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RoxB Is a Novel Type of Rubber
Oxygenase That Combines Properties of
Rubber Oxygenase RoxA and Latex
Clearing Protein (Lcp)

Jakob Birke, Wolf Rother, Dieter Jendrossek
Institute of Microbiology, University of Stuttgart, Germany

ABSTRACT Only two types of rubber oxygenases, rubber oxygenase (RoxA) and la-
tex clearing protein (Lcp), have been described so far. RoxA proteins (RoxAs) are
c-type cytochromes of ~70 kDa produced by Gram-negative rubber-degrading bac-
teria, and they cleave polyisoprene into 12-oxo-4,8-dimethyltrideca-4,8-diene-1-al
(ODTD), a C,5 oligo-isoprenoid, as the major end product. Lcps are common
among Gram-positive rubber degraders and do not share amino acid sequence
similarities with RoxAs. Furthermore, Lcps have much smaller molecular masses
(=40 kDa), are b-type cytochromes, and cleave polyisoprene to a mixture of C,,,
C,s, G50, and higher oligo-isoprenoids as end products. In this article, we purified a
new type of rubber oxygenase, RoxBy,, (RoxB of Xanthomonas sp. strain 35Y).
RoxBys, is distantly related to RoxAs and resembles RoxAs with respect to molecular
mass (70.3 kDa for mature protein) and cofactor content (2 c-type hemes). However,
RoxBys, differs from all currently known RoxAs in having a distinctive product spec-
trum of C,,, C,s, C50, and higher oligo-isoprenoids that has been observed only for
Leps so far. Purified RoxBy,, revealed the highest specific activity of 4.5 U/mg (at
23°C) of all currently known rubber oxygenases and exerts a synergistic effect on the
efficiency of polyisoprene cleavage by RoxA,,,. RoxB homologs were identified in
several other Gram-negative rubber-degrading species, pointing to a prominent
function of RoxB for the biodegradation of rubber in Gram-negative bacteria.

IMPORTANCE The enzymatic cleavage of rubber (polyisoprene) is of high environ-
mental importance given that enormous amounts of rubber waste materials are
permanently released (e.g., by abrasion of tires). Research from the last decade
has discovered rubber oxygenase A, RoxA, and latex clearing protein (Lcp) as be-
ing responsible for the primary enzymatic attack on the hydrophobic and water-
insoluble biopolymer poly(cis-1,4-isoprene) in Gram-negative and Gram-positive
rubber-degrading bacteria, respectively. Here, we provide evidence that a third type
of rubber oxygenase is present in Gram-negative rubber-degrading species. Due to
its characteristics, we suggest the designation RoxB for the new type of rubber oxy-
genase. Bioinformatic analysis of genome sequences indicates the presence of roxB
homologs in other Gram-negative rubber degraders.

KEYWORDS rubber oxygenase, latex clearing protein, polyisoprene, biodegradation,
heme dioxygenase, dioxygenases

aterials that contain or consist completely of rubber [poly(cis-1,4-isoprene)] have
been in use by mankind for more than 100 years at an industrial scale. Most of the
rubber materials are released into the environment after use. In particular, small rubber
particles liberated from car tires by abrasion contribute to a constant supply of rubber
to many ecosystems on earth. Therefore, it is not astonishing that rubber-degrading
microorganisms are widely distributed, and several research reports have described the

July 2017 Volume 83 Issue 14 €00721-17 Applied and Environmental Microbiology

ENVIRONMENTAL MICROBIOLOGY

L)

Check for
updates

Received 27 March 2017 Accepted 10 May
2017

Accepted manuscript posted online 12 May
2017

Citation Birke J, Rother W, Jendrossek D. 2017.
RoxB is a novel type of rubber oxygenase that
combines properties of rubber oxygenase
RoxA and latex clearing protein (Lcp). Appl
Environ Microbiol 83:e00721-17. https://doi
.0rg/10.1128/AEM.00721-17.

Editor M. Julia Pettinari, University of Buenos
Aires

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Dieter Jendrossek,
dieterjendrossek@imb.uni-stuttgart.de.
J.B.and W.R. are co-first authors.

aem.asm.org


https://doi.org/10.1128/AEM.00721-17
https://doi.org/10.1128/AEM.00721-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:dieter.jendrossek@imb.uni-stuttgart.de
http://crossmark.crossref.org/dialog/?doi=10.1128/AEM.00721-17&domain=pdf&date_stamp=2017-5-12
http://aem.asm.org

Birke et al.

isolation of rubber-degrading bacteria and fungi from different sources. For overviews
and recent reports, see references 1 to 4. Since rubber is a high-molecular-weight
polymer, it cannot be taken up by cells directly; foremost, the polymer has to be
cleaved extracellularly into low-molecular-weight compounds that can be transported
across the cell membrane and used for metabolism. Therefore, previous research on
rubber degradation has concentrated on the investigation of the primary attack on the
polyisoprene molecule by extracellular rubber oxygenases. Remarkably, Gram-negative
and Gram-positive rubber degraders use two unrelated rubber oxygenases for the
primary extracellular cleavage of the polyisoprene molecule: the first purified rubber
cleavage enzyme is the rubber oxygenase RoxA,;,, (RoxA of Xanthomonas sp. strain 35Y)
(5, 6). RoxA,,, was identified as a c-type diheme dioxygenase (7-9). Recently, the
three-dimensional RoxA,, structure and essential amino acids of the active site were
determined (10, 11). RoxA homologs were identified in other Gram-negative bacteria
such as Haliangium ochraceum and some myxobacteria (12) but not in any Gram-
positive rubber degrader. 2-Oxo-4,8-dimethyltrideca-4,8-diene-1-al (ODTD) is the major
rubber degradation product of all biochemically characterized RoxAs. Investigation of
rubber degradation by Gram-positive species in A. Steinbtichel’s group led to the
identification of a second type of rubber oxygenase (named latex clearing protein [Lcp])
(13-18). Meanwhile the Lcps from species of four different genera (Streptomyces,
Gordonia, Rhodococcus, and Nocardia) have been purified and biochemically character-
ized (19-23). Lcps from different species are related in amino acid sequence and share
a domain of unknown function, DUF2236 (19, 24), but differ from RoxAs in several
properties: the molecular masses of Lcps are only approximately half (=40 kDa) of that
of RoxAs (=75 kDa), and Lcps don’t share amino acid similarities to RoxAs. Moreover,
Lcps differ from RoxAs in having only one noncovalently bound heme (b-type cyto-
chromes) and produce a mixture of C,,, C,5, C50, and higher oligo-isoprenoids as end
products. In summary, it seems as if the ability to degrade rubber has evolved twice:
Gram-negative rubber degraders use c-type diheme RoxAs to produce a C,5 oligo-
isoprenoid, and the Gram-positive counterparts use b-type mono-heme Lcps that
cleave rubber to a mixture of C,, and higher oligo-isoprenoids via random (endo)
cleavage of polyisoprene. Low-molecular-weight degradation products most likely are
taken up by the bacteria and further catabolized via B-oxidation (25-27).

Most of our work on RoxAs was done with Xanthomonas sp. strain 35Y, the first
isolated Gram-negative rubber degrader (5). Recently, we determined the draft genome
sequence of Xanthomonas sp. strain 35Y (V. Sharma, G. Siedenburg, J. Birke, F. Mobeen,
D. Jendrossek, and T. Prakash, unpublished data). Interestingly, we identified a gene of
2,046 bp (roxB; accession no. KY498024) in the Xanthomonas sp. strain 35Y genome that
coded for a 73.8-kDa protein with 38% amino acid sequence identity to RoxA,q,.
Moreover, the gene product harbored two sequence motifs for covalent attachment of
two heme cofactors to cysteins (CHACH and CASCH) at the same position in a sequence
alignment as in RoxA,q,. This prompted us to investigate the gene product for a
potential function in rubber cleavage and was the basis for this study.

RESULTS AND DISCUSSION

Identification of roxB,,, in Xanthomonas sp. strain 35Y. Screening of the Xan-
thomonas sp. strain 35Y genome sequence confirmed the presence of one copy of the
previously cloned roxAy,, gene (7). Additionally, inspection of the genome sequence for
homologs of roxAy,, or Icp genes revealed one open reading frame of 2,046 bp that
coded for a protein of 73.8 kDa. The deduced amino acid sequence of this gene product
showed a medium degree of identity (38%) to the RoxA,,, sequence and no significant
similarity to Lcps. In addition, the amino acid sequence harbored a putative Sec-dependent
signal peptide sequence (predicted with the SignalP 4.1 server) of 33 residues, suggesting
a putative extracellular localization of the gene product similar to RoxA,q,,. Furthermore, the
amino acid sequence had two c-type heme binding motifs (C,4,HAC,gsH and C54,ASC54,H)
for covalent attachment of heme groups at almost identical positions in the primary
amino acid sequence as it is known for RoxA of Xanthomonas sp. strain 35Y
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TABLE 1 Properties of the rubber oxygenases used in this study
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Result fore:

Protein attribute RoxBy,, RoxAy, Lcpyso
Gene length, bp 2,046 2,037 1,191
Signal peptide® Sec dependent Sec dependent Tat dependent
Mol mass, kDa

Preprotein 73.8 74.7 44.0

Mature protein 70.3 715 41.0
P; (theoretical)< 7.21 8.45 6.10
Aromatic residues

% in mature protein 9.9 1.4 7.7

Total no. of F, Y, W 23, 24,17 24, 30, 20 7,10, 12
Heme attachment, N/C terminal CHACH, 4¢/CASCH345 CSACH, 55/CASCH3,4 None (b-type heme)
Axial heme ligands, N/C terminal Hi06/H305 and Hg,- Hio5/H394 and Hgy, H,og (only N terminal)
Fe state “as isolated,” N/C terminal Fe3*/Fe3t Fe2*—O0,/Fe3* Fe3*/—
MauG motif PYMH,,NGSVP PYFH;,,NGSVP -
F3,, equivalent Fa00 F31, -
W,,, equivalent Vs, Wi, -
Soret band maximum, nm

Oxidized 404 407 412

Reduced 419 418 430

B-Band (reduced) 548, 556 549, 553 562
a-Band (reduced) 522, 529 521 532

Molar extinction coefficient, 10* M~ cm ™! 21.3 (404 nm) 20.6 (407 nm) 8 (412 nm)
UV-vis effect upon addition of CO No Yes No
Cleavage product(s) Mixture of =C,, ODTD Mixture of =C,,
Sp act (U/mg) at 23, 30, 37°C 45,57, 64 ND, 1.9, 2.6 1.5,ND, 4.7

aND, not determined; —, feature not present.
®Deduced from SignalP4.1 server for RoxAy,, and RoxBys, and from reference 14 for Lcpyso.
Estimated via EXPASy compute pl/M,, tool.

(C19:HAC, 54H and C;5,ASC;45H) (7) and RoxAs of other Gram-negative bacteria (12). A
MauG motif with a conserved histidine (PYMH;,,NGSVP), which is present in all
currently available RoxA sequences (7, 9), and other residues that are conserved in
RoxAs were also present in the newly identified gene product. Table 1 presents an
overview of the properties of the rubber oxygenases investigated in this study. These
findings suggest that the gene product is a c-type diheme protein like RoxAy,,, and we
named it RoxBy,.

Homologous expression of RoxB,,, in a AroxA background of Xanthomonas sp.
strain 35Y revealed rubber oxygenase activity of RoxBy,,. The similarities of the
RoxBy,, amino acid sequence to RoxAs suggested that RoxB
biochemical properties to RoxAy,,. To find experimental evidence for this hypothesis,
we amplified the roxBy,, gene by PCR and cloned it into several plasmids as described
in Materials and Methods. Attempts to express roxBy,, in Escherichia coli were not
successful (not shown). The growth-inhibitory effect of plasmid-derived expression of
roxA in E. coli has been described previously (11, 28). We therefore integrated roxBy,
under the control of an L-rhamnose-inducible promoter into the genome of a AroxA
background of Xanthomonas sp. strain 35Y by application of a PhiC31-dependent
attB/attP-assisted genome integration. The approach to integrate an inducible roxA,,,
gene into a AroxA background of Xanthomonas sp. strain 35Y had been previously used
successfully for RoxA,, expression (11). When we cultivated a clone of the constructed
AroxA Xanthomonas sp. strain 35Y with the genome-integrated roxB gene on opaque
polyisoprene latex overlay (LOV) agar that had been supplemented with 0.1%
L-rhamnose, the arising colonies developed a very weak, hardly visible clearing zone
surrounding the colonies (Fig. 1A). In comparison to a roxA,,-expressing control, the
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FIG 1 Rubber oxygenase activities of RoxA,,,- and RoxB

Xsp
Xanthomonas sp. strain 35Y harboring a roxA,,, gene or a roxBy,, gene under the control of a

rhamnose-dependent promoter were spotted onto a polyisoprene latex overlay (LOV) agar plate
supplemented with 0.1% rhamnose and were incubated at room temperature for 10 days (top row). Note

the formation of weak clearing zones around the colonies of RoxA,,,- and RoxB,,,-expressing clones on
LOV plates and its absence in the control strain (AroxA Xanthomonas sp. strain 35Y). The bottom row
shows the same colonies after staining with fuchsin solution. Note the formation of large pink halos
around the RoxB,,,-expressing colony, which indicates the formation of degradation products with
aldehyde groups. The almost complete absence of pink halos around the RoxA,,, colony can be
explained by the efficient uptake and consumption of RoxA,,,-produced ODTD. (B) Polyisoprene latex

(0.1% final concentration) was added to cell-free culture fluid of roxA,. - or roxBy,,-expressing clones that

had been grown on NB medium in the presence (+) or absence (—) of 0.1% rhamnose for 3 days at room
temperature. After incubation for 2 h at room temperature, 100 ul fuchsin solution was added to stain
aldehyde-containing compounds.

clearing zones were smaller in diameter and clearing intensity. However, when the agar
plates were stained with fuchsin reagent, large and intensively stained pink-blue zones
appeared around RoxBy,,-expressing colonies (Fig. 1A). We assume that the bacteria
expressed and secreted RoxBy,,, which in turn featured the ability to cleave polyiso-
prene to aldehyde-containing products that can be stained with fuchsin, as shown in
Fig. 1B. Interestingly, the RoxA,,,-expressing control strain did not show a fuchsin-
stained halo, although it produced a weak clearing zone. The reason for this presum-
ably lies in the ability of Xanthomonas sp. strain 35Y to take up and utilize the
RoxA,,-derived rubber cleavage product ODTD very efficiently. The finding that the
RoxBy,-overexpressing colonies (in a AroxA background) produced such large halos
upon staining with fuchsin reagent suggested that the products generated by overex-
pressed RoxByq,, could not or could only partially be taken up and metabolized by the
bacteria. When fuchsin solution was added to cell-free culture supernatants of roxAy,,-
or roxBy,-overexpressing strains that had been allowed to react with added polyiso-
prene latex for 2 h, a positive reaction was obtained (Fig. 1B). This indicated that both
enzymes were active and cleaved polyisoprene latex to aldehyde-containing products.

Expression of the roxA,,, and roxB,,, genes is upregulated during growth on
polyisoprene. To analyze if and to what extent the roxA,;, and roxBy,, genes were
expressed in Xanthomonas sp. strain 35Y, we determined transcription of roxA,,, and
roxBys,, in the wild-type strain that had been grown on polyisoprene latex or on nutrient
broth (NB). Quantitative reverse transcription-PCR (qRT-PCR) of isolated RNA samples
was performed as described in Materials and Methods. Only basal transcription levels
were determined for roxA,, and roxBys, in NB-grown cells (Fig. 2), and this corresponds
to the absence of detectable rubber oxygenase activity of NB-grown cells. In contrast,
about 10-fold-higher levels of roxA,;, and roxBy, transcripts were detected in polyiso-
prene latex-grown cells. These data suggest that roxAy,, and roxBy,, are specifically
expressed in polyisoprene-containing media. This finding is in line with a function of
both gene products in the cleavage of polyisoprene.

Purification and biophysical characterization of untagged wild-type RoxB,,,,.
We cultivated the AroxA Xanthomonas sp. strain 35Y mutant with genome-integrated
roxBy,, on LB medium that had been supplemented with 0.1% of L-rhamnose as
inducer. The roxBy,,-harboring strain produced and secreted large amounts of an
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FIG 2 gRT-PCR of RNA isolated from the Xanthomonas sp. strain 35Y wild type. Cells were grown on
nutrient broth (yellow columns) or Tuschii and Takeda medium with polyisoprene latex (gray columns)
for 4 days, respectively, and RNA was isolated and quantified as described in Materials and Methods. RNA
levels were normalized to gyrA RNA levels. Three technical replicates were performed. Error bars show
standard deviations.

~70-kDa protein into the culture medium in comparison to a control without overex-
pression of the roxBy;,, gene. A weak reddish color of the culture fluid already indicated
the presence of a heme-containing protein. The combined culture fluid of 7.2 liters was
concentrated via ultrafiltration and diafiltrated against Tris-HCI buffer. RoxBy, was
purified by two subsequent chromatographic steps on Q Sepharose and hydroxyapa-
tite as described in Materials and Methods. Figure 3A shows the elution profile of the
second chromatographic step on hydroxyapatite. A “/homogeneous” peak with absorp-
tion at 280 and at 404 nm was eluted by a potassium phosphate buffer gradient. The
combined fraction had a volume of 14 ml, and a protein concentration of 0.44 mg/ml
was determined. This corresponded to a yield of 6.2 mg pure, untagged protein from
7.2 liters of culture fluid. SDS-PAGE (Fig. 3B) revealed that a protein with an apparent
molecular mass of ~70 kDa had been purified to homogeneity, corresponding to the

theoretical molecular mass of 70.3 kDa calculated for the mature form of RoxBy,,. The
A 600- 25 B -
—280 nm RoxB %
—405 nm ©
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FIG 3 Purification of RoxB,,,. (A) Elution profile of RoxB,,, during the second chromatographic step on hydroxyapatite. (B) SDS-PAGE
analysis of RoxB,, preparations at various stages of purification. Purified Lcp,;, and RoxA,,, are shown for comparison. QFF, Q Sepharose
Fast Flow; HiPrep, gel filtration for buffer exchange; HyAp, hydroxyapatite.
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FIG 4 UV-vis spectral analysis of purified RoxB,,,. The figure shows the absorption of purified RoxB,q,
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700

in the form as

isolated (black line) and after reduction with dithionite (red line) between 350 and 700 nm. Note that dithionite led only
to a partial shift of the Soret band from 404 to 419 nm. The inset shows an enlargement of the spectrum around 550 nm

in the region of the Q-bands.

supposed presence of covalently attached heme groups (c-type cytochrome) in purified
RoxBy,, was confirmed by (i) a red-brownish color of concentrated purified RoxB
solutions, (ii) a positive staining reaction for pseudoperoxidase activity after SDS-PAGE,
(iii) the determination of an absorption maximum of 550 nm in a hemochrome pyridine
assay with the purified protein that is typical for c-type cytochromes (29), and (iv) the
inability to solvent extract the heme group from purified RoxBy, (details not shown).
To characterize the heme cofactors of RoxBy,, a spectral analysis (UV-visible light
[UV-vis] spectrum) of a concentrated RoxByg, solution was performed. As shown in Fig.
4, RoxBy, in the form as isolated has a strong absorption at 404 nm that is character-
istic of the Soret band of heme-containing proteins. Extinction coefficients for purified
RoxBy,, at 404 and 280 nm of 213,000 and 129,000 M~' cm~", respectively, were
calculated after experimental determination of the protein concentration using the
bicinchoninic acid (BCA) assay. Additionally, weak absorption at 529 («a-band), 562
(B-band), and 618 nm was also detected. When RoxBy, was chemically reduced by the
addition of dithionite, the Soret band partially shifted to 419 nm and the «- and
B-bands increased. Remarkably, both the a- and B-bands were split into two separate
signals (a-band, 522 and 529 nm; B-band, 548 and 556 nm). This indicates two
distinguishable heme groups in RoxBy;, in the reduced state.

RoxB has high rubber oxygenase activity. As pointed out above, the RoxBy,,
amino acid sequence has similarities to RoxAy,, of Xanthomonas sp. strain 35Y and
other RoxAs. To test whether RoxB,,, is able to oxidatively cleave rubber, we incubated
purified RoxBys, in a phosphate-buffered emulsion of polyisoprene latex and monitored
the consumption of dissolved oxygen. To compare the expected activity of RoxBy,,
with those of other previously described rubber oxygenases, we performed the same
experiment in parallel cuvettes using purified RoxA,;, as well as Lcp of Streptomyces sp.
strain K30 (Lcpgso)- In all three experiments, the same concentrations of purified
enzyme (4 ug/ml) were used. As shown in Fig. 5A, the presence of RoxBy,, provoked
a strong decrease of the dissolved oxygen concentration at room temperature (23°C).
This decrease was not observed if latex was absent or if heat-inactivated RoxByg, (10
min, 90°C) was used (not shown). Apparently, RoxBy, is able to react with polyisoprene
under consumption of oxygen. Interestingly, the slope of the decrease of the oxygen
concentration indicated the highest specific activity (4.5 U/mg) of all investigated
rubber oxygenases at 23°C (room temperature).

Xsp
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FIG 5 Activity assay of purified rubber oxygenases. Purified preparations of RoxBy,,,, LcPpysq, OF RoxAy, (4 ug of each protein) were added to polyisoprene latex
(arrow) in an OXY-4 miniapparatus at 30°C. The concentration of dissolved oxygen was monitored over time (A). The blank corresponds to assay buffer without
enzyme. The produced products were solvent extracted and analyzed by HPLC (B). Note formation of identical products for Lcp,s, and RoxBy,, while RoxA,,,
produced mainly ODTD.

Xsp?

RoxB cleaves polyisoprene to a mixture of C,, and higher oligo-isoprenoids.
Purified RoxBys,, RoxAy,,, and Lcpys, were allowed to react with purified polyisoprene
latex for 1 h at 23°C. The products were extracted with ethyl-acetate, dissolved in
methanol, and separated by high-performance liquid chromatography (HPLC). Figure
5B shows the product profiles obtained for RoxB RoxAy, and Lcpyse. To our
surprise, the identified products of the RoxB,;,-catalyzed reaction were the same as
those previously determined for Lcpys, (21) or for Lepg, from Rhodococcus rhodochrous
(22). In all cases, a mixture of C,,, C,s, and higher oligo-isoprenoids with terminal
aldehyde and keto groups were identified. This result was in contrast to RoxAy,,, which
cleaved polyisoprene to only one main product, namely, the C,5 oligo-isoprenoid
ODTD. A peak that corresponded to ODTD was only present in trace amounts in
cleavage reactions with Lcpys, or with RoxBy,. In conclusion, RoxBy,,—although
related to RoxAy,, in the primary amino acid sequence and in other properties—
resembles Lcps with respect to the produced cleavage products. We therefore propose
that RoxBy, is the first member of a third class of rubber oxygenases (RoxB type) that
combines properties of both previously characterized classes of rubber oxygenases
(RoxAs and Lcps). The identification of multiple oligo-isoprenoids of different lengths
suggests that RoxByq, is similar to Lcps and in contrast to RoxA,;, cleaves polyisoprene
in an endo-type manner. The pH optimum of RoxBy,,-catalyzed polyisoprene cleavage
was between pH 6 and 8 (Fig. 6A). Purified RoxBy,, was highly sensitive to imidazole
and pyridine (Fig. 6B), suggesting that binding of these compounds to the active
heme site inhibited the enzyme. A partial inhibition of RoxB,;,, was determined for SDS
and for diethyl-dithio-carbamate. The use of 1 or 10 mM EDTA had no effect on the
rubber-cleaving activity of RoxByg,.

RoxBy,, differs from RoxA,,, in its binding affinity for carbon monoxide.
Carbon monoxide is able to bind to RoxA,, in the form as isolated, as revealed by the
CO-dependent appearance of an absorption peak at 415 nm in the difference spectrum
(21). This binding can be explained by the CO affinity of the reduced, oxygen-bearing
heme center (10). Carbon monoxide strongly inhibits the polyisoprene cleavage reac-
tion of RoxA,;, (21). When we incubated purified RoxBy,, as isolated with carbon
monoxide, no change in the UV-vis spectrum was detected. This indicated that both
heme sites of RoxBy,,—in contrast to RoxA,,,—are present in an oxidized Fe** form
that cannot bind dioxygen or carbon monoxide. Nevertheless, oxygen consumption by
RoxBy, was inhibited when carbon monoxide was added to an ongoing polyisoprene
cleavage reaction (Fig. 7). This indicated that a reduced heme species occurs during the
reaction cycle that is able to bind and to activate dioxygen.

Synergistic effect of RoxB,,, on RoxA,., activity. As pointed out above, RoxA
and RoxB,,, are both able to efficiently cleave rubber to small and/or medium-sized
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FIG 6 pH profile and inhibition assay of RoxB,,. The activity of purified RoxB
Lcpys, (top bar) and of RoxB
product peak (C;; oligo-isoprenoid). Each experiment was performed in duplicate.

oligo-isoprenoids. Interestingly, a roxA-deficient Xanthomonas sp. strain 35Y isolate was
not able to substantially consume higher oligo-isoprenoids that accumulated during
rhamnose-induced expression of roxBy,,,. This is evident from Fig. 1A, where the fuchsin
halo attests the presence of aldehyde-containing, not-yet-metabolized polyisoprene
cleavage products. This raised the question of the putative physiological function of
RoxBys,. Production and excretion of RoxBys,, containing two costly cofactors, would
not seem advantageous for the bacteria if they are not able to use the reaction
products for metabolism. One reason for the presence of a roxB gene might be the fact
that RoxAy,, is an exo-type cleavage enzyme that needs free polyisoprene ends to
cleave the polymer in a processive manner to give the only observed end product,
ODTD (10). The presence of RoxBy,,, which cleaves rubber in an endo-type fashion to
a mixture of oligo-isoprenoids, would enlarge the number of poly/oligo-isoprenoid
chains with free, accessible ends. This could result in a more efficient cleavage of these
products by RoxA,, to ODTD, which can be taken up by Xanthomonas sp. strain 35Y
efficiently and used for growth. To find evidence for a postulated synergistic effect of

100+

80+

60+

oxygen saturation [%]

== RoxB undisturbed
== RoxB+ CO buffer

== RoxB+ O, buffer
40+

1.0 ) 15 20
time [min]
FIG 7 Effect of carbon monoxide (CO) on RoxB,,, activity. Purified RoxB,,, was added to assay solution
(500 wl) at =6 min (black graph, left arrow), and the consumption of dissolved oxygen was monitored.
In a second cuvette, 200 ul carbon monoxide saturated buffer was added (red graph, right arrow), and

in the third cuvette (green graph), 200 ul oxygenated buffer was added. Note the immediate stopping
of oxygen consumption in the presence of carbon monoxide.
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vsp Was assayed at different pH values, as indicated (A). The activities of purified
sp IN the absence or presence of potential inhibitors are shown in panel B. The values show the relative peak areas of the 23.7-min
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ODTD peak area[mAu*s]
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Lep2ug |

RoXB 2 jg =

RoxA 2 ug B
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Lecp 2 g + ROXA 2 g —
RoXB 2 jg + RoxA 2 g L

Lep 0.2 pug + RoxA 2 ug B

RoxB 0.2 ug + RoxA 2 ug D
| ! !

FIG 8 Synergistic effect of RoxB,,, and RoxA,,, on polyisoprene cleavage. Polyisoprene latex was cleaved by different
amounts and combinations of rubber oxygenase as indicated. The bars correspond to the peak areas of the ODTD product
(C,5 oligo-isoprenoid). The area obtained for 2 ug of RoxA,,, activity was set as 1.0. Testing of each combination was
performed in duplicate.

RoxBys, for the enhanced production of ODTD molecules by RoxA,,, we performed
experiments examining cleavage of polyisoprene latex by RoxA,,, alone, by RoxB
alone, and by combinations of RoxAy,, and RoxBys,. Since Lcpys, produces the same
oligo-isoprenoids from polyisoprene latex as RoxBys,, we also tested combinations of
Lcpkso with RoxA,,, for their efficiency to produce ODTD. The results are shown in Fig.
8: Lcpyso alone and RoxByy, alone (2 ug each of the purified enzymes) produced only
trace amounts (<0.05) or rather small amounts of ODTD (<0.15), respectively, in the
absence of RoxA,,,,. (The relative amount of ODTD produced by RoxA,, alone was set
to 1.0.) Doubling the amount of RoxA,,, from 2 to 4 ug increased the amount of
produced ODTD ~1.7-fold, suggesting that the amount of free polyisoprene ends was
already limiting the cleavage reaction. When we mixed 2 ug each of RoxA,,, and
RoxBys,, the amount of ODTD increased more than 2-fold (~2.2-fold). This result is in
agreement with our assumption that the generation of free oligo-isoprenoid ends by
RoxBys, increases the efficiency of ODTD production by RoxA,,. A similar result was
obtained when we used a 10-fold-smaller amount of RoxBy,, (0.2 ug) in combination
with 2 ug of RoxA,,,. The amount of liberated ODTD was increased 1.5-fold. Replace-
ment of RoxBy;, by Lcpys, resulted in a similar positive effect of Lcpys, on ODTD
production. In conclusion, our data strongly suggest that the presence of only small
amounts of RoxBy,, can increase the amount of RoxA,,,-produced ODTD. This finding
provides a plausible explanation for a possible physiological function of the secretion
of two rubber oxygenases (RoxAy,, plus RoxBys,) by enlarging the efficiency of ODTD
generation that can be used for metabolism.

RoxB is present in other Gram-negative bacteria. A BLASTp analysis (performed
in January 2017) with the RoxBy, amino acid sequence of Xanthomonas sp. strain 35Y
as the query sequence revealed 13 putative RoxB homologs in other bacteria with at
least 60% amino acid sequence identity. The protein with highest similarity (83%
amino acid identity) was identified as the product of a gene (2,040 bp) from
Rhizobacter gummiphilus, a well-known rubber-degrading species (30). Interestingly,
this protein had been previously annotated as a putative rubber oxygenase (accession
no BAS44780.1). During revision of this article, experimental evidence for the function

Xsp!
Xsp

Xsp*

Xsp*

Xsp
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r— Xanthomonas sp. 35Y [AAP_41848.1]
— Burkholderia sp. Bp7605 [WP_069235229.1]
Alcanivorax haiticus [KGD66048.1]
Xanthomonas sp. 35Y [KY_498024.1]
Rhizobacter gummiphilus [BAS44780 1]
Alcanivorax hongd [WP_008930477.1]
Alcanlvorax sp. P2870 [WP_022986784.1]
Minicystis rosea [APR80168.1]
Haliangium ochr DSM 14365 [WP_012826609.1]
Archanglum sp. Cb G35 [WP_073562408.1]
Archangium violaceum Cb vi76 [WP_043389468.1]
Corallococcus coralloides DSM 2259 [WP_014395657.1]
Myxococcus hansupus [WP_002633099.1]
Myxococcus fulvus [WP_046716209.1]
Myxococcus fulvus 124B02 [AKF87060.1]
ystis exedens [SFF20973.1]
| Roseateles sp. YR242 [SEL22953.1]
Corallococcus coralloides DSM 2259 [WP_014394997.1]
Archangium violaceum Cb vi76 [WP_043390301.1]
Archangium sp. Cb G35 [WP_073560066.1]
Myxococcus fulvus [SEU16020.1]
Myxococcus fulvus 124B03 [AKF82353.1]
Myxococcus fulvus [WP_046718186.1]
Myxococcus fulvus [WP_074955684.1]
Myxococcus hansupus [WP_044889909.1]
Myxococcus hansupus [AKQ70657.1]
Myxococcus fulvus [WP_043710033.1]
Myxococcus fulvus HW-1 [AEI64212.1]
Chondromyces apiculatus DSM 436 [WP_044237835.1]
Minicystis rosea [APR86293.1]
Haliangium ochraceum DSM 14365 [WP_012826819.1]
Nannocystis exedens [SFD74792.1]

all

FIG 9 Phylogenetic tree of RoxAs and RoxBs. A multiple-sequence alignment of described and postu-
lated rubber oxygenases was performed using Clustal omega and is shown as a cladogram. The black
species designations refer to RoxB proteins, and the red designations indicate RoxAs. The sequences
were obtained using a NCBI-provided BLASTp search with the RoxA,,, or RoxB,,, sequences from
Xanthomonas sp. strain 35Y as queries. All shown RoxA and RoxB orthologous sequences have a coverage
of =95% and an identity of >60% to the query sequence, respectively.

of the roxB homolog in R. gummiphilus as a rubber oxygenase gene was published (31).
We assume that the gene product (here designated RoxBg,, 74.0 kDa, [LatA in
reference 31]) has rubber oxygenase activity similar to RoxB from Xanthomonas sp.
strain 35Y. Remarkably, all other Gram-negative species for which a functional RoxA
protein has been described (Haliangium ochraceum, Myxococcus fulvus, and Corallococ-
cus coralloides [12]) also harbor a putative roxB gene. Figure 9 shows a phylogenetic
tree of biochemically characterized and postulated RoxA and RoxB proteins. All cur-
rently known RoxA proteins form a separate cluster clearly distinct from RoxB se-
quences. The cooccurrence of RoxB proteins with RoxA proteins in Gram-negative
rubber-degrading bacteria indicates a prominent function of RoxB for rubber degra-
dation.

Conclusion. The discovery of a third type of a highly active rubber oxygenase
(RoxBys,) in Xanthomonas sp. strain 35Y and the in vitro evidence for a synergistic effect
of the simultaneous presence of RoxA,,, and RoxBy, on the efficiency of polyisoprene
cleavage highlight the prominent function of RoxBys,. Furthermore, this protein might
explain the superior growth of Xanthomonas sp. strain 35Y on polyisoprene in com-
parison to most other clearing-zone-forming rubber-degrading species. Moreover, our
finding might raise the perspective of more efficient biodegradation of rubber materials
and/or the biotechnological synthesis of defined oligo-isoprenoids.

Xsp

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Table 2 shows the bacterial strains, plasmids,
and oligonucleotides that were used in this study. Plasmid-carrying recombinant E. coli strains were
grown with lysogeny broth (LB) medium at 37°C in the presence of the appropriate antibiotic. AroxA
Xanthomonas sp. strain 35Y mutants carrying a roxB,, gene at the position of the former roxA,,, gene
were grown in nutrient broth (NB) or in modified LB medium (per liter: 5 g NaCl, 0.3 g yeast extract, 10
g tryptone) that had been supplemented with 0.1% (wt/vol) L-rhamnose as an inducer as described in
detail elsewhere (11). Polyisoprene latex was kindly provided by Weber and Schaer, Hamburg, Germany,
and was used after 3 washing steps in 0.1% (wt/vol) Nonidet P-40 to remove stabilizing compounds. The
preparation of latex overlay agar in mineral salts medium (Tsuchii and Takeda medium, [5] supplemented
with 0.1% yeast extract) has been described previously (11).
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TABLE 2 Bacterial strains, plasmids, and oligonucleotides used in this study

Strain, plasmid, oligonucleotide,

or primer Relevant characteristic(s)? Reference(s)
Strains
E. coli
S17-1 Conjugation strain 34
JM109/pUC9:lcpyso (SN5339) Cloning vector for roxBys,, Ap" 20
JM109/p4782.1::lcpys, (SN5496) Expression of lcpys, under rhamnose promoter control, 21

cloning vector for roxBy,, Kmr

Xanthomonas sp.

35Y (SN5065) Growth on poly(cis-1,4-isoprene) latex, clearing zone formation 5; Sharma et al.,
unpublished
35-CM AroxA-attB (SN4114) Chromosomal deletion of roxAy,, attB at former roxA site, Cm" 11
35-CM AroxA-attB/pNH1:roxA Expression of roxAy,, from rhamnose promoter of genome- 1"
(SN4230) integrated roxA, Km" Cm*
35-CM AroxA-attB/pNH1:roxB Expression of roxBy,, from rhamnose promoter of genome- This study

(SN6487)

Oligonucleotides

integrated roxB, Kmr Cm®

roxB-f GGAATTCCATATGAGTTCAAAGCAACACCGGGCGCGCGCCAAGG
roxB-r CCCAAGCTTCTACAATGTCTTCAGATACTCGATGATGG
Int-f TCTCCTGCAAACTGCTTTTAC
Int-r GCGAATCTGAACTATCTCATCC
Primers
Sequencing
pint-f CCCATTTTCCTGTCAGTAAC
pint-r CTCCACGGGGAGAGCCTGAG
roxB500-f CGATGAGCTGGTTGCCGAGC
qRT-PCR
GyrA-f AGAGCAATAACGTCTCCTCCCG
GyrA-r GGTAGCGCATCGAGAAGTTCTG
RoxA-f TTGTTCATAGGACAGGGAGCCG
RoxA-r CCGCGTTTGGATTGGAATTCAC
RoxB-f ACGGATCTCATCAAGAGCAGCC
RoxB-r ATGCATTGAATGCAACCGCAC

aKm’, kanamycin resistance; Ap", ampicillin resistance; Cmr, chloramphenicol resistance. The orientation of each of the oligonucleotide and primer sequences shown is
5'—3"

Cloning of roxB. The roxB gene of Xanthomonas sp. strain 35Y was amplified from the genomic DNA
by PCR (for primer sequences, see Table 2, roxB-f and -r) and cloned into pUC9 via Ndel and Hindlll sites.
The plasmid pUC9:roxB was cleaved with Ndel/Sacl, and the roxB,,, gene-containing DNA fragment was
cloned into the expression vector pNH1 using the same restriction sites. The resulting plasmid, pNH1::
roxBy,, was conjugatively transferred from E. coli S17-1 to Xanthomonas sp. strain 35Y AroxA-attB and
chromosomally integrated via attP/attB recombination, as previously described in detail (11). The correct
integration of roxB,,, was confirmed by colony PCR (for primer sequences, see Table 2, Int-f and -r) and
subsequent DNA sequencing with primers roxB500-f and pint-f and -r.

Purification of rubber oxygenases Lcp,;, RoxA,,,, and RoxB,,,. Purifications of Lcp,;, and
RoxA,, were performed as described previously (9, 21). RoxBy,, was purified from the supernatant of a
Xanthomonas sp. strain 35Y-CM AroxA-attB/pNH1:roxB culture that was grown in 12 individual 600-ml
cultures of modified LB medium (each in a 3-liter Erlenmeyer flask), supplemented with 0.1% (wt/vol)
L-rhamnose for 72 h at 22°C at 120 rpm. Cells were harvested by centrifugation (4°C at 16,000 X g), and
the supernatant was concentrated by ultrafiltration (10-kDa cutoff) to a volume of 350 ml and applied
to a Q Sepharose fast-flow column (Q-FF 50/11; bed volume, 250 ml) that had been equilibrated with 20
mM Tris-HCl (pH 8.0; flow rate, 8 ml/min). RoxBy, was detected by monitoring the absorbance at 404 nm
and was eluted in a subsequent step gradient at =50 mM NaCl in equilibration buffer. Combined
RoxB,,,-containing fractions were concentrated to a volume of 50 ml (Amicon 30-kDa cutoff), and
Tris-HCI buffer was exchanged with potassium phosphate buffer (10 mM, pH 6.8) by gel filtration with
a HiPrep 26/10 desalting column (GE Healthcare, United Kingdom). Subsequently, the RoxB,,,, pool was
applied to a hydroxyapatite column (CHT5-I; Bio-Rad [bed volume, 20 ml]) that had been equilibrated
with the same buffer. RoxB,,, was eluted with a linear gradient of 10 to 200 mM potassium phosphate
buffer (pH 6.8) at ~50 mM. RoxB,,, fractions were pooled and stored on ice or frozen in liquid nitrogen
and stored at —70°C. Purity was tested by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and by determination of the absorption quotient 404 nm/280 nm (1.66 for pure RoxBXsp).
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Assay of rubber oxygenase activity. To determine the activities of purified rubber oxygenases
(RoxAy,, RoxBy,,, and Lepys,), two different assays were applied: in the first assay, the consumption of
dissolved oxygen was determined in an OXY-4 miniapparatus (PreSens, Regensburg, Germany) as
described previously (20, 32). This assay allows the online determination of the polyisoprene cleavage
reaction by following the consumption of the cosubstrate dioxygen. For the second assay, polyisoprene
latex was incubated in the presence of the test enzyme for 1 or 2 h at 23 or 30°C. The cleavage products
were extracted with ethyl-acetate and separated by HPLC as described previously (20). For quantification,
the peak area of the C,5 peak with a retention time of ~23 min was used.

Fuchsin staining. The presence of polyisoprene cleavage products was indicated by the developed
purple color after addition of 100 wl of a fuchsin solution (2 g of fuchsin dissolved in 50 ml of glacial
acetic acid, 10 g Na,S,0,, 100 ml of 0.1 N HCl, and 50 ml H,0) to the assay mixture (0.2% polyisoprene
in 100 mM KP buffer with rubber oxygenase or cell-free culture supernatants of roxA,,,- or roxB,,,-
expressing strains at a volume of 400 to 1,000 ul). Latex overlay agar plates with Xanthomonas sp. strain
35Y colonies were stained with the same fuchsin solution; after 1 to 5 min, the purple color arising from
the aldehyde-containing products became visible.

qRT-PCR. Cells for gqRT-PCR were grown on either NB agar or latex overlay agar plates for 2 to 5 days
at 22°C, respectively. RNA was extracted using the RNeasy minikit (Qiagen, Hilden, Germany). To this end,
cells were resuspended in 350 ul buffer RLT (containing 10 ul 2-mercaptoethanol per ml of buffer),
supplemented with zirconia/silica beads (0.1 um; BioSpec, Bartlesville, OK) and disrupted on a shaker mill
(Silamat S6; Ivoclar Vivadent, Liechtenstein) for 30 s. The lysate was transferred into 250 ul ethanol and
used for RNA purification according to the manual supplied by the manufacturer, including an on-
column DNase treatment of 30 min. The quality of the purified RNA was determined by agarose gel
electrophoresis and determination of the nucleic acid concentration via a NanoDrop 2000 photometer
(Thermo Scientific, Wilmington, DE). Reverse transcription was performed using random hexamer
primers and RevertAid transcriptase (Thermo Scientific, Wilmington, DE) in a 10-ul reaction mixture
with one temperature cycle: 10 min at 25°C and 60 min at 42°C. RNA was digested by RNase H for
30 min at 37°C, and the DNA concentration was determined spectroscopically (NanoDrop). The
transcribed cDNA was purified using the DNA Clean & Concentrator-5 kit (Zymo Research, Irvine, CA).
Fifty nanograms of cDNA derived from cultures grown on NB or latex overlay agar was used as the
template for the quantitative PCR. In a reaction volume of 10 ul, 20 pmol of each primer (Table 2)
was supplemented with 5 ul innuMix gPCR mastermix SyGreen (Analytik, Jena, Germany), and the
volume was adjusted using PCR-grade water. The reaction was carried out in a gTOWER 2.0 (Analytik,
Jena, Germany) controlled by the software qPCRsoft 3.2. The PCR program was as specified as 95°C
for 3 min followed by 40 cycles of 5 s at 95°C, 5 s at 52°C, and 20 s at 72°C. Subsequently, the melting
curves of the synthesized DNA strands were recorded by monitoring of heating from 60°C to 95°C.
Data analysis was performed via cycle threshold (AAC;) quantification relative to the expression level
of the single-copy DNA gyrase housekeeping gene.

Other techniques. The concentration of protein solutions was determined by the bicinchoninic acid
(BCA) method using a commercial BCA kit (Pierce). Separation of proteins was performed by polyacryl-
amide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE) under reducing
(2-mercaptoethanol) conditions. SDS-PAGE gels were stained with silver (33). Assays for pseudoperoxi-
dase activity and fuchsin straining of agar plates were performed as described previously (9, 22). Heme
extraction, the pyridine hemochrome assay (29), and the RoxB,,, inhibitor assays were carried out as
previously described (22). A phylogenetic tree of RoxA and RoxB amino acid sequences was generated
by a multisequence alignment using the Clustal Omega online tool (www.ebi.ac.uk/Tools/msa/clustalo).

Accession number(s) The DNA sequences of roxB,,, and gyrA,,, are available under GenBank
accession no. KY498024 and MF033387, respectively.
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