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X-ray Crystal Structures of Manganese(ll)-Reconstituted and Native Toluene/
o-Xylene Monooxygenase Hydroxylase Reveal Rotamer Shifts in Conserved
Residues and an Enhanced View of the Protein Interior
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Non-heme diiron enzymes perform important functions in
biology,! including the selective oxidation of hydrocarbons by
bacterial multicomponent monooxygenases (BMR&Dioxygen E104
activation and the conversion of € to C—OH bonds is
accomplished at carboxylate-bridged diiron units within dhsub-
units of the hydroxylase components of these enzyhié® active H137
oxidant in some of these reactions has been trapped as a kinetically
competent intermediate that forms upon reaction of the diiron(ll)
core with Q.5 The binding of a small effector protéirto the
hydroxylase facilitates this process. The evolutionarily refated
tolueneb-xylene monooxygenase (ToMOand soluble methane
monooxygenase (sSMM®hydroxylases ToMOH and MMOH have
nearly identical resting diiron(lll) active-site structurés1o but
ToMO cannot hydroxylate methane. Since crystallographic char-
acterization of TOMOH has thus far been limited to a native,
oxidized structure at 2.15 A resolutiSrand in order to expand .
our structural characterization and mechanistic understanding of /
the ToMO system, we have determined X-ray crystal structures of
native TOMOH to 1.85 A resolution and of TOMOH reconstituted

with Mn(Il) as an analogue of the reduced, diiron(ll) enzythe. . e -

. S Lo (blue) structures. (Top) Stereoview of the active sites. (Bottom) Helices E
The results, which provide 'ns_'ghts that significantly a_dvance .our and F, active-site ligands and metals, and N202. Fe(lll) ions, Mn(ll) ions,
knowledge about the BMM family of enzymes, are that (i) formation and oxygen atom species are represented as white or blue spheres. Side-
of the dimetal(ll) center is accompanied by a carboxylate shift and chain ligands are represented as sticks in white or blue (carbon), red

opening of a site for dioxygen binding and activation; (i) a (0xygen), and yellow (nitrogen).
strategically placed, conserved asparagine residue in the dimetal(ll)
form of the enzyme undergoes a rotameric shift; and (iii) there exists
a previously unidentified series of hydrophobic cavities analogous
to those in MMOH. A technical discovery of note in this study is
the use of an annealing procedure during data collection that
improved the resolution from 2.55 to 1.85 A.

Since a suitable crystal of the diiron(ll) form of TOMOH was
unavailable, the dimanganese(ll) derivative was prepared from the
apo protein and MnGland structurally characterized to 2.20 A A ghift, the bridging hydroxide syn to the coordinated histidine ligands
1.85 A resolution structure of native ToMQ@Hwas determined g gisplaced, while the one in the anti position becomes protonated
using crystals grown in an identical manner. Detailed information 4 is semibridging, being 2.8 A from Mn1. This structure closely
about sample preparation, Mn reconstitution, crystal annealing, data;esembles the core geometry of both reduced and dimanganese(ll)-
collection, and structure solution and statistics is supplied as reconstituted MMOH (Figure S3}:12 The results are consistent
Supporting Information. with Mn being in the divalent state and strongly suggest that

Although the overall topology and fold of the native protein are  ToMOH, will have the same configuration. As in the structures
essentially identical to those of the previously published structure of MMOH,,, MMOHeq, and Mn(ll)-MMOH, an increase in the
of TOMOHo® the active site differs (Figures 1, S1, and S2). metal-metal distance from 3.1 to 3.3 A accompanies the carboxyl-
Foremost is the absence of a thioglycolate molecule bridging the ate shift and oxidation state change.
two iron atoms, which was not present in the current purification The present Mn(ll)-ToMOH results are nicely consistent with
buffer (Supporting Information). Instead, the iron atoms are linked recently reported X-ray absorption spectroscopy (XAS) data for
either by a hydroxide anion, as observed in MMOH structéifes, ToMOH4!3 This study indicated that the reduced active site is
or by the terminal hydroxyl group of the polyethylene glycol (PEG) similar to that of MMOHeg, both having iron coordination numbers
molecule found in the product-binding channel (vide infra). between 5 and 6 and average—fe distances of 3:33.4 A.
Additional differences between the diiron centers of the previously Moreover, the XAS spectra of the diferrous hydroxylases in the

Helix E -
Figure 1. Overlaid 1.85 A ToMOHox (white) and 2.20 A Mn(1l)-ToMOH

reported and the present higher resolution structure of TopJOH
are minor and are summarized in Table S2.

The structure of the Mn(ll)-ToMOH derivative is quite revealing.
The carboxylate group of E231, which is analogous to E243 in
MMOH, undergoes a shift from its terminal, monodentate coordina-
tion mode in TOMOH to a bidentate-terminal, monodentate-bridging
position (Figures 1 and S1). In conjunction with this carboxylate
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Figure 2. Metal center oxidation-state-dependent conformational shifts in Figure 3. Interior surface renderings of TOMOH (top) and MMOH (bottom)
ToMOH and MMOH. (Top) 1.85 A ToMOUk (white) and 2.20 A Mn(ll)- a-subunits. TOMOH channel van der Waals surface is shown in yellow;
ToMOH (blue). (Bottom) MMOH (white; PDB code 1MTY) and hydrophobic pockets in TOMOH and MMOH are shown in green. Protein
MMOHeq (blue; PDB code 1FYZ). The metal-binding four-helix bundle, backbones (Etrace) are represented as gray ribbons, active-site iron atoms
active-site ligands and ions, and select side chains are shown as overlaidas magenta spheres, and side-chain ligands as blue sticks.

structures. Metal ions and helix backbones are represented as spheres and

cartoons, respectively. Amino acid side chains are shown as sticks in blue/

white (carbon), red (oxygen), and yellow (nitrogen). state in TOMOH and MMOH; and (iii) the amide group in the

analogous residue N204 in PHH is in hydrogen bond contact with

the side-chain hydroxyl group of S72 (S111 in MMOB; S82 in
presence of their respective regulatory proteins, MMOB and T4MOD) of the PH regulatory component (PHM) in the PHH
ToMOD, closely resemble one another, as well as those for PHM complex X-ray structuré®
hydroxylases in the absence of the regulatory protein. Thus, it is  In the TOMOH,, structure, the N202 side chain points away from
probable that the active-site structures of TOMOH and MMOH the diiron center and faces bulk solvent. In Mn(Il)-ToMOH the
immediately prior to @ activation are very similar, based on the side chain rotates inward, toward the active site. The resulting 80
results reported here and the XAS data. Differences in reactivity, rotameric shift in the N202 side chain occurs exclusively about
therefore, are likely to reflect the nature of the oxygenated the G,—C;bond and is the largest among the TOMOH oxidation-
intermediates and/or the surrounding protein scaffolds. state-dependent rotamer shifts thus far encountered. As with

In this regard, it is noteworthy that accompanying changes in MMOH, the asparagine side-chain rotamer shift affects the local

the oxidation state of the dimetallic center are conformational shifts electrostatics and topology of the protein surface between helices
analogous to those first discovered in a comparison of the MMOH  E and F directly above the active site. In the oxidized protein, the
and MMOH, structures? Precisely the same features can be N202 carboxamide group protrudes from the protein surface and,
identified by comparing the Mn(Il)-ToMOH and 1.85 A ToMQH in this manner, can serve as a hydrogen bond donor or acceptor.
structures. Conformational shifts in MMOH residues N214, E240, Upon reduction of the metal ions, this carboxamide group is directed
L244, and R245 in MMOF? are reflected in the analogous N202, into the “pore” region directly above the active site and is centered
Q228, S232, and R233 amino acid side chains of TOMOH (Figure between helices E and F.
2). These residues are located on surface-exposed regions of helices Collectively, these observations reinforce prior claims that the
E and F, adjacent to the diiron center, where the regulatory protein conserved hydroxylase asparagihand regulatory component
is postulated to bind in the MMO systé?i?14and known to bind serind® residues are key players in the interaction between the
in the phenol hydroxylase (PH) systékihe shiftin TOMOH N202 hydroxylase and regulatory protein components. They further
(Figures 1 and 2) is most significant because (i) this residue is suggest that regulatory component protein binding to the hydroxyl-
strictly conserved among BMMs; (ii) the structures reported here ase is related to the asparagine rotamer shift, which, in turn, depends
reveal the dependence of the side-chain orientation on oxidationon the diiron center oxidation state.
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The morphology of the protein interior distinguishes MMOH Acknowledgment. This work was supported by a grant from
and ToMOH. Xenon pressurization as well as halogenated substratethe National Institutes of Health (GM32134 to S.J.L.). M.H.S. was
and product-binding experiments with MMOH crystals reveal that supported under a NIH Biotechnology Training Grant. X-ray data
both Xe and hydrocarbons can reside in a series of variably were collected at the Stanford Synchrotron Radiation Laboratory
interconnected hydrophobic cavities in thesubunit (Figure 33417 (SSRL), funded by the Department of Energy (BES, BER) and the
The cavities, or pockets, trace a pathway from the active site to NIH (NCRR, NIGMS). Crystallographic coordinates have been
the protein surface and are postulated to be the means of substratdeposited in the RCSB databank, accession numbers 2INC and
access to, or product egress from, the diiron center. Homologous2IND. All figures were generated using PyMGE..
pockets exist in TOMOH (Figure 3) but were not proposed as a
link from the surface to the diiron center because of the occurrence
of a 35-40 A channel that connects the active site to the protein
exterior via a divergent pathway. The hydrophobic pockets that
traverse the interior of the ToMOld-subunit are the active-site
pocket (cavity 1), an intermediate space located between helices
and D (cavity 2), and a solvent-exposed cavity found near the
interface of thex andy subunits (cavity 3). Cavity 1 is structurally
homologous to cavity 1 in MMOH, and cavities 2 and 3 are
homologous to cavity 2 and a combination of cavities 3 and 4 in

Supporting Information Available: Experimental details for
sample preparation and crystallization, X-ray data collection, and
structure solutions, as well as Tables S1 and S2 and Figure§&1
(PDF). This material is available free of charge via the Internet at http://
Bpubs.acs.org.
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