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atural rubber, or coutchouc, is a hydrocarbon biopolymer
with a long history of use in a wide range of industrial and
technical applications. The most signiﬁcant source of natural
rubber is the sap of the rubber tree, Hevea brasiliensis, which has
been commercially cultivated for more than a century. Different
types of rubber are also produced by other plants and fungi, and
although synthetic rubbers have become available, the natural
product still constitutes the most important raw material for the
latex industry.
The latex milk of H. brasiliensis contains 25–35% of a high molecular weight polyisoprene with some 100–10,000 cis-1,4-isoprene
units per molecule. Hevea polyisoprenes are presumably terminated by dimethylallyl groups at both ends and by two transconjugated isoprene units next to one unit of the dimethylallyl
end (1–4). Latex, used by the plant to seal injuries of the bark
and to kill invading insects by capturing them in coagulated
rubber plugs, is a resilient and stable polymer, and the mere fact
that it does not accumulate in nature is evidence of the existence
of pathways for its biodegradation.
Despite the economic importance of rubber and the sheer
amounts produced and used in industry, knowledge of the mechanistic basis of latex biodegradation is limited. Different rubberdegrading microorganisms have been described, some of which
have been isolated and characterized (5–8). Two of these microorganisms, Streptomyces sp. K30 (9) and Xanthomonas sp. 35Y (7),
form characteristic clearing zones around the colonies when grown
on latex agar. The latex-degrading enzymes have been identiﬁed in
both cases. They do not demonstrate recognizable sequence homologies, and thus likely represent two convergent solutions to
the same biochemical problem. The latex-clearing protein (Lcp)
(9, 10) from Streptomyces sp. K30 is a 43-kDa polypeptide without
a known cofactor or prosthetic group, whereas the rubber oxygenase RoxA from Xanthomonas sp. 35Y is a 75-kDa c-type cyto-
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chrome with two heme groups (11, 12). In the latter, the porphyrins
are covalently attached via thioether bonds to the cysteine residues of heme attachment motifs of sequence CXXCH. RoxA has
been isolated and its spectroscopic properties have been assessed
by UV/vis and electron paramagnetic resonance (EPR) spectroscopy (13).
Formation of a clearing zone depends on secretion of RoxA
into the medium, where it catalyzes the oxidative cleavage of the
polyisoprene molecule, notably with the tri-isoprene 12-oxo-4,8dimethyl-trideca-4,8-diene-1-al (ODTD) as the predominant
cleavage product (Fig. 1B) (14). This reaction is slow and lacks
speciﬁcity, with minor amounts of other products with between
two and six isoprene units detected as well (11). All such products contained carbonyl functions, as aldehydes or ketones, at the
termini, and 18O-labeling studies veriﬁed that both oxygen atoms
incorporated into the polymer during cleavage are derived from
O2 rather than from water, making RoxA a functional dioxygenase (14). The predominant formation of a triisoprenoid product
points toward an internal mechanism for measuring chain length
(a so-called “molecular ruler”). Thus, the reactivity of RoxA is
most likely processive, that is, the polyisoprene chain is degraded
linearly from one end.
To obtain insight into the functionality of RoxA, we crystallized the protein (15) and determined its 3D structure to a resolution of 1.8 Å, using multiwavelength anomalous dispersion
methods for solving the crystallographic phase problem. RoxA is
a unique type of dioxygenase with an unusual fold and a series of
obvious adaptations to achieve its unique functionality.
Results
Xanthomonas RoxA Is a Globular Enzyme with an Unusually Low Amount
of Secondary Structure. Crystals of RoxA belong to the monoclinic

space group P21, with two monomers per asymmetric unit,
comprising residues 15–662, that are identical within the limits
of experimental error (rmsd for all atom positions, 0.14 Å). With
the exception of a small, two-stranded β-sheet composed of residues 420–422 and 500–502, the secondary structure is α-helical,
but the proportion of secondary structures with respect to all of
the loop regions within the protein is unusually small. More than
two-thirds (67.3%) of the RoxA polypeptides are organized as
loops, whereas only 31.6% form helices (Fig. 1A). As detailed
below, numerous loop regions form extended patches with no or
little secondary structure elements that cover the protein surface,
and thus discerning the internal domain structure of RoxA is not
straightforward. The presence of two disulﬁde bridges (C32–C88
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Rubber oxygenase A (RoxA) is one of only two known enzymes
able to catalyze the oxidative cleavage of latex for biodegradation. RoxA acts as a processive dioxygenase to yield the predominant product 12-oxo-4,8-dimethyl-trideca-4,8-diene-1-al (ODTD),
a tri-isoprene unit. Here we present a structural analysis of RoxA
from Xanthomonas sp. strain 35Y at a resolution of 1.8 Å. The
enzyme is a 75-kDa diheme c-type cytochrome with an unusually
low degree of secondary structure. Analysis of the heme group
arrangement and peptide chain topology of RoxA conﬁrmed a distant kinship with diheme peroxidases of the CcpA family, but the
proteins are functionally distinct, and the extracellular RoxA has
evolved to have twice the molecular mass by successively accumulating extensions of peripheral loops. RoxA incorporates both oxygen atoms of its cosubstrate dioxygen into the rubber cleavage
product ODTD, and we show that RoxA is isolated with O2 stably
bound to the active site heme iron. Activation and cleavage of O2
require binding of polyisoprene, and thus the substrate needs to
use hydrophobic access channels to reach the deeply buried active
site of RoxA. The location and nature of these channels support
a processive mechanism of latex cleavage.

Fig. 1. Reaction product and structure of Xanthomonas sp. RoxA. (A) The
monomeric RoxA in cartoon representation, colored from blue at the N
terminus to red at the C terminus. The two heme groups and functionally
relevant residues are rendered as sticks. (B) The rubber dioxygenase RoxA
cleaves linear poly-cis-1,4-isoprene into trimeric units of ODTD.

and C574–C586) within these surface loops is uncommon in
c-type cytochromes. The disulﬁde bonds are important for RoxA
activity, because chemical reduction almost completely inhibits
the enzyme (11).
The high sensitivity of RoxA activity to ionic and nonionic
detergents (11) may be explained by the low resilience of these
surface loops. The two heme groups are buried within the protein matrix and spaced at an Fe–Fe distance of 21.4 Å, which by
itself precludes efﬁcient direct electron transfer. Heme group 1 is
bound to the polypeptide chain via thioether bonds to the Sγ
atoms of residues C191 and C194 within the ﬁrst heme-binding
motif. H195 serves as a proximal axial ligand to the heme iron,
whereas the distal axial position is not occupied by a protein ligand. The second heme is attached to the C-terminal hemebinding motif, with C390 and C393 forming thioether bonds and
H394 serving as a proximal axial ligand. This heme group features the bis-histidinyl coordination typically seen in low-potential
c-type hemes involved in electron transfer processes, with H641 as
a distal axial ligand.
Midpoint redox potentials for the two heme groups are –65
mV and –130 to –160 mV, respectively (13). These values are in
stark contrast to the potential difference of 650 mV observed for
CcpA peroxidases (16), but lie within the range seen for MauG
(–159 to –244 mV) (17). Such similar potential values lead to
efﬁcient electronic coupling of the centers, hindering unambiguous assignment of the values to individual hemes.
RoxA Is Evolutionarily Derived from CcpA Peroxidases. Although our
database searches did not reveal any obvious homologs of RoxA,
signature motifs of another class of diheme c-type cytochromes,
the CcpA/MauG family, have been reported previously (12).
CcpA peroxidases are dimeric hydroperoxide reductases with an
intricate activation mechanism involving a structural rearrangment of three loop regions on reduction of one heme group,
making the substrate binding site at the distal axial position of
the other heme group accessible for H2O2 binding (16). The
monomeric MauG, although structurally similar to CcpA, is not
a metabolic enzyme, but rather a maturation factor for methylamine dehydrogenase (MADH), where it is involved in the formation of the cofactor tryptophan tryptophylquinone (TTQ) (18,
19). Neither enzyme acts as a dioxygenase, and both enzymes are
only approximately half the size of RoxA.
13834 | www.pnas.org/cgi/doi/10.1073/pnas.1305560110

Structural superposition of RoxA with a representative diheme
peroxidase, such as MacA (20) or CcpA (21) from Geobacter
sulfurreducens, showed that despite the absence of recognizable
sequence similarities, the folding cores of both proteins aligned very
closely. Differences between RoxA (Fig. 2A) and G. sulfurreducens
CcpA (Fig. 2B) manifested in all connecting loop regions, leading
to drastically altered morphology of the two proteins, with signiﬁcant consequences in terms of their functional properties. The
most obvious of these consequences were seen in three long
insertions in loop regions of RoxA that topologically corresponded to the loops that undergo conformational changes on
reductive activation of CcpA peroxidases. In RoxA, we observed
no rearrangement of these loops in a dithionite-reduced crystal
structure obtained from recombinant protein. The loops form an
elevated, tower-like structure above the active site heme group
and thus are ideally placed for a key role in interaction with the
insoluble substrate.
The core regions of RoxA and CcpA were aligned with an
overall rmsd of 1.2 Å for all atoms (Fig. 2C). This conserved
region included stretches of elongated protein backbone and
characteristic residues, such as W302, which is located at this
very position in all CcpA and MauG orthologs characterized to
date, where it provides an electron conduit bridging the relatively
large interheme distance (16, 22). The rigidity of this central part
of the protein obviously provides a platform for the highly divergent evolution of all external loops. In RoxA, these loop
regions cover almost the entire protein surface, and whereas the
two aforementioned disulﬁde bridges help stabilize the overall
fold of the enzyme, the progressive, evolutionary process of loop
extension has likely precluded the formation of ordered secondary structures. As a result, the extracellular enzyme RoxA is
indeed optimized for stability, despite its remarkable absence of
helical regions and pleated sheets.

Fig. 2. RoxA and CcpA peroxidases share a common ancestry. (A) In RoxA,
the conserved folding core shared with CcpA peroxidases forms only the
central part of the molecule, whereas nearly the entire protein surface is
decorated with extended-loop regions. (B) In the peroxidase CcpA from
G. sulfurreducens, this core composes most of the protein structure. (C) Stereo
representation of the conserved core in RoxA (violet) and CcpA (purple),
showing that disconnected peptide fragments almost completely retain
their spatial orientation.
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H195 as a proximal axial ligand to the heme iron, and the accessible distal axial position is a suggested candidate for the active site that also corresponds to the hydrogen peroxide-binding
site in CcpA peroxidases and to the O2-binding site in MauG.
Heme group 1 exhibits a pronounced saddling distortion from
planarity (Fig. 3A). An extended internal cavity surrounds the
putative active site, lined by the hydrophobic residues F317,
A251, I252, F301, L254, I255, and A316 (Fig. 3B). This provides
sufﬁcient space to accommodate three water molecules that are
visible as well-deﬁned electron density maxima (Fig. 3A and Fig.
S1). The water molecules form hydrogen bonds with the backbone carbonyl of Glu314 and the backbone amide of Phe317
(W1); the backbone carbonyl of Ser313, W3, and the distal axial
ligand at heme 2 (W2); and the β-hydroxy group of Ser313, the
Ne2 atom of Gln300, and W2 (W3). At the same time, no amino
acid side chains of RoxA are sufﬁciently close to the distal axial
coordination position to interact with a bound ligand (Fig. 3B).
The closest amino acid (5 Å) to the distal heme iron, Phe317,
was previously shown to be important for RoxA activity (23).
Structural and Spectroscopic Data Indicate Bound O2 at the Active Site
Heme. Electron density maps consistently indicated the presence

of a small molecule at the distal axial position (Fig. 3). Owing to
its free coordination site and partially occupied 3d shell, the
heme iron in heme group 1 is well suited for binding the diradical
O2. Reversible O2 binding to heme is known from hemoglobins
and their relatives, and the bound molecule can be reductively
activated to yield an aggressive oxidant, such as the Fe(IV)=O
species observed in cytochrome P450. Identifying a small-molecule ligand coordinating a metal site at moderate resolution is
not straightforward, however. Because dioxygen is a cosubstrate
of the polyisoprene cleavage reaction, RoxA as isolated may be
present in an oxygenated form. This capacity is relevant for the
enzymatic mechanisms, and we have compiled evidence from
different sources to support this interpretation.
Monoatomic and diatomic ligands are difﬁcult to distinguish in
electron density maps, particularly in the case of unsaturated
compounds, such as CO or O2, with short bond lengths. Nonetheless, the available high-quality maps clearly showed an elongated feature of Fo – Fc difference electron density (Fig. 4A).
Reﬁnement of a water molecule at this position resulted in
a remaining positive maximum on the Fo – Fc map, with no such
feature observed for the water molecules present in the active
site cavity (Fig. 4B). In contrast, modeling a bound O2 molecule

Fig. 3. Heme group environment in RoxA. (A) Stereo representation of the
distal pocket at heme group 1 with a bound O2 molecule. The displayed 2Fo – Fc
electron density map is contoured at the 1 σ level. (B) Amino acid residues at
and around the two heme groups. Three regions of the protein form a
spacious, hydrophobic cavity above the distal side of heme 1. W302, a residue also conserved in CcpA peroxidases, bridges the hemes. Heme group 1 is
linked to the protein via C191 and C194, with H195 as a proximal axial ligand, and heme group 2 is attached through C390 and C393, with H394 as
a proximal axial ligand and H641 as a distal axial ligand.

Seidel et al.

at a typical angle perfectly matched the observed electron density maximum (Fig. 4C). Independent evidence of the presence of oxygenated RoxA was obtained from electron excitation
spectroscopy.
A previous study found an increase in the α-band at 549 nm
after removal of molecular oxygen (N2 atmosphere) or under low
gas pressure conditions (vacuum), reﬂecting partial reduction
of one of the heme groups (13). The effect is characteristic of
dioxygen-binding proteins, such as globins, under low oxygen
pressure, when the (reversible) removal of O2 leaves the heme
iron in the reduced state. The presence of an O2 ligand in the
resting state of RoxA is further supported by changes in the
Q-band region that slowly appeared on oxidation with ferricyanide
(Fig. 4D), as well as on the addition of pyrogallol, which is not
an oxidizing agent but nonetheless consumes O2 or O2– (Fig.
4E). Remarkably, similar effects were found when chemically
(dithionite) reduced RoxA was anaerobically reoxidized with
ferricyanide. The reoxidation resulted in decreased Q-bands, as
documented by a drop in the maximum from 535 nm to approximately 530 nm and loss of the shoulder at 573 nm. The difference spectra of RoxA as isolated minus O2-depleted (Fig. 4 D
and E, dotted lines) display two maxima at 539–540 nm and
572–573 nm. This spectrum is strongly reminiscent of an oxygenated heme spectrum as seen in hemoglobin (24, 25) and myoglobin (26, 27).
EPR analysis of RoxA isolated from latex culture showed two
well-separated sets of signals indicative of two ferric centers, one
of which was considerably weaker in intensity than the other and
was subject to variations from batch to batch (13). This ﬁnding
suggests that one heme center is only partially present in a
paramagnetic Fe(III) state. With the assumption of O2 ligation,
this can be explained by a π back-bonding effect of the ligand
that conveys a diamagnetic (EPR-silent) Fe(II) character to the
heme iron (28). Moreover, in preparations of recombinant RoxA
expressed over 2 d in the absence of rubber latex, signals assigned to heme 1 were absent or appeared only at low intensity,
and high-spin signals were more intense in dithionite-reduced
RoxA after reoxidation (13).
To investigate these ﬁndings, we reduced RoxA with dithionite
under exclusion of dioxygen (N2 atmosphere) and reoxidized
with ferricyanide. The resulting EPR spectrum showed additional high-spin signals at g = 5.97 and low-spin signals at g = 3.57
(Fig. 4F, red trace), likely originating from heme 1. Signals
originating from heme 2 that also retained bis-histidinyl coordination on reduction with dithionite reappeared with identical intensity after reoxidation at g = 3.09 and g = 2.23 (Fig. 4F).
These ﬁndings suggest that the N-terminal heme center is
present in a reduced state in a considerable fraction of a given
RoxA preparation. Given that a ferrous state can be readily
distinguished by UV/vis spectroscopy, reduction of heme 1 can
be excluded. Rather, the dioxygen coordination to heme 1 can be
described as an Fe2+‒ O2 <=> Fe3+‒ O2‒ equilibrium, matching
the diamagnetic ferric-superoxide state (24, 29–31) caused by
partial π back-bonding (28). Such an oxygenated heme is EPRsilent, but gives rise to a characteristic UV/vis spectrum distinct
from that of a reduced heme group (Fig. 4E). In summary, our
results support that dioxygen, and not a water molecule, represents the distal ligand of heme 1.
Polyisoprene Can Access the Active Site via Hydrophobic Tunnels. A
processive mechanism of RoxA requires that the linear isoprene
polymer be threaded into the enzyme to pass the active site and
exit, cleaved into ODTD units, along a distinct pathway. In CcpA
peroxidases, reductive activation of the enzyme leads to major
conformational changes in three loop regions that yield access to
the active site (16, 20). A dithionite-reduced structure of RoxA,
solved at a resolution of 2.6 Å, provided only limited information
on structural details, such as the positions of water molecules
and the nature of the active site ligand, but reduction clearly did
not lead to rearrangements that exposed the active site. In this
PNAS | August 20, 2013 | vol. 110 | no. 34 | 13835
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Active Site of RoxA Is Located at the Distal Axial Position of a
Pentacoordinate Heme Group. Heme group 1 of RoxA has residue

substrate polymer (“hydrophobic brushes”), as have been described in protein crystal structures.
Loop regions 1, 2, and 3 of RoxA provide hydrophobic amino
acid side chains that face the distal active site cavity (Fig. 5A). In
loop 1, these are shorter-chain residues, such as I252, L254, and
I255, whereas the notable residue in loop 2 is F317, which was
recently identiﬁed as relevant for enzymatic activity (23). A remarkable feature was observed in loop 3, in which a series of
aromatic residues (mostly tryptophan) line the interface with
the other two loop regions. Starting with the residues closest to the
active site, these are W495, W445, W450, W449, and Y462, the
latter of which lies at the protein surface. In addition, W449 and
Y452 sandwich residue H312 belonging to loop region 2 through
hydrophobic stacking interactions. Within the protein matrix, the
rotational ﬂexibility of the bulky tryptophan side chains could
possibly create a transient hydrophobic pathway for the polyisoprene substrate of RoxA.
Discussion
The extracellular diheme cytochrome c RoxA is excreted by
Xanthomonas to functionalize and cleave the inert latex biopolymer poly(cis-1,4-isoprene) into the more soluble ODTD
units. These units are sufﬁciently small to be taken up for further
use inside the cell through an as-yet unidentiﬁed outer membrane protein. Only ﬁve sequences for roxA orthologs discovered
since 2009 are available in the databases, indicating either that RoxA
is rare in nature or that the subset of available (meta)genomes
underrepresents latex-degraders. Using molecular dioxygen
as a cosubstrate, catalysis by RoxA proceeds slowly, likely because
the threading of the substrate chain into the enzyme is rather
inefﬁcient.
Despite virtually negligible homologies on the level of the
primary structure, RoxA is evidently evolutionarily related to

Fig. 4. RoxA binds O2 at the active site heme group. (A) An Fo – Fc difference electron density map contoured at the +3.5 σ level shows an elongated
feature at the distal axial position of heme 1. (B) When modeled with
a water molecule at a distance of 2.1 Å, a positive difference density feature
remains. (C) An O2 ligand at a distance of 1.9 Å fully satisﬁes the observed
density maximum. (D) RoxA as isolated shows distinct UV/vis features (solid
line) that yield to a normal Fe(III) spectrum on oxidation with K3[Fe(CN)6]
(dashed line). The difference spectrum (dotted line) shows peaks at 540 and
573 nm. (E) A similar effect is observed when protein as isolated (solid line) is
treated with pyrogallol to remove bound O2 (dashed line). The same maxima
as in D are observed in a difference spectrum (dotted line). Arrows indicate
loss of absorption on removal of dioxygen. (F) EPR spectra. Comparison of
RoxA as isolated (black) with enzyme that was dithionite-reduced and subsequently reoxidized with K3[Fe(CN6)] (red) as in D, and gives rise to additional features at g = 3.57 and g = 5.97, representing a low/high-spin
equilibrium at an Fe(III) heme that was previously EPR-silent.

respect, RoxA is distinct from most CcpA peroxidases but similar
to MauG, in which no conformational changes were observed.
The three loop regions that open up the active site on reduction of CcpA peroxidases are present in RoxA and compose
residues 250–284 (loop 1), 300–320 (loop 2), and 422–499 (loop
3) (Figs. 5 and S2). Although appearing structurally rigid, they
form an extended, dome-like structure on the distal side of heme
group 1, making them the part of RoxA that the substrate chain
must cross to access the reactive center. No open channel leading
from the buried active site of RoxA to the protein surface was
visible in the structure, but this was not unexpected, given the
fact that a channel should exclude water while allowing the
substrate to pass. Such properties can be realized by ﬂexible,
apolar, or aromatic amino acid side chains that form a hydrophobic barrier but can move to accommodate the entry of the
13836 | www.pnas.org/cgi/doi/10.1073/pnas.1305560110

Fig. 5. Architecture of the regulatory loop regions and possible active site
access. (A) The topological equivalents of loop regions 1 (red), 2 (blue), and
3 (green) that rearrange on reductive activation of Ccp peroxidases are extended in RoxA and form a dome-like structure above the distal face of
heme group 1. Note the chain of ﬁve tryptophans and one tyrosine residues
in loop 3, as well as H312 and Y462, which can form H bonds with the terminus of the substrate chain and thus may act as the molecular ruler required to generate the trimeric product ODTD. (B) Superposition of an
oxidized (black) and a dithionite-reduced (red) structure of RoxA with no
major loop rearrangements. (C) CD spectra of oxidized (solid line) and
dithionite-reduced (dotted line) RoxA showing that the conformation of the
enzyme is independent of its redox state (see also Fig. S2).
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channels are necessary prerequisites for the observed formation
of ODTD, and the uniform substrate distribution then allows
a speciﬁc uptake system in the outer membrane of Xanthomonas
to optimally exploit rubber as a carbon source for growth. The
solubility of ODTD in water is low, and despite extensive trials,
we were not able to obtain complexes of RoxA with substrate
analogs or the product. Further mutagenesis studies are needed
to verify the role of possible hydrogen bond-forming residues
that act as molecular rulers for measuring the substrate.
Materials and Methods
Isolation of Native and Recombinant RoxA. The extracellular enzyme was
obtained either from native, rubber-degrading cultures of Xanthomonas sp.
strain 35Y (11) or by recombinant production in a homologous expression
system (38) following a modiﬁed protocol (13). All steps were carried out at
295 K. In brief, the supernatant of a Xanthomonas sp. liquid culture was
concentrated by cross-ﬂow ﬁltration and loaded onto a Q-Sepharose Fast
Flow column (Q-FF 50/11) preequilibrated with 20 mM Tris·HCl buffer (pH
8.5) at a ﬂow rate of 3 mL·min–1. RoxA bound to the column and was eluted
in a concentration step at 50 mM NaCl. RoxA-containing fractions were
pooled and concentrated by ultraﬁltration (30-kDa molecular weight cutoff), then subjected to a second chromatographic step on hydroxyapatite.
The column (CHT 16/10) was equilibrated with potassium phosphate buffer
(10 mM; pH 6.8), and the pooled RoxA was loaded after buffer exchange to
10 mM potassium phosphate (pH 6.8) on a HiPrep 26/10 desalting column.
The column was developed with a linear gradient of 10–200 mM potassium
phosphate (pH 6.8) and RoxA eluted at ∼40 mM. Fractions were pooled and
concentrated by ultraﬁltration to 5 mg·mL–1. The addition of 300 mM NaCl
on ice was required to prevent precipitation of RoxA at higher protein
concentrations. Purity was analyzed by SDS/PAGE and by determination of
the quotient of absorption at 406/280 nm, which was 1.35 for pure RoxA
(13). Puriﬁed RoxA was ﬂash-frozen and stored in liquid nitrogen.
Crystallization and Data Collection. Crystals of RoxA were obtained by the
sitting drop vapor diffusion method as described previously (15). A fourwavelength anomalous dispersion experiment was carried out at the K-edge
of iron to optimally exploit the phasing power of the two metal ions in the

Table 1. Data collection and reﬁnement statistics
Statistic

Value

Data collection
Space group
Wavelength,Å
Cell dimensions
a, b, c, Å
α, β, γ,°
Resolution, Å
Rmerge
Rp.i.m.
I/σI
Completeness, %
Multiplicity
Reﬁnement
Resolution, Å
No. of reﬂections
Rwork/ Rfree
No. of atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
rmsd
Bond lengths, Å
Bond angles, °

P21
0.9184
72.4, 97.1, 101.1
90.0, 98.4, 90.0
50.0–1.80 (1.85–1.80)*
0.106 (0.586)
0.051 (0.292)
10.4 (2.0)
98.6 (97.0)
5.1 (4.8)
35.8–1.8 (1.84–1.80)
119,356 (6,310)
0.168/0.220 (0.306/0.350)
10,200
172
1,762
21.9
16.8
33.2
0.019
2.721

*Values in parentheses represent the highest-resolution shell.
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both CcpA peroxidases (Fig. 2) and the TTQ biosynthesis protein MauG (22). The three systems are mechanistically distinct,
although all rely on a structurally conserved core with the characteristic arrangement of hemes and bridging tryptophan (Fig.
2C). CcpA peroxidases store one electron on their high-potential
heme group before granting access to the active site at the lowpotential heme group through a conformational change. This
allows a concerted two-electron transfer from both hemes to the
substrate hydrogen peroxide, yielding the product water and a Fe
(IV)=O oxoferryl adduct at the active site that is sufﬁciently
stable to persist until another electron is delivered by a redox
partner (16).
In MauG, in contrast, a total of six electrons must be transferred within a protein complex to complete the biosynthesis of
TTQ, the catalytic cofactor of the enzyme MADH. To this end,
MauG consecutively activates three molecules of O2 in a process
involving a unique bis-Fe(IV) intermediate, with an Fe(IV)=O
oxoferryl species at the pentacoordinate high-spin heme and an
unusual His-Tyr–ligated ferryl iron at the low-spin heme group
(22, 32). Together, the cofactors in this state are functionally
equivalent to compound I of monoheme peroxidases, such as
cytochrome P450, a Fe(IV)=O porphyrin cation radical (33).
MADH, the actual substrate of MauG, does not bind close to the
high-spin heme group; instead, electrons are transferred through
the hemes and two tryptophan residues to the enzyme precursor,
creating a spatial separation of 40 Å between the site of O2 activation and reduction of the protein cofactor (22).
Evidently, neither of these mechanisms applies to the rubber
dioxygenase RoxA, in which both oxygen atoms of an O2 molecule are incorporated into the substrate and no net redox reaction occurs. A mechanism for this reaction has been suggested
previously (14) (Fig. S3). Our analysis shows that in its resting
state, as isolated, RoxA binds O2 at heme group 1, giving rise to
spectroscopic properties reminiscient of globins not observed
in MauG (18). In the oxygenated state, the Q-bands of globins
usually occur at around 540 nm and 575 nm (28). For the heme
dioxygenases indolamine-2,3-dioxygenase and tryptophan-2,3dioxygenase, oxygen adducts were identiﬁed by maxima at 542 nm
and 576 nm (34) and 543 nm and 576 nm (35, 36), respectively.
However, compared with the stable oxygen bound to globins,
these oxygenated compounds are short-lived and seen only after
a preceding chemical reduction, given that heme dioxygenases
are isolated in the fully oxidized state (37). In contrast, RoxA is
isolated with an O2-ligated heme. Considering that the optical
spectrum and activity of isolated RoxA do not change signiﬁcantly after storage for days to weeks on ice, the oxygenated state
of RoxA must be very stable indeed. This property is unusual for
a heme dioxygenase and, to the best of our knowledge, has not
been described previously.
Stable O2 binding readies the enzyme for the complicated step
of proper threading in the substrate isoprene polymer. We suggest that the unusual aggregation of bulky aromatic side chains in
the vicinity of the distal side of heme 1 creates transient hydrophobic channels. The preferred generation of the trimer product
ODTD implies that RoxA has a mechanism for determining the
length of the substrate chain from its end to the next cleavage
site. This molecular ruler requires the presence of two substrate
channels leading from the protein surface to the active site and
back to the surface.
In an extended conformation, the length of an ODTD molecule is ∼14 Å; thus, we searched for functional groups close to
the protein surface capable of interacting with the carbonyl function at the end of the polyisoprene chain. Two of the aromatic
residues in loops 2 and 3, H312 and Y462, fulﬁll this requirement. Both H312 and Y462 are ideally positioned to form hydrogen bonds that arrest the substrate chain, so that the bond
connecting the third and fourth monomer is in close proximity to
the O2 ligand at heme 1. After oxidative cleavage, the resulting
ODTD product dissociates, and RoxA slides along the isoprene
chain until the terminus is again arrested by hydrogen bonds.
In this model, processivity and the existence of two substrate

heme groups of RoxA (15). In addition, a high-resolution dataset was obtained
from crystals of oxidized RoxA that yielded diffraction data to resolutions
better than 1.8 Å. Crystals of native RoxA belong to the monoclinic space
group P21, with two monomers per asymmetric unit. Diffraction data were
indexed and integrated with XDS (39) and scaled with SCALA (40) (Table 1).
Structure Solution and Reﬁnement. The four Fe sites were located with
SHELXD (41). SHARP (42) was used for site reﬁnement and phase calculations
(15). The quality of the resulting electron density map was sufﬁcient for
model building using Coot (43), and a nearly complete model was built
manually before crystallographic reﬁnement was carried out with REFMAC
(44). Medium noncrystallographic symmetry restraints were retained between the two monomers of the oxidized crystal form and the four monomers of the reduced form. In the oxidized model, 1,762 water molecules and
2 molecules of Hepes originating from the crystallization buffer were
modeled, and the structure was reﬁned to ﬁnal R cryst/R free values of
0.168/0.220 at 1.8-Å resolution (Table 1). The structure was validated using
PROCHECK (45), which yielded three residues in disallowed regions of the
Ramachandran plot. All three of these residues had very well-deﬁned
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