and arranged
perpendicular to each other (Fig. 1a). However, unlike CCPs,
RoxA does not need external reductants such as cytochrome ¢ for
activity (4), and consequently, all attempts to demonstrate perox-
idase activity of RoxA were not successful (18). In conclusion,
RoxA must have a reaction mechanism that is different from that
of CCPs. Phe317 was identified in close proximity to the distal
coordination site of the N-terminal heme, sloped opposite and at
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FIG1 (a) Similarity of RoxA structure to that of cytochrome ¢ peroxidase of Nitrosomonas europaea (NEP). An overlay of the central regions of RoxA (black) and
NEP (gray), including the two heme centers and the interheme region, is shown. The heme axial amino acid ligands and the tryptophan residues, located in the
middle between the two hemes (Trp302 in RoxA), are also shown. (b) Structure around the N-terminal heme center of RoxA. Phe317 islocated in close proximity

(4.95 A) to the sixth coordination site of the heme iron.

a short distance from the Fe ion (Fig. 1b). We assume that this
heme represents the active site of RoxA and that Phe317 is in-
volved in interaction with substrate molecules. Consequently, we
investigated the importance of residue 317 by site-directed mu-
tagenesis.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Table 1 shows
strains, plasmids, and primers used in this study. Xanthomonas sp. 35Y
(23) and related strains were grown in modified LB medium with a re-
duced concentration of yeast extract (10 g tryptone, 5 g NaCl, and 0.25 g
yeast extract per liter) or in a mineral salts medium (MSM) with 0.1 to
0.2% purified rubber latex at 30°C for 10 to 12 days. For purification of
recombinant RoxA, a Xanthomonas sp. AroxA-attB strain harboring the
roxA variant of interest (Table 1) was grown in 0.5 liter of modified LB
medium (20 individual cultures in 3-liter Erlenmeyer flasks) supple-
mented with 0.1% (wt/vol) L-rhamnose for ~60 h at 30°C with continu-
ous shaking. Cells were harvested (4°C) by centrifugation, and RoxA was
purified from cell-free culture fluid as described below.

Construction of a AroxA mutant of Xanthomonas sp. In contrast to
previous assumptions (6), expression of recombinant roxA in Xanthomo-
nas sp. from plasmids provided in trans was not possible. Rather, expres-
sion of recombinant roxA required integration of the roxA gene into the
chromosome. To avoid recombination of an introduced roxA copy with
chromosomal roxA, it was necessary to remove the wild-type (WT) roxA
copy from the chromosome. The plasmid used for deletion of roxA was
constructed using the sacB-containing suicide plasmid pLO3 (13), into
which the kanamycin resistance gene aphlI of the plasmid pPBBRIMCS-2
(12) was cloned by PCR (with primer pair 1), yielding pLO3-Km. A
3,603-bp Sacl fragment of Xanthomonas sp. chromosomal DNA contain-
ing roxA and its up- and downstream regions was cloned into the Sacl
restriction sites of pLO3-Km and pBBRIMCS-2 as well as into the Smal
sites of pUCY (via blunt ligation after restriction by the neoschizomer
Ecl13611), yielding pLO3-Km::roxA-region, pBBRIMCS2::r0xA-region,
and pUC9::roxA-region, respectively. The coding sequences of roxA were
removed from pLO3-Km::roxA-region and pUC9::roxA-region by PCR
amplification using primer pair 2 and religation of the purified PCR prod-
ucts (via Xbal restriction in the case of pUC9::roxA-region and via blunt
ligation in the case of pLO3-Km::roxA-region), yielding pUC9::roxA-re-
gion-AroxA and pLO3-Km::roxA-region-AroxA, respectively. The attB
attachment site of PhiC31 was inserted into pUC9::roxA-region-AroxA by
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QuikChange PCR using primer pair 3. Finally, the attB site and the adja-
cent roxA up- and downstream DNA regions (1,145 bp) were cloned into
pLO3-Km::roxA-region-AroxA via Dralll and SaclI restriction, giving
pLO3::roxA-region-AroxA-attB. The resulting construct was checked by
DNA sequencing. The chromosomal roxA gene of the Xanthomonas sp.
CM strain was removed by exchange with the attB site after conjugative
transfer of the plasmid pLO3-Km-AroxA-attB (with selection of plasmid
integrants on kanamycin agar and subsequent selection for double-
crossover events by growth on 10% sucrose-containing solid me-
dium). The success of roxA deletion in purified individual clones was
confirmed by PCR amplification of the former roxA locus and by DNA
sequencing.

Construction of a plasmid suitable for PhiC31-mediated integra-
tion into the chromosome of a Xanthomonas sp. AroxA strain and
rhamnose-dependent expression of RoxA variants. The PhiC31-depen-
dent integration vector for roxA expression was constructed in a modular
way. Starting from pIC20HE, a PmlI restriction site was first introduced
downstream of the ampicillin resistance gene (bla) by PCR amplification
of pIC20HE (with primers $6549 and S6550) and ligation of the linear
DNA, giving plasmid pJOE6767.1. Subsequently, the bla gene was re-
placed by a kanamycin resistance gene (aphll) amplified from
pBBRIMCS-2 (with primers S6551 and S6552). The aphll gene was in-
serted between the PmlI and Sspl sites of pJOE6767.1, giving pJOE6772.2.
In the next step, the PhiC31 integrase gene (int) together with the attP site
was inserted into pJOE6772.2. The DNA fragment was obtained by a PCR
using plasmid pSI17 as the template, with primers S6553 and S6554, and
then was cut with Asel and inserted at the Ndel site of pJOE6772.2 to give
pJOE6776.3. Finally, the mob gene and oriT region of pBBRIMCS-2 for
conjugal transfer were PCR amplified (with primers S6565 and S6566)
and the fragment inserted into the Aatll site of pJOE6776.3. The new
plasmid, pJOE6787.1, was the basis for anchoring of a cloned roxA copy
into the chromosomal attB site of the Xanthomonas sp. AroxA-attB strain.
For this purpose, the rhamnose regulation genes and the roxA coding
sequence were PCR amplified using primer pair 4, with 4782.1::roxA as the
template (6), to give pNH1-roxA-attP. The insertion was confirmed by
DNA sequencing. In cases of roxA variants with mutations in the roxA
sequence, pUC9::roxA was mutagenized via QuikChange PCR. The roxA
sequence of pNH1-roxA-attP was replaced by the roxA variant sequence
harboring the respective mutated codon by Ndel/Apal ligation of pUC9::
roxA (via replacement of respective Ndel-Apal DNA fragments) into
pNH1-roxA-attP. The plasmid harboring the roxA variant gene of interest
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TABLE 1 Strains, plasmids, and primers used in this study

Reference or

Strain or plasmid Relevant characteristics or sequence (5'-3") source
Strains
Escherichia coli strains
S17-1 Conjugation strain 19
XL1-Blue QuikChange transformation strain
Xanthomonas sp. strains
35Y Growth on poly(cis-1,4-isoprene) latex, clearing zone formation 23
35Y-CM Chloramphenicol-resistant mutant of 35Y 6
35Y-CM AroxA-attB (SN3727) Chromosomal deletion of r0xA, attB at former roxA site, no clearing zone This study
formation on latex agar
35Y-CM AroxA-attB/pNH1-roxA-attP Expression of RoxA from rhamnose promoter; Km* Cm’; clearing zone formation This study
(in chromosome) (SN4230) in the presence of rhamnose
35Y-CM AroxA-attB/pNHI1-roxA-F317A-attP Expression of RoxA-F317A from rhamnose promoter; Km" Cm" This study
(in chromosome) (SN4784)
35Y-CM AroxA-attB/pNH1-roxA-F317H-attP Expression of RoxA-F317H from rhamnose promoter; Km" Cm" This study
(in chromosome) (SN4785)
35Y-CM AroxA-attB/pNH1-roxA-F317L-attP Expression of RoxA-F317L from rhamnose promoter; Km" Cm" This study
(in chromosome) (SN4786)
35Y-CM AroxA-attB/pNHI1-roxA-F317W-attP  Expression of RoxA-F317W from rhamnose promoter; Km" Cm" This study
(in chromosome) (SN4787)
35Y-CM AroxA-attB/pNH1-roxA-F317Y-attP  Expression of RoxA-F317Y from rhamnose promoter; Km" Cm" This study
(in chromosome) (SN4788)
Plasmids
pIC20HE Cloning vector 1
pSIL7 Source of PhiC31 integrase gene 20
pUCY::roxA-region Source of roxA; Ap* 6
pUCY::roxA-region-AroxA Precise deletion of roxA coding sequence This study
pUCY::roxA-region-AroxA-attB PhiC31 attB site at position of former roxA gene This study
pLO3 sacB-containing suicide vector; Tc" 13
pLO3-Km pLO3 with 1,108-bp aphll fragment of pPBBRIMCS-2 in Smal site; Tc" Km" This study
pLO3-Km-roxA-region pLO3 with 3,603-bp Sacl fragment including roxA gene This study
pLO3-Km-roxA-region-AroxA Precise deletion of roxA coding sequence This study
pLO3-Km-roxA-region-AroxA-attB Precise deletion of roxA coding sequence with attB at former roxA sequence This study
pJOE6787.1 pBR322 ori aphll (Km") mob int (PhiC31 integrase) attP J. Altenbuchner
pNH1 pJOE6787.1 with rhamnose regulation genes of p4782.1 This study
pNHI1-roxA Coding sequence of roxA under rhamnose promoter control This study
pNHI1-roxA-attP (SN4230) Coding sequence of roxA under rhamnose promoter control, with attP site This study
pNHI1-roxA-attP F317A (SN4784) RoxA-F317A expression vector with attP site; Km" This study
pNHI1-roxA-attP F317H (SN4785) RoxA-F317H expression vector with attP site; Km* This study
pNH1-roxA-attP F317L (SN4786) RoxA-F317L expression vector with attP site; Km" This study
pNHI1-roxA-attP F317W (SN4787) RoxA-F317W expression vector with attP site; Km" This study
pNHI1-roxA-attP F317Y (SN4788) RoxA-F317Y expression vector with attP site; Km* This study

Primers
56549
$6550
$6551
56552
$6553
56554
56555
$6556
1fw
lrev
2fw
2rev
3fw
3rev
Afw
4rev
5fw
Srev

CACGTGATGAGTAAACTTGGTCTGACAGT
CCCCGTAGAAAAGATCAAAGGAT
GGGAATATTTCGAACCCCAGAGTCC
GGGCACGTGCAAGCGCAAAGAGAAAGC
ATCATTAATCAACCCTCAGCGGATGCCC
ATCATTAATCCCGTCTCAGCGCCTAACAGG
GGGACGTCCATCGTCCACATATCCAG
GGGACGTCCCTTGTCCAGATAGCCC
ACCGCTCGAGTGCCACCTGGGATGAATGTC
TCCGCTCGAGCGCTTGGTCGGTCATTTCG
GCTCTAGAGCTAGGGTTGGCTTCACGCCGCGTAATCGAT
GCTCTAGAGCGATTCCCCCTGTACGTCCCAACGAATGAGT

GTACAGGGGGAATCGCTCTAGAGTGCCAGGGCGTGCCCTTGGGCTCCCCG
CGCGGCGTGAAGCCAACCCTAGCCGCGCCCGGGGAGCCCAAGGGCACGCC

CGGGGTACCTTCAGGTTCATCATGCCGTTTGTG
TTCCGAGCTCCTCCACGGGGAGAGCCTGAGC
TCTCCTGCAAACTGCTTTTAC
GCGAATCTGAACTATCTCATCC
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was conjugatively transferred from Escherichia coli S17-1 to Xanthomonas
sp. CM AroxA by spot mating on NB agar. Transconjugants were selected
and purified on NB agar supplemented with 30 pg/ml kanamycin and 10
pg/ml chloramphenicol. Expression of PhiC31 integrase from pNHI-
roxA-attP ensured instantaneous integration of the plasmid into the chro-
mosome at the former position of the chromosomal roxA locus via the
attB/attPsites (21, 25). Correct integration of the roxA variant was verified
via PCR and DNA sequencing. The recombinant Xanthomonas sp. strains
express the roxA variants only in the presence of rhamnose.

Purification of recombinant RoxA. RoxA was purified at room tem-
perature by use of an Aekta fast-performance liquid chromatography
(FPLC) system (GE Healthcare, Uppsala, Sweden), using a modified pro-
tocol (18). In brief, cell-free concentrated (10-kDa cutoff) supernatant of
a Xanthomonas sp. culture was passed through a Q-Sepharose Fast Flow
column (Q-FF 50/11) preequilibrated with 20 mM Tris-HCI (pH 8.5) ata
flow rate of 3 ml/min. RoxA was bound to the column and eluted in a step
gradient at ~50 mM NaCl. RoxA-containing fractions were combined
and concentrated via ultrafiltration. An additional purification step was
performed on a hydroxyapatite column. The column (CHT5-I) was equil-
ibrated with potassium phosphate buffer (10 mM; pH 6.8) and was used
after changing the buffer of the RoxA pool to 10 mM potassium phos-
phate, pH 6.8, by gel filtration on a HiPrep 26/10 column. RoxA was
eluted with a linear gradient of 10 to 200 mM potassium phosphate, pH
6.8, at =40 mM. RoxA fractions were pooled and concentrated via ultra-
filtration (30-kDa cutoff) to approximately 5 mg/ml with the addition of
300 mM NaCl onice. High ionic strength prevented precipitation of RoxA
at high protein concentrations. Purity was tested by SDS-PAGE and by
determination of the quotient of absorption (optical densities [ODs]) at
406 nm and 280 nm, which was 1.35 for pure RoxA. Purified RoxA was
frozen and stored in liquid nitrogen.

Assay of RoxA. The following conditions were used for product anal-
ysis of RoxA-catalyzed polyisoprene cleavage by high-pressure liquid
chromatography (HPLC) analysis. The reaction mixture contained 100 pl
purified RoxA (2 to 20 wg/ml), rubber latex (0.2% [wt/vol] emulsion),
and potassium phosphate buffer (100 mM; pH 7.0) in a total volume of 1
ml. The reaction was carried out at 37°C for 3 h in a 15-ml Falcon tube.
The mixture was extracted with ethyl acetate, dried, dissolved in 100 .l
methanol, and then subjected to HPLC analysis. An RP8 HPLC column
(12 X 4 mm, 5-pm particle size) was operated at 0.7 ml/min with water
(A) and methanol (B) as the mobile phase. The concentration of B was
increased from 50% (vol/vol) to 100% (vol/vol) over 20 min. Products
were detected at 210 nm, and ODTD eluted after 15.3 min. Purified
ODTD (4) was used as a standard. Mixtures without RoxA or with heat-
inactivated RoxA (10 min at 95°C) served as controls.

Semiquantitative clearing zone assay for RoxA activity determina-
tion. Recombinant Xanthomonas sp. AroxA::attB strains harboring chro-
mosomally anchored roxA variants under rhamnose control (Table 1)
were grown in modified LB liquid culture. Five microliters of the respec-
tive culture was spotted onto a mineral salts agar plate with an opaque
overlay agar (=8 ml) of polyisoprene latex (0.25% [wt/vol] in agar) after
purification (via 3 washes in 0.1% [wt/vol] Nonidet P-40) (kindly pro-
vided by Weber and Schaer, Hamburg, Germany). A Xanthomonas sp.
AroxA::attB strain harboring chromosomally anchored wild-type roxA
under rhamnose control served as a positive control. The plates were
incubated at 30°C for 6 to 7 days. The intensity of clearing zone formation
semiquantitatively indicated RoxA activity produced by the strain.

Heme staining and protein determination. Heme staining was per-
formed after separation of RoxA samples by nonreducing SDS-PAGE and
subsequent assay for pseudoperoxidase activity of the RoxA heme groups
as described recently (18). Protein concentration was determined by the
Bradford method (5). Purified RoxA samples were determined by using
the molar extinction coefficients of RoxA at 280 nm (g,4, = 1.53 X 10°
M~ em ') and 406 nm (g, = 1.8 X 10° M~ ' em ™).
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RESULTS AND DISCUSSION

Construction of a Xanthomonas sp. strain for stable expression
of recombinant RoxA. Expression in E. coli of c-type cytochromes
with MauG motifs, such as RoxA and MauG, has not been possible
(6, 24). Apparently, RoxA (and MauG) holoenzymes are assem-
bled by cytochrome ¢ maturation systems that are different from
that of E. coli. We therefore decided to express roxA in a homolo-
gous Xanthomonas sp. host. Recently, we showed that cloned roxA
can be expressed in the homologous wild-type host Xanthomonas
sp. (6). However, it turned out in this study that homologue ex-
pression did not occur from the introduced plasmid, as expected,
but required integration of roxA into the chromosome. Chromo-
somal integration of the roxA-containing plasmid took long peri-
ods depending on clone length (weeks to months, with repeated
transfers on solid or liquid medium) and could not be accelerated
by increasing the size of cloned Xanthomonas DNA up- and down-
stream of roxA. Moreover, recombinant roxA with introduced
site-specific mutations could recombine with the chromosomal
wild-type copy of roxA in Xanthomonas sp., which sometimes re-
sulted in elimination of the introduced mutation (data not
shown). To avoid these disadvantages and to gain more rapid and
reproducible integration of roxA into the chromosome, we de-
leted the chromosomal roxA locus and replaced it with the attB site
of phage PhiC31 as described in Materials and Methods. The re-
sulting Xanthomonas sp. AroxA-attB strain contained the atfB site
at the position of the former roxA gene, was sensitive to kanamy-
cin and resistant to sucrose, and did not produce clearing zones on
opaque latex agar. This result confirmed that functional homo-
logue genes that can compensate for the absence of roxA are not
present in Xanthomonas sp. A constructed plasmid (pNH1-roxA-
attP) harboring the PhiC31 integrase gene (14, 15) plus the attP
site, together with a roxA copy under the control of a rhamnose-
dependent promoter, was introduced into the Xanthomonas sp.
AroxA::attB mutant via conjugation. Both attP and attB sites rep-
resent short stretches of DNA, each having a different (imperfect)
palindrome sequence and a central common TTG sequence at
which recombination between both DNA strands by PhiC31 in-
tegrase occurs (21). The integration of the complete roxA-con-
taining plasmid at the previous roxA site (now the attB site) was
confirmed by PCR and by DNA sequencing of the roxA locus.
Recombinant RoxA was reproducibly expressed in the presence of
rhamnose by the transconjugant Xanthomonas strain but was not
detectable on latex medium or any other medium in the absence of
rhamnose. In conclusion, a reliable system for expression of re-
combinant RoxA variants in a homologous Xanthomonas sp.
AroxA::attB host strain was now available and allowed the perfor-
mance of structure-function analysis of RoxA. This expression
system was superior to our previous system (6), which required
repeated cultivation passages and waiting for rarely occurring re-
combination events.

Construction and expression of RoxA muteins. The three-
dimensional structure of RoxA showed that the two hemes are
arranged perpendicular to each other, similar to the case in bacte-
rial CCPs (Fig. 1a). The C-terminal heme center of RoxA has two
axial His ligands (His394 and His641), while the N-terminal heme
has only one axial amino acid ligand (His195). The sixth coordi-
nation site is not occupied by an amino acid ligand. This finding
suggested that this position could be accessible to external ligands
or substrates. The amino acid residue next to the free coordination
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FIG 2 (a) Clearing zone formation of recombinant Xanthomonas sp. strains and activities of purified Phe317Leu and Phe317Ala muteins. Five-microliter
aliquots of concentrated cell suspensions of Xanthomonas sp. AroxA strains harboring and expressing different RoxA muteins were spotted in triplicate on opaque
latex overlay agar with L-rhamnose and then incubated for 6 days at 30°C. Clearing zone formation semiquantitatively indicates the activity of expressed RoxA
muteins. The clearing zone diameters (averages for 3 biological replicates minus diameter of colony) are given in mm. The ODTD-forming activities of purified
RoxA muteins are provided on the right for purified WT-RoxA (100%) and the Phe317Leu and Phe317Ala muteins. (b) Purification of recombinant muteins.
WT-RoxA and the Phe317Ala and Phe317Leu muteins were purified as described in the text, separated by reducing SDS-PAGE, and stained with Coomassie blue.

site of the N-terminal heme is Phe317 and is located ~5 A from
and sloped opposite to the Fe ion (Fig. 1b). We hypothesized that
the Fe center of this heme could represent the active site of the
enzyme and that Phe317 is involved in interaction with substrate
molecules. To find experimental support for this assumption, we
replaced Phe317 by tyrosine, tryptophan, leucine, histidine, or
alanine via site-directed mutagenesis of the roxA gene. All five
roxA variants were separately integrated into the chromosome of
the roxA deletion strain of Xanthomonas sp. via PhiC31 integrase-
mediated attP/attB recombination. To test for the effects of the
mutations, the Xanthomonas sp. AroxA strains harboring the
wild-type roxA gene or one of the five mutant roxA variant genes
were grown on solid latex overlay agar that had been supple-
mented with 0.1% rhamnose. The Phe317Leu mutant produced
clearing zones that appeared later than those of the wild type and
had a slightly smaller diameter (2.0 mm, compared to 2.3 mm for
the wild type) (Fig. 2a), indicating that the replacement of the
aromatic ring by an aliphatic residue of similar size had an effect
on RoxA activity. However, the clearing zone of the Phe317Ala
mutant was even more reduced (1.2 mm), and the Phe317His
mutant formed only a hardly visible clearing zone near the detec-
tion limit (0.6 mm). No clearing zones were detected around col-
onies of the other two mutants (Phe317Trp and Phe317Tyr). In
summary, changing the side chain of residue 317 resulted in stron-
ger or weaker effects on RoxA activity. The replacement of phe-
nylalanine by leucine had the weakest effect on activity. This was
not surprising, since leucine has the same hydrophobic character
as phenylalanine and occupies a similar space. Since RoxA with
the Phe317Tyr mutation (or with Phe317His or Phe317Trp) was
inactive, the presence of a hydrophilic functional group in the ring
structure of tyrosine or of a bulky group apparently prevents ac-
tivity.

These results confirmed our assumption that the side chain of
residue 317 is important for RoxA activity. SDS-PAGE analysis of
culture supernatants obtained from the respective strains after
growth in the presence of rhamnose revealed RoxA bands for all
strains (data not shown). Moreover, bands of comparable inten-
sity were obtained after staining the gels for pseudoperoxidase
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activity (“heme staining”) and indicated that heme was stably in-
corporated in all RoxA variants (not shown). These results suggest
that the observed differences in clearing zone formation resulted
from different activities of the RoxA muteins, not from different
degrees of expression.

RoxA activity and biochemical properties of Phe317Ala and
Phe317Leu muteins. To analyze the effect of the mutations more
precisely, both RoxA muteins with reduced activity (Phe317Ala
and Phe317Leu muteins) were purified as described in Materials
and Methods. About 4 or 7 mg of purified RoxA mutein was ob-
tained for each variant, with OD,g,/OD,, ratios of 1.13
(Phe317Ala) and 1.36 (Phe317Leu). This indicated a sufficient
degree of purity of both RoxA muteins (>90% purity) that was
confirmed by SDS-PAGE (Fig. 2b). No differences in the binding
properties of RoxA muteins on Q-Sepharose or hydroxyapatite in
comparison to wild-type RoxA were noticed during protein puri-
fication.

When purified Phe317Ala and Phe317Leu RoxA muteins were
subjected to a quantitative polyisoprene cleavage assay, ODTD-
forming activity was reduced to 3% * 2% and 10% * 3% residual
activity, respectively, compared with that for purified wild-type
RoxA. These values are in agreement with the reduced clearing
zone diameters of the respective Xanthomonas sp. strains shown in
Fig. 2a and confirmed that a residue with hydrophobic character
at position 317 is important for RoxA activity. Significant
amounts of products other than ODTD were not detected by
HPLC analysis (not shown). Other biochemical properties, such
as the temperature optimum (40°C) or pH optimum (pH 7), were
also not changed detectably compared to wild-type properties.
These results suggested that the mutations negatively influenced
the reaction of the active center with substrate molecules but not
the general properties of the enzyme.

In our previous study, we showed that wild-type RoxA specif-
ically responded to reducing agents and to the presence of low-
molecular-weight inhibitory compounds such as imidazole and
pyridine (18). Since residue 317 is the closest amino acid to the
free coordination site of the N-terminal heme center, and since the
chemical environment of heme is reflected by its spectroscopic
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FIG 3 UV-vis spectra of WT-RoxA and RoxA-F317A. (a and b) Spectra of recombinant WT-RoxA and RoxA-Phe317Ala, as isolated (2 wM). The Soret-band
region is enlarged in the inset of panel a; panel b shows the Q-band region from panel a. The Phe317Ala mutein had a 1-nm blue-shifted Soret maximum and less

pronounced Q bands, with a blue-shifted maximum at 530 nm. (¢ and d)

Spectra of recombinant WT-RoxA and RoxA-Phe317Ala, both reduced with

Na ™" -dithionite under an N, gas atmosphere. In panel c, the Soret-band region is enlarged in the inset; panel d shows the Q-band region from panel c. WT-RoxA
and the Phe317Ala mutein both had a Soret band at 418 nm and exhibited only minor differences in intensity for the a-bands, which were of almost equal
intensities. The 549-nm a-band appears to be slightly more intense than the 553-nm band in the WT spectrum and appears to be less intense in the Phe317Ala

spectrum.

properties, UV-visible (UV-vis) spectroscopy was performed with
both muteins (Phe317Ala and Phe317Leu). The UV-vis spectra of
both muteins, as isolated, showed typical c-type cytochrome spec-
tra in an oxidized state (shown for Phe317Ala RoxA in Fig. 3). The
Soretand Q bands were shifted by ~1 nm, to a shorter wavelength
(405 to 406 nm for the Phe317Ala RoxA mutein compared to 406
to 407 nm for WT-RoxA), and by 5 to 6 nm (530 nm for the
Phe317Ala RoxA mutein compared to 535 to 536 nm for WT-
RoxA), respectively (Fig. 3a). When the UV-vis spectrum of the
chemically (dithionite) reduced Phe317Ala mutein was deter-
mined, the Soret band was shifted to 418 nm and two separated
a-bands, with maxima at 549 nm and 553 nm, appeared that were
very similar to those of wild-type RoxA, but with a slightly de-
creased intensity of the 549-nm a-band (Fig. 3b). Reoxidation of
chemically reduced Phe317Ala RoxA by dioxygen resulted in a
disappearance of the a-bands, as also found for wild-type RoxA
(not shown). Thus, the spectral UV-vis properties of the
Phe317Ala RoxA mutein, as isolated and in a reduced state, were
similar but showed some differences from those of wild-type
RoxA, as may be expected from an exchange of an amino acid that
influences the electronic transitions of a porphyrin system. When
the Phe317Leu mutein was analyzed by UV-vis spectroscopy, very
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similar results to those described for the Phe317Ala mutein were
found (not shown).

Low-molecular-weight heme ligands have different effects
on WT-RoxA and on Phe317 muteins. The results of UV-vis
spectroscopy of RoxA muteins shown above suggest some differ-
ences in the biophysical properties and/or electronic environment
of the N-terminal heme center of RoxA muteins compared to
WT-RoxA. Reaction of WT-RoxA with imidazole, pyridine, or
other related heterocyclic compounds with free electron pairs at
the hetero atom resulted in a notable strong increase of the
549-nm a-band, even in the presence of dioxygen, and in almost
complete inhibition of polyisoprene cleavage activity (Fig. 4a).
Imidazole (in the form of histidine) is a typical axial heme ligand
in many heme proteins. The effects of imidazole and related het-
erocyclic compounds mimicked the UV-vis effects of a partial
reduction of the N-terminal heme center (increase of a-bands as
in the presence of chemical reductants). In contrast to complete
reduction (e.g., by dithionite), no increase of absorption of the
other a-band at 553 nm appeared, confirming that the C-terminal
bis-His-coordinated heme was not affected. We assume that low-
molecular-weight heterocyclic compounds such as imidazole and
pyridine have access to the free sixth coordination sphere of the
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reduction of one heme center. (¢ and d) Spectra of recombinant RoxA-Phe317Ala, as isolated (2 pM) and after addition of pyridine (5 mM; 1 h at room
temperature). In panel ¢, the Soret-band region is enlarged in the inset; panel d shows the Q-band region from panel c. Only minor changes appeared in the
presence of pyridine and did not proceed through a prolonged incubation time. Similar weak effects on the UV-vis spectrum of RoxA-Phe317Ala were obtained
by addition of other external heme ligands, such as imidazole (not shown). The characteristic changes in the WT-RoxA spectrum caused by imidazole have been

reported previously (see Fig. 3a of reference 18).

N-terminal heme (active site), thereby leading to a competitive
inhibition of polyisoprene cleavage activity of RoxA.
Remarkably, and in contrast to the case for WT-RoxA, only
minor effects on UV-vis spectra were observed when the
Phe317Ala and Phe317Leu RoxA muteins were incubated with 1
mM imidazole or pyridine (Fig. 4b, results shown only for the
Phe317Ala mutein). Only a very little broadening or shift of the
Soret band and a marginal increase in the 549-nm a-band oc-
curred upon incubation with imidazole or pyridine. The possibil-
ity that binding of imidazole or pyridine does not occur in the
Phe317Ala and Phe317Leu muteins is unlikely, because the ex-
change of Phe against Ala (or leucine, to a minor extent) provides
even more space around the sixth coordination sphere of heme.
Binding of imidazole or pyridine to the active site of Phe317Ala
and Phe317Leu muteins is additionally supported by the finding
that both compounds minimized the rest activity of the
Phe317Ala (=3%) and Phe317Leu (10%) muteins to a hardly de-
tectable level (<0.5%). Presumably, the distribution of 1 electron
density along the Fe-N-ligand bond was affected in the RoxA
muteins. These results indicate that the mutations either nega-
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tively influenced access to the active center of the two RoxA mu-
teins for substrates and inhibitors or influenced an orbital over-
lapping the iron and the N-ligand that might be responsible for the
intense 549-nm a-band in WT-RoxA in the presence of certain
ligands. Both possibilities are in agreement with the conclusion
that Phe317 is important for interaction of the enzyme with sub-
strates, e.g., Phe317 is important for correct positioning of sub-
strate molecules at the active site. Spectroscopic experiments with
the true substrate (polyisoprene) are not possible because polyiso-
prene latex is opaque and absorbs light. The observation that a
smaller residue at position 317 partially inhibits the enzyme might
also be explained by the assumption that the substrate molecules
have more degrees of freedom to bind and to orientate themselves
in the active site in Phe317Ala RoxA and are not forced to bind in
the correct position for latex cleavage or, in the case of external
heme ligands, in their geometric position in WT-RoxA.

In summary, we have succeeded in providing all the tools nec-
essary to study the enzymatic cleavage mechanism of polyisoprene
systematically at the molecular level: (i) the 3-dimensional struc-
ture of RoxA can be investigated i silico and used for prediction of
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effects of structural changes by mutagenesis of RoxA, (ii) the roxA
gene can be manipulated in E. coli, (iii) the roxA gene can be
expressed in and purified from recombinant Xanthomonas sp.
strains after integration into the chromosome, and (iv) the effects
of manipulations on activity and structure can be studied by bio-
chemical and biophysical methods. Here, for the first time, we
identified an amino acid that is essential for polyisoprene cleavage
activity and is part of the active site of RoxA.
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