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Abstract

Bacterial multicomponent monooxgenases (BMMs) such as toluene/o-xylene
monooxygenase (ToMO), phenol hydroxylase (PH), and soluble methane
monooxygenase (SMMO) catalyze hydrocarbon oxidation reactions at a carboxylate-
bridged non-heme diiron center common to many systems in biology, as discussed in
the first and subsequent chapters of this document. Chapter 1 provides a summary of
various relationships between structure and activity in BMMs, as they have been
determined through decades of research into BMM hydrocarbon catalysis.

Presented in Chapter 2 are the structures of the native (TOMOH) and
manganese(ll)-reconstituted (Mn(l1)-ToMOH) ToMO hydroxylase, at 1.85 A and 2.20 A
resolution, respectively. The structure of Mn(ll)-ToMOH reveals an active site
coordination and geometry similar to that in diferrous and manganese(ll)-reconstituted
MMOH, indicating that it represents an analog of the diferrous ToOMOH structure.
Through comparison of the native TOMOH and Mn(ll)-ToMOH structures, a collection of
metal site oxidation state dependent conformational changes in conserved residues on
the surface of the hydroxylase a-subunit are observed, suggesting a relationship
between active site oxidation state and component interactions in BMMs. Through
analysis of the 1.85 A ToMOH structure, a series of hydrophobic cavities through the a-
subunit connecting the active site to the protein surface analogous to those previously
noted in MMOH were also discovered as part of this work.

Chapter 3 describes three X-ray crystal structures of TOMOH T201X mutants,
and four structures of TOMOH N202X mutants at resolutions ranging from 1.90 to 2.90
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A. These data reveal alterations in the TOMOH active site pocket surface topology and
malformed hydrogen bonding interactions resulting from the various mutations that may
respectively be responsible for substrate hydroxylation regiospecificity and proton
translocation differences observed of the mutant proteins in future biochemical studies
when compared to the wild-type system.

Reported in Chapter 4 is a 1.95 A X-ray crystal structure of the xenon gas
pressurized PH hydroxylase (Xe-PHH), along with computational analyses of the
various surface-to-diiron center cavities, channels, and pores in the a-subunits of all
three structurally characterized BMM hydroxylase proteins. The structure of Xe-PHH
reveals extensive xenon binding in the conserved a-subunit hydrophobic cavities and
suggests a role for the pathway in dioxygen transport to the active site during catalysis.
Computational analyses of surface-to-diiron center cavities, channels, and pores in the
BMM hydroxylase a-subunits supports findings from the Xe-PHH structure, and
provides insight into how the various molecular substrate transport pathways may have
been carved into the different hydroxylase proteins through evolution.

Thesis Supervisor: Stephen J. Lippard

Title: Arthur Amos Noyes Professor of Chemistry
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CHAPTER 1

Relationships Between Structure and Function in Bacterial Multicomponent

Monooxygenase Enzyme Systems
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Research Overview and Potential Applications. The non-heme diiron active site
in bacterial multicomponent monooxygenases (BMMs) is a perfect example of a
functional inorganic unit utilized in nature for multiple processes in biology.(7, 2) In
BMMs, it is employed in the hydroxlylase protein component for the formation of
oxygenated intermediates responsible for hydrocarbon oxidation reactions. Beyond this,
it performs diverse and important functions in many other enzymes including tyrosyl
radical generation in ribonucleotide reductase,(3) iron storage in ferritins,(4) fatty acid
desaturation in A° desaturase,(5) dioxygen transport in hemerethryn,(6) and oxidative
stress protection in rubrerythrin.(7) In all of these cases the diiron site is located within
another biologically common moatif, a four-helix bundle, where its coordination
environment includes a glutamate carboxylate that bridges the iron atoms, and two
histidine imidazoles oriented in a syn fashion with respect to the iron-iron vector (Figure
1.1).{(2) Moreover, in all but hemerythrin, the remaining protein-derived ligands are three
monodentate carboxylate side chains from glutamate or aspartate residues. Given
these observations alone, it is clear that the various functions accomplished by the
diiron site in these systems are made possible by the surrounding protein matrices, and
specifically, the sequences and geometries adopted in the outer coordination spheres
as well as the various cavities and channels in their respective structures that
collectively dictate the chemistry occurring in the primary coordination environment. Due
to this fact, knowledge of the protein structures that contain carboxylate-bridged diiron
sites is required for a complete understanding of the mechanisms employed to perform
their biological functions. Fortunately, due to advances in synchrotron science during

recent decades, such knowledge is rapidly becoming a reality. The present thesis
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describes the most current macromolecular crystallographic work on BMM hydroxylases
and their component complexes, as well as the insight that this work provides into the
mechanisms of biological hydrocarbon oxidation chemistry that they foster at the diiron
site, within in the context of previous structural, spectroscopic, and solution biochemical
studies.

The BMM class of enzymes is capable of catalytically oxidizing a formidable
range of hydrocarbons, including various linear, branched, saturated, unsaturated,
halogenated, and aromatic hydrocarbons up to Cg in size, to yield corresponding alcohol
and epoxide products.(8) Independent of their wide substrate range, many BMMs are
able to site-specifically oxidize substrates with regio- and/or enantio-selectivity. All
confer upon their host bacteria the ability to maintain their carbon and energy
requirements through hydrocarbon metabolism, which begins with BMM catalysis. As a
result, the individual BMM subclasses exhibit specific substrate preferences that enable
their host bacteria to survive on their primary hydrocarbon food stocks, and to that end
each has evolved from their common ancestor to specialize in particular oxidation
reactions, often in exchange for the inability to oxidize other substrates that may be
turned over by BMMs outside their subclass.(9) The subclass to which each BMM
belongs is therefore assigned on the basis of their observed substrate preferences, and
the result of this classification approach are six established subclasses: soluble
methane monooxygenases (SMMOs), alkene monooxygenases (AMOs), phenol
hydroxylases (PHs), four-component toluene monooxygenases (TMOs),
hyperthermophilic toluene monooxygenases (SsoMOs), and tetrahydrofuran

monooxygenases (THMOs).(9, 10) Currently, the focus of the BMM research
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community is on the first four of these subclasses (Figure 1.2). The research presented
herein pertains to members of the TMO and PH subclasses, with heavy reference and
comparison to the sMMOs.

The best-studied BMM is soluble methane monooxygenase (sMMO) from
Methylococcus capsulatus (Bath) and Methylosinus trichosporium OB3b, which is of
particular interest because it is the only member of the class able to activate and
subsequently hydroxylate the strong C—H bond in methane, at ambient temperatures
and pressures.(71, 12) Second and third on the list of well-studied BMMs are toluene/o-
xylene monooxygenase (ToMO) and phenol hydroxylase (PH) from Pseudomonas sp.
(OX1).(13) These two systems are notable in that they are members of the TMO and
PH subclasses, which specialize in aromatic hydrocarbon oxidation, and in the case of
the former, perform various regio- and enantio-selective oxidations on said
aromatics.(73, 14) The reason for this breakdown in the level of study on the various
BMMs is, first and foremost, to elucidate the mechanism of methane hydroxylation in
sMMO and the detailed reasons for which biology employs the common non-heme
diiron unit in accomplishing that remarkable chemistry at ambient temperature and
pressure. Second, it is due to the attractive applications that studies of all three
aforementioned classes offer.

Modern biological research has revealed, since its inception, that life forms
inhabit any and all environments that can potentially support them, and BMM containing
bacteria are clearly no exception. These bacteria thrive in countless environments of
varying degrees of general life inhabitability including within sewers and polluted waters,

outside deep-sea ocean vents and active volcanoes, and even in the human mouth.(75,
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16) So not only do BMMs accomplish hydrocarbon oxidation chemistry catalytically,
selectively, and on a wide substrate scope at a diiron center that is not by any means
unique in biology, they can do so in a diverse range of environments including the very
harsh. Moreover, methanotrophs such as sMMO hosts play a significant role in
regulating global methane levels, an observation that further supports the notion that
their metabolic chemistry has a marked and positive influence on the composition of the
earth’s atmosphere.(17)

Findings from BMM research are ripe for application in many areas including
alternative fuel research, bioremediation, and the development of green catalysts for
use in industrial organic synthetic procedures. Bioremediation of chlorinated
compounds(78, 19) and petroleum components(20, 27) using monooxygenase-
containing bacteria is currently established, and some BMMs with high substrate
hydroxylation regiospecificities have already been prepared through active site
engineering.(22-29) These uses only represent the surface of a much deeper potential
for the application of BMM-related science, however. Provided with enough knowledge
about their hydroxylase protein structures, for example, one can envision countless
possibilities for enzyme engineering that could catalytically effect generation of regio- or
enantio-selective starting materials for pharmaceutical research, using environmentally
friendly buffer solutions for the reaction solvents. Possibly of greater importance is the
potential application of this research in alternative fuel technology where catalysts could
be developed on basis of BMM studies that could allow for the environmentally friendly
conversion of methane from natural gas sources to liquid methanol that could be

subsequently transferred around the globe with greater ease than its gaseous starting
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material. Due to this fantastic possibility, said catalyst development is already an active
area of research in synthetic modeling chemistry.(77, 30-38)

None of these applications, or the many yet to be conceived, can be brought to
fruition without intimate knowledge of the protein structures, component interactions,
and mechanisms involved in BMM catalysis. The previous and presently reported
structural studies were conducted to this end and are discussed below and in the
chapters and appendices that follow. The overarching result of this research into the
structural biology of BMMs is significant insight into the spectroscopic, theoretical, and
solution biochemical findings obtained to date and potentially in future work as well. The
collective mechanistic information obtained through BMM research may eventually
facilitate the development of novel technologies that can assist in propelling humankind
closer to a time in which we may continue to accelerate the development of culture,
while simultaneously exerting an elevated level of care for the global environment in
which we thrive.

Hydrocarbon Catalysis in Methane Monooxygenase. The study of BMM catalysis
is best developed in the case of SMMO, as mentioned above, so it is logical to begin a
discussion of BMM substrate oxidation with a brief review of key findings from that work,
with focus on results from the study of that from Methylococcus capsulatus (Bath). In
particular, the catalytic cycle and involved chemistry are far better understood in sMMO
than the other BMMs, and have resulted in establishment of the basic reaction scheme
presented below (Figure 1.3). Critical to hydrocarbon catalysis in sMMO is interaction of
the accessory Fe;S; and FAD-containing reductase, and cofactorless regulatory protein

with the carboxylate-bridged diiron site containing hydroxylase (vide infra).(8, 12, 39,
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40) The reductase protein functions to transfer electrons from NADH oxidation to the
diiron center, presumably in connection with proton transfer from bulk solvent, to
convert it from the resting diferric state to the two-electron reduced diferrous state.(39,
41, 42) Upon said reduction, which is also possible to accomplish chemically using
dithionite and mediators, hydroxylase-regulatory protein complex formation is required
for dioxygen activation and the subsequent generation of the oxygenated intermediates
utilized for hydrocarbon oxidation.(40, 43)

Extensive spectroscopic and theoretical studies of intermediate formation and
structure in sSMMO have provided considerable insight into structure of the hydrocarbon-
oxidizing intermediate species employed by the system. Namely, the formation and
decay of a peroxodiiron(lll) intermediate has been observed following the reaction of
dioxygen with the reduced hydroxylase, as a quadrupole doublet with $=0.66 mm s™
and AEq=1.51 mm s™' using M&ssbauer spectroscopy, and by stopped flow optical
spectroscopy at 420 nm (¢ = 4,000 M cm™) and 725 nm (e = 1,800 M cm™).(72) The
geometry of the peroxide coordination in this intermediate is believed to be either cis-p-
1,2, or u-n*mn? on the basis of sSMMO DFT calculations(44, 45), model complex
geometries, and Raman spectroscopy on related diiron carboxylate proteins.(46, 47)
The p-n*n? geometry is notably favored in recent theoretical calculations, however,
because it exhibits lower energy than the other possibilities.(48) Although the peroxo
intermediate is known to be competent for substrate turnover, at least in the case of
certain vinyl ethers,(49) it first decays to yield a more reactive high-valent diiron(IV)
species deemed intermediate Q prior to product formation when methane is the

substrate.(50) Like the peroxo intermediate, the formation and decay of intermediate Q
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is observable by Mdssbauer spectroscopy, as quadrupole doublets with $=0.21 mm s™
and AEq=0.68 mm s™ for Fe1, and 6=0.14 mm s™" and AEq=0.55 mm s for Fe2, as well
as by stopped flow optical spectroscopy at 350 nm (¢ = 3,600 M cm™) and 420 nm (e=
7,200 M cm™).(12) Also as in the case of the peroxo intermediate, the geometry of the
intermediate Q has been assigned on the basis of DFT calculations and analogy to
model compounds and similar diiron carboxylate intermediates, as a di-u-oxo
species.(50) This established geometry is further supported by results from EXAFS
spectroscopy that indicate a ~2.5 A Fe—Fe distance as well as short Fe—O distances
of 1.8 and 2.0 A for the structure of intermediate Q that are indicative of a di-u-oxo
diamond core motif.(57) Upon reaching intermediate Q, substrate hydroxylation takes
place at the diiron center, product is released, and the system returns to the resting
diferric state at which time it is again poised for reduction and the next round of
catalysis.

When considering the reaction schemes adopted by sMMO and other BMMs
(Figure 1.2), and particularly when one is concerned with the structures of the
hydroxylase and its component protein complexes, understanding the means by which
the four substrates (electrons, protons, dioxygen, and a hydrocarbon) reach the diiron
site is important in elucidating the mechanisms of catalysis employed by these systems.
Accordingly, substrate trafficking is a major focus in current BMM research and is only
beginning to be understood.(52)

Electrons are unique among the substrates that must reach the diiron site during
in vivo catalysis because they are transferred from NADH oxidation through covalent

and hydrogen bonds in the component proteins, and furthermore, because this process
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undoubtedly involves the formation of a complex between the hydroxylase and
reductase proteins.(39, 40) In sMMO, reductase protein binding induces a structural
change in the hydroxylase protein,(39) and an analogous effect is presumed to occur in
all BMMs. Moreover, this process is markedly different in TMO catalysis, because in
that BMM subclass an additional Rieske-type ferredoxin mediates electron transfer
between the Fe,S; and FAD-containing reductase component common to all BMM
systems and the hydroxylase protein. This difference in the component interaction
scheme adopted by TMOs implies a marked variation in the means of electron transfer
into the hydroxylase with respect to that adopted by the remaining, three-component
BMMs (vide infra).

In contrast to electron transfer, the translocation of protons, dioxygen, and
hydrocarbons into the vicinity of the active site does not necessarily require a
component protein binding event, but instead involves the physical translocation of
molecular species. Protons are most likely brought to the active site in the form of H;0"
cations, and may require conformational changes in the hydroxylase protein. Structural
evidence for such a conformational shift occurring in concert with proton translocation
has already been noted for sMMO,(53) and is discussed in the context of all BMMs in
Chapters 2 and 3 on the basis of similar results from studies of ToMO. The movement
of dioxygen and hydrocarbons into the active site environment is also not theoretically
restricted to involve component protein binding, and furthermore, may also not require
any concomitant conformational changes in the hydroxylase.

Provided with a basic framework for substrate trafficking in BMM systems, one

can anticipate that the access pathways for the various substrates in the hydroxylase
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protein comprise: a static network of polar residues linking the diiron site to the protein
surface for electron transfer, a proton translocation route that may be flexible in
conformation, and separate or shared molecular access route(s) traversing open-space
pathway(s) from the active site cavity to bulk solvent. Substance to this basic framework
is duly provided by analysis of the hydroxylase and hydroxylase-regulatory protein
structures, as well as from results of component interaction studies and the structural
bases for their associated conclusions, which brings this discussion to the important
findings from said research.

Structural Characterization of BMM Hydroxylases. Considering the amount of
mechanistic data obtained to date on the sMMO system, it is not surprising that
structural characterization of the sMMO hydroxylase (MMOH) is also considerably more
developed than that of the remaining BMM hydroxylases. Accordingly, X-ray
crystallographic characterization of MMOH is extensive,(8) and includes data on the
resting diferric,(54-57) one-electron reduced Fe(ll)Fe(lll) mixed-valent,(53) two-electron
reduced diferrous, (53, 58, 59) divalent metal-reconstituted,(60) xenon- and haloalkane-
bound,(67) product-bound,(62) and product analog-bound(63) states. The first MMOH
structure revealed, among other things, the global fold and orientation of the protein
subunits (Figure 1.4) in addition to the geometry and location of the diiron center.(55)
The (afy)2 heterodimeric protein was observed as primarily a-helical in fold, and that
the dimer interface gives rise to a canyon region centered about the pseudo-C,
symmetry axis that separates the two protomers, which was proposed at that time to be

a potential site for component protein binding.(55)
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In addition, this early structure indicated that the diiron center is located in a four-
helix bundle within the a-subunits, and adopts a geometry and first coordination sphere
strikingly similar to that observed in other enzymes containing carboxylate-bridged
diiron centers (vide supra). Specifically, the geometry observed was one that oriented
the iron atoms 3.4 A from one another through protein side chain coordination from a
bridging glutamate carboxylate, histidine imidazoles in a syn disposition with respect to
the Fe—Fe vector, and three additional monodentate glutamate carboxylates (Figure
1.4). The remainder of the pseudo-octahedral coordination environment of both iron
atoms was found to consist of a solvent derived p-hydroxo bridge, a terminal water
molecule on Fe1, and a bidentate bridging acetate anion. These results on the MMOH
diiron center geometry were consistent with early spectroscopic data on the protein,(64,
65) and provided for the first time a visual depiction of the methane-oxidizing active site
at atomic resolution. In addition to these insightful findings this structure revealed that
the active site is located in a cavity entirely hydrophobic in nature save a single
threonine residue, and was linked to the exterior solvent environment via a series of
additional hydrophobic cavities and a short but constricted pathway between helices E
and F in the a-subunit.

Not long after determination of the first structure of MMOH in its oxidized resting
state, the structure of the reduced diferrous form was similarly characterized.(59) The
most significant findings from this structure all pertained to the diiron center coordination
in geometry. Foremost was the observation of a “carboxylate shift’(66) in the
coordination of the E243 side chain, which changed ligation mode from monodentate to

bidentate on Fe2, and u-carboxylato bridging with respect to both irons. This
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coordination change in the active site was adopted as result of a significant reorientation
in the position of the dangling oxygen atom of the E243 carboxylate with respect to that
in the oxidized structure and additionally resulted in the displacement of the u-hydroxo
anion observed in the resting state of the enzyme. Another feature of note in this early
structure of diferrous MMOH was the presence of a u-OHj, ligand occupying the position
of the bidentate bridging acetate anion reported in the first structure. These coordination
changes in the active site, which collectively resulted in reduction of the coordination
number on Fe2 from six to five, provided insight into the mechanism of intermediate
formation in MMO catalysis because they indicated how two-electron reduction of the
iron atoms was accommodated by the protein such to open a site for dioxygen
coordination on Fe2 while maintaining charge-neutrality in the active site.

Following determination of the diferric and diferrous structures of MMOH,
additional crystallographic data were reported on these forms of the protein at improved
resolutions, along with the characterization of the one-electron reduced Fe(ll)Fe(lil)
mixed-valent form.(53) The mixed-valent data provided a depiction of the diiron site
when partially reduced, and accordingly, a partial carboxylate shift in E243 was adopted
in this structure wherein the side chain coordination was bidentate on Fe2 as in the
case of the reduced diiron site but not bridging both irons as in the case of the oxidized
form. Although these observations regarding the mixed-valent active site are interesting,
the bulk of the insightful results from this work came from comparative analysis of the
updated diferric and diferrous structures. This comparative work revealed an
unanticipated series of conformational changes on the protein surface of the iron-

ligating helices E and F, in the vicinity of the active site pocket. Of particular note among
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the observed conformational changes was a significant rotamer shift in the side chain of
an asparagine residue strictly conserved émong BMMs, which was proposed at that
time to potentially relate to hydroxylase-regulatory complex formation because of its
location near the active site on the a-subunit surface, and because of the nature of the
shift and side-chain functional group (Chapters 2 and 3).

MMOH has also been characterized in the apo form, and following reconstitution
of the apo protein with manganese(ll) and cobalt(l1).(60) The structural resuits from
characterization of the apo protein indicated that proper folding and organization of the
a-subunit residues and helices that comprise the active site coordination environment
require the presence of bound metal ions. The structures reconstituted with
manganese(ll) and cobalt(ll) revealed that the active site coordination and geometry in
these forms of MMOH strongly resemble that in the diferrous protein, save slight
perturbations in the metal—ligand distances, and led to their assignment as structural
analogs for the reduced hydroxylase. Experimental procedures for the extraction and
reconstitution of the active site metal ions in MMOH were also established as part of this
work. Additional, kinetic analysis of iron extraction and metal reconstitution processes
via these methods in the presence and absence of the regulatory protein indicated that
it serves to block active site metal ion movement from and into the coordination
environment.

In effort to elucidate a role for the hydrophobic cavities found in the MMOH a-
subunit, multiple xenon- and product analog-bound structures of MMOH were
determined and analyzed in detail following characterization of various forms of the

diiron site.(67, 63) In all of these structures, a large majority of the bound xenon atoms
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(Chapter 4) and product analogs were located in the hydrophobic cavities initially
suggested to act as the route of hydrocarbon access to MMOH active site cavity,
thereby providing further evidence for that hypothesis. Moreover, in the structure of
bromohexanol-bound MMOH, significant alterations in the backbone and side chain
conformations of residues in helices E and F were observed and suggested to be a
result of the presence of this relatively large (with respect to methane) hydrocarbon
inside the a-subunit cavities.(63) The effect of these conformational alterations in the
iron ligating and surface-exposed helices E and F was an extension in the w-helical
conformation of helix E, and greater active site cavity solvent exposure via the access
pathway traversing a route to the a-subunit surface between the two helices, which was
identified in the initial structure of MMOH (vide supra) and deemed the “pore” upon this
observation. This finding, in the context of results from the component interaction
studies described below, led to the conclusion that a similar effect on the helix
conformations and pore route accessibility might occur upon regulatory protein binding
to the hydroxylase. Provided that regulatory protein binding exerts a similar effect on the
hydroxylése a-subunit protein structure, then it would be reasonable to conclude that it
may act as the means by which dioxygen reactivity is conferred upon the hydroxylase
when in complex with the catalytically-required component, through resulting
conformational changes in the active site cavity or coordination environment.

Last in the series of X-ray crystallographic studies of BMM hydroxylases
conducted prior to the work reported herein by the author, was characterization of the
ToMO hydroxylase (ToMOH) in the diferric, azide-bound, and bromophenol-bound

states.(67) This milestone in the study of BMM structure was most significant in that it
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represented the only BMM hydroxylase protein other than MMOH to be structurally
characterized at the time. Analysis of the‘ ToMONH structure revealed numerous
similarities and differences to MMOH that gave rise to important conclusions regarding
their substrate reactivity differences including critical insight into various reasons why
ToMO hydroxylates aromatic substrates but is not capable of oxidizing methane
whereas the converse is true for MMO. The diiron sites in TOMOH and MMOH were
found to be essentially identical but the relative solvent accessibility of the two active
sites was noted as significantly different because of the presence of a large, non-
conserved and open-channel bulk solvent access route traversing a pathway from the
protein surface to the active site cavity in TOMOH. Also immediately clear upon
comparison of the MMOH and ToMOH dimer structures was a different overall fold and
orientation of the protein y-subunits, which has recently been ascribed as another
possible reason for the different reactivity trends that characterize the two systems, on
the basis of theoretical calculations.(68) The structure of TOMOH additionally facilitated
the discovery of a surface-to-active site histidine imidazole linked hydrogen-bonding
network that is conserved in MMOH and ToMOH, and proposed to be the route of
electron transfer to the diiron site by analogy to a similar network known to function for
electron transfer in the R2 subunit of ribonucleotide reductase (Figure 1.4).

Just prior to accomplishing crystallographic structural characterization of TOMOH,
the recombinant expression of this hydroxylase in appreciable yield and with high
enzymatic activity was established.(69) Due to the fact that this is not yet possible for
MMOH, and considering the significant structural homology between the two systems,

the combined structural and genetic results were particularly exciting because it opened
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the door to site-directed mutagenesis studies of TOMOH from which the results could be
extended to MMOH by analogy. Along the same lines, the structural determination of
ToMOH mutants became relatively straightforward upon characterization of the native
protein, because phasing of the diffraction data from mutant samples could be
expedited through the use of molecular replacement and the native coordinates.

BMM Component Protein Structures and Interactions. A handful of BMM
component proteins other than the hydroxylase have been structurally characterized. In
the MMO system, NMR structures of the 16 kDa regulatory protein (MMOB)(70, 71) as
well as the individual Fe,S; ferredoxin(72) and flavin(73) domains of the 39 kDa
reductase protein (MMOR) have been obtained. The structure of MMOB from
Methylococcus capsulatus (Bath) revealed its novel fold and the presence of lengthy
unstructured N- and C-termini.(70) Moreover, perturbations in '°N-labeled MMOB
heteronuclear single-quantum coherence spectra occurred upon titration of MMOH into
the NMR samples, and provided for accurate (Appendix 1) determination of the
hydroxylase binding face of MMOB.(70) In subsequent mutagenesis work and related
structural analysis it was determined that the N-terminus of MMOB is involved in binding
the hydroxylase, and is essential to the protein function.(74) The individual structures of
the ferredoxin and flavin domains of the reductase protein, which were determined as
such because of the large size of the full-length protein for NMR structural
determination, exhibit structural properties similar to those of other reductase proteins
with analogous functions in biology.

Outside the sMMO system, the regulatory protein components of toluene-4-

monooxygenase (T4MOD) from Pseudomonas mendocina(75) and phenol hydroxylase
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(DmpM) from Pseudomonas sp CF600(76) have been structurally characterized by
NMR spectroscopy, and the former by X-ray crystallography as well.(77) These
structures collectively indicate that although the novel fold first noticed in the structure of
MMOB is conserved among BMM systems, the lengths of the unstructured termini vary
significantly. N-terminal deletion studies of T4AMOD have shown that it is not important
for catalysis in contrast to the aforementioned results regarding this structural feature in
MMOB. The structure of the 10 kDa Rieske-type ferredoxin component of toluene-4-
monooxygenase (T4AMOC) from Pseudomonas mendocina has been determined by
NMR(78) and X-ray crystallographic methods.(79) The structures resulting from this
work indicate that the electrostatic surface of the protein deviates from that in other
Rieske proteins, leading to the conclusion this electrostatic difference may relate to its
interaction with the T4MO hydroxylase.

Since early work on sMMO, the relationship between efficient catalysis and
component interactions in BMM systems has been well established. The interaction of
the reductase and Rieske proteins with the hydroxylase in BMMs for electron transfer to
the diiron center seems relatively straightforward, because the accessory proteins in
this case are common in biology and are accordingly well characterized. Recent work
on the MMOH-MMOR interaction(39) and the identification of complex formation
between T4AMOD and T4MOC during T4MO catalysis(80) have indicated that despite
the observation that BMM reductase and Rieske proteins are structurally homologous to
those utilized in many other biological systems, their involvement in BMM component
interactions may be more complicated than originally anticipated. Moreover, the simple

fact that BMMs in the TMO subclass require a Rieske component for electron transfer in
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addition to the universally employed reductase gives rise to the notion that the
reductase component interaction scheme utilized in TMOs is directly related to their
specialized ability to site-specifically hydroxylate aromatic compounds.

Undeniably more complicated than the hydroxylase-reductase interactions in
BMMSs, however, are the details and roies for the hydroxylase-regulatory component
interactions in these systems. The regulatory protein is relatively small in comparison
with the remaining component proteins, exhibits an unusual core protein fold and the
presence of unstructured termini of varying lengths and necessity for catalysis, and
contains no cofactors. In addition to these fascinating observations, BMM regulatory
proteins have been implicated in numerous roles in BMM catalysis including the
facilitation of hydroxylase dioxygen activation and reaction coupling efficiency, gating
metal ion and small molecule access to the active site cavity, and altering hydrocarbon
oxidation regiospecificity.(8, 87-83) To date, the exact role of the regulatory protein in
BMMs remains unclear.

The State of BMM Structural Research Prior to the Present Work. Prior to the
start of the presently reported work on the crystallographic characterization of BMM
hydroxylases, the structural questions in the forefront of BMM research primarily
revolved around elucidating the nature of the hydroxylase-regulatory protein complex,
probing the roles of various residues in the active site cavity and substrate-binding
channel of TOMOH, and understanding the means of proton and electron transport to
the active site during catalysis. The first structure of TOMOH had very recently been
determined, and like the channel within its structure, the hydrophobic cavities in MMOH

were considered unique among BMM hydroxylases. Structural characterization of the
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hydroxylase component of phenol hydroxylase seemed a distant, although obtainable
reality. The following chapters and appendices describe the author’s contribution to the
structural characterization of BMM hydroxylases and their component complexes that

has been accomplished during the past five years.
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Methane Monooxygenase

Hemerythrin

Ribonhcledtide Reduétase i 0 P ot st
' Stearoyl-ACP A°® Desaturase

Rubrerythrin Ferritin

Figure 1.1. Select dioxygen activated carboxylate bridged diiron sites in biology. Protein ligands are
shown as sticks in grey (carbon), blue (nitrogen), and red (oxygen). Iron atoms and solvent ligands are
shown as spheres in green and white, respectively. A typical (MMOH shown) iron site ligating four-helix
bundle is represented as ribbons (grey) with ligand side chains as sticks (cyan) and iron atoms as
spheres (magenta).
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Figure 1.2. Biological reactions of four BMM subclasses. Hydrocarbon substrates and products are
shown in blue and red, respectively.
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NADH

CH,OH

MMOR oy + H* NAD

MMOR 5,

Hperoxo< \

H,0 O,

Figure 1.3. The reaction cycle of soluble methane monoxygenase, indicating the resting diferric (Hoy),
reduced diferrous (Hreq), peroxo intermediate (Hyeroxo), @and intermediate Q (Hg) states. The diferric active
site coordination and geometry is shown in the center of the reaction cycle. Iron atoms and solvent
ligands are shown as spheres in green and white, respectively. Protein ligands are represented as sticks
in grey (carbon), green (E243 carbon), red (oxygen), and blue (nitrogen). Interatomic distances are
provided in angstroms.

Figure 1.4. (next page) Global folds, active site access routes, histidine-linked hydrogen bonding
networks, and iron center coordination (left to right) in the structurally characterized BMM hydroxylases.
Alpha (grey), beta (blue), and gamma (green) subunits are shown as ribbons in the hydroxylase dimer
images. Alpha subunit C, trace is represented as ribbons in grey, and interior van der Waals surfaces are
shown in green (hydrophobic cavities), yellow (TOMOH channel), and cyan (PHH pore) in the a-subunit
interior images. Iron atoms are represented as spheres in magenta, select helices as grey ribbons, and
protein side chains as sticks in grey (carbon), yellow (histidine carbon), black (hydrogen-bonding network
carbon), red (oxygen), and blue (nitrogen) in the hydrogen-bonding network images. Iron atoms are
represented as spheres in green and cyan, solvent ligands as spheres in white, and protein ligands as
sticks in grey (carbon), green or cyan (carboxylate shift residue carbon), red (oxygen), and blue (nitrogen)
in the images of the diiron sites.
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CHAPTER 2

Manganese(ll) Reconstituted and Native Toluene/o-xylene Monooxygenase
Hydroxylase X-ray Crystal Structures Reveal Conformational Shifts in Conserved

Residues and an Enhanced View of the Protein Interior

This chapter has been reproduced in part with permission from J. Am. Chem. Soc. 2006, 7128, 15108-
15110. Copyright 2006 American Chemical Society.
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Introduction

Non-heme diiron enzymes perform important functions in biology,(7) including
the selective oxidation of hydrocarbons by bacterial multicomponent monooxygenases
(BMMs).(2, 3) Dioxygen activation and the conversion of C—H to C-OH bonds is
accomplished at carboxylate-bridged diiron units within the a-subunits of the
hydroxylase components of these enzymes.(4) The active oxidant in some of these
reactions has been trapped as a kinetically competent intermediate that forms upon
reaction of the diiron(ll) core with O,.(5) The binding of a small effector protein(6) to the
hydroxylase facilitates this process. The evolutionarily related(2) toluene/o-xylene
monooxygenase (ToMO)(7) and soluble methane monooxygenase (sMMO)(3)
hydroxylases ToOMOH and MMOH have nearly identical resting diiron(lll) active site
structures,(4,8-10) but ToMO cannot hydroxylate methane. Since crystallographic
characterization of TOMOH has thus far been limited to a native, oxidized structure at
2.15 A resolution,(8) and 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(l1)
as an analog of the reduced, diiron(ll) enzyme.(77) The results, which provide important
insights that significantly advance our knowledge about the BMM family of enzymes, are
that (i) formation of the dimetal(ll) center is accompanied by a carboxylate shift and
opening of a site for dioxygen binding and activation; (ii) a strategically placed,
conserved asparagine residue in the dimetal(ll) form of the enzyme undergoes a
rotameric shift; and (jii) there exists a previously unidentified series of hydrophobic

cavities analogous to those in MMOH. A technical discovery of note in this study is the
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use of an annealing procedure during data collection, improving 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 MnCl, and
structurally characterized to 2.20 A. A 1.85 A resolution structure of native TOMOH,yx
was determined using crystals grown in an identical manner. Detailed information about
sample preparation, Mn reconstitution, crystal annealing, data collection, and structure

solution and statistics are described in materials and methods below.

Results and Discussion

Although the overall topology and fold of the native protein are essentially
identical to those of the previously published structure of TOMOHox,(8) the active site
differs (Figures 2.1 through 2.4). Foremost is the absence of a thioglycolate molecule
bridging the two iron atoms, which was not present in the current purification buffer (vide
infra). Instead, the iron atoms are linked either by a hydroxide anion, as observed in
MMOH structures,(72) or the terminal hydroxyl group of the polyethylene glycol
molecule found in the product-binding channel (vide infra).(8) Additional differences
between the diiron centers of the previously reported and the present higher resolution
structure of TOMOHx are minor and are summarized in Table 2.1.

The structure of the Mn(l1)-ToMOH derivative is quite revealing. The carboxylate
group of E231, which is analogous to E243 in MMOH, undergoes a shift from its
terminal, monodentate coordination mode in TOMOH to a bidentate-terminal,
monodentate-bridging position (Figure 2.2). In conjunction with this carboxylate shift, the

bridging hydroxide syn to the coordinate histidine ligands is displaced while the one in
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the anti position becomes protonated and is semi bridging, being 2.8 A from Mn1. This
structure closely resembles the core geometry of reduced and of dimanganese(ll)
reconstituted MMOH (Figure 2.4).(11,12) The results are consistent with Mn being in the
divalent state and strongly suggest that TOMOH,q will have the same configuration. As
in the structures of MMOHyx, MMOH,eq, and Mn(I1)-MMOH, an increase in the metal-
metal distance accompanies the carboxylate shift and oxidation state change.

The present Mn(l1)-ToMOH results are nicely consistent with recently reported X-
ray absorption spectroscopy (XAS) data for TOMOH,eq.(73) This study indicated that the
reduced active site is similar to that of MMOH,eq4, both having iron coordination numbers
between 5 and 6, and average Fe-Fe distances of 3.3-3.4 A. Moreover, in the presence
of their respective regulatory proteins MMOB and ToMOD, the XAS spectra of the
diferrous hydroxylases closely resemble one another, as well as those for hydroxylases
in the absence of the regulatory protein. Thus, it is probable that the active site
structures of To0MOH and MMOH immediately prior to O, activation are very similar,
based on the results reported here and the XAS data. Differences in reactivity,
therefore, are likely to reflect the nature of the oxygenated intermediates and/or the
surrounding protein scaffolds.

In this regard it is noteworthy that accompanying changes in the oxidation state
of the dimetallic center are conformational shifts analogous to those first discovered in a
comparison of the MMOH,eq to MMOH, structures.(72) Precisely the same features can
be identified by comparing the Mn(Il)-ToMOH and 1.85 A ToOMOH, structures.
Conformational shifts in MMOH residues N214, E240, L244, and R245 in MMOH(72)
are reflected in the analogous N202, Q228, S232, and R233 amino acid side chains of

ToMOH (Figure 2.5). These residues are located on surface-exposed regions of helices
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E and F, adjacent to the diiron center, where the regulatory protein is postulated to bind
in the MMO system(70,12,74) and known to bind in the phenol hydroxylase (PH)
system. (Chapter 4) The shift in TOMOH N202 (Figures 2.1 and 2.5) is most significant
because (i) this residue is strictly conserved among BMMs; (ii) the structures reported
here reveal the dependence of the side chain orientation on oxidation 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 hydroxy! group of S72 (S111 in MMOB; S82
in TAMOD) of the PH regulatory component (PHM) in the PHH-PHM complex X-ray
structure. (Chapter 4)

In the TOMOHy structure the N202 side chain points away from the diiron center
and faces bulk solvent. In Mn(ll)-ToMOH the side chain rotates inward, toward the
active site. The resulting 80° rotameric shift in the N202 side chain occurs exclusively
about the C,~C; bond and is the largest among the TOMOH oxidation state-dependent
rotamer shifts thus far encountered. As with MMOH, the asparagine side-chain rotamer
shift affects the local electrostatics and topology of the protein surface between helices
E and F directly above the active site. In the oxidized protein the N202 carboxamide
group protrudes from the protein surface and in this manner can serve as a hydrogen
bond donor or acceptor. Upon reduction of the active site, this carboxamide group is
directed into the “pore” region directly above the active site and is centered between
helices E and F. The effect of this change on the topology of the protein surface is to
create a crevice with less electrostatic character than for the oxidized protein.

Collectively, these observations reinforce prior claims that the conserved
hydroxylase asparagine(72) and regulatory component serine(15) residues are key

players in the interaction between the hydroxylase and regulatory protein components.

58



They further suggest that regulatory component protein binding to the hydroxylase is
linked to the asparagine rotamer shift, which in turn, depends on the diiron center
oxidation state.

The morphology of the protein interior distinguishes MMOH and ToMOH. Xenon
pressurization, as well as halogenated substrate and product binding experiments, with
MMOH crystals reveal that both Xe and hydrocarbons can reside in a series of variably
interconnected hydrophobic cavities in the a-subunit (Figure 2.6).(74,16) The cavities,
or pockets, trace a pathway from the active site to the protein surface and are
postulated to be the means of substrate access to, or product access from, the diiron
center. Homologous pockets exist in TOMOH (Figure 2.6) 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 TOMOH a-subunit are the active
site pocket (cavity 1), an intermediate space located between helices B and D (cavity 2),
and a solvent-exposed cavity found near the interface of the a- and y-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 MMOH, respectively. It
is possible that the hydrophobic pockets in TOMOH convey hydrocarbon access to the
active site, but an alternative scenario is that in TOMOH the cavities are a consequence
of its evolutionary relationship to MMOH. If the latter is the case, then the TOMOH
channel may have evolved in the protein scaffold to tune its reactivity and favor
hydroxylation of aromatic substrates.

In the TOMOHox and Mn(11)-ToMOH structures presented here, electron density in

the channel has been modeled as a molecule of hexaethylene glycol, a component of
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polyethylene glycol (PEG) 400 in the crystallization buffer (Figure 2.7). Attempts to
model water molecdles into the density led to unreasonable interatomic distances. In
both structures, hexaethylene glycol is disordered as evidenced by high B-factors
exhibited in the refinement, which generally increase with distance from the active site.
Although our model indicates that the PEG chain ends at the channel fork we believe
that in reality its molecular weight is greater than as shown, and that the remainder of
the PEG chain in the channel is positionally disordered between the two forks of the
channel. Moreover, for both structures it was possible to model the hexaethylene glycol
molecule as bound to the active site metal ions as a bridging alkoxide ligand or simply in
hydrogen bond contact with a bridging hydroxide ion. The two models afforded similar
refinement statistics and could not be distinguished. For presentation purposes we have
chosen the latter of these two possibilities in our refined model but note that either
option is a likely representation for the channel electron density.

The present Mn-ToMOH and ToMOH. structures add significantly to the
mounting structural evidence implicating BMM protein scaffolds as determinants of
inter-system reaction diversity. The active sites of TOMOH and MMOH are highly
homologous in both the reduced and resting states. Control of conformational shifts by
the redox state of the protein, first noted in MMOH, is conserved in ToOMOH.
Experimentally, we show here that TOMOH is susceptible to iron extraction and Mn
reconstitution by methods established in identical experiments with MMOH.(717) Crystal
annealing by careful cryostream control at SSRL induced a dramatic resolution increase
in crystalline samples of TOMOH, a procedure that should prove useful in future studies.

The resulting resolution increase in the TOMOHox X-ray structure has allowed us to
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improve our view of the protein interior and diiron center, leading to an enhanced

description of the protein scaffold, active site ligation, and core geometry.

Materials and Methods

Preparation of apo ToMOH. ToMOH was expressed and purified as previously
described,(8) except that thioglycolate was not included in the purification buffers. Apo
ToMOH was prepared as previously described for MMOH,(77) with slight modifications
as described below. A 2.8 mL solution of 50 yM ToMOH, 4 mM 1,10-phenanthroline, 1
mM methyl viologen, 100 mM NaCl, 5% (v/v) glycerol, and 25 mM MOPS at pH 7.0 was
degassed by repeated vacuum purge /N, backfill cycles. A 20 L aliquot of 400 mM
sodium dithionite was added to the TOMOH solution in an anaerobic chamber and the
solution was incubated overnight at 4 °C. Apo protein was separated from the iron
extraction reagents with an EconoPac 10DG (Bio-Rad) desalting column and contained
0.03 £ 0.01 Fe atoms per TOMOH dimer as determined by the ferrozine assay.(17)

Crystallization. Crystallization of Mn(ll)-ToMOH was accomplished by the
hanging drop vapor diffusion method at 20 °C, with slight modification of the previously
described conditions,(8) as described below. Precipitant solution contained 100 mM
HEPES at pH 7.5, 2.1 - 2.5 M (NH4),S0O4, 2-4 % (v/v) polyethylene glycol 400, and 10 or
20 mM MnCl»-4H,0. Hanging drops contained 2 uL 50 uM apo ToMOH in 10 mM MES,
10% (v/v) glycerol, pH 7.1 buffer, 1 uL precipitant solution, and 1 uL microseed stock
solution (native ToMOH microcrystals in 100 mM HEPES at pH 7.5, 2.3 M (NH,4),SQy,
2% (v/v) polyethylene glycol 400 buffer). Microseeds of the native protein insignificantly
comprise less than 0.1% of the final diffraction data set. Crystals did not form in the

absence of MnCly, suggesting that active site metals stabilize TOMOH. Crystals of
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native TOMOH were grown using conditions identical to those employed in obtaining
Mn(ll)-ToMOH crystals, with exception that MnCl,-4H,O was not present in the
crystallization buffer, and the incubation temperature was 18 °C instead of 20 °C.

Crystal Annealing. Crystal annealing was conducted at the Stanford Synchrotron
Radiation Laboratory (SSRL) on beam line 9-2 directly before data collection. Utilizing
the flow control feature within the SSRL BLU-ICE(78) data collection software suite,
native TOMOH crystals were subject to 5 s annealing times directly before and after
irradiating with 10 s 12.7 keV X-ray pulse. The crystal used to obtain the native ToOMOH
data reported here saw the most dramatic increase in resolution, from 2.55 Ato1.85A
following one round of annealing. Using a cryo pin mounted thermocouple, analysis of
this procedure indicated that the crystal temperature increases from 100 to 233 K before
returning to 100 K during a 5 s annealing time period.

Data Collection and Refinement. Mn(ll)-TOMOH X-ray diffraction data were
collected at SSRL on beam line 9-2 at 100 K. Data were indexed, integrated, and scaled
by using the HKL 2000 software suite,(79) and initial phases were determined by rigid
body refinement molecular replacement in CNS.(20) Molecular replacement was
conducted in CNS using the fully refined native ToOMOH coordinates (PDB code 1T0Q)
with coordinating ligand side chains and all non-protein atoms removed as a starting
model. Subsequent models were built in XtalView(27) and refined using CNS. Data
collection and refinement statistics can be found in Table 2.2.

X-ray diffraction data on native TOMOH were similarly collected at SSRL on BL 9-
2 at 101K. Data were indexed, integrated, and scaled by using the HKL 2000 software
suite. Phasing of the native TOMOH data was accomplished by using EPMR(22) and

ToMOH coordinates (PDB code 1T0Q) in which all non-protein atoms and the side
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chains of the coordinating ligands and residues 1100, T201, N202, Q228, and S232
removed as a starting model. Subsequent models were built in Coot(23) and refined
using REFMAC5(24) in CCP4.(25) MSDchem ideal coordinates, CNS parameters, and
CNS topology files for the polyethylene glycol component (residue name P6G) were
obtained from the HIC-Up database.(26)

Statistical and geometrical analyses of Mn(ll)-ToMOH and 1_.85 A ToOMOHx
using PROCHECK(27) indicated that 99.8% of the residues in each structure occupied
allowed regions of their respective Ramachandran plots. The complete data collection

and refinement statistics can be found in Table 2.2.
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Table 2.1. Angstrom distances between atoms and ions in the active sites of 2.15 A resolution
ToMOH,, (PDB code 1T0Q), 1.85 A resolution TOMOH,,, 1.96 A resolution MMOH,, (PDB code
1FZ1), and 1.70 A resolution MMOH,, (PDB code 1MTY).

2.15 A ToMOHox 1.85 A ToMOHox 1.96 A MMOHox 1.70 A MMOHox
Atom Atom Dist. Atom Atom Dist. Atom Atom Dist. Atom Atom Dist.
Fel Fe2 3.1 Fel Fe2 3.1 Fel Fe2 32 Fel Fe2 3.1

Fel EIO40El1 22 Fel EI040E1 21 Fel EII40El 20 Fel EI140El 19
Fel HI37ND1 2.1 Fel HI37INDl1 23 Fel HI47ND1 22 Fel HI47ND1 2.1
Fel EI340E2 2.1 Fel EI34OE2 22 Fel EI440E2 22 Fel EI440E2 2.1
Fel  uOHI 22  Fel uOHI1 21 Fel uOHI 18 Fel uOHI 1.7
Fel uOH2 22 Fel puOH2 24 Fel uOH2 27 Fel uOH2 23
Fel H201 20 Fel H20I 23 Fel H201 24 Fel H201 2.3
Fe2 EI97OE2 19 Fe2 EI970E2 18 Fe2 E2090E2 22 Fe2 E2090E2 1.9
Fe2 H234ND1 22 Fe2 H234NDI 22 Fe2 H246ND1 22 Fe2 H246ND1 2.2
Fe2 E2310El 23 Fe2 [E2310E1 22 Fe2 E30El 23 Fe2 E2430El 20
Fe2 EI340El 22 Fe2 EI340El 21 Fe2 EI440El 25 Fe2 EI440El 25
Fe2 uOH-TG* 20 Fe2 uOHI1 18 Fe2 uOHI 20 Fe2 uOHI 2.0
Fe2 uOH2 21 Fe2 puOH2 23 Fe2 uOH2 28 Fe2 uOH2 25
4OH1 E2310E2 23  uOH1 E2310E2 24  uOHl E2430E2 28  uOH1 E2430E2 2.7

H201 E104OE2 2.5 H201 E104 OE2 2.7 H201 E1140E2 2.6 H201 E1140E2 2.8

*Thioglycolate
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Table 2.2. Data Collection and Refinement Statistics for 1.85A resolution TOMOH,, and 2.20 A resolution

Mn(i1)-ToMOH.
ToMOH,, Mn(i1)}-ToMOH
Data Collection
Beamline SSRL 9-2 SSRL 9-2
Wavelength (A) 0.979 0.979
Space Group P3421 P3421
Unit Cell Dimensions (A) 182.6 x 182.6 x 68.1 182.5x 182.5x 67.8
Resolution Range (A) 50-1.85 30-2.20
Total Reflections 1,064,847 385,987
Unique Reflections 99,695 64,565
Completeness (%)° 90.4 (78.9) 98.0 (91.9)
Ifo(1)® 55.8 (5.5) 17.5 (4.5)
Reym (%) 8.7 (43.0) 6.9 (43.1)

Phasing Method
Refinement

Reryst (%)°

Riree (%)°

No. Protein Atoms

No. Non-Protein Atoms

Molecular Replacement

19.5
229
7335
421

R.m.s Deviation Bond Length (A) 0.018

R.m.s Deviation Bond Angles (deg) 1.70

Average B-value (A?)

41.8

Molecular Replacement

215
244
7346
201
0.007
1.26
50.8

®Values in parentheses are for the highest resolution shell. "Reym = ZZndI{AkI) - <I(hki)>|/ Zn<I(hki)>, where I(hkl) is the ith
measured diffraction intensity and <I(hk/)> is the mean intensity for the Miller index (hki). “Reyst = EnllFo(hkh)| - [Fe(hKDII/
SndFo(hkN)]. *Riree = Rayst for a test set of reflections (5% in each case).
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elix

Figure 2.1. Overlaid 1.85 A resolution TOMOHox (white) and 2.20 A resolution Mn(I)-ToMOH (blue)
structures. Top: stereo view of the active sites. Bottom: helices E and F, active site ligands and metals,
and N202. Fe(lll) ions, Mn(ll) ions, and solvent ligands are represented as white or blue spheres. Side
chain ligands are represented as sticks in white or blue (carbon), red (oxygen) and yellow (nitrogen).
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Figure 2.2. Active site geometries of 1.85 A resolution TOMOH (left), and 2.20 A resolution Mn(l1)-ToMOH
(right). All distances are provided in A. Fe(lll) ions, Mn(Il) ions, and solvent ligands are represented as
green, yellow, and white spheres, respectively. Side chain ligands are represented as sticks in grey
(carbon), red (oxygen), and blue (nitrogen).
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Figure 2.3. Active site density stereo images of 1.85 A resolution TOMOH,, (top), and 2.20 A resolution
Mn(ll)-ToMOH (bottom). Fe(lll) ions, Mn(ll) ions, and oxygen atoms are represented as green, yellow,
and white spheres, respectively. Side chain ligands are portrayed as sticks in grey (carbon), red (oxygen),
and blue (nitrogen). 2F,-F. composite omit electron density maps contoured to 16 and 30 are shown in
grey and magenta, respectively.
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L Thioglycolate

Figure 2.4. Active site geometries of (A) 2.15 A resolution TOMOH,, (PDB code 1T0Q), (B) 1.85 A
resolution TOMOH,y, (C) 2.20 A resolution Mn(I1)-ToMOH, (D) 1.70 A resolution MMOH,, (PDB code
1MTY), (E) 2.15 A resolution MMOH,4 (PDB code 1FYZ), and (F) 2.30 resolution A Mn(I1)-MMOH (PDB
code 1XMF). All distances are provided in angstroms. Fe(lll) ions, Fe(ll) ions, Mn(ll) ions, and solvent
ligands are represented as green, blue, yellow, and white spheres, respectively. Side chain ligands are
represented as sticks in grey (carbon), red (oxygen), and blue (nitrogen).
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Figure 2.5. Metal center oxidation state dependent conformational shifts in TOMOH and MMOH. Top:
1.85 A resolution TOMOH,, (white) and 2.20 A resolution Mn(I1)-ToMOH (blue). Bottom: MMOHy (white;
PDB code 1MTY) and MMOH,4 (blue; PDB code 1FYZ). The metal-binding four-helix bundle, active site
ligands and ions, and select side chains are shown as overlaid 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).
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Channel Opening

Fas Surface Accessible Hydrophobic Pocket

MMOH

Figure 2.6. Interior surface renderings of TOMOH (top) and MMOH (bottom) a-subunits. TOMOH channel
van der Waals surface is shown in yellow; hydrophobic pockets in ToMOH and MMOH are shown in
green. Protein backbones (C, trace) are represented as grey ribbons, active site iron atoms as magenta

spheres, and side chain ligands as blue sticks.
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Figure 2.7. Hexaethylene glycol molecules modeled into the TOMOH channel in 1.85 A TOMOH,, (top)
and 2.20 A Mn(I1)-ToMOH (bottom). Fe(lll) ions (white), Mn(ll) ions (blue), and solvent ligands (cyan) are
represented as spheres. Hexaethylene glycol is shown as sticks in cyan (oxygen) and black (ethylene) in
the channel interior. Ligating amino acid and N202 side chains are represented as sticks in white/blue
(carbon), yellow (nitrogen), and red (oxygen); the protein interior van der Waals surface is shown in
translucent grey.
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CHAPTER 3

X-ray Crystallographic Characterization of Various Mutants of the Conserved Residues
T201 and N202 in the a-subunit of Toluene/o-Xylene Monoxogyenase Hydroxylase from

Pseudomonas sp. OX1
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Introduction

The toluene rﬁonooxygenases (TMOs) are a unique subset of BMMs that
perform regio- and enantio-selective hydroxylation and epoxidation reactions on
aromatic substrates.(7) TMOs are also special among BMMs in that they employ a
Rieske protein component in addition to the Fe;S; and ferredoxin containing reductase
utilized in all BMMs.(2) Moreover, it has been established that electrons are transferred
to TMO hydroxylases from NADH by the interaction with the Rieske protein, following its
reduction by the NADH-oxidizing Fe,S; reductase protein.(7) Due to the difference in
the TMO component interaction scheme with respect to other BMMs, it is evident that
the TMO hydroxylase reduction may, therefore, deviate significantly in the mechanism
of protein interaction from that of other BMMs.

In addition to receiving electrons from the reductase protein(s) in BMMs and
forming oxygenated intermediates after dioxygen binding, the activity of the hydroxylase
requires proton translocation into the diiron site cavity. The movement of protons into
the active site coordination environment, presumably in the form of HsO" cations,(3) is
therefore a subject of interest in the study of BMMs. Results from experimental work on
heme-containing cytochrome P450 enzymes(4, 5) and the carboxylate bridged diiron
enzyme A° desaturase(6) have indicated that a conserved.threonine in the active site
cavity is responsible for proton transfer to the metal center during catalysis. A similarly
positioned and strictly conserved threonine is Iocatéd in the active site cavity of BMM
hydroxylases near the protein surface, and is in fact the only polar residue found in the
hydrophobic environment surrounding the diiron site in the three BMM hydroxylases

crystallographically characterized to date.(2) Moreover, theoretical studies of soluble
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methane monooxygenase further implicate this conserved residue in the proton transfer
step during catalysis.

The working hypothesis that the conserved threonine in the active site of BMM
was generated primarily because of its position with respect to the diiron site and
protein surface, and also by the physical properties of its side chain (ie. pKa, polarity,
volume, and geometry). Prior to the current work, this conserved threonine was
investigated in the toluene-4-monooxygenase (T4MO) TMO system from Pseudomonas
mendocina KR1, by site-directed mutagenesis and a series of solution biochemical
studies.(7) Studies of the T4AMO threonine mutants indicated that the wild-type residue
is not important for hydrocarbon catalysis in that system, but did influence the T4AMO
hydroxylation regiospecificity. These studies were limited, however, to include only
steady-state activity, coupling efficiency, and product distribution analyses, the results of
which may not completely reflect the influence of this conserved residue on TMO
catalysis.

The conserved threonine in the active site cavity of BMMs is directly adjacent to
an equally conserved asparagine on the surface of the hydroxylase, just ~12 A from the
diiron site.(2) Recent structural work on the dimanganese(ll) form of TOMOH, an analog
of the diferrous form (Chapter 2), revealed that this asparagine is among a group of
surface exposed residues that undergo active site oxidation state dependent
conformational shifts. The shift adopted by this strictly conserved residue is most
notable because it moves the carboxyamide side chain from bulk solvent exposure in
the oxidized form of the enzyme to a position in which it is buried between two of the

iron-ligating helices in the dimanganese(ll) form. In the latter, it points toward the diiron
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site and is relatively less available for inter-protein hydrogen-bond formation. This
movement was previously observed for thé analogous asparagine residue in structures
of MMOH,(8) thereby providing further evidence for the generalization that the
conserved residue is important for catalysis and may be critical in mediating protein
component interactions.

Following the attainment of these results in TOMOH and MMOH, the structure of
the hydroxylase-regulatory protein complex in the PH system was determined
(Appendix 1). It revealed the presence of an inter-protein hydrogen bond between the
conserved asparagine side chain and that of an equally conserved serine residue on the
regulatory protein surface. Collectively, these observations implicate a role for the
conserved asparagine residue in catalysis and the hydroxylase-regulatory component
interaction, with the added notion that there may be a relationship between active site
oxidation state and regulatory protein binding events.

The universally conserved BMM hydroxylase a-subunit threonine and asparagine
residues (T201 and N202, respectively) are individually under current investigation in
the ToMO system through site-directed mutagenesis and subsequent biochemical
analysis.(9) The results of these studies will eventually be compared with identical
analyses of the wild-type hydroxylase, and additionally in the case of the threonine
mutants, with that from the aforementioned analogous work on the T4MO system. To
help with interpretation of the solution biochemical studies of the mutant ToMOH
proteins, the author has structurally characterized the glycine, serine, and valine
mutants of T201, as well as the alanine, aspartate, leucine, and tyrosine mutants of

N202, by X-ray crystallography. These structural results are described herein.
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Experimental

Crystallization. Hydroxylase protein samples for crystallization were prepared as
described previously.(9) Protein crystallization and cryogenic sample preparation for X-
ray diffraction data collection on the ToMOH mutants were also conducted as previously
described, including the concentrations of protein and precipitant solution components
and microseeding technique used (Chapter 2).

Diffraction Data Collection and Crystal Structure Determination. X-ray diffraction
data were collected at 100K at SSRL on BL 9-2 (N202L) and BL 11-1 (T201G, T201S,
T201V, N202A, and N202Y) as well as at APS on the NE-CAT 8-BL (N202D). Data
collected at SSRL were obtained using the BLU-ICE data collection software suite(10)
and that collected at APS were obtained using the CONSOLE data collection software
suite. In all cases diffraction data indexing, integration, and scaling were performed in
HKL2000.(77) Similarly, molecular replacement phasing was accomplished for all
mutant proteins by using EPMR(72) and 1.85 A resolution TOMOH coordinates (PDB
code 2INC) in which all non-protein atoms and the side chains of the coordinating
ligands and residues 1100, T201, N202, Q228, S232, and R233 removed in the starting
model. Model fitting and refinement were performed using Coot(73) and REFMAC5(74)
in CCP4(15), respectively. Final rounds of refinement as well as the calculation of
simulated annealing composite omit maps were conducted using CNS.(76) MSDchem
ideal coordinates as well as CNS topology and parameter files for glycerol and PEG

heterocompounds were obtained from the HIC-UP database (residue codes GOL and
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P6G, respectively).(17) Proper backbone and side chain geometries were confirmed

with PROCHECK.(78)

Results and Discussion

Crystallization. Crystallization time for all TOMOH mutants matched that observed
for the native protein when seeded with small quantities of high-quality native ToOMOH
crystal fragments, at 24 — 48 hours (Chapter 2). Moreover, the size and morphology of
the mutant protein crystals also matched that for the native protein, with approximate
dimensions of 0.5 x 0.5 x 0.5 mm and an octahedral shape (Chapter 2).

Diffraction Data Collection and Crystal Structure Determination. Diffraction data
collection and processing on the TOMOH T201G, T201S, and T201V mutants resulted
in the 2.10, 2.90, and 1.90 A resolution data sets, respectively, with statistics reported in
Tables 3.1, 3.2, and 3.3. That for the TOMOH N202A, N202D, N202L, and N202Y
resulted in the 2.36, 2.70, 2.40, and 1.95 A resolution data sets, respectively, with
statistics reported in Tables 3.1, 3.2, and 3.4. Global folds of the a-, -, and y-subunits
of the mutant hydroxylase structures obtained by molecular replacement phasing of the
individual data sets were isomorphous with the native protein, and all exhibit
hydroxylase C -to-C, atom RMSDs of < 0.3 A% with respect to wild-type (PDB Code
2INC). Similarly, diiron site coordination and geometry in all of the mutants are
essentially identical to that in the wild-type ToMO (Chapter 2) and MMO(79)
hydroxylases (Figures 3.1, 3.2, and 3.3). The previously observed (Chapter 2) bound
PEG-400 fragments from the crystallization buffer asymmetrically bridging the iron

atoms in place of one of the hydroxo ligands, delineates the channel pathway toward
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the protein surface in all cases as well.

Structural Effects of the T201 Mutations. The mutant T201X side chains and
surrounding residue orientations are clearly evident in the composite omit map electron
density (Figure 3.4). Due to this, the structural effects of the various mutations are
readily observed upon analysis of the three structures. The results of said analysis
indicate that the protein backbone geometry at and in the vicinity of the mutated side
chain is not perturbed in any of the crystallographically characterized T201 mutants.
Conformations of the neighboring N202 and Q228 residues, however, deviate from their
respective orientations in the wild-type protein, with exception of that for N202 in the
T201V mutant (Figure 3.5). In wild-type TOMOH, the T201 side chain is held in position
via hydrogen-bonding interactions with the backbone carbonyl oxygen atoms of
residues E197 and T201, as well as with the backbone nitrogen of N202. This
effectively also locks the threonine side chain methyl group in a non-flexible position in
the active site cavity. The orientation of the serine hydroxyl group in TOMOH T201S
matches that for the threonine hydroxyl group in the wild-type protein through hydrogen-
bonding interactions identical to that obsérved in the native protein.

In ToMOH T201G and T201V, side chain hydrogen-bonding interactions with the
surrounding backbone are not possible due to the lack of a hydroxyl group on the
mutant side chains. TOMOH T201G completely lacks a side chain in position 201, which
results in a larger and slightly more hydrophobic active site cavity. The valine side
chain, on the other hand, has approximately the same shape and size as the threonine
side chain so the mutation does not result in a significant change in the overall size of

the active site cavity but does cause a marked decrease in the local hydrophobicity in

83



the region of residue 201. Presumably as a result of the polarity difference between the
wild type and mutant side chains in ToOMOH T201V is a notable ~90° rotation about the
C,-C; bond in the orientation of the valine side chain with respect to the orientation of
the threonine side chain in wild-type ToMOH. The valine side chain is hydrophobic, and
adopts this orientation to avoid the polar environment that the serine and threonine side
chains occupy in the wild-type and T201S proteins, and because the surrounding space
within the active site cavity sterically allows it. Regarding the morphology of the active
site cavity, position 201 in the ToOMOH a-subunit exhibits a significant influence on its
size and shape, as indicated by space filling views and van der Waals surface
depictions of this region in the mutant proteins (Figures 3.6 and 3.7, respectively). Of
particular note is the effect of the mutations on the PHH-like pore region above the
diiron site,(20) which is significantly occluded in TOMOH T201S because of the rotamer
position adopted by N202 in that structure, and similarly in TOMOH T201V because of
the orientation adopted by the mutated side chain for the reasons discussed above.
Structural Effects of the N202 Mutations. As in the case of the T201 mutations,
the orientations of the mutant N202X side chains and surrounding residues are clearly
indicated in the composite omit map electron density (Figure 3.8). Analysis of the
resulting models indicates significant alterations on the surface of the mutant
hydroxylase a-subunits with respect to wild-type as well as malformed hydrogen
bonding interactions with the surrounding residues (Figures 3.9 and 3.10). In native
ToMOH, the hydrogen bonding interaction between N202 and Q228 occurs between the
carboxamide side chains of the two residues as well as between the Q228 side chain

and the N202 backbone carbonyl oxygen. In the TOMOH N202A and N202Y mutants,
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hydrogen-bonding between the side chains is not possible, so the resulting hydrogen
bond between the Q228 carboxamide group and the N202X backbone is shorter, which
actually pulls helix F slightly closer to helix E, causing the pore region above the diiron
to constrict significantly (Figure 3.10). The same hydrogen bonding shift in the N202X-
Q228 interaction takes place in Mn(ll) reconstituted ToOMOH and ToMOH N202L but the
pore remains open because of the 202 side chain in these structures is sterically
blocking its closure. In the TOMOH N202D mutant, the pore is constricted as in the case
of the N202A and N202Y mutants, but in that case it is due to stronger interactions

between Q228 and the D202 side chain resulting from its full negative charge.

Conclusions

The structure of the TOMOH protein is most notably disting‘uished from that of the
well-characterized MMOH in that the hydroxylase y-subunits exhibit a different overall
fold and position with respect to a- and B-subunits when compared to MMOH, and the
presence of large solvent accessible channel that traverses a pathway in the a-subunit
between helices B and E from the active site pocket to the protein surface (Figure
1.4).(21) The difference in the y-subunit fold and orientation in TOMOH with respect to
that of MMOH in terms of its influence on the hydroxylase function is only beginning to
be understood(22) and is not likely relevant to the current discussion. The presence of
the solvent-accessible channel in TOMOH, on the other hand, is undoubtedly of
functional significance in the activity of the ToMO system relative to other BMMs such
as MMOH. This structural feature in TOMOH probably affects the formation of active site

intermediates relative to those in MMOH (for example), because of the increased
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availability of bulk solvent to the active site cavity.(23) Moreover, the residues lining the
ToMOH channel are known to inﬂuencé hydrocarbon substrate oxidation regiospecificity
on the basis of mutagenesis work.(24, 25) In light of findings from the aforementioned
mutagenesis studies, and detailed analysis of the channel geometry (Chapter 4), it is
logical to conclude that the identities and orientations of the various the channel-lining
residues effectively steer the substrate as it approaches the diiron site. Residue 201 in
the TOMOH a-subunit is among those that contribute to the TOMOH channel surface
(Figures 3.5 and 4.12). Furthermore, it sits directly at the interface between the active
site pocket and the remainder of the channel pathway to the protein surface.
Regardless of the fact that it may not be the primary function of the conserved threonine
residue in TOMO, these observations strongly implicate the side chain orientation in
influencing substrate hydroxylation regiospecificity.

Insight into potential effects of the various T201 and N202 mutations on
interactions between the hydroxylase and component proteins, as well as that on
electron and proton transfer is provided by the current structural results. Of particular
note are the various orientations of the N202 and Q228 side chains in these structures,
which differ from those of wild-type ToMOH structures in most of the mutants (Figure
3.4). These two residues, which are also conserved in BMMs, are located on the protein
surface in close vicinity to residue 201, and both are known to change conformation in
concert with active site reduction and the associated Fe2 coordination carboxylate shift
in ToOMOH and MMOH (Chapter 1 and Chapter 2). Moreover, the strictly conserved
asparagine has already been implicated in component interactions and/or proton

transfer in BMMs, upon observing the conformational shift that it adopts when the
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oxidized and reduced structures of MMOH(8), and later TOMOH (Chapter 2), were
compared. The results of the alternate N202 and Q228 side chain conformations on the
structure of the mutant proteins are malforrﬁed intra-protein residue-residue hydrogen
bonding interactions and surface topologies relative to wild-type. Considering this and
the previously suggested involvement of the conserved asparagine in electron/proton
transfer event in BMMs, it is not unreasonable to conclude that the effects of the T201
and N202 mutations on the orientations and hydrogen-bonding schemes adopted by
Q228 may be responsible for any electron transfer and substrate turnover reactivity
trends observed for the mutant proteins relative to wild-type in future biochemical

studies.
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Table 3.1. Percentages of Resdiues in Ramachandran Plot Favored,
Allowed, and Outlier Regions

Structure ;Zé?gﬁg 22;?;?1: Fga ;tllc':':s Resolution
Native TOMOH 97.4 2.2 0.3 1.85
Mn(Il)-ToMOH 95.5 4.3 0.2 2.20
ToMOH 1100W 92.4 6.9 0.8 2.10
ToMOH T201G 971 2.8 0.1 2.10
ToMOH T201S 94.4 4.8 0.8 2.90
ToMOH T201V 97.4 25 0.1 1.90
ToMOH N202A 94.0 4.9 1.0 2.36
ToMOH N202D* 84.9 12.8 2.2 2.70
ToMOH N202L 93.7 54 0.9 240
ToMOH N202Y 97.0 2.8 0.2 1.95
Xe-PHH 98.0 1.9 0.1 1.95

*Non-ideal geometry statistics in this structure are the result of low resolution, and
outliers are heavily concentrated in the protein y-subunit.
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Table 3.2.

B-factors for Metal lons and Non-Protein Ligands in Structures of ToMOH

Average B-factors (AZ) in TOMOH Structures

Native Mn(ll) T201G T201S T201V N202A N202D N202L N202Y

All Atoms 417 50.7 46.7 241 52.1 48.6 45.6 42.4 56.1
Fe1 34.8 - 31.3 243 33.6 69.3 57.2 527 444
Fe 2 36.5 - 374 29.5 30.3 63.8 62.2 55.6 39.0
Mn 1 - 40.4 - - - - - - -

Mn 2 - 39.0 - - - - - - -

PEG 1° 704 81.1 68.7 58.5 66.7 57.8° 89.3 87.5 77.7
PEG 2 - - 60.9 54.4 54.0 - - - 743
PEG 3 - - - - 80.1 - - - -

PEG 4 - - - - 82.9 - - - -

Glycerol 1 - - 65.2 453 60.7 82.0 65.9 74.7 65.5
Glycerol 2 - - 53.1 40.2 483 813 49.7 68.8 61.8
Glycerol 3 - - - 30.0 43.6 63.9 55.5 63.6 48.6
Glycerol 4 - - - - 455 71.5 817 71.0 48.2
Glycerol 5 - - - - - 91.7 85.7 81.5 71.6
Glycerol 6 - - - - - 775 74.8 - 65.8
Glycerol 7 - - - - - 91.3 - - 67.3

°PEG 1 is the polyethylene glycol fragment that is bound in the interior of the ToMOH channel.

®50% occupancy.
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Table 3.3. X-ray Data Collection and Refinement Statistics for TOMOH T201G, T201S, and T201V

ToMOH T201G ToMOH T201S ToMOH T201V
Data Collection
Beamline SSRL 11-1 SSRL 11-1 SSRL 11-1
Wavelength (A) 0.979 0.979 0.979
Space Group P3,21 P3,421 P3,421
Unit cell dimensions (A) 183.0 x 183.0 x 68.7 182.8 x 182.8 x 68.9 182.9 x 182.9 x 68.6
Resolution range (A) 50.0 -2.10 50.0 - 2.90 50.0 -1.90
Total Reflections 1151797 223666 1801358
Unique Reflections 74572 29616 98258
Completeness (%)* 96.7 (92.9) 100 (99.9) 95.5 (84.6)
I/o(1) 30.8 (3.8) 22.7(7.7) 36.8 (2.9)
Rsym (%) 10.3 (56.0) 10.4 (31.2) 9.8 (66.0)
Refinement
Reryst (%) 223 18.4 20.6
Riree (%) 23.5 225 21.8
Average B-value (A%) 46.7 241 52.1
RMSD Bond Length (A) 0.007 0.008 0.006
RMSD Bond Angles (°) 1.36 1.54 1.36
No. Protein Atoms 7335 7337 7338
No. Non-Protein Atoms 248 159 699
Fe Atoms 2 2 2
Water Molecules 196 101 597
PEG-400 Fragments 2 2 4
Glycerol Molecules 2 3 4
RMSD to Wild-Type ToMOH 0.136 0.170 0.114
PDB Code XXXX XXXX XXXX
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Table 3.4. X-ray Data Collection and Refinement Statistics for TOMOH N202A, N202D, N202L, and N202Y

ToMOH N202A

ToMOH N202D

ToMOH N202L

ToMOH N202Y

Data Collection
Beamline

Wavelength (A)

Space Group

Unit cell dimensions (A)
Resolution range (A)
Total Reflections
Unique Reflections
Completeness (%)*
ol

Resym (%)

Refinement

Roryst (%)

Rfree (%)

Average B-value (A?)
RMSD Bond Length (A)
RMSD Bond Angles (°)
No. Protein Atoms

No. Non-Protein Atoms
Fe Atoms

Water Molecules
PEG-400 Fragments
Glycerol Molecules
RMSD to Wild-Type ToMOH
PDB Code

SSRL 11-1
0.979

P3,21

182.6 x 182.6 x 67.7
50.0 - 2.36
1092212

53293

99.3 (97.4)

69.4 (6.1)

9.8 (49.5)

237
26.1
48.6
0.008
1.50
7335
161

2

98

1

7
0.184
XXXX

APS NE-CAT 8-BM
0.983

P3,21

182.5 x 182.5 x 67.0
50.0 - 2.70

214302

35039

98.8 (97.3)

16.9 (3.6)

7.6 (30.9)

257
29
45.6
0.01
1.71
7338
129
2

72

1

6
0.291
XXXX

SSRL 11-1
0.979

P3,21
182.5 x 182.5 x 67.7
50.0 - 2.40

1018546

49725

98.0 (90.8)

57.5 (6.5)

10.9 (44.3)

223
248
42.4
0.008
1.46
7338
184

2

115

1

5
0.172
XXXX

SSRL 9-2
0.979

P3,21
182.4 x 182.4 x 68.0
50.0 - 1.95

451216

91024

96.6 (89.5)

35.0 (3.7)

6.5 (45.7)

225
24
56.1
0.006
1.31
7342
577

2

495

2

7
0.107
XXXX
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Figure 3.1. Active site coordination and geometry in TOMOH T201G (A), ToMOH T201S (B), TOMOH T201V (C), ToMOH N202A (D), ToMOH
N202D (E), TOMOH N202L (F), and TOMOH N202Y (G), as compared to that in wild-type TOMOH (H), Mn(ll)-reconstituted ToMOH (), and wild-
type MMOH (J). Active site metal ions are shown as green spheres, solvent and PEG terminal oxygen derived ligands as cyan spheres, and
amino acid side chain ligands as sticks in grey (carbon), blue (nitrogen), and red (oxygen). Interatomic distances are provided in angstroms.



Figure 3.2. Stereo views of the active site electron density in TOMOH T201G (A), ToMOH T201S (B), and
ToMOH T201V (C). Iron atoms are shown as green spheres. Solvent derived ligands, the coordinated
oxygen atom from the PEG fragment, and a water molecule in hydrogen bond contact with E104 (A and C
only) are all shown as cyan spheres. Amino acid side chain ligands are represented as sticks in yellow
(carbon), blue (nitrogen), and oxygen (red). Composite omit map electron density is shown in magenta
(contoured to 5.0 sigma) and grey (contoured to 1.5 sigma).
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Figure 3.3. Stereo views of the active site electron density in TOMOH N202A (A), TOMOH N202D (B),
ToMOH N202L (C), and ToMOH N202Y (D). Iron atoms are shown as green spheres. Solvent derived
ligands and coordinated oxygen atoms from PEG fragments are shown as cyan spheres. Amino acid side
chain ligands are represented as sticks in yellow (carbon), blue (nitrogen), and oxygen (red). Composite
omit map electron density is shown in magenta (contoured to 5.0 sigma) and grey (contoured to 1.0
sigma).
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Figure 3.4. Views of the various side chain conformations, hydrogen-bonding interactions, and electron density for residues E197, T201X, N202,
and Q228 from ToMOH T201G (C), TOMOH T201S (D), and ToMOH T201V (E) as compared to wild-type (A) and Mn(ll)-reconstituted ToMOH
(B). Iron ligating and surface exposed helices E and F are shown as translucent grey ribbons. Residues E197, T201X, N202, and Q228 are
represented as sticks in yellow (carbon), blue (nitrogen), and oxygen (red). Water molecules are shown as cyan spheres. Distances are provided
in angstroms. Composite omit map electron density maps contoured to 1.0 sigma are shown in light blue.




Q228 Q228

Figure 3.5. Stereo view of the overlaid structures of wild-type TOMOH (white), Mn(Il)-reconstituted
ToMOH (red), TOMOH T201G (orange), TOMOH T201S (blue), and TOMOH T201V (green). Iron atoms,
and water molecules in hydrogen-bond contact with N202 and Q228 are depicted as spheres. Amino acid
side chain ligands as well as the side chains of residues T201X, N202, and Q228 are shown as sticks.
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Figure 3.6. Space-filling view of the active site cavity in wild-type TOMOH, ToOMOH T201G, ToMOH
T201V, and TOMOH T201S (clockwise from top left), from the viewpoint of an approaching hydrocarbon
substrate molecule. The mutated residue is shown in yellow (carbon), blue (nitrogen), and red (oxygen).
Remaining pocket residues are similarly colored, with exception that carbons are grey. Iron atoms are
shown in green.
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Figure 3.7. Effects of the mutation on the van Der Waals surface topology of the TOMOH channel and
pore region in TOMOH T201G (B), TOMOH T201S (C), and TOMOH T201V (D) as compared to wild-type
ToMOH (A). The protein van der Waals surface is shown in translucent white. Active site amino acid
ligands are represented as sticks. Side chain and C,, atoms of residues 1100, T201X, and N202 are
represented as spheres. Iron atoms are shown as green spheres. Carbon atoms are shown in white
(ligands), magenta (1100), cyan (T201X), and dark grey (N202). Nitrogen and oxygen atoms are shown in
blue and red, respectively.
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Figure 3.8. Views of the various side chain conformations, hydrogen-bonding interactions, and electron density for residues E197, T201, N202X,
and Q228 from ToMOH N202A (C), ToMOH N202D (D), ToMOH N202L (E), and ToOMOH N202Y (F) as compared to wild-type (A) and Mn(ll)-
reconstituted TOMOH (B). Iron ligating and surface exposed helices E and F are shown as translucent grey ribbons. Active site metal ions are
shown as green spheres. Residues E197, T201, N202X, and Q228 are represented as sticks in yellow (carbon), blue (nitrogen), and oxygen (red).
Water molecules are shown as cyan spheres. Distances are provided in angstroms. Composite omit map electron density maps contoured to 1.0

sigma are shown in light blue.
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Figure 3.9. Stereo view of the overlaid structures of wild-type ToMOH (white), Mn(ll)-reconstituted
ToMOH (red), ToOMOH N202A (green), ToOMOH N202D (orange), ToOMOH N202L (blue), and ToMOH
N202Y (cyan). Iron atoms, and water molecules in hydrogen-bond contact with N202 and Q228 are
depicted as spheres. Amino acid side chain ligands as well as the side chains of residues N202X, and
Q228 are shown as sticks.
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Figure 3.10. Effects of the mutation on the van der Waals surface topology of the TOMOH channel and
pore region in TOMOH N202A (C), ToMOH N202D (D), ToMOH N202L (E), and TOMOH N202Y (F) as
compared to wild-type (A) and Mn(ll)-reconstituted (B) TOMOH. The protein van Der Waals surface is
shown in translucent white. Active site amino acid ligands are represented as sticks. Side chain and C,
atoms of residues 1100, T201, and N202X are represented as spheres. Iron atoms are shown as green
spheres. Carbon atoms are shown in white (ligands), magenta (1100), dark grey (T201), and cyan
(N202X). Nitrogen and oxygen atoms are shown in blue and red, respectively.
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CHAPTER 4

Exploring Voids in BMM Hydroxylase a-subunits: X-ray Crystallographic
Characterization of the Xenon-Pressurized Hydroxylase Component of Phenol
Hydroxylase from Pseudomonas sp. OX1, and Computational Analyses of the
Hydroxylase Components of Phenol Hydroxylase, Toluene/o-xylene Monoxygenase,

and Methane Monooxygenase.
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Introduction

Phenol hydroxylase (PH) from Pseudomonas sp. OX1 belongs to a class of non-
heme diiron carboxylate proteins that convert hydrocarbons to alcohols and epoxides,
which are known as bacterial multicomponent monooxygenases (BMMs).(7, 2) These
systems employ two to three accessory protein components to effect dioxygen
activation and subsequent hydrocarbon substrate oxidation at the diiron active site
located within a hydrophobic cavity in the a-subunits of the 220-250 kDa (afy).
heterodimeric hydroxylase protein. A ~38 kDa Fe;,S; reductase protein and a 10-15 kDa
cofactorless regulatory protein comprise the universal accessory proteins in BMMs,
whereas a ~10 kDa Rieske-type reductase that assists in shuttling electrons from NADH
oxidation by the Fe,S; reductase to the hydroxylase exists as an additional electron-
transport protein in the four-component BMM systems. As a result of the amazing
chemistry performed by BMMs, host bacterial are conferred with the ability to obtain all
of their carbon and energy needs from hydrocarbon metabolism, which begins with
BMM substrate oxidation.(3)

In addition to that from PH(4), the hydroxylase protein components of soluble
methane monooxygenase (sMMOQO) from Methyolococcus capsulatus (Bath)(5-72) and
Methyolosinus Trichosporium OB3b(13) (MMOH), and toluene/o-xylene
monooxygenase (ToMO) from Pseudomonas sp. OX1(14, 15) (ToMOH) have been
characterized by X-ray crystallography. The structures of all three BMM hydroxylases
indicate extensive homology in the diiron site coordination environment and surrounding
residues. In addition to similarities within the BMM class, the carboxylate bridged diiron
site in the hydroxylase is similar to that utilized in functionally dissimilar enzymes such

as ribonucleotide reductase R2 subunit(76), ferritin(17), and steroyl-acyl carrier protein
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A9-desaturase(718), suggesting that the reactivity differences observed among BMMs
and in related systems results from the structures adopted by the surrounding protein
scaffold and oxygenated active site intermediates generated during catalysis.

A central question in the study of bacterial multicomponent monooxygenases
(BMMs), as well as that of many enzymes, is how the protein scaffold controls substrate
and product access to the catalytic site while maintaining precise control of the catalytic
chemistry.(79) BMM hydroxylase proteins are adept at this process, for they must
precisely govern the movement of four substrates: hydrocarbons, molecular oxygen,
electrons, and protons in the form of H3O" cations, to the active site and two products:
alcohols or epoxides and water, from the active site while simultaneously binding to and
dissociating from accessory protein components during catalysis.(2, 79) Our
crystallographic studies of BMM hydroxylase proteins suggest that the various cavities,
channels, and pores (generalized herein as voids) that trace pathways from the protein
exterior to the active site in their a-subunits are the primary means of molecular
substrate and product transport to and from the diiron center within. As we continue to
investigate this hypothesis we recall that voids in protein structures usually fall into one
of two classes: functional, or adventitious as a consequence of the protein fold. We do
not discount the possibility that the latter rather than the former could be the case for
some of the voids in BMM hydroxylases, despite mounting evidence to the contrary.

Early crystallographic work on MMOH revealed the presence of a series of
hydrophobic cavities leading from the a-subunit surface to the active site pocket (Figure
4.1).(6) These cavities have since been examined crystallographically through analysis
of product(72) and product-analog(8) bound structures as well as two xenon-

pressurized structures.(77) These data suggested that the hydrophobic cavities in
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MMOH may constitute the route of methane access to the diiron site during in vivo
catalysis. Later structures of TOMOH(75) and PHH(4) indicated the presence of
homologous hydrophobic cavities in their respective a-subunit interiors. In contrast to
MMOH, however, these structures exhibit additional open channel access routes to the
diiron center designated as a channel in TOMOH(15) and an open-pore in PHH (Figure
4.1). ToMOH has also been crystallographically characterized with molecules of
bromophenol bound to the interior of its 40 A long channel, suggesting that it is the
route of hydrocarbon access in that system.(715) In lieu of a TOMOH-like channel, the
open-pore route to the active site cavity in PHH traces the shortest solvent accessible
route to the diiron center observed in any BMM hydroxylase, directly between the two
surface exposed iron-ligating a-helices, and may represent the route of active site
hydrocarbon access in that system.(4) Of note with regard to the open pore in PHH,
however, is the presence of a similar but considerably more constricted PHH pore-like
region in both MMOH(6) and TOMOH(79), which seems to vary in size with the oxidation
state of the active site iron atoms and in the presence of bound product analogs.(8)
Provided with knowledge of three active site access routes in the structurally
characterized BMM hydroxylases, the hydrophobic cavities, the channel in TOMOH, and
the open-pore in PHH, we address the question of why each of these pathways is
present and why only the first appears to be fully conserved. Intuition leads us to
suggest that the one conserved pathway in BMMs, the hydrophobic cavities, is present
to selectively effect translocation of the one molecular substrate that is common to all
BMMs, dioxygen. In the present work we set out to investigate this hypothesis through

computational analyses of the three structurally characterized hydroxylase a-subunits,
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as well as by determining and subsequently analyzing a xenon-pressurized PHH x-ray
crystal structure (Xe-PHH).

Since early studies of myoglobin,(20) scientists have attempted to probe the
roles of voids in proteins using crystallography and other creative methods. Examples of
studies where site-directed mutagenesis and kinetic analysis have been used to
investigate protein voids include native to cysteine mutations throughout a peptide-
gated transmembrane sodium transport channel,(27) and the channel-blocking mutant
of toluene/o-xylene monooxygenase.(22) Others have used small molecule probes for
this purpose, including fluorescence analysis of site-specifically labeled lysozymes with
the probe monobromobimane to examine protein solvent accessibility,(23) and the
aforementioned crystallographic characterization of product-analog bound structures of
MMOH(8, 12) and ToMOH.(75) Computational approaches are also established,(24-27)
and in many cases show remarkably good correlation with related crystallographic data.
An example of such correlation is exhibited in studies of the bifunctional carbon
monoxide dehydrogenase/acetyl-coA synthase complex.(28)

A currently popular experimental method of examining protein voids is the
crystallographic characterization of samples pressurized with a heavy gas such as
krypton or xenon.(29) This method is relatively inexpensive and easily accessible for
most synchrotron users, does not perturb the protein structure, and can potentially
provide a considerable amount of information about the accessibility and hydrophobicity
of voids in protein sample. Moreover, because heavy gas pressurized structures are
isomorphus with their native equivalents, they may also be used for MAD, MIR, or SAD
phasing of the native diffraction data.(30-34) Taking advantage of the spin ¥z nucleus of

12%Xe, xenon-pressurized protein structure analysis has also been extended to include
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NMR studies that allow identification and analysis of hydrophobic binding sites within
proteins in the solution state.(35-47) Heavy gas pressurization studies afford many
similar structures for comparative analysis as a result of their attractive properties.

In the present work, we have employed two methods to analyze BMM
hydroxylase voids: xenon gas pressurization protein crystallography and computational
analyses of this and previously obtained structures of PHH, ToMOH, and MMOH.
Among heavy gasses used in protein crystallography, xenon is an excellent choice as a
probe for dioxygen binding within the protein because it is similar to oxygen in size,
hydrophobicity, and polarizability (Table 4.1). These properties make xenon ideal for
highlighting potential dioxygen binding sites in protein voids, in addition to the
convenient fact that its 54 electrons render it highly visible in difference Fourier electron
density maps. Crystallographic studies of myoglobin have indicated that many small
molecules, including dinitrogen, bind to the same sites as xenon in its heme-containing
active site cavity.(42) Additional precedent for the use of xenon as a probe for small gas
binding in macromolecular voids include that for dioxygen binding in copper amine
oxidases(43), and the aforementioned work on carbon monoxide binding in the interior
of a bifunctional carbon monoxide dehydrogenase/acetyl-coA synthase complex(28)
and methane translocation to the active site of MMOH(77).

Analysis of BMM hydroxylase protein surfaces was performed by using
PyMOL(44), and calculation of the surface to active site voids was conducted within
CAVER.(27) The CAVER software package allows the identification of routes leading
from cavities in the interior of proteins to bulk solvent outside the protein matrix, via a
reciprocal distance search algorithm. Data output from CAVER includes the cross

section diameter of all calculated pathways at multiple points along their trajectories,
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allowing for the identification of both the location and size of points of interest along
each pathway. In combination with results from the Xe-PHH structure, these data
collectively yield information about the means of substrate and product transport in
BMM hydroxylases, providing information about why the various surface-to-diiron site

voids may have evolved in each system.

Materials and Methods

General Considerations. The PHH sample used to obtain the xenon-pressurized
X-ray crystal structure of PHH was expressed as described previously.(7) PHH used for
Michaelis-Menten kinetic analysis in the presence of varying dioxygen and xenon
concentrations was expressed using a new plasmid that excludes the genes for
expression of the reductase (PHP) and regulatory (PHM) protein components of the PH
system, and includes the gene for expression of the putative iron insertase PHK
(PHAPAM).(45) All PHH samples were purified as described elsewhere.(4) PHP, PHM,
and catechol 2,3-dioxygenase (C2,30) samples used were expressed and purified as
described previously.(46) PHM samples used in Michaelis-Menten kinetic analysis were
refolded by thermal reconstitution to improve activity (vide infra).(47) Iron content by
FerroZine assay(48) and enzyme activity by coupled calorimetric assay with C2,30(7)
were also conducted as previously described.

Crystallization, Xenon Pressurization, and Diffraction Data Collection. PHH
crystallization was accomplished by the hanging drop vapor diffusion method at 18 °C,
with some modifications of the previously published conditions(4), as described below.
Protein solution contained 35 uM PHH and 28 yM PHM (0.8 equivalents of added PHM)

in 10 mM MES pH 7.1 and 10% glycerol. Precipitant solution contained 150 mM
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Na:MoOQ, * 2H,0, 100 mM Tris HCI pH 7.0, 5% (v/v) glycerol, and 17-25% PEG 8,000
(v/v). Precipitant solution was prepared individually for each well in the crystallization
tray from concentrated stocks of the solution components. Following preparation of the
precipitant solutions, the 24-well tray was incubated at 4 °C and shaken for
approximately 15 min before addition of the hanging drops and cover slides. This step
was required for proper mixing of the precipitant components because of the high
solution viscosity. Hanging drops comprised 2 pL of protein solution combined with 2 pL
of precipitant solution. Cryogenic solution for data collection contained the precipitant
solution with added 20% (v/v) glycerol.

Crystalline samples of PHH were shipped to SSRL at ambient temperature in a
centrifuge (eppendorf) tube containing 500 uL cryo solution. Many of these crystalline
samples were individually subject to xenon pressurization. At ambient temperature,
single crystals were mounted on cryo loops that were subsequently placed in the gas
pressurization cell(49) along with 500 pL distilled water to prevent crystal dehydration.
Following, the sample was subject to 2.1 x 10° Pa xenon gas pressure for 2 to 15 min
before the pressure was released and the crystal immediately frozen in liquid nitrogen.
After freezing, the crystals were transferred to the Stanford Automated Mouting robot
cassette(50) and screened for diffraction quality.

X-ray diffraction data were collected at the Stanford Synchrotron Radiation
Laboratory (SSRL) on beam line 9-2 using the BLU-ICE data collection suite.(57)
Crystal annealing was conducted as described for 1.85 A native TOMOH, however,
different lengths of annealing time were investigated, ranging from 1 to 10 s. Diffraction

data were integrated and scaled in HKL2000.(52)
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Structure Determination and Refinement. Phasing of the xenon PHH-PHM data
was accomplished by using EPMR(53) and 2.7 A resolution native PHH-PHM
coordinates (PDB code 2INN)(4) in which all non-protein atoms and the side chains of
the iron coordinating ligands removed as a starting model. An additional attempt at
phasing was also conducted using the above-described model minus the coordinates
for PHM. Following phasing, subsequent models were built in Coot(54) and refined
using REFMAC5(55) in CCP4.(56) PHM and Xe atom occupancies as well as simulated
annealing composite omit maps were calculated in CNS.(57) Xenon atoms were located
by manually fitting them into heavy atom peaks in the simulated annealing composite
omit 2F,-F. electron density map. PHM molecule and xenon atom occupancy
refinements were performed by fixing the B-factors of the refined atoms to the 49 A3
average for the a-, -, and y-subunits. MSDchem ideal coordinates as well as CNS
topology and parameter files for glycerol, HEPES, and MOPS heterocompounds were
obtained from the HIC-UP database (residue codes GOL, HPE, and MPO,
respectively).(58)

PH Michaelis-Menten Kinetics with Dioxygen and Xenon. Data on the Michaelis-
Menten kinetics of PH with dioxygen and xenon were obtained using a modification of
the previously published coupled assay with C2,30.(7) In this assay PH steady state
activity was determined by monitoring the formation of 2-hydroxymuconic acid from
C2,30 catalysis following phenol oxidation to catechol by PH. Production of the final
product of this coupied assay, 2-hydroxymuconic acid, was measured by analysis of the
absorbance change at 410 nm (g410 = 12,620 M'cm™) with time. In the case of the
present analysis of PH Michaelis-Menten activity with dioxygen and xenon, steady-state

assays were performed in the presence of varying amounts of nitrogen, dioxygen, and
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xenon gas and combined to ultimately provide the desired Michaelis-Menten kinetic
data.

The individual steady-state experiments with PH in the presence of dioxygen
and/or xenon were conducted using a dual cell UV-vis spectrophotometer (Cary) and
septa-capped sample and reference quartz cuvettes. Final concentrations of PHH,
PHM, PHP, NADH, phenol, and C2,30 in each individual steady-state experiment were
0.5 uM, 1.0 uM, 1.0 uM, 1.0 mM, 1.0 mM, and ~2.5 uM, respectively, in buffer
containing 100 mM Tris HCI at pH 7.5. Saturated solutions of nitrogen, dioxygen, and
xenon were prepared by purging the gasses into individual 100 mL aliquots of Tris
buffer for ~30 min. Prior to each experiment, phenol, NADH, and all proteins less PHP
were added as concentrated aliquots to the sample cell and purged of dioxygen using
~20 nitrogen/vacuum purge cycles and schienck glassware. Subsequently, the nitrogen
and xenon gas aliquots were added to the reaction mixture by injecting the appropriate
volumes of nitrogen and xenon saturated buffer into the sample cuvette using gas-tight
syringes (Hamilton). Immediately thereafter, the sample cell was placed in the UV-vis
instrument and data collection at 410 nm was started. Upon observing a stable
baseline, the sample cell was removed from the instrument, PHP and then dioxygen
saturated buffer were added (again using gas-tight syringes), and finally, the cuvette
was inverted multiple times to effect proper mixing and replaced in the instrument
sample cell. In all cases the saturated nitrogen buffer was used as the reference
solution and to normalize the final volume of the individual samples. Following addition
of PHP and dioxygen, an expected increase in absorbance with time corresponding to
PH and C2,30 coupled activity was observed, and the most linear portion of the

resulting spectra (where substrate concentration is saturating) was used to extract the

114



slope of the reaction and determine steady-state activity at each concentration of added
dioxygen and xenon gas.

Analysis of BMM Hydroxylase Voids Using PyMOL. The popular macromolecular
structure visualization program PyMOL provides accurate representations of structure
van der Waals surfaces.(44) Utilizing this feature, prominent voids in the
crystallographically characterized BMM hydroxylases are readily observed. Provided
with this information, each and every protein residue that contributes to the surface of
the various BMM hydroxylase voids was identified for comparative study. The results
reported here were obtained from analysis of 1.85 A resolution TOMOH,, (PDB code
2INC), 1.70 A resolution MMOH, (PDB code 1MTY), and the 1.95 A resolution Xe-PHH
coordinates.

Analysis of BMM Hydroxylase Voids Using CAVER. The starting point for each
surface-to-diiron center pathway search was the center of the active site cavity, which
was manually chosen on the basis of van der Waals surface calculations initially
conducted in PyMOL.(44) CAVER parameters were set to compute ten independent
pathways from the starting position to the protein exterior via available space in the
static protein interior. Each of the ten calculated pathways was output as coordinates
spaced at 0.8 A intervals along the trajectory. Furthermore, trajectory coordinates also
contained precise radii, allowing for accurate width measurement essentially anywhere
along the calculated pathways. Structures of MMOH (PDB code 1MTY), ToMOH (PDB
code 1T0Q), and PHH-PHM (PDB Code 2INN) were subjected to CAVER analysis with
the above parameters, following deletion of all non-protein atoms from the structure
coordinate list. In the case of the PH analysis, the protomer not bound to PHM in the

PHH-PHM structure (hereto referred to as protomer A) was chosen to represent PHH in
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the absence of PHM. Conversely, the protomer bound to PHM (hereto referred to as
protomer B) was analyzed for information about PHH in the presence of bound
regulatory protein.

BMM Hydroxylase a-subunit Protein Sequence Alignments. Protein sequence
alignments to analyze hydroxylase a-subunit residue conservation were performed
using ClustalW. The protein sequences of PHH and ToMOH from Pseudomonas sp.
OX1 (AAO47358 and CAA06654, respectively), MMOH from Methyolococcus
capsulatus (Bath) (AAB62392), T4AMOH from Pseudomonas mendocina (AAS66660),
alkene monooxygenase expoxidase from Rhodococcus sp. RHA1 (YP700435), and
butane monooxygease hydroxylase from Pseudomonas butanovora (AAM19727) were

used for the sequence alignments.

Results and Discussion

Iron Content and Activity. The PHH sample used for crystallization and
subsequent xenon pressurization contained 3.6 Fe atoms/dimer and exhibited an
activity of 470 + 40 milliunits min™ mg™. That used for Michaelis-Menten analysis with
dioxygen and xenon contained 4.4 + 0.3 Fe atoms/dimer and exhibited an activity of
1,300 % 60 milliunits min™ mg™. The reason that the sample used for Michaelis-Menten
analysis exhibits ~3 fold higher steady-state activity than that used for xenon
pressurization is due to the different plasmids used for PHH expression, the former of
which includes the gene for PHK expression but excludes those for PHP and PHM
expression.(45)

Crystallization, Xenon Pressurization, and Data Collection. PHH crystals formed

in 2 — 3 days. Among those crystals subjected to xenon pressurization and diffraction
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screening, the best quality data came from one that crystallized from 19% PEG 8,000,
was pressurized with xenon for 5 min, and subject to a 2 sec annealing time. Diffraction
data processing gave a 1.95 A data set with statistics shown in Table 4.2.

Structure Determination and Refinement. Molecular replacement phasing
followed by extensive model fitting and refinement gave the structure with refinement
statistics shown in Table 4.2. Although the data could be phased by molecular
replacement with PHM present in or absent from in the initial model, considerably better
refinement and coordinéte geometry statistics were subsequently obtained without PHM
in the Xe-PHH coordinates. Refined coordinates with PHM present indicated that the
regulatory protein occupancy was <40%, and as in the case of the previous PHH-PHM
structure, only exhibited bound PHM on one side of the dimer. As a result of the low
PHM occupancy observed in this structure, modeling the protein into the corresponding
weak electron density proved extremely difficult and consistently resulted in poor protein
backbone and side chain geometry statistics following many rounds of structure
refinement. Furthermore, comparison of the two PHH protomers in this structure
indicated high structural homology between the two and corresponding C_-to-C, route-
mean squared differences (RMSDs) of 0.23 and 0.14 A2 for the individual monomers
and o-subunits of the dimer, respectively (Figure 4.2). The previously observed re-
arrangements in Helix F that are believed to be a result of bound PHM(4) were also not
observed in this structure, providing evidence to suggest that the partially occupied
PHM has not affected the structure of the hydroxylase to the same degree in these
data.

These findings with respect to the PHM content in the xenon-pressurized crystals

can be rationalized by recent findings that solution samples of recombinantly expressed
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PHM contain both inactive and active form of the protein, on the basis of native PAGE
analysis of purified PHM samples (Figure 4.3) and solution isothermal titration
calorimetry studies of PHH-PHM complex formation.(59) Considering that PHM samples
containing the inactive form of the protein were added (0.8 equivalents in the case of
the crystal used for structure determination) to samples of PHH expressed from the
plasmid which co-expresses PHM in the crystallization setup, it is possible that the
presence of the inactive form caused PHM disassociation from PHH during
crystallization, through dimer formation or an equilibrium shift favoring a misfolding
pathway. Considering our collective results regarding the bound PHM molecule we
decided to omit the regulatory protein from the final coordinates and consider the
structure to represent the lone hydroxylase. Regardless, we do note that the regulatory
protein is partially present in the crystal used for data collection.

The global folds of the a-, B-, and y-subunits of PHH are essentially identical to
those of the previously determined structure of the PHH-PHM complex(4), save the
aforementioned differences in the conformations of helices E and F in protomer B, with
a Cto-C, RMSDs of 0.74 A® for the hydroxylase and 0.26 A® for the protomer B a-
subunit alone. Similarly, the diiron centers in Xe-PHH are also geometrically
homologous to those of the wild-type protein, again resembling the mixed-valent MMOH
diiron site(70) and exhibiting a lack of solvent-derived ligands bridging the iron atoms
(Figure 4.4). Notably different about the diiron sites in Xe-PHH with respect to the native
structure, however, is the presence of a presumably deprotonated glycerol molecule
bound exclusively to Fe1 on both sides of the dimer and in place of a terminal water
molecule observed in the previous structure.(4) This assignment is strongly supported

by the 2F,-F. composite omit electron density (Figure 4.5), and furthermore, exhibits a
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diiron site hydrocarbon coordination not previously observed in any BMM hydroxylase.
Specifically, all other structures of alcohol bound BMM hydroxylase diiron sites indicate
an asymmetrically bridging mode of hydrocarbon coordination which suggests the
possibility of a different mechanism of substrate binding, oxidation, or product release in
PHH with respect to MMOH and ToMOH.

Also unperturbed in comparison to the previously reported PHH structure is the
structural zinc site located in the a-subunit, near the protein-protein interface with the y-
subunit. As in the previous structure of PHH(4) this site exhibits nearly perfect
tetrahedral geometry and 2.3 + 0.1 A Zn—S bond distances that are typical for a
metalloprotein site of this type (Figures 6 and 7, top).

In addition to the diiron and zinc sites in Xe-PHH, a newly observed and
considerably unusual third metal binding site is present in the structure, on the surface
of the a-subunit near the dimer interface (Figures 6 and 7, bottom). The monomeric
binding site appears in the structure electron density comprising only a transition metal
and two histidine imidazole ligands coordinated in a nearly linear fashion to yield 172°
and 178° Hisn,-M™-Hisy, bond angles for protomers A and B, respectively. Additional
ligands on this metal may be present, but are not observed in the electron density as a
result of disorder or Hisy-M™ bond rotation. Comparison of the coordination bond
angles and distances in this structure with some inorganic model complexes suggests
that metal is most likely Cu(l).(60, 67) We believe that this surface bound metal ion is
not functional, and is simply a consequence of an impurity in one of the protein
purification or crystallization reagents.

Twenty-four xenon atoms, twelve in each protomer, were located in the structure

including fourteen in the MMOH-like hydrophobic cavities (Table 4.3 and Figure 4.8).
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The refined xenon occupancies range from 0.3 to 1 and average 0.8 (Table 4.3). In
cases where the occupancy refined to a value greater than or equal to 1 the occupancy
was subsequently fixed at 1 and the B-factor allowed to refine. Images of the ten xenon
sites found in the Xe-PHH a-subunit are shown in Figure 4.9. Distances between the
xenon atoms in the hydrophobic cavities and the active site iron atoms are summarized
in Table 4.4.

As is typical for a xenon-bound protein structure, a large majority of the residues
contributing the various binding sites have hydrophobic side chains and are positioned 4
— 5 A from the bound xenon atom (Table 4.3). A notable trend in the occupancies of the
xenon atoms bound to the hydrophobic cavities is a significant decrease as the
proximity to the buried iron center increases (Table 4.3). Also important regarding the
xenon binding sites is the lack of ordered water molecules observed at or near the
xenon atom sites in the structure of PHH not pressurized with xenon.(4)

PH Michaelis-Menten Kinetics with Dioxygen and Xenon. PH Michaelis-Menten
kinetics in various concentrations of dioxygen indicate classic saturation behavior that
reveals the system’s requirement for as much as 100-200 equivalents of dioxygen in
solution for optimal activity under the conditions tested. The addition of 1.0 mM xenon
gas to assays containing 10 and 500 uM dioxygen revealed no clear evidence for a
decrease in steady-state activity. Results are summarized in Figure 4.10.

Analysis of BMM Hydroxylase Voids Using PyMOL. The results of our analysis of
BMM hydroxylase a-subunit voids using PyMOL are summarized in Figures 4.11, 4.12,
4.13, and Table 4.5. From the figures we can clearly see that each of the three
hydrophobic cavities, as well as the pore region, are present and spatially defined in the

a-subunit of PHH (Figure 4.11), MMOH (Figure 4.12), and ToMOH (Figure 4.13). Also
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apparent in the images is how the orientation of the cavity and pore voids are
maintained in each protein with respect to the iron atoms (grey spheres) and putative
electron-transfer hydrogen-bonding network (yellow residues). Reviewing the residues
contributing to the interior surface of the cavities, as labeled in the figures and listed in
Table 4.5, reveals that a large majority are hydrophobic and that few polar side chains
face the interior spaces. Comparison of the individual cavities one (green), two (cyan),
and three (magenta) in the three hydroxylases indicates that: (1) cavity one is
considerably larger in PHH than in TOMOH or MMOH, (2) cavity two is similarly sized
and isolated from cavities one and three in all three hydroxylases, (3) cavity three is
largest in MMOH but solvent accessible in PHH and ToMOH. Considering that the
structure and hydrophobicity of these cavities are conserved but without strict
conservation of the contributing residues, along with the fact that they are known to bind
xenon in MMOH and PHH, the suggested notion that they exist to facilitate dioxygen
transport to the active site is further supported.

Comparing the pore region (orange in Figures 4.11, 4.12, and 4.13) in each
protein we see that the residues contributing to its surface are the most conserved of
any particular void region in the three proteins. The pore access pathway is consistently
defined in part by the strictly conserved surface asparagine (PHH N204; MMOH N214;
ToMOH N202), conserved surface glutamine/glutamate (PHH Q230; MMOH E240;
ToMOH Q228), strictly conserved active site pocket threonine (PHH T203; MMOH
T213; ToMOH T201), and carboxylate-shift iron ligating glutamate (PHH E233; MMOH
E243; ToMOH E231). In all cases the remaining residues that contribute to this void
space in the three proteins are hydrophobic. These findings, in the context of our

knowledge that all of the conserved pore region residues other the active site pocket
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threonine change conformation with active site reduction in MMOH and ToMOH suggest
that it is present, at least in part, to effect the translocation of some substrate, probably
protons, into the active site cavity in a time-dependent manner with respect to electron
transfer. The observation that the carboxylate-shift iron ligand contributes to the pore
region surface indicates that the coordination change adopted by this residue is linked
to a change in the active site solvent accessibility during catalysis.

Looking at the channel void in ToMOH (Figure 4.13, grey), and in particular
where it first extends away from cavities one and two toward the protein surface, we
observe how it links the first two cavities in extending away from them in its trajectory.
Comparing this buried region of the channel to the analogous area in PHH, we find that
it is somewhat conserved, and the result is the relatively large cavity one in that system.
In MMOH we find no such void space in the analogous region, and instead see
hydrophobic side chains including F188, F236, and L110 projecting into the area to
prevent any such expansion in cavity one. Considering these findings about the channel
void in the context of the substrate specificities of PHH, ToMOH, and MMOH, one can
imagine how the channel may have opened through evolution in TOMOH to
accommodate its wide substrate range but closed in the other two systems to limit
active site solvent access and affect hydroxylation of their preferred substrates.

BMM Hydroxylase a-subunit Protein Sequence Alignments. In the context of the
PyMOL analysis of the BMM voids the sequence alignment data indicates conservation
in the hydrophobicity of the residues contributing to the xenon-binding sites Xe-PHH.
ClustalW sequence alignment results are summarized in Figure 4.14, where residues
that have side chain contributions to the a-subunit xenon binding sites in PHH are

highlighted in blue, and the protein ligands on iron are highlighted in magenta.
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Analysis of BMM Hydroxylase Voids Using CAVER. Active site pocket-to-protein
exterior trajectory calculation results from CAVER on all three hydroxylases as
determined in this study each include three or four pathways identical to that with the
largest cross section, along with one or two unreasonable pathways with extremely
small average cross sections. These redundant and unreasonable pathways are
excluded from the following discussion of the resulits.

Substrate access calculations with CAVER on the PHH-PHM structure(4) reveal:
(1) there are three likely routes of small molecule access from the surface to the diiron
center in the a-subunit of PHH, (2) the route exhibiting the largest cross section is the
pore region, which changes in length and trajectory in the presence of PHM, and (3) all
the three determined pathways are conserved among known BMM hydroxylase o-
subunit structures. These features are detailed in Figure 4.15. The substrate access
route in PHH with the greatest cross section is the pore region, with a reported diameter
of 2.8 A at its narrowest point near T203, F207, and E233 (Figure 4.15A, yellow). A
pathway through the hydrophobic cavities of PHH is an additional route, which is
narrowest near P106, H166, and Q113 at 2.2A (Figure 4.15A, magenta). This pathway
contains a majority of the xenon atoms in the structure of Xe-PHH (vide supra). The
third and most constricted path identified in PHH wraps around protein interior side of
helix E and exits between helices E and H (Figure 4.15A, cyan), tracing a pathway
similar to the channel in TOMOH. In the presence of PHM, the trajectories of the pore
and channel trajectories deviate significantly (Figure 4.15B). The pore exit opening is
almost completely blocked by the regulatory protein when bound, causing its calculated
trajectory to shift around the four-strand beta sheet of PHM toward the y-subunit of the

regulatory component bound protomer (Figure 4.15B, yellow). The alteration in this

123



pathway lengthens the pore trajectory by approximately 12 A, but does not cause an
expansion or contraction in its narrowest cross section. Most interesting about the
change in this pathway is that the trajectory shift and lengthening begins at the point of
the previously noted hydrogen-bonding interaction between PHH N204 and PHM
S72.(4) The channel trajectory is similarly forced to lengthen, by approximately 10 A,
and shift toward the y-subunit in the same direction as the pore trajectory (Figure 4.15B,
cyan). The effects on both the pore and channel trajectories are exaggerated by the
conformational shift in helix F that occurs in conjunction with regulatory component
binding to the hydroxylase.(4)

Comparing these results to those similarly obtained from analysis of the MMOH
(PDB code 1MTY) and ToMOH (PDB code 1T0Q) a-subunits reveals additional
information regarding substrate access in BMMs. Most notably, the pore, hydrophobic
cavity, and channel pathways calculated by CAVER for PHH are similarly observed in
MMOH and ToMOH (Figure 4.15C and 15D, respectively). These results reveal that
access to the active site via the pathway delinated by the channel in ToMOH or the
open-pore in PHH are unique to those systems. The relative sizes of each structural
feature instead reveal new similarities and differences between the structurally
characterized hydroxylases. In both PHH and MMOH, for example, the pore pathway
(Figure 4.15C and 15D, yellow) represents the most accessible route to the active site
cavity, while the channel pathway (Figure 4.15C and 15D, cyan) is the most restricted.
Accordingly, the MMOH pore pathway is narrowest near E243, E114, and T213, with a
diameter of 2.4 A (Figure 4.15C, yellow). Conversely, the channel in TOMOH (Figure
4.15D, cyan) is the most open pathway observed among all calculated diiron center

access routes, with its narrowest cross sectional diameter at 3.2 A, near F293, D211,
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and M277. This is considerably larger than the analogous channel in PHH (Figure 4.15A
and 15B, cyan), or that in MMOH (Figure 4.15C, cyan), that latter of which measures
1.6 A in diameter at its narrowest dimension, near F290, W308, and W301.

The angstrom diameters of the cross-sectional pathways calculated by CAVER
must be considered only in relation to one another and not as precise measurements.
These values instead represent statistical averages for the diameters adopted in the
crystalline state of the protein, and invariably expand to yield larger cross sections in
solution as a result of protein breathing motions. Insight into the established concept of
protein breathing, at different temperatures and concentrations, has recently been
obtained through computational work on a variety of proteins of differing size, fold, and
function.(62) Results from this work suggest that at protein concentrations typical for
laboratory solution work and in cellular environments, the interatomic distances that
separate secondary structural elements increase by 1.0 to 1.5 A as a result of the
protein breathing vibrational modes, and without perturbing the native fold of the
macromolecule or inter-residue hydrogen-bonds. Provided that BMM a-subunits are
almost entirely a-helical in secondary structure, it is reasonable to assume on the basis
of the theoretical work that the relative cross-sectional sizes of the various voids
calculated through CAVER analysis are maintained, but considerably larger than the

actual numeric values provided.

Conclusions and Prospects
Results from the 1.95 A resolution structure of Xe-PHH highlight the hydrophobic
gas binding affinity of a series of highly conserved hydrophobic cavities within the a-

subunit, reiterate many of our previous findings about the structure of PH hydroxylase
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protein and geometry of the metal-binding sites, and provide further evidence to support
our hypothesis that the conserved hydrophobic cavities in BMM hydroxylases are the
route of dioxygen entry into the catalytic site.

Among the xenon binding sites observed in PHH, over 80% are localized entirely
in the a-subunit, and 70% of those are found in the hydrophobic cavities, despite the
fact that the a-subunit comprises only ~54% of the total hydroxylase molecular weight.
According to our sequence alignments, the hydrophobicity of a large majority of residue
side chains contributing to the xenon binding sites in the PHH oa-subunit is conserved
among BMMs, and similarly observed in the structures of xenon-bound MMOH (Figure
4.16). These observations and statistics alone strongly implicate the hydrophobic
cavities in BMM hydroxylase function rather than as a physical consequence of
imperfect folding. The similarities in size, hydrophobicity, and polarizability of xenon and
dioxygen gas (Table 4.1) suggest that the xenon sites are utilized for dioxygen transport
to the diiron center during catalysis. Precedent for this assignment extends back to early
high-resolution crystallographic studies of small molecule binding in the interior of
myoglobin, which show various small molecules and hydrophobic gassesoccupying the
same binding sites as xenon in the active site cavity.(42) Countless examples of xenon
as a crystallographic probe for dioxygen and other small gas binding to protein voids
have subsequently been reported. Interesting examples of which include xenon as a
probe for dioxygen translocation in copper amine oxidase(63) and 3-hydroxybenzoate
hydroxylase(64), and carbon monooxide transport between the two catalytic sites of a
bifunctional carbon monoxide dehydrogenase/acetyl-coA synthase complex.(28)

Provided that the hydrophobic cavities in BMMs are the route of dioxygen access

to the diiron site, the question then arises of how hydrocarbons access the active site
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cavity. One possibility is that substrate and product transport in BMMs other than
MMOH is accomplished using surface to active site pathways not fully conserved such
as the channel in ToMOH and the open-pore in PHH. MMOH would accordingly not
require such an additional access pathway because its natural substrate is hydrophobic
gas like dioxygen (Table 4.1) and could therefore use the same access pathway. This
logical conclusion is further supported by the fact that all BMMs appear to have evolved
from a common ancestor.(3) Accordingly, the PHH open-pore and TOMOH channel
pathways may have been carved into these BMM hydroxylase a-subunit structures
through divergent evolution to accommodate their natural aromatic substrates. This may
have occured in exchange for the loss of some oxidizing power in the oxygenated diiron
intermediates, possibly as a result of increased active site solvent exposure, to result in
systems fit to initiate aromatic substrate metabolism but not capable of oxidizing
methane. This conclusion is also consistent with the results from PyMOL and CAVER

discussed here.
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Table 4.1. Size and Polarizability of Dioxygen,
Xenon, and Methane Gas.

dioxygen xenon  methane

van der Waals
radius (A) 30-43 43 22
polarizability 1.6 4.0 26
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Table 4.2. X-ray Data Collection and Refinement

Statistics for Xe-PHH.

Xe PHH
Data Collection
Beamline SSRL 9-2
Wavelength (A) 0.979
Space Group P212121
Unit cell dimensions (A)  83.9x 141.8 x 181.2
Resolution range (A) 50.0 - 1.95
Total Reflections 145806
Unique Reflections 94048
Completeness (%)* 92.5(82.1)
Wo(1)>® 21.0 (2.2)
Reym (%)° 6.7 (53.5)
Refinement
Reryst (%)° 18.0
Rfree (%)d 226
Average B-value (A% 29.6
RMSD bond length (A)  0.018
RMSD bond angles (°) 1.71
Number of
Atoms/Molecules®
Protein® 15336 (29.1)
Non-Protien® 703 (39.8)
iron® 4 (38.8)
Zinc® 2(22.8)
Copper® 2 (34.8)
Xenon® 24 (37.6)
Water® 637 (38.6)
Glycerol® 9 (42.9)
MOPS°® 1(70.2)
HEPES® 1(67.3)

*Values in parentheses are for the highest resolution shell. "Rsym = 2l hkl) - <(hkl)>|/ Zpu<I(hkl)>,
where |(hkl) is the ith measured diffraction mtensﬂy and <I(hkf)> is the mean intensity for the Miller index
(hki). °Rc,yst = SnalIFo(hkD)] - |F (AN ZnidlFo(PKD)|. ‘Riree = Reryst for a test set of reflections (5% in each
case). °Values in parentheses are for the average B-factor, in A2 for the atoms or molecules listed.
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Table 4.3. Xenon Atom Details from 1.95 A Resolution Xe-PHH Structure. *B-factors for xenon atoms with occupancies less than unity were

fixed at the 29.1 A2 average for the hydroxylase protein atoms.

Occupancy  B-factor (A%)

Atom lLocation Protomer Protomer Nearby Residues, Atoms, and Average Distances (A)
A B A B :

fet Aweste 020 030 bt bt LBCEE D AICHE AT £ 081 00) aue a7 e 0.0k a2
Xe 2a Cavity 1 0.38 . fixed  fixed B;g gg;: g:g;; F198 (Ce1, 2.9); L202 (Cb, 4.2); L206 (Cd2, 4.5); G269 (O, 3.9); L272 (Cd2, 4.1);
Xe 2b Cavity 1 - 0.33 fixed fixed L99(Cg, 4.5); G103 (Ca, 4.4); 1104 (Cd1, 3.8); P175 (Cg, 4.5); L272 (Cd1, 4.6); L275 (Cd1, 3.5)
Xe 3 Cavity 2 043 041 fixed fixed \év; )7(!) 4(&23632):;1 \(()1) 7; igg,( égor}f X:) ;4 (Cg2, 4.2); L275 (Cd2, 4.0); L335 (Cd2, 4.4); F339 (Cz,
Xe 4 Cavity 3 100 100 336 381 ;/(\Q_Z;O( ﬁc;Z 3.7); Y342 (Cd2, 3.8); A345 (Cb, 4.7); L395 (Cd2, 4.0); P396 (Cd, 3.9); Xe-5 (4.6);
Xe 5 Cavity 3 100 100 435 470 w771o((é:gd21, ,44..46)?; \237455(%::2',3;%;?2-54 ((?1.(162)’ 4.2); 1457 (Cd1, 3.9); L467 (Cg, 4.5); V470 (Cg, 4.7);
Xe 6 Cavity 3 100 100 419 464 ;((2?42((492)2, 4.2); Q344 (Oef, 4.4); N393 (C, 3.9); T394 (C, 4.1); L395 (Cd2, 3.9); L467 (Cd1, 4.2);
Xe 7 Cavity 3 Surface 100 100 494 509 ng:(%)z,’sgi L467 (Cg, 4.7); E468 (Ca, 4.5); V471 (Cg2, 4.5); 1479 (Cd1, 4.3); N483 (Od1, 4.2);
Xe 8 Helices B, C, & F 072 067 fixed fixed 213(;0 (Ce1, 4.0); Q145 (Cg, 4.0); A148 (Cb, 4.0); M149 (Ce, 3.8); T222 (Og1, 4.0); F225 (Cd2,
Xe 9 Helices E, G, & H 100 100 377 417 ;;izg Eggflfg); $197 (Og, 3.5); V201 (Cg, 4.1); 1262 (Cg2, 4.6); F266 (Ca, 4.0); F307 (Cz, 4.4);
Xe10  HelcesC,.E.&F 100 100 427 447 B 0 e e o (il a gy (D 0% F188 (Co2, 4,05 L19T (CA2
Xe11 abSubunitinterface 060 065 fixed fXed (aga\our 42y A2oiass (oo Lrois0s (3o iaoad (o) (OO 4TI (5, 4.2)
Xe12  b-Subunit Surface 100 100 434 509  Y227(Cb, 4.5); P228 (Ca, 4.2); Y231 (Cb, 4.1); D232 (Cb, 4.4); R254 (Cg, 4.1); Y257 (Cd2, 3.8)




Table 4.4. Fe-Xe and Xe-Xe Distances in 1.95 A Xenon-PHH X-ray Structure (A)

Atom

Xe 1

Xe 2

Xe3

Xe 4 Xe

5

Xe 6

Xe7

Fe1

Fe2

Protomer

A

B

Protomer

A

B

Protomer

A

B

Protomer

A

B A

Protomer

B

Protomer

A

B

Protomer

A

Protomer

A

B

Protomer

A

B

Xe 1
Xe 2
Xe3
Xe 4
Xe b5
Xe 6
Xe7
Fe1
Fe 2

10.1
18.4
25.6
27.0
29.6
30.0
6.1
7.6

9.9
18.2
25.6
27.0
29.6
30.0

6.1

75

10.1
14.1
22.8
25.6
26.9
30.0
11.6
11.2

9.9
8.5
18.9
17.7
20.0
21.7
134
15.1

18.4
14.1
8.8
12.2
13.0
17.3
21.8
233

18.2
8.5
8.9

123
13.2
17.3

217

231

25.6
22.8
8.8
4.6
44
10.1
28.6
30.6

256 27.0
18.9 256
89 122
- 48
46 -
44 5.0
101 7.8
285 295
305 31.8

27.0
17.7
12.3
46
5.1
7.7
294
31.8

206
26.9
13.0
44
5.0
8.0
32.7
34.8

20.6
20.0
13.2
44
5.1
8.0
327
34.8

30.0
30.0
17.3
10.1
7.8
8.0
33.2
35.8

30.0
21.7
17.3
10.1
7.7
8.0

33.1

6.1
11.6
21.8
28.6
29.5
32.7
33.2

6.1
134
217
28.5
294
327
33.1

358 35 35

7.6
11.2
233
30.6
31.8
34.8
35.8

35

75
15.1
23.1
30.5
31.8
34.8
35.8

35
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Table 4.5. Residues Contributing to the van der Waals Surfaces of Voids in the Crystallographically
Characterized BMM Hydroxylases. '

Xe-PHH MMOH (PDB Code 1MTY) ToMOH (PDB Code 2INC)
Cavity 1 Cavity2 Cavity3 Pore Cavity1 Cavity2 Cavily3 Pore Cavity1 Cavity2 Cavity3 Pore Channel
L99 W170 Y342 T203 L110 W99 K98 T213 1100 L95 E166 T201 G88
F100 Y171 Q344 N202 G113 V105 E101 N214 E103 G98 W167 N202 W89
G103 L172 A345 F207 E114 V106 T102 1217 A107 A99 G334 F205 T92
104 S173 N392 Q230 A117 F109 T174 1239 E133 A161 W338 Q228 H96
S105 V174 N393 E233 E144 M184 R175 E240 H137 1162 P340 E231 Q204

L107 S274 T394 A234 H147 L1216 G178 E243 F176 A168 T3#1 G207
E108 L2756 L395 F188 V220 P179 M180 A169 V389 L208
A111 L3356 P396 F192 F236 L180 L192 A171 P390 D211
Y115 T338 V454 L204 Y281 W181 F196 A172 T392 F220
Q134 F339 1457 G208 F282 V285 E197 L1268 1393 5265
E138 Q403 L467 E209 1286 M288 227 V271 P39%4 F269
H141 1404 V470 L289 Y292 L272 1396 T273
Q145 P405 V471 F290 G293 P275 P403 1276
P175 1407 Y475 L346 Y280 1404 M277
F178 P453 Y347 G330 L450 T281
F179 £349 M331 V451 F293
A193 A350 H332 1459
1194 L3563 V335 L464
§197 W354 W342 A467
F198 T356 W343 L468
E199 : G357 P346 M471
L202 W354 L402
L205 T356
L206 G357
F210 F358
M211 F359
F225 R360
A229 L361
W265 L362
G269 P424
L272 A497
L273 Q498
V276 V501
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Figure 4.1. A view down the four-helix bundle (grey ribbons) in PHH (A), MMOH (B), and ToMOH (C).
The active site pocket (green) and pore region (cyan) in PHH, cavity 1 (green) in MMOH, and the channel
(yellow) in ToOMOH are shown as van der Waals surfaces. Iron atoms and ligands are shown as spheres
(magenta) and sticks (blue), respectively.

133



Figure 4.2. Global view of the dimer structure (A) and comparison of the a-subunits (B, left) and four-helix
bundles (B, right) from protomers A and B in Xe-PHH. In (A) the a-subunits (grey), f-subunits (blue), and
y-subunits (green) are shown as ribbons. In (B) the protein backbone is shown as ribbons and side chains
are shown as sticks in grey (protomer A) and red (protomer B). In all cases iron atoms are shown as
spheres in cyan.
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Figure 4.3. SDS-PAGE analysis of purified PHH and PHM expression products (left), and native PAGE
analysis of PHM purification fractions (right). The SDS-PAGE gel shows purified PHH from expression
using the plasmid containing the genes for PHH and PHK in lane A and E; bands corresponding to the
PHH a-, 8-, and y-subunits, as well as an unidentified impurity (x) are labeled in lane A. Protein molecular
weight standards are shown in lanes B and F; kDa values corresponding to the molecular weight
standards are labeled in lane F. Purified PHM is shown in lane C. PHH from expression using the plasmid
containing the genes for PHH, PHP, and PHM. The native PAGE gel shows the active fast-running and
inactive slow-running forms of PHM.

135



Figure 4.4. Active site coordination and geometry in PHH protomers A (top) and B (bottom). Iron atoms
(cyan) and water molecules (white) are shown as spheres. Protein and glycerol ligands are shown as
sticks in grey (carbon; protein ligands), cyan (carbon; E233), black (carbon; glycerol), red (oxygen), and
blue (nitrogen). Interatomic distances are provided in angstroms.

136



=
3
T\

_ ;’3’

-
S ¢
Plvaraar Al

A X
R
Y AN
e
LA T 4
S ity
Y2, g
@, S, O
X A N
QR TR

Figure 4.5. Composite omit map electron density, contoured to 1.5 sigma (blue) and 6.0 sigma (magenta)
in the iron coordination environments of Xe-PHH protomers A (left) and B (right). The density and model
are depicted from two views (top and bottom), which are related by a 90° rotation about the Fe—Fe vector
Iron ligands are depicted as sticks in grey/cyan (carbon), red (oxygen), and blue (nitrogen). Iron atoms

and solvent derived ligands are shown as spheres in cyan and white, respectively.
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Figure 4.6. Zinc (top) and copper (bottom) binding sites in PHH. Zinc and copper atoms are shown as
spheres in green and white, respectively. Protein ligands are shown as sticks in grey (carbon), yellow
(sulfur), red (oxygen), and blue (nitrogen). Interatomic distances are provided in angstroms.

138



A
I& A
IR\
S,

2SR

R

Figure 4.7. Composite omit map electron density, contoured to 1.5 sigma (blue) and 6.0 sigma (magenta)
in the zinc (top) and copper (bottom) coordination environments of Xe-PHH protomers A (left) and B
(right). Metal ligands are depicted as sticks in grey (carbon), red (oxygen), blue (nitrogen), and yellow
(sulfur). Zinc and copper ions are shown as spheres in green and white, respectively.
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Figure 4.8. Overview of the xenon binding locations in Xe-PHH. Protein C, trace is shown as ribbons in
grey (a-subunit), blue (B-subunit), green (y-subunit), and magenta (PHM). Iron and xenon atoms are
depicted as black and red spheres, respectively. Xenon-binding hydrophobic cavities are represented as
translucent van der Waals surfaces in cyan.

Figure 4.9. (Next Page) Detailed view of xenon binding sites in the a-subunit of Xe-PHH. Xenon
(magenta), iron (cyan), and zinc (white) atoms are shown as spheres. Residues within 5 A of xenon
atoms are shown as sticks in yellow (carbon), red (oxygen), and blue (nitrogen). Composite omit electron
density contoured to 5.0 sigma is shown in dark blue. The protein backbone is shown as grey ribbons.
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Michaelis-Menten Kinetics: Oxygen vs. Xenon in PHH
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Figure 4.10. Michaelis-Menten plot of PH activity at various concentrations of dioxygen and xenon gas.
Data point labels indicate the micromolar concentration of dioxygen used.
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Figure 4.11. Surface-to-active site voids in the a-subuint of PHH. Hydrophobic cavities and pore region
voids are represented as van der Waals surfaces in magenta (cavity 3), cyan (cavity 2), green (cavity 1),
and orange (pore region). Protein residues that contribute to the van der Waals surface are shown as
sticks using the same color scheme as the surface representations. The putative electron-transport
hydrogen-bonding network residues are shown as yellow sticks. Iron atoms are represented as dark grey
spheres. The inset indicates the orientation of the hydroxylase dimer (grey ribbons) and a-subunit (red
ribbons) in the primary figure.
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Figure 4.12. Surface-to-active site voids in the a-subuint of MMOH. Hydrophobic cavities and pore region
voids are represented as van der Waals surfaces in magenta (cavity 3), cyan (cavity 2), green (cavity 1),
and orange (pore region). Protein residues that contribute to the van der Waals surface are shown as
sticks using the same color scheme as the surface representations. The putative electron-transport
hydrogen-bonding network residues are shown as yellow sticks. Iron atoms are represented as dark grey
spheres. The inset indicates the orientation of the hydroxylase dimer (grey ribbons) and a-subunit (red
ribbons) in the primary figure.
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Figure 4.13. Surface-to-active site voids in the a-subuint of TOMOH. Hydrophobic cavities, pore region,
and channel voids are represented as van der Waals surfaces in magenta (cavity 3), cyan (cavity 2),
green (cavity 1), orange (pore region), and grey (channel). Protein residues that contribute to the van der
Waals surface are shown as sticks using the same color scheme as the surface representations. The
putative electron-transport hydrogen-bonding network residues are shown as yellow sticks. Iron atoms
are represented as dark grey spheres. The inset indicates the orientation of the hydroxylase dimer (grey
ribbons) and a-subunit (red ribbons) in the primary figure.

Figure 4.14. (next two pages) Results from BMM hydroxylase sequence alignments. Diiron site ligands
are highlighted magenta and residues with side chain contributes to xenon binding sites in Xe-PHH are
highlighted blue.
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Phenol Hydroxylase (Pseudomonas sp. OX1) MVSKNKKLNLKDKYQYLTRDM EPTYQDKKDIF ----------- EEDRF 39
Methane Monooxygenase (Methyolococcus Capsulatus) - - - - - MALSTATKAATDALAANRAPTSVNAQEVHRWLQSFNWDFKNNRTK 45
Toluene/o-Xylene Monooxygenase (Pseudomonas sp. OX1) - - - - - MSMLKREDWYDLTRTTNWTPKYVTENELFP--------- EEMSGA 36
Toluene-4-Monooxygenase (Pseudomonas Mendocina) - - - - - MAMHPRKDWYELTRATNWTPSYVTEEQLFP--------- ERMSGH 36
Alkene Monooxygenase (Rhodococcus sp. RHA1) - - - - - MSEROSLTKAHAKITELSWDPTFATP =25 = «s «'a=scs«=msn ATR 28
Butane Monooxygenase (Pseudomonas butanovora) - - - - - - - - MSANMAVKQALKANPVPSSVDPQEVHKWLQDFTWDFKGKTAK 42
Phenol Hydroxylase (Pseudomonas sp. OX1) EGIKITOMSQ -BEDPFRLTMDAYWKYQAEKEKKLYAIFDAFAQNNGHQN I 88
Methane Monooxygenase (Methyolococcus Capsulatus) YATKYKMANE -TKEQFKLIAKEYARMEAVKDERQFGSLQDALTRLNAGVR 94
Toluene/o-Xylene Monooxygenase (Pseudomonas sp. OX1) RGISMEAWEK-YDEPYKITYPEYVSIQREKDSGAY-SIKAALERDGFVDR 84
Toluene-4-Monooxygenase (Pseudomonas Mendocina) MGIPLEKWES-YDEPYKTSYPEYVSIQREKDAGAY-SVKAALERAKIYEN 84
Alkene Monooxygenase (Rhodococcus sp. RHA1) FGTDYTFEKAPKKDPLKQIMRSYFPMEEEKDNRVYGAMDGAIRG-NMFRAQ 7
Butane Monooxygenase (Pseudomonas butanovora) YPTKYEMDVN-TREQFKLTAKEYARMESIKEERQYGTLLDGLDRLDAGNK 91
Phenol Hydroxylase (Pseudomonas sp. OX1) SDARYVNALKIENE ' SCBMSPLEHAAFQGYSKVGRQMSGAGHMYACQMQA ID 138
Methane Monooxygenase (Methyolococcus Capsulatus) VHPKWNETMKVVSNFLEVGE EYNAIAATGMLWDSAQAAEQKNGYLAQVLD 144
Toluene/o-Xylene Monooxygenase (Pseudomonas sp. OX1) ADPGWVSTMQLHFGAIALEEYAASTAEARMARFAKAPGNRNMATFGMMD 134
Toluene-4-Monooxygenase (Pseudomonas Mendocina) SDPGWISTLKSHYGAI AVGEEYAAVTGEGRMARFSKAPGNRNMATFGMMD 134
Alkene Monooxygenase (Rhodococcus sp. RHA1) VQAARWLEWQKLFLS I |PFP | SAARAMPMAIDAVPNPEIHNGLAVQMID 127
Butane Monooxygenase (Pseudomonas butanovora) VHPKWGEVMKLVSNFLETGEEYGAIAGSALLWDTAQSPEQRNGYLAQVID 141
Phenol Hydroxylase (Pseudomonas sp. OX1) LRBsaT@orsHYNKH- - -FNGLHDGPHMHDORVIMML SBlKSFFDDARSA 185
Methane Monooxygenase (Methyolococcus Capsulatus) IRHTHQCAYVNYYFAKNGQDPAGHNDARRTRTIGPLWKGMKRVFSDGF IS 194
Toluene/o-Xylene Monooxygenase (Pseudomonas sp. OX1) NRHGQ I QLYFPYANVKR--SRKWDWAHKAIHTNEWAAIAARSFFDDMMMT 182
Toluene-4-Monooxygenase (Pseudomonas Mendocina) LRHGQLQLFFPHEYCKK- -DRQFDWAWRAYHSNEWAAIAAKHFFDDI ITG 182
Alkene Monooxygenase (Rhodococcus sp. RHA1) VRHSTIQMNLKKLYMNNY I IDPAGFDMTEKAFANNYAG-TIGRQFGEGF IT 176
Butane Monooxygenase (Pseudomonas butanovora) IRMVNQTAYVNYYYGKHYYDPAGHTNMRQLRAINPLYPGVKRAFGEGFLA 191

Helix E

Phenol Hydroxylase (Pseudomonas sp. OX1)

Methane Monooxygenase (Methyolococcus Capsulatus)
Toluene/o-Xylene Monooxygenase (Pseudomonas sp. OX1)
Toluene-4-Monooxygenase (Pseudomonas Mendocina)
Alkene Monooxygenase (Rhodococcus sp. RHA1)

Butane Monooxygenase (Pseudomonas butanovora)
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Phenol Hydroxylase (Pseudomonas sp. OX1) MLP---NKVMSWSEAWEVY - YEQNGGALFKDLERYGIRPPKYQDVANDAK 328
Methane Monooxygenase (Methyolococcus Capsulatus) GS---KFKVEPWVKTWDRWVYEDWGGIWIGRLGKYGVESPRSLKDAKQDA 339
Toluene/o-Xylene Monooxygenase (Pseudomonas sp. OX1) - - - - - YTPLESRNQSFKEFMLEWIVAQFERQLLDLGLDKPWYWDQFMQDL 324
Toluene-4-Monooxygenase (Pseudomonas Mendocina) - - - - - YTPLEDRSQSFKEFMYEWI IGQFERSL IDLGLDKPWYWDLFLKDI 324
Alkene Monooxygenase (Rhodococcus sp. RHA1) GTKDRRKDRESYAEMWRRWIYDDYYRSYLIPLEKYGLTIPHDLVEEAWKR 325
Butane Monooxygenase (Pseudomonas butanovora) GS---KYKVEPWAKSWNRWVYEDWAGIWLGRLQQFGVKTPKCLPDAKKDA 336
Phenol Hydroxylase (Pseudomonas sp. OX1) HHLS---HQ.WTT Y QEEC TNFHTWIPEK-EEMDWMSEKYPDTFDKYYR 374
Methane Monooxygenase (Methyolococcus Capsulatus) YWAH---HDLYLLAYALWPTGFFRLALPDQ-EEMEWFEANYPGWYDHYGK 385
Toluene/o-Xylene Monooxygenase (Pseudomonas sp. OX1) DETH---HGMHLGVWYWRPTVWWDPAAGVSPEEREWLEEKYPGWNDTWGQ 371
Toluene-4-Monooxygenase (Pseudomonas Mendocina) DELH---HSYHMGVWYWRTTAWWNPAAGVTPEERDWLEEKYPGWNKRWGR an
Alkene Monooxygenase (Rhodococcus sp. RHA1) | TDKGYVHEVARFFATGWPVNYWRIDAMTD - KDFEWFEHKYPGWYSKYGK 374
Butane Monooxygenase (Pseudomonas butanovora) VWAH---HDLALLALALWPLTGIRMELPDS-LAMEWFEANYPGWYNHYGK 382
Phenol Hydroxylase (Pseudomonas sp. OX1) PRYEYLAKEAAAGRR - - - - - - - - F YNNT.PQL CQVCQ‘P ---TIFTEKDA 413
Methane Monooxygenase (Methyolococcus Capsulatus) I YEEWRARGCEDPSSGFIPLMWF IENNHPIYIDRVSQVP----FCPS-LA 430
Toluene/o-Xylene Monooxygenase (Pseudomonas sp. OX1) CWDVITDNLVNGKPE - - - - - - - LTVPETLPTICNMCNLP----1AHTPGN 410
Toluene-4-Monooxygenase (Pseudomonas Mendocina) CWDVITENVLNDRMD - - - - - - - LVSPETLPSVCNMSQIP----LVGVPGD 410
Alkene Monooxygenase (Rhodococcus sp. RHA1) WWEEYNRLAYPGRNKPIAFEEVGYQYPHRCWTCMVPALIREDMVVEKVDD 424
Butane Monooxygenase (Pseudomonas butanovora) | YEEWRAAGFEDPKSGFCGALWLMERGHGIFVDHASGLP----FCPS-LA 427
Phenol Hydroxylase (Pseudomonas sp. OX1) PTMLSHRQIEHEGERYHFCSDGCCDIFKHEPEKYIQAWLPVHQ.YQGNCE 463
Methane Monooxygenase (Methyolococcus Capsulatus) KGASTLRVHEYNGEMHTFSDQWGERMWLAEPER - - - - - YECQN- | FEQYE 474
Toluene/o-Xylene Monooxygenase (Pseudomonas sp. OX1) KWNVKDYQLEYEGRLYHFGSEADRWCFQIDPER- - - - - YKNHTNLVDRFL 455
Toluene-4-Monooxygenase (Pseudomonas Mendocina) DWNIEVFSLEHNGRLYHFGSEVDRWVFQQDPVQ- - - - - YQNHMNIVDRFL 455
Alkene Monooxygenase (Rhodococcus sp. RHA1) QWRTYCSETCYWTDAVAFRSEYQGR-PTPNMGR - - - - - LTGFREWETLHH 468
Butane Monooxygenase (Pseudomonas butanovora) KSSIKPRFTEYNGKRYAFAEPYGERQWLLEPER- == = = YEFQN=FFEQFE 471
Phenol Hydroxylase (Pseudomonas sp. OX1) GGDME T KMYH I NI GEDMMDYVGSPDQKH- - - -WLSIKGRKPADKNQD 509
Methane Monooxygenase (Methyolococcus Capsulatus) GRELSEVIAELHGLRSDGKTL!IAQPHVRGDK---LWTLDDIKRLNCVFKN 521
Toluene/o-Xylene Monooxygenase (Pseudomonas sp. OX1) KGEIQPADLAGALMYMSLEP-GVMGDDAHDY - - -EWVKAYQKKTNAA- - - 498
Toluene-4-Monooxygenase (Pseudomonas Mendocina) AGQIQPMTLEGALKYMGFQSIEEMGKDAHDF---AWADKCKPAMKKSA - - 500
Alkene Monooxygenase (Rhodococcus sp. RHA1) GKDLADIVSDLGYVRDDGKTLVGQPHLDLDDPKKMWTLDDVRGNTFQSPN 518
Butane Monooxygenase (Pseudomonas butanovora) GWELSDLVKAAGGVRSDGKTLIAQPHLRDTD---MWTLDDLKRINLTIPD 518
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Methane Monooxygenase (Methyolococcus Capsulatus)
Toluene/o-Xylene Monooxygenase (Pseudomonas sp. OX1)
Toluene-4-Monooxygenase (Pseudomonas Mendocina)
Alkene Monooxygenase (Rhodococcus sp. RHA1)

Butane Monooxygenase (Pseudomonas butanovora)
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530




Figure 4.15. Diiron center access routes in the a-subunit of PHH (A), PHH-PHM (B), MMOH (C), and
ToMOH (D) as calculated by CAVER. Substrate pathways are represented as surfaces in magenta
(hydrophobic cavities), yellow (pore region), and cyan (channel). Hydroxylase a-subunit is shown as grey
ribbons; PHM is shown as blue ribbons (B only). Iron and zinc (A and B only) atoms are shown as black
spheres.
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Figure 4.16. Overview of the xenon binding locations in MMOH form | (top) and form Il (bottom) crystals.
Protein C, trace is shown as ribbons in grey (a-subunit), blue (B-subunit), and green (y-subunit). Iron and
xenon atoms are depicted as black and red spheres, respectively. Xenon-binding hydrophobic cavities
are represented as translucent van der Waals surfaces in cyan.
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APPENDIX 1

X-ray Structure of a Hydroxylase-Regulatory Protein Complex from a
Hydrocarbon-Oxidizing Multicomponent Monooxygenase, Pseudomonas sp. OX1

Phenol Hydroxylase

Author Contribution

The author was involved in many stages of the structure determination
and analysis of the PHH-PHM complex. Specifically, the author assisted in
diffraction data collection and the modeling of the native hydroxylase component.
A majority of the analysis of the PHH-PHM interface, including the observation of
the N202—S72 hydrogen bond. and preliminary structure and sequence
alignments were conducted by the author. In addition, the electrostatics

calculations reported in this work were also the responsibility of the author.
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X-ray Structure of a Hydroxylase—Regulatory Protein Complex from a
Hydrocarbon-Oxidizing Multicomponent Monooxygenase, Pseudomonas sp. OX1
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ABSTRACT: Phenol hydroxylase (PH) belongs to a family of bacterial multicomponent monooxygenases
(BMMs) with carboxylate-bridged diiron active sites. Included are toluene/o-xylene (ToMO) and soluble
methane (sMMO) monooxygenase. PH hydroxylates aromatic compounds, but unlike sMMO, it cannot
oxidize alkanes despite having a similar dinuclear iron active site. Important for activity is formation of
a complex between the hydroxylase and a regulatory protein component. To address how structural features
of BMM hydroxylases and their component complexes may facilitate the catalytic mechanism and choice
of substrate, we determined X-ray structures of native and SeMet forms of the PH hydroxylase (PHH) in
complex with its regulatory protein (PHM) to 2.3 A resolution. PHM binds in a canyon on one side of the
(0,8y), PHH dimer, contacting a-subunit helices A, E, and F ~12 A above the diiron core. The structure
of the dinuclear iron center in PHH resembles that of mixed-valent MMOH, suggesting an Fe(II)Fe(III)
oxidation state. Helix E, which comprises part of the iron-coordinating four-helix bundle, has more 7z-helical
character than analogous E helices in MMOH and ToMOH lacking a bound regulatory protein.
Consequently, conserved active site Thr and Asn residues translocate to the protein surface, and an ~6
A pore opens through the four-helix bundle. Of likely functional significance is a specific hydrogen bond
formed between this Asn residue and a conserved Ser side chain on PHM. The PHM protein covers a
putative docking site on PHH for the PH reductase, which transfers electrons to the PHH diiron center
prior to O, activation, suggesting that the regulatory component may function to block undesired reduction
of oxygenated intermediates during the catalytic cycle. A series of hydrophobic cavities through the PHH
a-subunit, analogous to those in MMOH, may facilitate movement of the substrate to and/or product
from the active site pocket. Comparisons between the TOMOH and PHH structures provide insights into

their substrate regiospecificities.

Bacterial multicomponent monocoxygenases (BMMs)! are
a diverse family of enzymes that hydroxylate and epoxidize
an array of hydrocarbon substrates, including alkanes,
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alkenes, and aromatics in a regio- and enantioselective
fashion (I—3). This chemistry takes place at a carboxylate-
bridged diiron center similar to the ones found in the R2
subunit of type I ribonucleotide reductase (RNR-R?2), stearoyl-
acyl carrier protein (ACP) A%-desaturase, and ferritin (4, 5).
Bacteria harboring different BMM family members, which
include soluble methane monooxygenases (sSMMOs), toluene
monooxygenases (TMOs), phenol hydroxylase (PH), alkene

1 Abbreviations: ACP, acyl carrier protein; AMO, alkene monooxy-
genase; APS, Advanced Photon Source; BMM, bacterial multicompo-
nent monooxygenase; C2,30, catechol 2,3-dioxygenase; PH, phenol
hydroxylase; PHH, phenol hydroxylase hydroxylase component; PHM,
phenol hydroxylase regulatory protein; PHP, phenol hydroxylase
reductase; MMOB, methane monooxygenase regulatory protein; MMOH,
methane monooxygenase hydroxylase; MMOR, methane monooxyge-
nase reductase; rmsd, root-mean-square deviation; sMMO, soluble
methane monooxygenase; SsoMO, hyperthermophilic toluene mo-
nooxygenase; SSRL, Stanford Synchrotron Radiation Laboratory;
T4MO, toluene 4-monooxygenase; T4AMOD, toluene 4-monooxygenase
regulatory protein; THFMO, tetrahydrofuran monooxygenase; TMO,
toluene monooxygenase; TOM, toluene o-monooxygenase; ToMO,
toluene/o-xylene monooxygenase; ToMOD, toluene/o-xylene monooxy-
genase regulatory protein; TOMOH, toluene/o-xylene monooxygenase
hydroxylase.
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monooxygenase (AMO), tetrahydrofuran monooxygenase
(THFMO), and hyperthermophilic toluene monooxygenase
(SsoMO), use small organic compounds as their sole source
of carbon and energy. The substrate transformations per-
formed by this family of enzymes are responsible, in part,
for removing atmospheric methane, a greenhouse gas, and
carcinogenic halogenated solvents like TCE from the envi-
ronment (6, 7). Because of the broad range of substrates
oxidized by these enzymes, they have generated much
interest for bioremediation and synthetic industrial applica-
tions.

BMMs like sMMO and PH consist of a 200—255 kDa
dimeric hydroxylase of the form (a3y),, a cofactorless 10—
16 kDa regulatory protein that enhances catalytic turnover
by 30—150-fold and a FAD- and [2Fe-2S]-containing 38—
40 kDa reductase that supplies the hydroxylase with electrons
by consuming NADH (/—3). TMOs and SsoMOs differ
slightly since they utilize an additional, Rieske protein to
assist with electron transfer between the reductase and
hydroxylase components (2, 3). The active sites in the resting
states of the methane (MMOH) and toluene/o-xylene (To-
MOH) monooxygenase hydroxylases contain a diiron(I1I)
center coordinated by four glutamate and two histidine
ligands from a four-helix bundle composed of helices B, C,
E, and F of the protein a-subunit (8, 9). Solvent-derived
water and hydroxide ions complete the octahedral coordina-
tion spheres. Sequence, spectroscopic, and structural analyses
suggest that all BMM hydroxylases have nearly identical
dinuclear iron centers (I, 10—12). Because AMO, TMO,
SsoMO, and PH are incapable of hydroxylating alkanes,
whereas sMMO and THFMO are adept at this transforma-
tion, other features of the system must control substrate
reactivity at their dioxygen-activated metal centers. For
sMMO, methane hydroxylation is achieved exclusively by
a di-p-oxo diiron(IV) intermediate, Q, whereas other reac-
tions can occur at a diiron(IlI) peroxo precursor of Q, Hperoxo
(1, 13, 14). A diiron(IV) intermediate has not been detected
in any other BMM hydroxylase, but recent work has
identified oxygenated diiron(IIl) species capable of oxidizing
aromatic substrates (15).23

Comparisons between the MMOH and ToMOH structures
have provided insight into how the protein scaffold may tune
the reactivity and substrate specificity of the diiron center
by controlling the access of small molecules to the active
site pocket. In particular, there is a large access channel in
ToMOH linking the diiron center to the exterior environment
that is absent in MMOH (8, 9). The regulatory proteins in
these systems may also influence reactivity by inducing
different structural changes at or near the diiron active site.
In addition to enhancing the catalytic rate, the regulatory
protein alters the substrate regiospecificity (/16—18), influ-
ences the spectroscopic and redox properties of the diiron
center (), governs movement of the substrate and product
to and from the active site pocket (5), and couples NADH
consumption by the reductase with substrate hydroxylation
at the diiron center (/8, 19). Knowledge of the docking site
on the hydroxylase and of structural changes at the diiron

2 V. Izzo, C. Tinberg, R. Garcia-Serres, S. Naik, B. H. Huynh, and
S. J. Lippard, unpublished resuits.
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center imposed by the regulatory protein is therefore essential
for improving our understanding of O, and C—H bond
activation in BMMs.

To address these questions and improve our structural
knowledge about the BMM family members, we have
determined in this study the X-ray crystal structure of a
complex between the hydroxylase component of phenol
hydroxylase, PHH, and its regulatory protein, PHM, from
Pseudomonas sp. OX1 to 2.3 A resolution. The information
afforded provides novel insights into the functions of the
regulatory protein and the tuning of the diiron active site
chemistry in BMM enzyme systems.

MATERIALS AND METHODS

Purification of Phenol Hydroxylase. The hydroxylase
(PHH), regulatory protein (PHM), and reductase (PHP) from
Pseudomonas sp. OX1 were expressed simultaneously from
the pJSX148 plasmid in Escherichia coli IM109 cells
essentially as described by Cafaro et al. (20). The procedure
was modified such that 100 uM Fe(NH,),SO4-6H,O was
added to each liter of medium at induction and every hour
thereafter until the cells were harvested.

The frozen cells were resuspended in a 25 mM MOPS
(pH 7.0), 10% glycerol, 50 mM NaCl buffer (buffer A)
supplemented with 5 mM MgCl,, Pefabloc, 20 units of
DNase, and PMSF and then lysed by sonication using 6 x
1 min pulses. Particulate debris was removed by centrifuga-
tion at 163000g for 45 min, after which the supernatant was
filtered through a 0.2 ym membrane and loaded onto a DEAE
column conditioned with buffer A. A salt gradient was run
from 50 to 400 mM NaCl, and the hydroxylase-containing
fractions were pooled and concentrated to <5 mL using an
Amicon concentrator fitted with a YM100 membrane. The
concentrated protein was loaded onto an S300 column
preequilibrated with 25 mM MOPS (pH 8.0), 10% glycerol,
and 300 mM NaCl (buffer B) and run in that same buffer.
Fractions containing PHH were pooled, loaded onto a phenyl
Sepharose column conditioned with 10 mM MOPS (pH 7.0),
10% glycerol, and 100 mM NaCl, and eluted by using a 100
to 0 mM NaCl gradient. The purified PHH, which contained
noticeable amounts of PHM, was concentrated, frozen in
liquid N, and stored at —80 °C.

A selenomethionine (SeMet) derivative of PHH was
generated by growing BL21(DE3) Gold E. coli cells trans-
formed with the pJSX148 plasmid on LeMaster’s medium
supplemented with 90 mg/L Se-Met and ~5 mg/L folate,
vitamin By,, nicotinamide, pantothenate, thiamine, riboflavin,
and p-aminobenzoic acid (21). The protein was expressed
and purified as described above.

Activity and Iron Content. The enzyme activity, measured
by using a catechol 2,3-dioxygenase (C2,30) assay as
described previously (20), was 470 & 40 milliunits/mg. The
C2,30 protein required for the assay was expressed and
purified as described previously (20). The iron content of
PHH was determined to be 3.6 Fe atoms/dimer by a
colorimetric ferrozine assay (22).

Crystallization and Collection of X-ray Diffraction Data.
Crystals were grown at 20 °C by the hanging drop vapor
diffusion method. A protein solution containing 35 uM PHH

3L. 1. Murray, M. S. McCormick, R. Garcfa-Serres, S. Naik, B. H. 198 in 10 mM MES (pH 7.1) and 10% glycerol was combined

Huynh, and S. J. Lippard, unpublished results.

with an equal volume of crystallization buffer containing 100
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Table 1: Data Collection, Phasing, and Refinement Statistics

Se SAD native
data collection
beamline SSRL BL9-1 NE-CAT (Sector 8)
wavelength (A) 0.979 0.979
resolution (A) 30-27 30-2.3
no. of unique observations?® 109776 108695
total no. of observations® 592029 773692
completeness (%)? 83.0 (49.8)* 100 (100)°
redundancy? 5.4 (4.3 7.1(6.9¢
llo® 173 (5.0 165 (4.9
Reye®™ (%) 59(26.0)® 8.9(44.8
Se sites used for phasing 710f 77
figure of merit 0.40 (0.75)
(after density modification)
refinement
Ruorx (%) 202 19.83
Riree (%0)° 252 24.2
no. of molecules in ASU 1 1
no. of protein non-hydrogen atoms 16076 15307
no. of non-protein atoms 315 1042
rmsd for bond lengths (A) 0.033 0.0065
rmsd for bond angles (deg) 255 1.28
average B value (A2) 36.0 31.7

@ Values for the Se SAD data were calculated considering I* and I™
as separate reflections. ¥ Values in parentheses are for the highest-
resolution shell. © Ry = 3, Saullihk) — (I(RRDY/ S I(hkD)), where
I{hkl) is the ith measured diffraction intensity and (I(hk)) is the mean
of the intensity for the Miller index (hk!). ? Ryox = il [FolhkD)] —
|Fo(hkD| Y S| Fo(hkD)|. © Reree = Rwox Tor a test set of reflections (5%).

mM Tris (pH 7.0), 150 mM Na;MoQ., 5% glycerol, and
17—20% PEG 8000 (w/w). This condition was initially
identified by using the Hauptman-Woodward Institute high-
throughput screen. The addition of varying amounts of PHM
to the crystallization buffer did not improve the occupancy
of the regulatory protein in the crystals (vide infra). Before
data collection, PHH crystals were frozen in a cryo solution
containing the precipitant and 20% glycerol. Data at the Se
peak wavelength were collected on beamline 9-1 at SSRL,
and the native data set was collected at APS on the NE-
CAT 8BM beamline. The data were indexed and scaled with
HKL2000 (23). The space group is P2;2,2;, and the unit
cell dimensions are 87.8 A x 146.3 A x 190.0 A. Further
experimental details about data collection and refinement are
given in Table 1.

Structure Determination. Molecular replacement was at-
tempted initially by using the most structurally conserved
regions of the MMOH and ToMOH a- and S-subunits. None
of the starting Q, 0, 8, 82, af, and 0,3, models used for
molecular replacement afforded good starting phases, even
though the PHH o~ and B-subunits fold in a manner similar
to the folding of these subunits in MMOH and ToMOH (see
below).

Single-wavelength anomalous dispersion data for the
selenomethionine derivative were then used to determine a
set of starting phases. Attempts to determine the beavy atom
substructure by using CNS (24), Solve (25), and SHELX
(26) failed. SnB (27) was the only program able to locate
71 of 77 Se atoms in the asymmetric unit by using the peak
wavelength. Native data were included in the phasing by
refinement of both real and anomalous occupancies with
MLPHARE from the CCP4 suite of programs (28). Initial
phases were calculated with MLPHARE, improved, and

Sazinsky et al.

~50% of PHH, after which the remainder of the molecule
was manually built in XtalView (29) and O (30) and refined
with REFMACS (28) and CNS (24). Because of structural
and occupancy differences, models for both the native and
SeMet data sets were generated. The relative occupancy of
PHM was estimated by refining the PHM occupancies after
its B-factors were fixed to reflect the average value of the
entire PHH molecule. A Ramachandran plot calculation using
PROCHECK (31) indicated that 99.8% of the residues
occupied allowed regions.

RESULTS AND DISCUSSION

PHH Global Fold. The PH hydroxylase component has
an (0afy), homodimeric composition with a noncrystallo-
graphic 2-fold symmetry axis similar to those in the TOMOH
and MMOH structures (Figure 1A and Figure SIA—C of
the Supporting Information) (8, 9). The folds of the PHH
o- and B-subunits are nearly identical to those of the
respective subunits in ToOMOH and MMOH. The rms
deviations between the o-carbon atoms are 1.5—1.6 A for
all possible a-to-ot and fS-to-f combinations. The largest
topological differences between these evolutionarily related
hydroxylase proteins occur for the y-subunit, both in its fold
and in its location. For PHH and ToMOH, the y-subunits
are positioned in the top left and right quadrants (11 and 1
o’clock, respectively) of the protein with similar ferredoxin-
like folds despite having sequences that are only 13%
identical (Figure S2) (9). Unlike the ToOMOH y-subunit,
however, the PHH y-subunit has an unstructured 22-amino
acid N-terminus that forms extensive contacts with the
o-subunit. For MMOH, the mostly a-helical y-subunits
localize to the far left- and right-hand sides of the protein (9
and 3 o’clock, respectively) and contact both the a- and
B-subunits (Figure S1). Such structural differences are not
surprising given the poor sequence conservation for this
subunit among the different BMM family members. The
function of this subunit, which is absent in some BMMs like
alkene monooxygenases, is unclear (2, 3, 11).

PHM Fold and Binding Site on the Hydroxylase. The
interface between the afy protomers of PHH forms a
canyon, which we previously suggested would be the binding
site for the BMM regulatory protein and reductase compo-
nents on their hydroxylases (5, 8, 32, 33). On one face of
the PHH protein, a single molecule of PHM binds in the
canyon region across o-subunit helices A, E, F, and H, just
12 A above the diiron center at its closest distance. On the
opposite face of the hydroxylase, both a y-subunit from a
different, symmetry-related hydroxylase molecule in the unit
cell and the N-terminus of the 8-subunit occupy the space
defined by the PHM binding site (Figure S3). The occupancy
of the PHM component was estimated to be 40 and 50% in
the native and selenomethionine (SeMet) structures, respec-
tively. These different occupancies presumably reflect dif-
fering amounts of PHM that copurified with the hydroxylase
component. We therefore generated models of the PHH—
PHM complex from both the native and SeMet data.

The PHM global fold comprises three a-helices flanked
by two nearly perpendicular 3-sheets (Figure 1B). The fold
is nearly identical to those previously reported for the NMR
and crystal structures of the methane monooxygenase

extended to the limit of the native data by density modifica- 159 (MMOB; PDB entries 1CKV and 2MOB) and toluene

tion with DM (28). Resolve (25) was used to autobuild

4-monooxygenase (T4AMOD; PDB entries 2BFS and 1G10)
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FIGURE 1: (A) Global structure of the PHH—PHM complex and (B) enlarged view of PHM in the PHH canyon. The PHH -, /-, and
y-subunits are colored gray, purple, and pink, respectively, and PHM is colored red. Iron and zinc atoms are depicted as orange and green
spheres, respectively. All figures were generated by using PyMOL (70).

regulatory proteins (34—37). The rms deviations between
PHM and the TAMOD and MMOB proteins are between 1.5
and 1.6 A for all backbone atoms (Figure S4). Comparisons
between hydroxylase-bound PHM, T4MOD, and MMOB
suggest there may be no significant structural rearrangements
of the peptide backbone when these regulatory proteins form
a complex with their respective hydroxylases.

Primarily in contact with the a-subunit of one protomer,
PHM interacts with PHH helices A, E, F, and H via 3-strands
1, 5, and 6, a-helix 3, the N-terminal region of o-helix 1,
the loop between [-strands 2 and 3, and the peptide chain
termini (Figures 1B and S5). The PHM binding site on the
surface of the PHH a-subunit is formed by portions of the
helices including residues 64—68 (helix A), 200—207 (helix
E), and 226—245 (helix F), which collectively create a
concave surface that complements the protrusive binding face
of the regulatory protein. The PHH—PHM binding interaction
is primarily hydrophobic, with some flanking polar and
charged residues (Figure S1D). The N- and C-termini of the
PHH regulatory protein are oriented away from the canyon
region toward solvent and form some contacts with a.-subunit
helix H (Figure 1B).

Sequence alignments of the regulatory proteins from
representative BMM family members indicate that very few
of the amino acids are strictly conserved (Figure SS5).
Residues at the binding interface appear to be conserved only
within a subfamily, suggesting why regulatory protein cross-
reactivity with hydroxylases from different BMM subfamilies
is rarely observed. Nevertheless, we generated electrostatic
surface maps of what might be the homologous hydroxylase
binding faces of TAMOD and MMOB from the information
in Figure S5. As depicted in panels E and F of Figure S1,
these protein surfaces, like that in PHM, have significant
hydrophobic character, but with a somewhat greater number
of charged residues. NMR line broadening, mutagenesis,
cross-linking, and spin-labeling studies probing interactions
of MMOB with MMOH are highly consistent with a similar
surface being used by MMOB to bind its hydoxylase (Figure
S5) (34, 38—40). Previously published spin-labeling experi-
ments by our laboratory identified a different and probably
incorrect MMOB binding face (47). A recent discussion of

The PHH—PHM crystal structure presented here thus
serves as an excellent template for modeling interactions of
the folded regulatory protein core with its cognate hydroxy-
lase in related BMM systems. Although the unstructured N-
and C-termini of some regulatory proteins (Figure S5), such
as those on MMOB that affect steps in the catalytic cycle
(42—45), cannot be placed on the hydroxylase surface with
any degree of certainty, the specific interactions identified
here (vide infra) should be quite valuable in guiding future
mutagenesis, structural, and mechanistic studies of all the
BMM enzymes.

Diiron Center. The diiron center of PHH is located in the
o-subunit four-helix bundle 12 A below the surface. Both
protomers in the native and SeMet structures have nearly
similar diiron active sites despite the binding of PHM to only
one side of the hydroxylase. The iron atoms are coordinated
by a bridging or semibridging glutamate, Glu-138, the
O-nitrogen atoms of His-141 and His-236, which lie distal
to the active site pocket, and three additional glutamate
residues, Glu-108, Glu-199, and Glu-233 (Figures 2 and S6).
Glu-108 coordinates to Fel and hydrogen bonds to a terminal
water molecule bound to the same iron atom. This structural
motif is observed in all known BMM hydroxylase structures
in their various oxidation and product-bound states (9, 33,
46—50). In the native structure and the SeMet a-subunit with
bound PHM, Fe2 is coordinated by Glu-233 in a bidentate
chelating mode, the geometry of which is most similar to
that of the mixed-valent, Fe(Il)Fe(Ill) form of MMOH
(MMOH;,v) (Figure 2C). In the other SeMet protomer
without bound PHM, Glu-233 appears to coordinate to Fe2
by using only one oxygen atom, the other forming a hydrogen
bond to the terminal water on Fel. For most of the active
sites, Glu-199 coordinates to Fe2 via just one oxygen atom
while the other dangling oxygen atom is in hydrogen bond
contact with nearby residues Tyr-115 and GlIn-134 (Figures
2 and 3A). This ligand appears to adopt a bidentate chelating
geometry in the SeMet a-subunit without bound PHM. The
final iron ligand that we could identify is a water molecule
bound exclusively to Fel. Electron density corresponding
to a bridging or semibridging water-derived ligand, like
hydroxide or oxide, between the iron atoms was not

component interactions in the SMMO system is available 160 observed. In the higher-resolution native structure, the Fel—

(40).

Fe2 distances are 3.6 and 3.3 A for the PHM-bound and
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o~ E138
Fe-Fe distance 3.0 A

FIGURE 2: Structures of the diiron center. (A) Native PH diiron center without PHM bound. (B) Native PH diiron center with PHM bound.
(C) Mixed-valent MMOH diiron center. (D) SeMet PH diiron center without PHM bound. (E) SeMet PH diiron center with PHM bound.
Carbon, nitrogen, oxygen, and iron atoms are colored gray, blue, red, and orange, respectively. This color scheme will be used throughout

unless otherwise noted.

A- R235

FIGURE 3: Hydrogen bonding networks in the second coordination
sphere. (A) Hydrogen bonding networks flanking the diiron center.
(B) Hydrogen bonding network behind the diiron center that extends
to the surface of the hydroxylase canyon region where PHM binds.

unbound protomers, respectively. The Fel —Fe2 distances in

FIGURE 4: Zinc binding site in the C-terminal domain of the PHH
a-subunit. Zinc is depicted as a green sphere, and sulfur atoms are
colored yellow. The a-subunit is depicted as a gray ribbons and
the y-subunit as purple ribbons.

consequence of a fully bridging Glu-138 residue versus the
semibridging one in the native structure. Overall, Fel has a
five-coordinate, square-pyramidal geometry, whereas Fe2
adopts a more distorted structure.

The identity of the Fe2-coordinating histidine N-donor is
notably different among the PHH, MMOH, and ToMOH
dinuclear iron centers. In TOMOH, this histidine coordinates
to iron by using its e-nitrogen atom, whereas in MMOH and
PHH, the histidine d-nitrogen atom is employed. When the
ToMOH structure was first determined, it was unclear
whether this structural difference might influence the hy-
droxylation chemistry (9). Since PH and ToMO hydroxylate
similar aromatic substrates at nearly equivalent rates (20),
the structural difference is presumably of little or no
consequence to this property of the dimetallic center.

At present, it is difficult to discern the true oxidation state

the lower-resolution SeMet structure are 3.0—3.1 A for both 161 of the different dinuclear iron centers in PHH enzymes. As

active sites. These shorter Fe—Fe distances may be a

purified, the enzyme has an optical band at 350 nm that is
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indicative of a (u-oxo)diiron(IIl) species comprising ~68—
96% of the sample (esso0 = 4800—6000 M~! cm™! per
dinuclear iron cluster) (/2). PHH from Pseudomonas sp.
strain CF600 is 81% identical to the P. stutzeri OX1 enzyme
and forms a complex with its regulatory component involving
the a-subunit as deduced by chemical cross-linking studies
(51). Spectroscopic investigations of this enzyme indicate
that the oxidized form contains both (u-oxo)- and di-u-
(hydroxo)diiron(IIT) metal centers (/2) and that the predomi-
nant, catalytically competent species is the oxo-bridged
diiron(III) form. Preliminary EPR spectroscopic analysis of
samples of P. stutzeri OX1 PHH in its resting and cryo-
reduced states reveals that the purified protein contains a
heterogeneous mixture of diiron(Il) and mixed-valent
Fe(Il)Fe(IIl) species, the relative concentrations of which are
at present unknown.* If the PHH metal centers in these crystal
structures were fully oxidized, one would expect to see either
a short Fe—Fe distance of 3.0 A and a dihydroxo-bridged
dimetallic cluster (9, 48, 49) or a longer Fe—Fe distance of
32-3.6 A and an oxo-bridged cluster (4, 5, 52). None of
the PHH diiron centers, however, has an observable bridging
oxide or hydroxide ligand. Given that the geometries of the
active site metal clusters are most similar to that of the
mixed-valent Fe(Il)Fe(III) form of MMOH (49), one pos-
sibility is that photoreduction by synchrotron radiation
occurred to produce the mixed-valent oxidation state. A
similar phenomenon has been reported previously for
structures of A°-desaturase and RNR-R2, although the
oxidized forms of these proteins were reduced by two
electrons (53—355). The structures of the PHH diiron centers
presented here are not charge-balanced, however, and would
require an additional negatively charged ligand, such as a
bridging hydroxide ion, to achieve a neutral state similar to
that observed in MMOH,,, (Figure 2C). Although [2F,| —
|[Fe| and |F,| — |F¢| simulated-annealing omit electron density
maps have not allowed us to identify such a ligand, the data
quality at 2.3 and 2.7 A resolution may not be sufficient to
reveal a coordinating oxygen atom between the iron atoms
(56).

A second possibility is that the metal centers have each
been photoreduced by two electrons to the diiron(Il) state,
rendering the PHH active sites charge neutral. The structures
do not, however, resemble the reduced forms of MMOH and
ToMOH, which both have a 3.3—3.4 A metal—metal distance
and a glutamate residue that coordinates to Fe2 in a bidentate
chelating fashion and simultaneously bridges the two iron
atoms with one of its O atoms (48, 49, 57). Because the
active sites on the PHM-bound and unbound sides of PHH
are so similar, it is unclear whether PHM affects them both
in a similar manner by an allosteric effect or not at all. The
incomplete PHM occupancy may also be a factor. Further
spectroscopic and structural investigations are required to
improve our understanding of the PHH dinuclear iron center
and to discern how the diiron site geometries are influenced
by the oxidation state and the presence of bound PHM.

Second-Sphere Hydrogen Bonding Patterns. The second
coordination sphere is critical to the formation and stability
of the BMM diiron centers, providing ligand conformational
constraints in the PHH, ToMOH, and MMOH structures (5).
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For PHH, the geometry of Glu-108, which coordinates to
Fel, is stabilized by a hydrogen bonding network involving
Gln-145 and Ser-105 (Figure 3). A similar pattern exists in
ToMOH involving Gin-141 and His-96 (9), but not in
MMOH, which has a cysteine residue positioned 4.5 A from
the coordinating glutamate (8). Gln-145 is conserved among
all PH and TMO family members, whereas Ser-105 and His-
96 are not. Substituting the corresponding Gln with a Cys
in toluene 4-monooxygenase (T4MO) resulted in a variant
with a 10-fold diminished turnover rate that was still
incapable of hydroxylating methane (58). A Gln-to-Val
substitution in the same enzyme resulted in a 100-fold
decrease in the rate of turnover compared to that of the wild-
type protein. These results and the crystal structure presented
here suggest that stabilization of the Fel-coordinating
terminal glutamate by hydrogen bonding may be critical for
reactivity in the TMO and PH systems. The importance of
such hydrogen bonding involving the analogous residue in
MMOH, Glu-114, is less obvious because this residue has
no hydrogen bonding partners other than an active site pocket
water molecule that is not always detected in every crystal
structure (49).

At the other end of the diiron center, there is extensive
hydrogen bonding to conserved Gln-134, which may be
essential for stabilizing the geometry by which the bridging
Glu-138 and terminal Glu-199 residues coordinate to Fe2
(Figure 3). Glu-199 may also form a weak hydrogen bond
with Tyr-115; this residue is a phenylalanine in homologous
PH family members, however. The same general arrangement
of amino acids is preserved in MMOH (9). TOMOH utilizes
a water molecule (or hydronium ion) to mediate interactions
between the Fe-coordinating glutamates and a second-sphere
glutamate, Glu-111. In the PHH structure, hydrogen bonds
between two ordered water molecules link Gln-134 with
conserved Arg-235, an arrangement that differs from that in
the other hydroxylase proteins (see below). It is clear through
these comparisons that BMMs employ a variety of schemes
to stabilize the coordination spheres around the two iron
atoms, but it is unknown whether and how these different
architectures might contribute to the dissimilar reactivity of
the enzymes. Comparisons of the native and SeMet a.-sub-
units with and without bound PHM do not reveal any
significant alterations in these hydrogen bonding patterns.

A Conserved Mononuclear Zn*~ Site. In the C-terminal
domain of the PHH a-subunit, 24 A from the diiron center,
there exists a four-cysteine site that coordinates a single metal
ion with a tetrahedral geometry and an average metal —sulfur
distance of 2.3 A (Figures 1A and 4). Sequence homology
indicates that the coordinating cysteines are conserved only
among members of the PH and AMO families (Figure S7).
UV—vis, EPR, and Méssbauer spectroscopic studies of
recombinant PHH from P. stutzeri OX1 and native PHH from
Pseudomonas sp. strain CF600 do not reveal the presence
of a thiolate rich mononuclear iron center, or any other
mononuclear paramagnetic metal center, in any of the protein
preparations (12).># Anomalous difference electron density
maps generated from data collected at the selenium edge
reveal much stronger peaks at the mononuclear metal site
than at the diiron center (Table 2), suggesting that the metal
at this position is a stronger absorber of X-rays at 12 660

4V, Izzo, R. Davydov, M. H. Sazinsky, S. J. Lippard, and B. M. 162 eV than iron, the K-edge of which is 7111 eV. The K-edge

Hoffman, unpublished results.

of zinc occurs at 9659 eV. Given the ligand content,
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Table 2: Heavy Atom Anomalous Peak Intensities®

subunit atom  peak height subunit atom  peak height
al Fel 113 o2 Fel 11.4
Fe2 9.62 Fe2 8.9
Zn 20.2 Zn 229

? Peak intensities were determined by using CCP4 (28).

geometry, and absence of a spectroscopic signal, Zn?* is most
likely bound to this position. In addition, it was observed
previously that the toluene 2-monooxygenase hydroxylase,
a PH family member, is purified with two zinc and four iron
atoms (59). In light of this information, we conclude that
zinc is the physiologically preferred metal ion bound to the
four-cysteine site and suggest that it may be important for
stabilizing the fold of the a-subunit C-terminal domain,

Conserved Active Site Residues and Changes in Helix E.
Situated just above the diiron center on helix E in PHH are
two highly conserved residues found in every BMM, Thr-
203 and Asn-204 (Thr-213 and Asn-214 in MMOH, respec-
tively). Thr-203 is positioned at the interface between helices
E and F above the Fe2-coordinating Glu-233 (Figure 5A),
which undergoes oxidation state-dependent carboxylate shifts
in MMOH and ToMOH (48, 49, 57). Asn-204 is located on
the surface of the protein, 12 A from the diiron site. Several
ordered water molecules link these Thr and Asn residues to
the diiron center by hydrogen bonds. In MMOH and
ToMOH, the Thr residue forms the “roof” of the active site
pocket. The Asn residue lies between helices E and F just
above the iron-coordinating Glu that undergoes a carboxylate
shift upon reduction of the diiron center (Figure 5B) (48,
49). The rotameric conformation of this Asn also changes
with the active site oxidation state; it points inward toward
the diiron center in the mixed-valent and reduced forms and
away from it when the iron atoms are oxidized (Figure 5B)
(48, 49). Mutagenesis studies on TMOs suggest that the Thr
is not essential for catalysis under steady state conditions
(60), whereas the Asn is important for turnover and protein
component interactions.’

The positions of this pair of Thr and Asn residues in both
protomers from the native and SeMet PHH structures differ
significantly from what has been observed for oxidized,
reduced, and mixed-valent MMOH (8, 46, 48, 49) as well
as for oxidized and Mn?*-substituted TOMOH (9, 57). The
alternative positions that we observe here are the consequence
of a different helix E peptide backbone configuration (Figure
5D). Residues 193—202 form a s-helix; residues 205—217
are a-helical, and Thr-203 and Asn-204 mark the transition
from the 71- to the a-helical forms. In MMOH and ToOMOH,
the backbone atoms of Thr-213 and Asn-214 assume an
o-helical configuration (Figure 5B,F), whereas the residues
preceding these two form a sz7-helix. The alternative config-
uration of helix E in PHH has been observed once before,
in a 6-bromohexan-1-ol-bound structure of MMOH (Figure
5C,E) (33). In this particular MMOH crystal structure,
residues 212216 adopt a z-helical configuration to accom-
modate the bound product analogue by increasing the volume
of the active site pocket. As a result, the orientation of the
conserved Thr and Asn residues changes to adopt a config-
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uration nearly identical to the one observed in PHH. We
previously hypothesized that such a helical reconfiguration
in MMOH may reflect one way by which the regulatory
protein induces a change in the active site pocket to alter
substrate regiospecificity and accommodate larger substrates.
The PHH structure marks the second time that this alternative
configuration of helix E has been observed and strongly
supports our previous suggestion that the flexibility exhibited
by this segment of the a-subunit may play a significant, and
largely unexplored, role in the functions of BMMs. Because
helix E in all of the PHH a-subunits adopts this configura-
tion, we cannot conclude that PHM is directly responsible
for this perturbation without further investigation. If both
the conformational changes in helix E and the conserved Asn
are relevant to the functions of BMMs, an additional
challenge will be to understand when these conformational
changes take place during the catalytic cycle.

Structural Changes in Helix F. The electron density for
helix F residues 225—231 in the SeMet PHH o-subunit
where PHM is bound at higher occupancy is different than
that in the other a.-subunits (Figure S8), suggesting that PHM
may induce a slight reconfiguration, or disordering, of this
helix when it is bound to the hydroxylase. The best
interpretation of the electron density in this region, which
may be a combination of the PHM-bound and unbound
forms, is presented in Figure 6. In most a-subunits, F227
and Q230 comprise part of the canyon surface and typically
point toward solvent. When the regulatory protein binds,
PHM side chains Q10 and I71 occupy the former positions
of Q230 and F227, respectively (Figure 6B), and presumably
force helix F to reconfigure. The occupancy of PHM in the
native structure is insufficient for observation of these
differences or identification of the positions of the specific
PHM side chains. The major consequences of the helix F
rearrangement are the movement of Q230 toward the diiron
center, such that it lies above Fe2-coordinating E233, and a
shift in the position of the F207 side chain, such that it is
closer to the terminal water ligand on Fel. Residue Q230 is
highly conserved among all of the different BMM subfami-
lies except that of sMMO, where it is a Glu in MMOH and
butane monooxygenase (BMOH). It is unknown how muta-
tions of this Gln would affect hydroxylation, electron transfer,
or proton transfer chemistry. Residue F207 is conserved
among the aromatic hydroxylating BMMs but is a Leu or
Ile in the other BMM systems. The conformational changes
in helix F do not alter any of the second-sphere hydrogen
bonding networks, but they do decrease slightly the solvent
accessibility of the diiron center.

Possible Consequences of Regulatory Protein Binding on
Transfer of Electrons to the Hydroxylase. Behind the diiron
center is an extensive hydrogen bonding network extending
from the active site to the surface of the hydroxylase canyon
at o-subunit helix A (Figure 3B). Most of the residues
contributing to this network are strictly conserved among
the different BMM families (3), suggesting that they are
critical to the function and folding of the protein. Several
other diiron proteins, including bacterioferritin and rubreryth-
rin, have similar hydrogen bonding patterns that extend 10—
14 A to a redox active cofactor, such as a porphyrin or
mononuclear iron—sulfur center (61, 62). In the R2 subunit

S E. Cadieux, L. J. Murray, M. S. McCormick, M. H. Sazinsky, and 163 of RNR, a tryptophan residue in an analogous hydrogen

S. J. Lippard, unpublished results.

bonding network behind the diiron center facilitates genera-



Structure of a Phenol Hydroxylase—Regulatory Protein Complex

Biochemistry, Vol. 45, No. 51, 2006 15399

FIGURE 5: Structural differences in conserved helix E residues. (A) Positions of conserved Thr-203 and Asn-204 in PHH. (B) Redox-
dependent structural changes in the positions of Thr-213, Asn-214, and Glu-243 in MMOH. Carbon atoms for the reduced and oxidized
forms of MMOH are colored gray and yellow, respectively. (C) Positions of conserved Thr-213 and Asn-214 in the 6-bromohexan-1-ol-
bound form (green) of MMOH in which helix E adopts a more 7-helical character. (D) Superimposition of the PHH (red) and ToMOH
(blue) four-helix bundles. Helices A—F are labeled accordingly. (E) Superimposition of the four-helix bundle from the 6-bromohexan-1-
ol-bound form of MMOH (green) with the PHH (red) four-helix bundle. (F) Superimposition of the TOMOH (violet) and MMOH (pink)

four-helix bundles.

FIGURE 6: Structural changes in o-subunit helix F in the SeMet structure. (A) Comparison between PHM-altered (orange) and unaltered
(gray) helix F in stereo. (B) PHH (gray) and PHM (red) binding interface at a-subunit helices E and F.

tion of the catalytically important Fe(Ill)Fe(IV) X intermedi-
ate and tyrosyl radical (63). More recently, this pathway in
A°-desaturase has been implicated in electron transfer (64).
On the basis of these observations, we hypothesized that this
hydrogen bonding network in BMMs may represent the
electron transfer pathway from the reductase to the diiron
center (5). Investigations of the electron transfer reactions
between MMOH and its reductase, MMOR, indicate the
[2Fe-2S] cluster of the latter and the MMOH diiron center
may be 11—14 A apart when this protein complex forms

to that of the PHM component. If our assumptions about
the relative location of reductase binding site are correct,
the PH regulatory and regulatory proteins must share a
similar binding site on both faces of the hydroxylase surface.

This finding has important implications for how the
regulatory protein influences the properties of the hydroxy-
lase diiron center. One attractive scenario is that in which
regulatory protein binding prevents the reductase from
binding to the hydroxylase and donating extra electrons to
the dioxygen-activated diiron center, quenching the peroxo

(65). Using this distance constraint, an analysis of the PHH 164 or Q intermediates before they can achieve their hydroxy-

surface structure places the reductase binding site very close

lation chemistry. Such uncoupling, or premature reduction
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FIGURE 7: Cavities and pores in the PHH a-subunit. (A) a-Subunit cavities (gray) that extend from the diiron center to the y-subunit
(blue). (B) Stereoview of the conserved residues and water molecules (red spheres) contributing to the pore through the a-subunit four-

helix bundle.

of the oxygenated metal cluster, would not only consume
the reactive diiron species but also wastefully deplete the
NADH supply of the cell. After completion of the hydroxy-
lation reaction, the regulatory protein may temporarily
dissociate from the hydroxylase so that the reductase can
bind and reinitiate the catalytic cycle. This scenario would
explain why, in the sSMMO system, binding of MMOB to
MMOH shifts the redox potentials to disfavor reduction of
the diiron center, whereas reductase binding shifts the
potentials so that reduction is favored (65—68). It is also
possible that BMMs function via half-sites reactivity. During
the catalytic cycle, the regulatory protein may bind on one
face of the hydroxylase to facilitate catalysis while the
reductase binds temporarily to the other side to reinitiate the
cycle. Such a model may explain why excess regulatory
protein often inhibits BMM hydroxylation chemistry, whereas
substoichiometric amounts lead to uncoupling (I8, 19).
Pinning down the exact function of the regulatory protein
has been a difficult task. Often, it has been termed a
“coupling protein” because it couples hydroxylation with
electron transfer and an “effector protein” because it effects
substrate hydroxylation. The PHH—PHM structure demon-
strates how it may carry out both functions.

Access of Substrate to the Diiron Center. The a-subunit
scaffold is important for controlling the entrance and egress
of small molecules to and from the diiron center. The
pathway for substrate entrance, such as the hydrophobic
cavities or channels that we previously identified in MMOH
and ToOMOH, may play an important role in determining the
substrate specificity and reactivity of these enzymes (8, 9,
33, 69). Surface calculations of the PHH o.-subunits using
PyMOL (70) reveal the presence of three cavities leading
from the active site pocket (cavity 1) to the protein surface
near the y-subunit (cavity 3) (Figure 7A). Cavities 1 and 3
have direct access to the exterior environment of the protein,
whereas access to cavity 2 is gated by Leu-107 and Leu-
272 at one end near the active site pocket and Leu-399 and
Val-455 on the other near cavity 3. This putative route for
the access of small molecules to the active site involves
mostly hydrophobic residues. It traverses the a-subunit in a
manner that is analogous to the pathway defined by the

cavities are large enough to accommodate aromatic sub-
strates, in the absence of structures containing bound product
or substrate, it is difficult to know whether these cavities
are relevant to the function of PHH.

Surface calculations of the PHH o-subunits without bound
PHM reveal a large pore between helices E and F that offers
the most direct route for access of small molecules to the
active site pocket. This pore is ~6 A in diameter, lies above
the diiron center, and is lined with the side chains of Thr-
203, Asn-204, Phe-207, Glu-233, and Met-237 (Figure 7B),
all of which are conserved among the different PH enzymes.
The pore diameter may be large enough to accommodate
phenol and alternative substrates like xylene, dimethylcat-
echol, and naphthalene, which have diameters between 5.0
and 7.0 A. Several water molecules occupy the pore and
delineate how a substrate may move through the four-helix
bundle in the absence of PHM. The 6-bromohexanol-bound
form of MMOH, which has a helix E configuration similar
to that in PHH, does not have such an obvious mode of entry
through helices E and F. The absence of an analogous pore
in the MMOH structure may reflect the fact that the peptide
backbones of helices E and F near the diiron center are closer
together by approximately 2.0 A, measuring from the Ca
atoms of Asn-214 and GIn-240 (Figure SE). In some, but
not all, crystal structures of reduced MMOH in which helix
E has its typical configuration, a pore with a narrow 2.0 A
diameter forms as a result of Asn-214 (Asn-204 in PHH)
shifting to point inward, toward the diiron center (33). This
pore may become large enough to accommodate small
substrates like methane, dioxygen, and protons in the form
of H30?.

Surface calculations of the PHH a-subunits with bound
PHM reveal that direct access to the diiron center through
helices E and F is restricted in this conformation of the
complex (Figure 8). Binding of the regulatory protein also
induces F207 and Q230 to reposition as described above,
further limiting access to the diiron center. Previously, we
suggested a similar barrier-like role for MMOB in the sMMO
system because it significantly slowed the rate of diffusion
of iron into and out of the active site during metal
reconstitution studies (32). Investigations of Methylosinus

cavities in MMOH and ToMOH but different from the 40 165 rrichosporium OB3b MMOB mutants in which residues

A channel in TOMOH (9, 33, 57, 69). Although the PHH

108—111 were changed to Ala revealed variable substrate
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FIGURE 8: Access of the substrate to the diiron center at the PHH—
PHM interface. PHH (gray) and PHM (red) surfaces and cavities
are depicted. Interactions between conserved N204 (blue) and S72
(yellow) and how they may gate access to the metal center are
also shown.

access to the diiron center. On the basis of these results,
MMOB was proposed to generate a size-selective pore on
the hydroxylase surface that would serve as a substrate-
specific “sieve” (44, 71, 72). We find no evidence for a
PHM-generated substrate-specific pore in the PHH—PHM
complex or in models of the MMOH—MMOB structure (not
shown), suggesting that the MMOB mutations, which cor-
respond to residues 70—73 in PHM (Figures 6B and S5),
may simply decrease the diffusion barrier at the MMOH—
MMOB interface to modify the access of the substrate and
product to and from the diiron center. Kinetic and compu-
tational studies of the reactions of intermediate Q with a
variety of substrates have revealed two mechanistic limits,
depending upon whether access to the diiron center is rate-
determining (73). These results suggest how the regulatory
protein might be responsible for controlling the kinetics of
these processes in the SMMO system.

The PHM equivalent of S110 in M. trichosporium MMOB
is S72. The side chain of this residue forms a hydrogen bond
to conserved Asn-204 in both the native and SeMet crystal
structures (Figures 6B and 8) and is highly conserved among
the different BMM regulatory proteins. The link between
these two residues has not yet been fully explored. Given
that the PH enzymes act on substrates larger than MMOH
and that only a deep crevice is observed on the surface of
the PHH—PHM complex (Figure 8), the aromatic substrates
may enter the PH hydroxylase by an alternative route,
possibly via cavity 3. If a pore through the E and F helices
of the a-subunits forms at specific stages of the catalytic
cycle, such as when the diiron center is reduced and Asn-
204 undergoes a rotameric shift, it may allow passage of
0O,, H,0, or H;O™ to or from the active site. Collectively,
these findings reveal how the regulatory protein may control
the access of small molecules and ions to the diiron center
and possibly offers some type of protection of the dioxygen-
activated metal center as it traverses the reaction cycle.
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crucial for determining substrate specificity. Phenol hydroxy-
lases, for the most part, are ortho-hydroxylating enzymes,
whereas toluene monooxygenases hydroxylate in the para
position (58, 74). PHH and ToMOH from P. stutzeri OX1,
however, have relaxed regiospecificities and typically afford
70% o-cresol and 45% p-cresol, respectively (20, 75, 76).
For alternative substrates, PH and ToMO perform highly
regiospecific reactions. For example, PH and ToMO yield
96% 3-methylcatechol and 95% 4-methylcatechol, respec-
tively, when m-cresol is used as the substrate (76, 77). The
hydrophobic residues that line the active site pockets of PHH
and ToMOH are mostly conserved among their specific
subfamilies (Table 3) (3). A superimposition of the PHH
and ToMOH active sites indicates that the side chains occupy
nearly identical positions except for those residues on helix
E because of its alternative conformation (Figure 9). Single-
ring aromatic substrates can be most effectively docked
manually into the active site by orienting their ring plane
perpendicular to the Fe—Fe vector. A similar orientation for
the aromatic ring has been suggested previously for TOMOH
(77). On the basis of DFT calculations and structural
investigations of MMOH, substrate hydroxylation presum-
ably occurs at a bridging position between the two iron atoms
(78). By docking the oxygen atom of a pentamethylphenol
at such a position, we readily see that ortho hydroxylation
is favored if a ring substituent points above or below the
plane of the iron atoms and bridging oxygen (carbons 2 and
6 in Figure 9), whereas para and meta hydroxylation are
favored only if the ring substituent is positioned at the back
of the active site pocket. Para hydroxylation may be
disfavored in PH enzymes because of steric interaction
between Leu-107 and the substituent on the C4 atom (Figure
9). For TMOs, the residue analogous to Leu-107 is typically
a glycine or a glutamate (Glu-103) in ToOMOH that points
away from the active site pocket. A smaller residue at this
position would provide enough space to orient a substituent
on C4 toward the back of the active site pocket to favor
hydroxylation of the para carbon atom. Mutants of both
T4MOH and ToMOH in which this residue was changed to
leucine afforded 55—60% ortho hydroxylation (58, 77),
suggesting that the space occupied by this residue is
important for steering substrates. Conversely, mutagenesis
studies on a related phenol hydroxylase family member
demonstrated that changing the residue analogous to Leu-
107 to an alanine produced an enzyme that yielded 50%
o-cresol, compared to 98% for the wild-type form (74).
Moreover, this variant was capable of hydroxylating naph-
thalene, anthracene, fluorene, and phenanthrene at increased
rates. Thus, increasing the depth of the active site pocket
promotes hydroxylation of larger substrates.

In essence, the PHH active site pocket is shallower than
that of TOMOH. Because the regulatory proteins in these
different BMM systems alter the product distributions by
influencing the structure of the active site pocket (17, 18),
possibly by changing the configuration of helix E, it is
difficult to account fully for all of the residues and structural
features that are responsible for orienting substrates in the
absence of a crystal structure of the hydroxylase—regulatory
protein complex at higher occupancy and in different
oxidation states. Nevertheless, our structures of PHH and

Active Site Pocket and Substrate Specificity. The arrange- 166 ToMOH, in addition to revealing the two different configura-

ment of side chains in the active site pockets of BMMs is

tions of helix E, provide an improved understanding of the
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Table 3: Residues Comprising the BMM Active Site Substrate Binding Pocket*

PHH 1104 L107 Alll Q145 F179
CF600 V105 L108 Al12 Q146 F180
TOMH V106 L109 All13 E147 F181
ToMOH 1100 E103 A107 Q141 F176
T4MOH 1100 G103 A107 Q141 F176
AMOH Lo1 A%4 A98 E133 G167

MMOH L110 G113 Al17 C151 F188

R183% 1194 F198 T203 L206 F207
R184° V195 F199 T204 L207 F208
A185° V196 F200 T205 L208 F209
M180 L192 F196 T201 Q204 F205
1180 L192 F196 T201 Q204 F205
F172 L184 A188 T193 L196 L197
F192 L204 G208 T213 L216 1217

@ Abbreviations: PHH, Pseudomonas sp. OX1 PHH; CF600, Pseudomonas sp. strain CF600 PHH; TOMH, Burkholderia cepacia G4 toluene
o-monooxygenase hydroxylase; TOMOH, Pseudomonas sp. OX1 ToMOH; TAMOH, Pseudomonas medonica KR1 TAMOH; AMOH, Rhodococcus
corallinus B-276 alkene monooxygenase hydroxylase; MMOH, Methylococcus capsulatus (Bath). ® A side chain that does not contribute to the
active site pocket yet has a homologous BMM family member with a side chain that does.

FIGURE 9: Stereoview of the superimposed PHH and ToMOH substrate binding pockets. The PHH and ToMOH carbon atoms are colored
gray and yellow, respectively, and helices of PHH are depicted in green. Pentamethylphenol (cyan) is docked manually into the active site
pocket. The aromatic carbon atoms of the docked aromatics as well as the PHH residues contributing to the active site are labeled. The

identity of the TOMOH residues can be obtained from Table 3.

active site pockets and an initial structural basis from which
one can proceed to rationally engineer these enzymes for
industrial and bioremediation applications.

CONCLUSIONS AND PROSPECTS

The fundamental properties that are responsible for
controlling the substrate reactivity of the BMM diiron centers
lie within the protein scaffold of the hydroxylase subunit.
The structure of the PHH—PHM complex represents a key
step toward unraveling the principles that underlie the
chemistry performed by the carboxylate-bridged diiron
centers of these proteins. The structure indicates that PHM
functions to block the entrance of the solvent and substrate
to the diiron active site through the four-helix bundle, alter
the configuration of helices E and F in a manner that could
enhance the overall activity of the metal cluster, shape the
active site cavity to control product distributions, and most
likely affect electron transfer from the reductase by partially
or wholly covering its binding site on the hydroxylase canyon
walls. Sharing of the hydroxylase surface by the reductase
and regulatory protein components would imply that a critical
role for the regulatory proteins in all BMMs is to prevent
reduction of the dioxygen-activated diiron center at inap-
propriate times during the catalytic cycle. The recombinant
PH enzyme system is ideal for testing the various structural

control features, such as hydrogen bonding networks, cavity 167

gates, active site pores, and helix rearrangements, that we

suggest may be functionally significant for substrate entrance,
electron transfer, and component interactions. Moreover, the
PH system will allow future testing of mechanistic theories
related to the different reactivities of BMMs.
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Figure S1. Structure and electrostatic surfaces of (A) PHH, (B) ToMOH, and (C)
MMOH. The hydroxylase o, B, and y subunits are colored gray, blue, and purple,
respectively. Protein and electrostatic surfaces of (D) PHM, and of those predicted by
homology for (E) TAMOD and (F) MMOB, that pack against the hydroxylase are also
shown. Electrostatic surfaces were generated by using APBS in PyMol. Red surfaces are

negatively charged and blue surfaces are positively charged.
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Figure S2. Structures of the (A) PHH and (B) TOMOH y-subunits. The a-helices and f-

strands are labeled accordingly.
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Figure S3. (A) Interaction of the PHH B-subunit N-terminus (purple) with a-subunit
helices E and F (gray) on the hydroxylase surface in which PHM is not bound. (B)
Packing interaction of PHH and PHM molecules in the crystal lattice. The y-subunit

(green) of one PHH molecule (blue) packs against the canyon region of an adjacent

PHH molecule (purple). PHM is colored red.
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Figure S4. Structural comparisons between BMM regulatory proteins. Alignments of

(A) PHM (red) and MMOH (purple) and (B) PHM and T4AMOD (green) in stereo.
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Figure S5. Sequence alignment of BMM regulatory proteins within their specific sub-
families. PHM residues highlighted in gray form contacts with the PHH surface.
Residues in green mark MMOB positions that experience greater than average NMR

line broadening in the presence of MMOH. Teal shading denotes highly conserved

sMMOH residues in the N- and C-termini that may be important for function.

shading denotes a strictly conserved residue while red shading marks a conserved

residue having important catalytic function. The regulatory protein sequences and

accession numbers used for the alignment are: PHM, Pseudomonas stutzeri

(AAO47357), DmpM Pseudomonas sp. strain CF600 (P19731); TAMOD, Pseudomonas

mendocina (2BF2_B); ToMOD, Pseudomonas stutzeri OX1 (AAT40434); AMOD,
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Xanthobacter autotrophicus Py2 (CAA09914); SsoMOD, Sulfolobus solfataricus P2
(NP_342687); MMOB-Mc, Methylococcus capsulatus Bath (P18797); MMOB-Mt,
Methylosinus  trichosporium OB3b  (P27356); BMOB, Pseudomonas butanovora
(AAM19729); AMOB-Nor, Nocardioides sp. J]S614 (AAV52083); AMOB-Mr,
Mycobacterium rhodesine (AAO48575); PMOB, Gordonia sp. TY-5 (BAD03959),

THFMOB, Pseudonocardia sp. K1 (CAC10510).
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Figure S6. Stereo view of the [2F, |-|F,| simulated-annealing omit electron density
maps (green) surrounding the native PHH diiron active sites from (A) chain A and (B)

PHM-bound chain B contoured to 1.2 o.
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SMMO IYIDRVSQVP-FCPSLAKGASTLRVHE--YNGQMHTFSDQWGERM 456
aMmo  P-MovillovPCVMPRLDMNAA--RIIE--FEGQKIALSEPlQRI 430
PhN PQL QIPTIFTEKD-APTMLSHRQIEHEGERYHFfISDGlicDI 439
MopN PQL QIPMTFFEMDGDPTLFSYRDSIYKDERYHT@SDG@HDI 447
PhhN PHL VPAIFFEPD-DPTKLSLRSLVHEGERYHF@SDG@CDI 439
PhlD PHL QVPAIFFEPD-DPTKLSLRSLVHEGERYHF@SDGECDI 439
DmpN PHL QLPVIFFEPD-DPTKLSLRSLVHEGERYQFSDGECDI 440
PhcN PMLE@TTROIPMGFFEP-GDATKICYRESDYEGSKYHF@SDGRKHV 441
TbmD PMLE@TTROIPMGFFEP-GDATKIAYRESDYFGMKYHF@SDH@KHI 440
TomA PML@TTRQIPMIFFEP-GDATKICYRESAYLGDKYHF@SDHEKEI 441
PoxD PMLETTRQIPMIFFEPD-DPTQTCYRESSYHGMKFHFSDGKDI 438
ToMO PTINMENLPIAHT--PGNKWNVKDYQLEYEGRLYHFGSEADRWC 435

Figure S7. Sequence alignment of the C-terminal portion of the PH hydroxylase -
subunit depicting the conserved cysteines contributing to the zinc binding site in PHH.
The alignment was adapted from Leahy, et al. (3). Phenol hydroxylase a-subunit
sequences are from Pseudomonas stutzeri OX1 (PhN), Acinetobacter calcoaceticus NCIB8250
(MopN), Pseudomonas putida P35X (PhhN), Pseudomonas putida H (PhlD), Pseudomonas
sp. Strain CF600 (DmpN), Comanonas testosteroni R5 (PhcN), Burkholderia cepacia JS150

(TbmD), Burkholderia cepacia G4 (TomA3), and Ralstonia eutropha E2 (PoxD).
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Figure S8. Structural changes in helix F. A |2F,| - | F.| simulated annealing electron density
omit map (red) contoured at 1.0 o around a-subunit helices E and F from the SeMet PHH-
PHM structure (orange), depicts structural changes in stereo. Residues in green depict the

unaltered conformation of helix E and F residues in the other PHH a-subunits.
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APPENDIX 2

Experimental Procedures for the Expression and Purification of Monoclonal Antibodies

to MMOH from Hybridoma Cell Lines
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Introduction

During the previous four years, monoclonal antibodies (MAbs) to MMOH have
been expressed in the lab in effort to ultimately obtain corresponding MMOH-binding
Fab fragments and use them as MMO system crystallization agents. One result of this
work is was development of a generalized scheme to represent the many biological and
biochemical procedures involved in this project. The initial stages of this process require
hybridoma cell culture, are relatively straightforward, and were successfully conducted
in the lab since shortly after the project’s inception. The remaining stages of the process
leading up to and including screening for crystallization conditions, however, proved a
much greater challenge. A majority of the problems initially encountered involve
purification of the MAbs and Fab fragments. At the end of this project and upon
successful purification of the MAbs, it became clear that the antibody titer from the
expression cell lines is extremely low and can not be improved because it is due to poor
cell fusion that occurred during the creation of the hybrodoma cells at an outside
laboratory. Along with a discussion of antibody technology and structure, the
experimental procedures employed in this project are summarized below.

Monoclonal Antibody Structure and Technology. For a complete understanding of
the challenges at hand in this project it is beneficial to keep in mind fundamentals of
antibody technology and structure.(7) Antibodies are precisely identical serum proteins
that fall into a class of molecules called Igs. B cells in the host organism produce
antibodies as an immune response to foreign macromolecules, called antigens in this
context. Upon recognition of an antigen, naive B cells interact with specific T cells and

induce cloning to yield plasma B cells, that each produces a specific MAb. Epitopes on
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the surface of antigens provide binding sites to which MAb molecules are
complementary. Large proteins usually have multiple epitopes, thereby inducing the
production of multiple distinct and site specific MAbs. The production of antibodies by
plasma B cells is notably fast, voluminous, and accurate. Moreover, this process is a
highly effective immune response mechanism because antibody-antigen complexes are
easily recognized and removed by the liver or spleen of the host organism.

MADbs are composed of four polypeptide chains, two heavy and two light, that are
linked by disulfides and organized in an overall Y shape (Figure 1).(2) The heavy and
light chains each have constant and variable domains that are so named because of the
observed variance differences in the amino acid sequences of different antibodies. The
variable domains of one heavy and one light chain form the two identical antigen-
binding sites on each antibody. The Fab region of the antibody contains the antigen-
binding site, and is composed of one light chain and the variable domain of one heavy
chain. Conversly, the antibody Fc region is composed only of the constant domains of
the two heavy chains, and is virtually identical in all antibodies from the same organism.
MAD proteolysis with the enzyme papain occurs at the hinge region, and yields two Fab
and one Fc fragment, which are each approximately 50 kDa in mass.

Antibodies to specific proteins can be isolated and mass-produced using
monoclonal antibody technology. The technique begins with the immunization of an
animal, typically a mouse or rabbit, with the protein to which antibodies are desired.
Following an immune response from the animal, its spleen is removed, and plasma B
cells are isolated from the contents. The isolated plasma B cells are then combined in

suspension with cultured mutant myeloma cells in conditions that favor cell fusion.
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Myeloma cells used in this preparation are engineered such that they will not grow in
the presence of aminopterin. The B and myeloma cells undergo fusion to yield
hybridoma cells (Figure 2), and are transferred to media containing aminopterin. Only
the hybridoma cells survive the transfer to the aminopterin-containing media, allowing
for selection of the hybridomas. Furthermore, by fusion with myeloma cells the plasma
B cells become immortal, and will indefinitely produce single MADbs. Individual cell lines
producing different antibodies are identified through diagnostic tests with the antigen
molecule. Following, specific cell lines are isolated and cultured for the production of
individual MAbs to the antigen of interest.

Monoclonal antibody technology provides a formidable source of tools for use in
countless biochemical applications. Routine assays like ELISA and Western Blot are
based entirely on this technology. One emerging application is in the structural
characterization of membrane proteins, where MAb Fab fragments have been
successfully employed in the solubilization of the transmembrane regions to yield
crystallizable samples.(3) Fab fragments may similarly be utilized as crystallization
agents for soluble proteins by stabilizing conformationally flexible regions and aiding in

crystal lattice formation, as in the case of the present study.

Experimental Methods

General Considerations. The hybridoma cell cultures were maintained and, in
most cases, inoculated from DMSO cell stocks by Dianna Matthes under the
supervision of the author. MAb and Fab fragment purifications were conducted using a

GE Healthcare AKTA Purifier 10 fitted with inline conductivity, pH, and Azgso detectors
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and an automatic fraction collector. All Native and SDS PAGE analysis was conducted
using BioRad 15 well, 15 uL Ready Gels. SDS-PAGE sample buffer contained 62.5 mM
Tris pH 6.8, 2% (w/v) SDS, 25% (v/v) glycerol, 0.01% (w/v) Bromphenol Blue and 5 %
(v/v) b-mercaptoethanol. SDS-PAGE running buffer contained 0.1% (w/v) SDS, 25 mM
Tris and 192 mM Glycine.

MAb Expression: Growth and Harvest of Antibody Cell Lines. Frozen DMSO
stocks of MMOH monoclonal antibody producing hybridoma cell lines (Cell Essentials)
were kept in liquid N, storage dewars. 1 mL stocks were removed from liquid N,
storage and thawed quickly at 37 °C. Combined growth media consisted of 90% Utility
media, 10% Fetalclone Il (HyClone), and 1:100 dilution of penicillin/streptomycin
antibiotics (Invitrogen). Combined growth media was prepared and sterilized with a 0.2-
micron filter immediately before use. Upon thaw completion cells from the DMSO stock
were added to 12 mL of combined growth media and allowed to diffuse for 5 minutes a
room temperature. Cells and media were then centrifuged at 100 x g for 7 min. The
cell pellet was isolated from the DMSO-containing supernatant and resuspended in 12
mL of fresh media. Cells and media were split evenly in volume and incubated at 37 °C
and 5% CO, in T25 canted neck breathable flasks (Falcon). Cell density was monitored
daily by hemacytometer cell counting. Upon reaching a density of 8 x 10° to 1 x 10°
cells/mL growth flasks were scraped to loosen surface attached cells and the contents
were transferred to sterile centrifuge tubes. Combined growth media was then
exchanged by centrifuging cells and media at 100 x g for 7 minutes and resuspending

the pellet in approximately three times the previous volume of fresh combined media.
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Cells and media were then returned to incubation at 37 °C and 5% CO, in multiple T75
canted neck breathable flasks (Falcon). |

Media exchange and cell proliferation continued under this protocol until a
volume of approximately 500 mL of cells and media was reached. Upon reaching a
volume 2500 mL, cells and media incubation at 37 °C continued but media exchange
was ceased. Hybridoma cell vitality was monitored daily by Trypan Blue staining. This
was accomplished by combining 0.5 mL 4% (v/v) Trypan Blue, 0.3 mL Hank’s balanced
salt solution (HBSS), and 10 — 30 uL hybridoma cells in combined media and incubating
the resulting solution for 5 minutes at room temperature. The percentage of living cells
was determined by counting the ratio of unstained cells to the total cell number using a
hemacytometer. When the number of living cells reached <1%, cells pelleted by
centrifugation at 6,000 rpm for 8 minutes. The antibody containing tissue culture
supernatant (TCS) was carefully removed from the cell pellet, filtered with a 0.22 micron
filter, and stored at —25 °C for later purificaiton. Freeze/thaw cycles were avoided.

At multiple points in time during cell culture, DMSO stocks of the growing
hybridoma cell lines were prepared. The stocks were prepared by pelleting cells as
required for media exchange and resuspending them a 10% (v/v) sterile DMSO solution
in combined growth media using a volume such that the final cell density is
approximately 5 x 10° cells/mL. Immediately following prepration the DMSO stocks
were transferred to cryogenfc vials in 1 mL alequots, insulated and slow frozen at —80
°C overnight, and finally transferred to liquid N for storage.

MAb Furification: DEAE Sepharose lon-Exchange Chromatography. TCS from

antibody harvest was removed from -25 °C storage and thawed at 4 °C overnight.
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Following thaw completion, the TCS was concentrated from approximately 500 mL to
approximately 50 mL using a 10 kDa MWCO block concentrator (Vivaflow).
Concentrated TCS was dialyzed against (3 x 3.0 L) 10 mM Tris pH 8.0 overnight in 8
kDa MWCO dialysis tubing (Pierce). Prior to loading the dialyzed TCS onto the column,
the DEAE Sepharose Fast Flow resin (GE Healthcare) was washed using 150 mL buffer
A (10 mM Tris pH 8.0), followed by a 50 mL linear gradient from buffer A to 100% buffer
B (10 mM Tris pH 8.0, 2.0 M NaCl), 300 mL buffer B, and finally 400 mL buffer A. The
dialyzed TCS was filtered through a 0.22 micron syringe filter and loaded onto the
column at 3.0 mL/min. Purified MAb was eluted from the column using 200 mL buffer A,
followed by a 500 mL linear gradient of buffer A to 25% buffer B, and 200 mL 25%
buffer B. Note that the fraction size was 12 mL, the wash and elution flow rate was 3.0
mL/min, and the column volume was approximately 50 mL. Sample loading, buffer flow
control, and elution analysis (Azsg, conductivity, and pH) was conducted using an AKTA
Purifier 10 UPC purification system (GE Healthcare).

Elution fractions suspected to contain the purified MAb were analyzed by SDS-
PAGE. Pure MAb containing fractions were pooled and concentrated using a 5 kDa
MWCO centrifugal concentrator (Millipore). Yields of pure MAb were determined by Aggo
using the estimate ¢ = 2.25 X 10°. Concentrated MAb samples were drop-frozen in
liquid N2 and stored at -80 °C or dialyzed for subsequent fragmentation with papain
(vide infra).

MADb Purification: Protein-G Affinity Chromatography. TCS from antibody harvest
was removed from -25 °C storage and thawed at 4 °C overnight. Following thaw

completion, the TCS was diluted from 250 mL to 2.0 L using Binding buffer (20 mM
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NaPi pH 7.0), and the resulting solution was filtered with a 0.22 micron vacuum filter
and subsequently degassed for approximately 30 min. The diluted TCS sample was
loaded onto the HiTrap Protein-G resin (GE Healthcare) at 1.5 mL/min overnight. After
sample loading, unbound material was eluted from the column using a 50 mL Binding
buffer wash, and 5.0 mL fractions were collected. The pure MAb was then eluted with
50 mL of Elution buffer (100 mM Glycine-HCI pH 2.7). Fractions collected from the
Elution buffer wash were 1.0 mL in volume, and contained 200 uL of Quench buffer (1.0
M Tris pH 9.0) which was present to return the sample pH to neutral immediately
following the low pH elution from the column. Purified samples were analyzed,
concentrated, and stored exactly as in the case of the DEAE purification method, and
the AKTA purifier was similarly employed as well to affect sample separation.

MAb Fragmentation: Soluble Papain. Note that this procedure is a modified
version of one provided by Dr. Uta Maria Ohondorf in which greater enzyme to
substrate ratios were employed to effect successful fragmentation. DEAE Sepharose
chromatography purified MAb was dialyzed overnight against (3 x 1.8 L) PBS pH 8.0
and concentrated or diluted to Azgo = 1.5 using the dialysis buffer. Digestion samples
were prepared by adding 10 mM Na;EDTA, 10 mM Cysteine HCL, and 10 mM -
mercaptoethanol to the dialyzed MAb and incubating the resulting solution at 37 °C for
45 min. A 1 mg/mL solution of soluble papain (Worthington; 80% protein lyophilized
powder), 10 mM Na;EDTA, 10 mM Cysteine HCL, and 10 mM B-mercaptoethanol was
similarly prepared in PBS and incubated at 37 °C for 45 minutes. Following incubation,
the papain solution was added to the antibody sample at a 1:25 enzyme to substrate

ratio, and the sample was returned to 37 °C incubation for 6 hours. Every hour after the
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addition of papain to the MAb sample a 100 uL aliquot of the fragmentation sample was
removed from incubatioh and the fragmentation was ceased by the addition of 23 mM
iodoacetamide. Following completion of the 6 hour digestion time 23 mM iodoacetamide
was similarly added to the entire volume of MAb sample to prevent adventitious
digestion of the MAb Fab and Fc fragments then present in the sample solution.

Fab Fragment Purification: MonoQ lon-Exchange Chromatography. MAb
fragmentation samples were prepared for purification immediately following digestion
with papain, by dialysis into (3 x 1.8 L) 10 mM Tris pH 7.5 at 4 °C overnight. Prior to
loading the dialyzed Fab sample, the MonoQ 10/100 GL column (GE Healthcare) was
washed using 16 mL buffer A (10 mM Tris pH 7.5), followed by a 4 mL linear gradient
from buffer A to 100% buffer B (10 mM Tris pH 7.5, 2.0 M NaCl), 40 mL buffer B, a 4 mL
linear gradient from buffer B to buffer A, and finally 80 mL buffer A. The dialyzed Fab
sample was filtered through a 0.22 micron syringe filter and loaded onto the column at
2.0 mL/min. Purified Fab was eluted from the column using 32 mL buffer A, followed by
an 80 mL linear gradient of buffer A to 25% buffer B, and finally 32 mL 25% buffer B.
Note that the fraction size was 4 mL, the elution flow rate was 3.0 mL/min, and the

column volume was approximately 8 mL. Fractions from the column were analyzed by

SDS-PAGE.

Results and Discussion

MAb Expression: Growth and Harvest of Antibody Cell Lines. The results of MAb
expression and hybridoma cell culture are summarized in Diana Matthes’ Diploma

Thesis.(4)
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MADb Purification: DEAE Sepharose lon-Exchange Chromatography. MAb
purification by DEAE Sepharose chromatography was reproducible and resulted in
moderately pure MAb samples, but consistently failed to effect removal of a significant
portion of the BSA impurity present in all MAb TCS samples. A typical purification
chromatograph and associated SDS-PAGE gel are shown in Figures 3 and 4,
respectively.

MADb Purification: Protein-G Affinity Chromatography. MAb 7 purification by
Protein-G chromatography yielded samples of incredible purity. The purification
chromatograph and associated SDS-PAGE gel are shown in Figure 6. Unfortunately, in
the case of the purification trails attempted using this method, only ~1 ug of pure MAb
could be obtained from from 250 mL MAb TCS. At a late stage in this project it was
determined that the poor yeild a resuit of low expression during hybrodoma cell culture
on the basis of ELISA studies of TCS samples.

MAb Fragmentation: Soluble Papain. Although the author is convinced that the
described papain fragmentation procedure works, it is difficult to draw additional
conclusions or optimize the method when the DEAE purification method used
beforehand resulted in samples contaminated with BSA. The SDS-PAGE gels shown in
Figure 7 and similar results obtained previously are the basis for the conclusion that the
fragmentation procedure is successful even in the case of samples contaminated with
BSA. It is also noted here that digestion times exceeding 6 hours are believed to result
in adventitious MAb proteolysis (Figure 7).

Fab Fragment Purification: MonoQ lon-Exchange Chromatography. This method

is based on that established during Uta Maria Ohndorf's experience purifying MAb Fab
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fragments for use in crystallization.(3) Like the MAb fragmentation procedure, this
purification would most likely work if conducted on a sample not significantly

contaminated with BSA.
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Figure 1. MAb structure from reference 2.
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MAD 49 DEAE Sepharose 11/08/07

Absorbance @ 280 nm (mAU)
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Figure 3. A2s0 (blue) and conductivity (magenta) traces from
the DEAE Sepharose purification of MAb 49 TCS.

Figure 4. MAb and BSA containing fractions
from DEAE purification of MAb 49 TCS.
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MAD 7 Protein-G Purification
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Figure 5. A2so (blue) and pH (orange) traces from Protein-G
affinity purification of MAb 7 TCS.

Figure 6. MAb containing fractions from
Protein-G affinity purification of MAb 7 TCS.
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Figure 7. MAb fragmentations. Lanes 2, 6, and 10 contain MAb
samples before fragmentation; Lanes 3, 4, 7, 8, 11, and 12 contain
MAb samples after fragmentation, and indicate the loss of the
higher molecular weight heavy chain band.
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APPENDIX 3

Dioxygen Activation at Non-Heme Diiron Centers: Oxidation of a Proximal Residue in the

1100W Varient of Toluene/o-Xylene Monooxygenase Hydroxylase

Author Contribution
The author was responsible for the crystallization and structure

determination of the ToMOH 1100W mutant..

This appendix has been reprinted with permission from Biochemistry 2007, 46, 14795-14809.

Copyright 2006 American Chemical Society.
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ABSTRACT: At its carboxylate-bridged diiron active site, the hydroxylase component of toluene/o-xylene
monooxygenase activates dioxygen for subsequent arene hydroxylation. In an I100W variant of this enzyme,
we characterized the formation and decay of two species formed by addition of dioxygen to the reduced,
diiron(II) state by rapid-freeze quench (RFQ) EPR, Mdssbauer, and ENDOR spectroscopy. The dependence
of the formation and decay rates of this mixed-valent transient on pH and the presence of phenol, propylene,
or acetylene was investigated by double-mixing stopped-flow optical spectroscopy. Modification of the
o-subunit of the hydroxylase after reaction of the reduced protein with dioxygen-saturated buffer was
investigated by tryptic digestion coupled mass spectrometry. From these investigations, we conclude that
(i) a diiron(II1,IV)—W?* transient, kinetically linked to a preceding diiron(IIl) intermediate, arises from the
one-electron oxidation of W100, (ii) the tryptophan radical is deprotonated, (iii) rapid exchange of either
a terminal water or hydroxide ion with water occurs at the ferric ion in the diiron(IIL,IV) cluster, and (iv)
the diiron(III,IV) core and W* decay to the diiron(III) product by a common mechanism. No transient
radical was observed by stopped-flow optical spectroscopy for reactions of the reduced hydroxylase variants
1100Y, L208F, and F205W with dioxygen. The absence of such species, and the deprotonated state of the
tryptophanyl radical in the diiron(IIL,IV)—W?* transient, allow for a conservative estimate of the reduction
potential of the diiron(Ill) intermediate as lying between 1.1 and 1.3 V. We also describe the X-ray crystal

Residue in the [100W Variant of Toluene/o-Xylene Monooxygenase Hydroxylase'

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, Depariment of Physics,
Emory University, Atlanta, Georgia 30322, and Department of Chemistry, Northwestern University, Evanston, Illinois 60208

structure of the I1100W variant of ToOMOH.

Metal-activated dioxygen species are capable of oxidizing
a broad range of substrates (/ —4). In synthetic systems, these
units are generated in a solvent that is inert to oxidation.
The peptide matrix surrounding the active site protects
reactive intermediates in protein systems. Enzymes are able
to coordinate reduction of an active metal center and
dioxygen activation with substrate binding, thereby assuring
that reactive metal—oxygen units are generated only when
the substrate is available (3, 6). The active sites in carboxy-
late-bridged diiron (CBDI!) proteins are housed within a four-
helix bundle and shielded by the protein framework (7—9).
As a consequence, reactive intermediates such as Q, an oxo-
bridged diiron(IV) center, in MMOH and X, a mixed-valent
diiron(IIL,IV) cluster, in RNR-R2 can accumulate and be
characterized by a number of spectroscopic methods (10, 11).
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The primary coordination spheres of the diiron centers in
the CBDI enzyme superfamily are remarkably similar, yet
the high-valent intermediates Q and X are observed only in
MMOH and RNR-R2, respectively (/2). Although the
capacity to form these iron(IV)-containing units is reserved
for these two enzymes, proteins in the superfamily activate
dioxygen by analogous mechanisms. The reduced diiron(II)
core reacts rapidly with O, to generate a peroxo-bridged
diiron(III) species as the first observable intermediate. No
other oxygenated intermediates are observed in Ft and A°D,
and the peroxodiiron(III) unit is detectable in A°D only when
the substrate—carrier protein conjugate is bound to the
desaturase. This behavior has been ascribed to stearoyl-ACP
blocking access to the active site via a large substrate channel
(13). To date, no oxygenated intermediates have been
reported for reactions of diiron(ll) or diiron(III) forms of
rubrerythrin with either dioxygen or hydrogen peroxide,

! Abbreviations: CBDI, carboxylate-bridged diiron; A°D, stearoyl-
ACP A? desaturase; Ft, ferritin; MMOH, hydroxylase component of
methane monooxygenase; ToMO, toluene/o-xylene monooxygenase;
ToMOC, Rieske component of ToMO; ToMOD, regulatory component
of ToMO; ToMOF, NADH oxidoreductase component of ToMO;
ToMOH, hydroxylase component of ToMO; Hy, diiron(ILI) form
of the hydroxylase; Hpuoso, peroxodiiron(Ill) intermediate of the
hydroxylase; Hreq, diiron(Il) form of the hydroxylase; Q, di(u-oxo0)-
diiron(IV) transient of MMOH; RNR-R2, ribonucleotide reductase R2
subunit (Class I); SSRL, Stanford Synchrotron Radiation Laboratories;
X, mixed-valent diiron(III,IV) intermediate formed in RNR-R2.

10.1021/bi7017128 CCC: $37.00 1982007 American Chemical Society
Published on Web 11/29/2007
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FIGURE 1: View of the active site pocket of ToOMOH from the
substrate access channel. The diiron atoms and the hydroxylase
polypeptide backbone are depicted as orange spheres and as a gray
ribbon diagram, respectively. The opening to the pocket is bordered
by residues 1100, T201, F205, and F196. 1100 is analogous to the
proposed leucine gate, L110, in MMOH.

respectively. From its crystal structure, the active site of
rubrerythrin appears to be more accessible to solvent and
buffer components than those of other enzymes in the family
(14). The accumulation of reactive oxygenated iron(III) and
iron(IV) intermediates would therefore appear to be cor-
related with accessibility of the diiron center to potential
quenching moieties in the medium.

At the beginning of the present study, no transient species
with UV—visible absorption bands had been detected kineti-
cally for the reaction of reduced TOMOH with dioxygen. In
the crystal structure of the native enzyme, a large channel
for substrate access and/or product egress, extending from
the protein surface to the active site pocket, was identified
(15). Site-directed mutagenesis studies of residues within the
channel of TOMOH were therefore undertaken to evaluate
the possibility that reactive intermediates might accumulate
if solvent or buffer components were occluded from the
active site in this system. Residues 1100, F196, F205, and
H96 form a hydrophobic portal to the active site at the end
of the solvent-accessible channel in TOMOH (Figure 1). Of
these residues, 1100 is especially noteworthy. The analogous
residue in MMOH, L110, has been proposed to function as
a gate for substrate entry to, and/or product egress from, the
active site during catalysis (7). Residue L98 in hemerythrin
might perform a similar function, controlling solvent access
to the diiron core (/6). We therefore wondered whether
mutation of 1100 would sufficiently isolate the active site
pocket from the channel to shield the dimetallic center from
buffer components or solvent, allowing accumulation of
reactive intermediates to observable levels. Residue F205,
which is on the opposite side of the channel from 1100, and
L208, which is farther from the active site pocket, were also
selected as targets for mutagenesis (Figure 2). We substituted
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Exterior

Interior

FIGURE 2: A substrate access channel (black) in TOMOH extends
from the protein surface to the diiron active site. Residues H96,
1100, and F205 form a hydrophobic region that joins the active
site pocket to the channel. Residue L208 resides farther from the
diiron active site, forming part of the channel wall. The iron atoms
are depicted as orange spheres in the lower right portion of the
figure.

variant hydroxylases using the native crystal structure
suggested that they would afford maximal closure of the
channel without disrupting the protein fold of the surrounding
matrix.

Preliminary investigations of reaction of TOMOH I1100W
with dioxygen were reported previously (/7). From this initial
study, dioxygen activation at the diiron(II) core was discov-
ered to produce an optically transparent diiron(IIl) intermedi-
ate that could be identified by Mossbauer spectroscopy. This
intermediate oxidizes the nearby W100 to form a mixed-
valent diiron(IIL,IV) unit coupled to a protein-based tryp-
tophanyl radical. This species subsequently decays to the
resting, oxidized diiron(III) state. The process by which the
diiron(IIl) intermediate oxidizes the nearby W residue and
the subsequent decay of the mixed-valent center and the
protein-based radical have been investigated in considerable
detail and form the basis for this report. The reactivity of
other channel-blocking mutations, [100Y, L208F, and F205W,
was also investigated under pre-steady-state and steady-state
conditions. We include these results because they provide
additional insight into the nature of the important diiron(III)
transient.

EXPERIMENTAL METHODS

General Considerations. Plasmids containing the genes for
the ToMO components were supplied by the laboratory of
Professor Alberto Di Donato, Naples, Italy. Recombinant
expression and preparation of the ToMO component proteins
were carried out as described elsewhere (/5). ToOMOH variant
proteins were prepared by the same protocol as used for the
native enzyme. The iron content, measured by the ferrozine
assay, ranged from 4.2 to 4.6 iron atoms per TOMOH dimer
for all samples. Isotopically enriched TOMOH I100W protein

1100 with tyrosine and tryptophan, 208 with phenylalanine, 199 for Méssbauer and ENDOR spectroscopy was obtained by

and F205 with tryptophan. Modeling structures of these

expression in LeMaster’'s media containing 3'FeCl; or



Oxidation of a Proximal Residue in ToMOH 1100W

tryptophan-ds, selectively labeled on the indole ring (Cam-
bridge Isotope Labs, Andover, MA) (I8). The solution of
5FeCl; was prepared by dissolving *'Fe powder (96.7%
isotopic purity, Advanced Materials Technologies Ltd., Nes-
Ziona, Israel) in concentrated hydrochloric acid. Deuterium
oxide was purchased from Cambridge Isotope Labs, and all
other reagents were acquired from Aldrich Chemical Co.
HPLC experiments were carried out with a Vydac protein
& peptide C18 column connected to a Waters 600S controller
and a Waters 2487 dual wavelength absorbance detector.
Optical absorption spectra were recorded with an HP8452
diode-array spectrophotometer.

Crystallization and Data Collection. Crystallization condi-
tions for TOMOH 1100W were as published (/9). Purified
ToMOH I100W protein was exchanged into buffer contain-
ing 10 mM MES, pH 7.5, and 10% (v/v) glycerol to a final
concentration of 50 uM. A 2 uL aliquot of this solution was
mixed with 1 4L of a native ToOMOH micro seed stock
solution containing 2.3 M (NH4),SO,4, 100 mM HEPES, pH
7.5, and 2% (v/v) PEG 400, as well as 1 uL of precipitant
solution. The precipitant solution contained 2.0—3.0 M
(NH4)2SO4, 100 mM HEPES, pH 7.5, and 2% (v/v) PEG
400. Cryogenic solutions for data collection contained the
precipitant solution with added 20% (v/v) glycerol. X-ray
diffraction data were collected at the SSRL on beam line
9-2 using the BLU-ICE data collection suite (20). Crystal
annealing was conducted as described for 1.85 A native
ToMOH, using a 5.0-s pause in the cryostream flow (/9).
Diffraction data were integrated and scaled in HKL 2000
21).

Structure Determination and Refinement. Phasing of the
ToMOH 1100W data was accomplished by using EPMR and
1.85 A native TOMOH coordinates (PDB code 2INC) in
which all non-protein atoms and the side chains of the
iron coordinating ligands and residues 1100, T201, N202,
Q228, S232, and R233 were removed as a starting
model (15, 22). Subsequent models were built in Coot and
refined using REFMACS in CCP4 (23—25). Simulated
annealing composite omit maps were generated in CNS
(26). MSDchem ideal coordinates as well as CNS topology
and parameter files for glycerol, PEG 400, and MOPS
heterocompounds were obtained from the HIC—-UP
database (residue codes GOL, P6G, and MPO, respectively)
27).

Site-Directed Mutagenesis of the TOMOH o.-Subunit. The
mutations were introduced by site directed mutagenesis on
the parent pET-22b(-+)/touBEA plasmid with an MJ Re-
search MiniCycler using DNA polymerase pfU Turbo,
dNTPs, and reaction buffer (Stratagene, La Jolla, CA)
according to the manufacturer’s protocol. The sequences for
oligonucleotides (Invitrogen, Carlsbad, CA) used as primers
are given in Table S1 (Supporting Information). Primers for
the mutation I100W were as reported previously (/7). PCR
products were transformed into E. coli XL-1 Blue super-
competent cells (Strategene, La Jolla, CA) by heat-shock as
described by the manufacturer and grown overnight on LB-
Agar plates containing ampicillin (300 #g/mL). Five colonies
from each plate were picked and grown in 5 mL cultures
(LB media, 300 ug ampicillin /mL) for 20 h. Cells were
pelleted at 3500 rpm for 15 min and the plasmids were
isolated with a Qiagen Mini-Prep kit. Isolated plasmids were
submitted for sequencing in the forward and reverse direc-
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Steady-State Activity Assays and Product Determinations
for ToMOH Variants. A colorimetric assay was used to detect
catechol that formed during steady-state hydroxylation of
phenol by these variant hydoxylases (28). Catechol-2,3-
dioxygenase cleaves catechol to form 2-hydroxymuconic
semialdehyde, which can be monitored by measuring the
absorption at 410 nm (e = 1260 M~'cm™!). Assays were
conducted at 25 °C in 0.1 M Tris/HCl pH 7.5 in a final
volume of 1 mL. Reaction mixtures contained 0.15 uM
ToMOH, 10 uM ToMOD, 4 uM ToMOC, 30 nM ToMOF,
and saturating amounts of catechol-2,3-dioxygenase. Steady-
state hydroxylation of phenol (1 mM) was initiated with
NADH to a final concentration of 1 mM.

To determine if the regiospecificity of hydroxylation was
altered by these mutations, products of steady-state turnover
for phenol were identified by HPLC. The ToMO protein
component concentrations were 0.3 uM ToMOH, 2 uM
ToMOD, 4 uM ToMOC, and 30 nM ToMOF in 0.1 M Tris/
HCI pH 7.5 (150 ul). Assay solutions contained 1 mM
phenol, and were initiated with NADH to a final concentra-
tion of 2 mM. Reaction mixtures were incubated at 25 °C
for 15 min, quenched with 50 uL TFA, centrifuged for 10
min at 14000 x g, frozen in liquid nitrogen, and stored at
—20 °C. Samples were thawed and 100 4L of the supernatant
was injected on to the Vydac column. HPLC conditions for
separation of hydroxylated products from phenol were 0%
buffer B for 7 min, 0% to 40% B for 1 min (linear gradient),
40% to 100% for 7 min (linear gradient), and 100% B for 3
min (A: 1% acetonitrile, 98.8% ddH,0, 0.2% TFA; B:
49.9% acetonitrile, 49.9% ddH,O, 0.2% TFA). Absorption
at 280 nm was monitored with time for all samples. Retention
times for catechol, resorcinol, and hydroquinone were
determined under these conditions.

Stopped-Flow Optical Spectroscopy. A HiTech DX2
stopped flow instrument was made anoxic by treatment with
an anaerobic solution of sodium dithionite (> 4 mM). This
solution was allowed to stand in the drive syringes and flow
lines for at least 15 min to ensure complete scavenging of
dioxygen. The instrument was then flushed with anaerobic
25 mM MOPS buffer at the appropriate pH immediately prior
to use. Solutions containing the hydroxylase and regulatory
protein were made anaerobic by cycles of vacuum gas
exchange with nitrogen and transferred to a Vacuum
Atmospheres MO-20 anaerobic chamber, where they were
reduced with excess sodium dithionite in the presence of
methyl viologen. The reduced protein was dialyzed (8000
MWCO) twice against 25 mM MOPS at specific pH values.
Samples were then transferred either into tonometers or
Hamilton gastight sample-lock syringes and loaded into the
anaerobic stopped-flow instrument and mixed against O,-
saturated 25 mM MOPS buffer at a specific pH. The software
packages KinetAsyst 3.14 (HiTech Scientific, UK) and
Kaleidagraph 3.5 (Synergy Software, Reading, PA) were
used to fit the time dependence of the optical data.

Reaction of ToMOH,.q 1100Y, F205W, and L208F with
O;. Concentrations of the variant hydroxylases after mixing
varied from 25 uM to 150 uM. Reaction mixtures contained
three equivalents of ToMOD to one equivalent of TOMOH.
The reduced hydroxylase pre-complexed with the regulatory
protein was dialyzed against buffer, pH 7.0, and allowed to

tions to the Biopolymers core facility in the Center for Cancer 200 react with dioxygen-saturated buffer of the same pH. The

Research (M.1.T.).

temperature of the stopped-flow instrument was maintained
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at 40 = 0.1 °C. Multiwavelength data were collected
between 350 and 750 nm with a xenon arc lamp and a diode
array detector.

Solvent Kinetic Isotope Effect (SKIE) for Formation and
Decay of the TOMOH 1100W Transient. After reduction,
protein mixtures were dialyzed anaerobically against either
25 mM MOPS buffer pD 6.61 in D,0O or pH 7.0 in H,0O and
allowed to react with dioxygen. The reaction was carried
out over the temperature range 4.0 and 36.0 °C. The con-
centration of TOMOH 1100W:3ToMOD varied from 25 to
60 uM in the optical cell. The optical traces collected in
single-wavelength mode at 500 nm were fit to an A—B—C
model to determine the formation and decay rate constants.

Effect of pH on the Reaction of ToMOH,., 1100W with
0. In these experiments, the pH of the reaction mixture was
adjusted either by using double-mixing mode to set the pH
after dialysis and prior to oxygenation in the second push,
or in single-mixing mode with dialysis carried out using
buffers at specific pH values. For double-mixing experiments,
the concentrations of the hydroxylase and regulatory protein
after mixing were 94 uM and 282 uM, respectively. The
reduced protein was dialyzed against buffer with a pH value
of 6.6. In the first push, the solution of the hydroxylase and
regulatory protein was mixed with anaerobic buffer, pH 6.6
or 8.0, and allowed to age for 1 min. In the second push,
the aged protein solution was allowed to react with oxygen-
ated buffer, pH 6.6 or 7.2, and data were collected in multi-
and single-wavelength modes. The instrument temperature
was maintained at 4.0 °C. For single-mixing experiments,
the concentrations of the hydroxylase and regulatory protein
in the optical cell were 18 #M and 45 uM, respectively. After
reduction, the first dialysis was carried out against 25 mM
MOPS pH 7.0. The pH of the buffer was 6.5, 7.0, or 7.5 for
the second dialysis. The reduced anaerobic samples were
mixed at 4.0 °C with oxygenated 25 mM MOPS buffer at
the appropriate pH values. Data were collected at 500 nm
for 100 to 200 s.

Effect of Substrates on the Decay Rate of the ToMOH
1100W Transient. This double-mixing experiment was carried
out at 40 °C monitoring the absorption 500 nm. The
concentration of TOMOH 1100W:3ToMOD after mixing was
25 uM. Reduced ToMOH 1100W:3ToMOD was dialyzed
against buffer at pH 7.0, and loaded into the anaerobic
stopped-flow instrument. In the first push, the reduced
hydroxylase was reacted with dioxygen-saturated buffer (pH
7.0) for 3.9 s. The aged solution was subsequently mixed
with 25 mM MOPS pH 7.0 containing phenol, acetylene, or
propylene. The concentration of phenol after mixing ranged
from 25 uM to 5.2 mM. For acetylene and propylene, an
aliquot (10 mL) of buffer was sparged with the gas for 1.5
h to obtain saturated solutions of the substrate (7.7 mM or
42.4 mM, respectively) (29). Optical data were collected for
10 to 200 s and fit to either one or two exponential functions.

Rapid-Freeze Quench Sample Preparation. Protein solu-
tions of ToOMOH 1100W:3ToMOD were reduced and dia-
lyzed against 25 mM MOPS buffer pH 7.0 as described for
stopped-flow experiments. Reduced mixtures were loaded
into gastight syringes for an Update Instruments 1000 ram
drive system connected to a model 705A computer controller.
The RFQ instrumentation has been described in detail
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between 0.03 and 900 s, after which the protein solution was
quenched in isopentane at —140 °C. The frozen protein
solutions were packed into X-band EPR tubes and Méssbauer
sample cups. Samples for ENDOR spectroscopy were
quenched 4 s after mixing with dioxygen-saturated buffer,
and packed into Q-band EPR tubes. All RFQ samples were
stored in liquid nitrogen until spectra were acquired.

Mossbauer Spectroscopy. TOMOH I100W isotopically
enriched with Fe was used to generate RFQ samples for
Mossbauer spectroscopy. The concentration of ToMOH
I1100W:3ToMOD after mixing was 290 uM. Mossbauer
spectra were recorded at 4.2 K in a magnetic field of either
50 mT or between 1 and 8 T applied parallel to the y-beam
on instrumentation described elsewhere (30). The zero
velocity refers to the centroid of a room-temperature
spectrum of an Fe foil.

X-Band EPR Spectroscopy. Samples were generated with
ToMOH I100W that contained either *Fe or *'Fe. The
concentration of TOMOH 1100W:3ToMOD in the quenched
reaction mixtures was 198 yM. EPR spectra at g = 2.00
were recorded at 30 K with the following parameters: power
= 0.02 mW; frequency = 9.65 GHz; modulation frequency
= 100 kHz; modulation amplitude = 5 G; gain = 6.3 x
10* EPR spectra at g = 16 were recorded at 8 K with the
following parameters in parallel mode: power = 20 mW;
frequency = 9.39 GHz; modulation frequency = 100 kHz;
modulation amplitude = 10 G; gain = 6.3 x 10%

ENDOR Spectroscopy. Samples were prepared either with
25 mM MOPS in D;O (pD 6.6) or HO (pH 7.0), and the
hydroxylase contained either natural abundance *Fe or was
isotopically enriched with 5’Fe. For samples prepared with
D,0O-containing buffers, the reduced protein was dialyzed
against deuterated buffers. The concentration of TOMOH
1100W:3ToMOD in ENDOR samples ranged from 250 4M
to 350 4M. 'H- and 2H-Mims ENDOR spectra were recorded
on instrumentation described elsewhere (317).

Enzymatic Digestion and Mass Spectrometry of ToMOH
1100W. Reduced ToOMOH 1100W was prepared as described
above for the stopped-flow experiments. A 10-uL control
aliquot of the ToMOH I100W:3ToMOD mixture was
removed prior to making the protein anaerobic. The remain-
der of the protein was reduced with excess sodium dithionite
and dialyzed under anaerobic conditions against 25 mM
MOPS pH 7.0. The reduced protein was mixed with buffer
oxygenated with either natural abundance !0, or enriched
130, (95%, Cambridge Isotope Labs, Andover, MA) in the
stopped-flow instrument. The polypeptide chains of reacted
and unreacted oxidized protein solutions were separated on
a4—20% Tris/HC1 SDS-PAGE gel run at 200 V for 45 min.
The band corresponding to the a-subunit was excised and
digested with trypsin according to the manufacturer’s
protocol (New England Biolabs, Ipswich, MA). Positive ion
MALDI-TOF mass spectrometry of digests was carried out
with a Voyager DE-STR MALDI-TOF mass spectrometer
(Applied Biosystems, Foster City, CA), installed in the
Biopolymers Core Facility of the M.I.T. Center for Cancer
Research. The instrument was operated in reflector mode
with an accelerating potential of 20 kV and mass resolution
of at least 1:10000. The MALDI matrix was a-cyano-4-
hydroxybenzoic acid. Protein digest samples were mixed with

elsewhere (30). Reduced protein was mixed with dioxygen- 201 a 10 mg/mL matrix solution in a 1:1 ratio and were deposited

saturated buffer and allowed to age for reaction times

on the MALDI plate. Mass spectra were obtained using a
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nitrogen UV laser (337 nm). Each mass spectrum is the
average of 50 laser shots. The mass spectrometer was
calibrated as per the manufacturer’s standard operating
protocols, with a mixture of peptides of known mass that
were spotted on the MALDI plate adjacent to the sample.
Mass spectra were processed using the Applied Biosystems
Data Explorer software.

LC-MS analyses of the protein digests were carried out
using a Tempo nano HPLC system (Applied Biosystems,
Foster City, CA) coupled on-line to a QSTAR Elite quad-
rupole-time-of-flight tandem mass spectrometer (MDS Sciex/
Applied Biosystems, Foster City, CA), installed in the
Proteomics Core Facility of the M.L.T. Center for Cancer
Research. The mass spectrometer was calibrated as per the
manufacturer’s standard operating protocols, with the frag-
ment ions from a peptide of known sequence. Separation of
proteolytic peptides was carried out on a C18 capillary HPLC
column (Michrom Bioresources, Auburn, CA) and a water-
acetonitrile (with 0.1% formic acid) solvent gradient at a
flow rate of 300 nL/min. Mass spectral data were acquired
and processed with the Applied Biosystems Analyst QS
software. Data acquisition was performed using the software
“Information Dependent Acquisition” mode with each MS
scan, where peptide ion m/z values were measured, followed
by four MS/MS scans, where fragment ion spectra of the
four most abundant precursor ions were acquired. A tem-
porary exclusion list was generated by the software after each
MS/MS data acquisition to minimize the generation of
duplicate MS/MS spectra from the same precursor ion.

RESULTS

X-ray Crystal Structure of ToMOH 1100W. ToMOH
I100W crystallization conditions and morphology matched
that published for the native and Mn(II)-substituted protein
(19). The best-diffracting 1100W crystal yielded a 2.1-A
resolution data set, which was used for the structure
determination. Successful phasing followed by multiple
rounds of model fitting and refinements afforded the current
structure with statistics shown in Table S2. The diffraction
data exhibit a moderately low overall completeness of 84.7%,
but there are high /o ratios and redundancy counts in all
resolution shells. The global folds of the a-, -, and
y-subunits of TOMOH I100W are the same as those for the
native protein, except for predicted differences in the channel
interior, with a C4-t0-Cq rmsd of 0.173 A. The indole ring
of the W100 side chain was modeled in two different
rotameric forms, as required by the observed electron density.
One position orients the plane of the indole ring almost
parallel to the Fe—Fe vector (Figure 3, Position A), whereas
the second position directs C¢3 and C.; of the indole side
chain toward the diiron active site (Figure 3, Position B).
The two rotamers were assigned equal occupancies of 50%,
which led to average refined Debye—Waller factors for the
two W100 side chains of 44.7 A? for Position A and 40.1
A? for Position B; the average B-value for all atoms in the
a-subunit is 50.8 A2. Both positions of the W100 side chain
block direct access to the active site, as can be seen from
van der Waals surface renderings of the channel interior
(Figure 4). Distances between the indole ring and the active
site iron atoms range from 6.0 to 11.9 A, with average values
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W100 position “A”
( yW100 position “B”

The aromatic side-chain occupies two positions with populations
of 50% for positions A and B. The indole ring in A is oriented
parallel to the diiron center whereas C¢3 and C,;3 are pointed toward
the diiron center in second conformation. The inset shows the
labeling scheme referred to for the atoms in the indole ring.

FIGURE 4: Diiron center blocking effect of W100 in ToOMOH
I100W (bottom) in comparison to MMOH (top, left) and native
ToMOH (top, right). Amino acids in the region of the active site
pocket and iron atoms are shown as spheres in gray (carbon), red
(oxygen), blue (nitrogen), and green (iron). The two partially
occupied positions of the W100 side chain in the variant TOMOH
structure are highlighted in yellow.

B) and Fel at 6.0 A, and the longest is that between Ce
(Position A) and Fe2 at 11.9 A.

Flanking the W100 side chain are two molecules of
glycerol, presumably derived from the purification or cryo
buffers used in sample preparation. These glycerol molecules,
together with the W100 indole ring, occupy the space
containing hexaethylene glycol encountered in the recent
crystal structures of TOMOH (19). One of these two glycerol
molecules resides in the active site cavity and, in a manner
similar to that observed for ethanol in MMOH, asymmetri-
cally bridges the active site iron atoms, replacing the
hydroxide ion typically found syn to the ligating histidine
residues (Figure 3) (32). With exception of this {#-~OCH-
(CH,OH),} bridging glycerol anion, the diiron center in
ToMOH I100W is otherwise identical to that in native
ToMOH,x (15, 19). The B-factors for atoms in the coordi-
nated and fully occupied glycerol molecule average 56.9 A2

Steady-State Product Distribution and Activity of ToMOH
Variants with Phenol as Substrate. The steady-state specific

of 10.6 and 8.0 A for W100 positions A and B, respectively 202 activities of the TOMOH variants for phenol were lower than

(Table S3). The shortest distance is that between Cegs (Position

that observed for wild-type hydroxylase as determined by
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the coupled assay with catechol-2,3-dioxygenase. The I100W
variant had a specific activity of 80 mU/mg compared to
1250 mU/mg for the wild-type protein. ToMOH I1100Y,
L208F, and F205W showed no activity under the conditions
of this assay. Catechol, resorcinol, hydroquinone, and phenol
are well separated by the method described in the Experi-
mental Section, with retention times of 13, 11, 6.5, and 15
min, respectively. The peak corresponding to the enzymatic
product had a retention time co-incident with that of catechol
(Figure S1). No peaks corresponding to resorcinol or
hydroquinone were observed. Product analyses for the variant
hydroxylases revealed catechol to be the only product
formed. A trace amount of catechol was observed in assay
mixtures for TOMOH 1100Y, F205W, and L208F.

Stopped-Flow Optical Study of the Reaction of TOMOH
Variants with O»-Saturated Buffer. No transient absorption
bands between 350 and 750 nm were observed after mixing
solutions of chemically reduced hydroxylase variants 1100Y,
F205W, or L208F in complex with ToMOD against dioxy-
gen-saturated buffer.

Reaction of Reduced ToMOH 1100W with O, Monitored
by Mossbauer Spectroscopy. An initial spectroscopic char-
acterization of the dioxygen activation reaction by the
reduced 1100W ToMOH variant revealed two transient
species, an EPR-silent, optically transparent diiron(III)
intermediate that exhibits MOssbauer spectra characteristic
of ferric iron (0 = 0.54 mm/s and AEg = 0.67 mm/s) and
a spin-coupled diiron(III,IV)—W?* chromophore that displays
an absorption band at 500 nm, an EPR signal in the g = 2.0
region, and Mossbauer spectral characters indicative of a
mixed-valent diiron(IIL,IV) cluster (/7). The magnetic field
dependence of the Mossbauer spectrum of the
diiron(IIL,IV)—W"* intermediate confirmed a dipolar spin—
spin interaction between the diiron(IILIV) cluster and W*.
To gain further insight into dioxygen activation by reduced
ToMOH I100W variant and to obtain time evolution profiles
of Fe species generated in the reaction, Mossbauer and EPR
spectra of samples freeze-quenched during the reaction were
collected and analyzed.

Figure 5 shows Mossbauer spectra of reduced protein
before (A) and after (B—F) mixing with O,. Because the
parameters of these iron intermediates had been determined
previously (17), decomposition of the spectra into compo-
nents corresponding to different Fe species was possible
(Figure 5, colored lines). Percentages of Fe-absorption
corresponding to species generated at different time points,
including others not depicted here, were thereby obtained.
On the basis of the Fe/protein ratio determined for the freeze-
quenched samples, 3.88 Fe atoms/ToMOH dimer, these
relative percentages were converted to accumulation amounts
of diiron cluster/protomer for the diiron species at various
time points. The results (diamonds) are presented in Figure
6, which shows clearly the formation and decay of the
various diiron species. Before mixing with O, the reduced
protein sample contains mainly diiron(II) clusters, 0.96 diiron
clusters/ToOMOH protomer, the spectrum of which can be
modeled as two unresolved quadrupole doublets (Figure 5A,
green lines) with parameters given in the figure caption. After
mixing with O,-saturated buffer, approximately 40% of the
diiron(Il) sites react rapidly to form the diiron(IIl) intermedi-
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FIGURE 5: Mossbauer spectra of freeze-quenched samples from
the reaction of TOMOH;eq [100W:3ToMOD with O,. The samples
were frozen before mixing (A) and 0.07 s (B), 0.44 s (C), 3.5 s
(D), 37 s (E), and 900 s (F) after mixing. The spectra (vertical
bars) are collected at 4.2 K in a 50 mT field applied parallel to the
y-beam. The diiron(II) spectrum (A) was simulated as a superposi-
tion of two unresolved quadrupole doublets (green lines in A) with
an intensity ratio of 1.6:1 for doublet 1:doublet 2. The parameters
are 0 = 1.32 mm/s, AEg = 3.11 mm/s, and line width = 0.65
mny/s for doublet 1, and 0 = 1.31 mm/s, AEy = 2.32 mmy/s, and
line width = 0.65 mm/s for doublet 2. In B—F, the red, blue, orange,
and cyan lines are simulated spectra of the diiron(Ill) transient,
diiron(IIL,LIV)—W* intermediate, major diion(lII) and minor
diiron(III) products, respectively. The spectra of the diiron(III)
transient and diiron(III,IV)—W* intermediate are simulated with
parameters reported previously (/7). The spectrum of the major
diiron(III) product is modeled with a single quadrupole doublet with
0 = 0.51 mm/s, AEq = 0.84 mm/s, and line width = 0.35 mm/s.
The spectrum of the minor diiron(II) product is simulated with &
= 0.56 mm/s, AEy = 1.77 mm/s, and line width = 0.33 mmy/s.
For clarity, the diiron(II) spectral component is not shown specif-
ically in B—F. The simulated spectra are plotted at the follow-
ing absorption intensity: red, 29% and 27% in B and C,
respectively; blue, 16% and 34% in C and D, respectively; orange,
14%, 60%, and 65% in D, E, and F, respectively; cyan, 3%, 8%,
and 8% in D, E, and F, respectively. The black lines overlaid
with the experimental spectra are composite spectra including
the diiron(Il) and all other species mentioned above. Approxi-
mately 25% of the total Fe in F appears in the form of broad,
featureless absorptions, indicative of ill-defined paramagnetic ferric
species. We therefore did not include this iron in the composite
spectra.

maximum of 0.32 clusters/protomer at 0.14 s and then decays
at arate of ~ 1.1 s™! (Figure 6, red line and diamonds). The
decay of the diiron(III) intermediate parallels the formation

ate (Figure 5, red lines) with a rate constant of ~ 18 s7L 203 of the diiron(IIL,IV)—W?* species (Figure 6, blue line and

Accumulation of the diiron(IIl) intermediate reaches a

diamonds), while the unreacted diiron(II) sites stay relatively
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FIGURE 6: Speciation plot for the reaction of ToOMOH;.q I1100W:
3ToMOD with dioxygen. The diiron(Il) starting material (green
diamonds) rapidly converts to a diiron(Ill) intermediate (red
diamonds) at ~18 s~!. The diiron(Ill) transient evolves to the
mixed-valent species (blue diamonds) at ~1 s~!. The formation
and decay rates of the g = 2.0 signal (open green diamonds) from
RFQ EPR experiments are within error of the rates for mixed-valent
species determined by Mossbauer. The diiron(IIl) resting state
(orange diamonds) is formed as the mixed-valent species decays
at ~0.08 s~ Ill-defined ferric species formed during reaction of
the reduced hydroxylase with dioxygen (see caption to Figure 5)
are omitted from this kinetic analysis. The diiron(II) starting material
(green line), the diiron(IIl) intermediate (red line), mixed-valent
diiron(IIL,IV) transient (blue line), g = 2.0 EPR signal (light-green
line), and the diiron(IlI) product (orange line) were fit to two-
exponential functions.

Table 1: Formation and Decay Rate Constants of the Mixed-Valent
Diiron(IILIV)-W* Species Measured by Optical, Mdssbauer, and
EPR Spectroscopy

rate constant optical Mossbauer EPR
ke(s™h) 0.804(1) 1.1 0.77
ka(s™) 0.054(2) 0.08 0.15

stable (Figure 6, green line and diamonds) during this decay
phase of the diiron(IIl) intermediate. This result establishes
unambiguously that the diiron(III) transient is a true precursor
to diiron(III,LIV)—W-". The data also reveal that the
diiron(IIL,IV)—W* species reaches a maximum accumulation
of 0.33 clusters/protomer at 3.5 s and decays with a rate
constant of ~ 0.08 s™! to generate the diiron(IIl) product
(Figure 6, orange line). The formation and decay rates of
the optically silent diiron(III,IV) cluster are linked to that of
the optically active W*, because the rates of the former,
determined from Mdssbauer spectroscopy, agree with those
of the latter, determined from optical studies (I7, also, see
Table 1). Slow oxidation (~ 0.01 s™!) of residual unreacted
diiron(II) species accompanies the second phase formation
of the diiron(IIT) product and the generation of other minor,
unidentified ferric species. A previously unreported, minor
oxidation product (Figure 5, cyan lines) can be detected as
forming around 1 to 2 s after mixing with O,. After 5 s its
accumulation reaches a constant value of ~ 8% of the total
iron in the samples. Its Mossbauer parameters (0 = 0.56
mm/s and AEq = 1.77 mm/s) and diamagnetism, revealed
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FIGURE 7: Selected EPR spectra for the transient formed during
the reaction of TOMOH,eq I100W:3ToMOD with O,. The intensity
of the signal at g = 2.0 maximizes 4 s (red) after mixing reduced
protein with dioxygen-saturated buffer. Spectra for samples that
were allowed to react for 520 ms (black), 10 s (blue), and 100 s
(cyan) are also shown.

Relative EPR Intensity

product. A definitive identification cannot be made, however,
due to the small amount of material that accumulates.
Reaction of Reduced ToMOH 1100W with O, Monitored
by EPR Spectroscopy. As reported previously (/7), two EPR
signals were observed during the reaction of the reduced
1100W variant hydroxylase with dioxygen, a signal at g =
16, corresponding to diiron(Il) centers, and a transient g =
2.0 signal, associated with the diiron(III,IV)—W* intermedi-
ate. The g = 16 signal decays in a biphasic manner. The
first phase is rapid and could not be simulated accurately
with the data collected. This initial decay is complete by ~
0.17 s, which is consistent with the decay kinetics of the
rapidly interacting diiron(II) sites observed in the Mssbauer
measurements (vide supra). The second phase was slower
and incomplete by 150 s. Figure 7 displays EPR spectra of
selected freeze-quenched samples in the g = 2.0 region,
showing the rise and fall of the transient EPR signal. The
intensity of this transient signal appeared and decayed with
rate constants of 0.77 s7! and 0.15 s7!, maximizing at
approximately 4 s (Figure 6, green open diamonds and line,
respectively). The rate constants for formation and decay
agree with those reported from the stopped-flow optical and
Mossbauer experiments, confirming that this EPR active
species corresponds to the spin coupled mixed-valent diiron-
(IIL,IV)—W-* intermediate (Table 1). The time-dependent EPR
data indicate that the fast-reacting diiron(II) protein and the
mixed-valent species are not kinetically linked because the
rate of decay of the former is much faster than the rate of
formation of the latter. This result indicates the presence of
an intervening EPR-silent species, namely, the diiron(III)
intermediate observed in the Mdssbauer spectra of RFQ
samples quenched between 0.03 and 4 s, described above.
Prior to carrying out the 'H and ?H-Mims ENDOR
measurements, X-band EPR spectra were recorded on
samples quenched 4 s after mixing solutions of TOMOH,eq
[1100W:3ToMOD with dioxygen-saturated buffer. The g =
2.0 signal has two contributions, as previously mentioned,

by high-field Mdssbauer measurements, indicate a diiron- 204 one from the diiron(IIL,IV) cluster and the other from the

(III) cluster. Its kinetic profile suggests that it is a final

tryptophan radical. The radical signal is visible at temper-
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FiGURE 8: Effect of proton concentration on formation and decay
of the diiron(ITI,IV)—W-* species. Increasing pH increases k¢ and
kq of the TOMOH 1100W transient. The rate constants both increase
with decreasing [H*], with k; (W) and %, (@) increasing ~ 2-fold
between pH 6.5 and 7.5. The y-axis scales differ above and below
the break.

atures up to ~77 K, whereas the diiron signal is visible only
below ~40 K (Figure S4). The peak width of the mixed-
valent diiron(IILIV)—W* transient is smaller than that
reported elsewhere for tryptophan cation and neutral radicals
(33).

Kinetic Isotope Effects for Formation and Decay of the
Diiron(IIL,IV)—W* Species. Both the rates of formation, 4,
and decay, k4, were sensitive to the hydrogen isotope
concentration with normal isotope effects, ku > kp, observed
over the examined temperature range (Table S4). The ratio
of ku/kp decreased with increasing temperature from 2.51
to 1.97 for k¢ and from 3.2 to 1.72 for k4. From Armhenius
plots, the formation activation energy is greater in deuterated,
15.6 + 0.5 kcal/mol, than in protic, 13.5 £ 0.1 kcal/mol,
solvent as expected from the ratio of ku/kp (Figure S2). The
solvent kinetic isotope effect (SKIE) for the formation
process is weakly dependent on temperature and contrasts
with the stronger, nonlinear dependence for the decay
process. The magnitude and sensitivity to temperature of the
SKIEs indicate that hydrogen atom transfer or tunneling does
not occur in the transition state during the reaction of the
diiron(Ill) intermediate with W100, or for subsequent decay
of the mixed-valent diiron(IIL,IV)—W* species.

Effect of pH on Reaction of ToMOH I100W with Op-
Saturated Buffer. As the pH increased from 6.5 to 7.5, the
rates of oxidation of W100 by the diiron(IIl) intermediate
and decay of the diiron(III,IV)—W?* species also increased
(Table S5). From data collected in diode array mode, the
absorption maximum of the tryptophanyl radical was un-
changed over the examined pH range. To explain the pH
dependence, we propose a model in which a rate-limiting
deprotonation precedes a fast oxidation reaction. The pH
dependence data agree reasonably well with this model to
give a calculated proton-independent electron-transfer rate
of 1.22 s (Figure 8). The decay rate of the transient is also
sensitive to pH, following a similar trend as observed for
the formation rate. Values of k4 increase almost 2-fold with

) 1 2 3 4 5
[Phenol] (mM)

FIGURE 9: Phenol increases the decay rate of the tryptophanyl
radical. The dependence of the observed rate on phenol concentra-
tion is well modeled by saturation kinetics. The determined reaction
rate of the transient, k., with phenol and the substrate binding
constant, Ky, are 20 + 2 s7! and 2.3 + 0.5 mM, respectively.

formation rate, rate-limiting deprotonation followed by
oxidation, yielding a rate constant of 0.12 s™! for the rapid
second step of the reaction (Figure 8).

Effect of Substrates on the Decay Rate of the ToMOH
1100W Transient. The presence of phenol increased the decay
rate constant of the tryptophanyl radical from 0.054 s~! to
13.7 £ 0.4 s~1. The concentration dependence of ks was
modeled with a saturation binding model applied to the
reaction of oxygenated intermediates in MMOH with alter-
native substrates, where a substrate—enzyme complex forms
prior to reaction (eq 1) (34). From this analysis, the rate

_ keualS]
"R ) ®

constant for reaction with phenol, ks, and the substrate—
enzyme dissociation constant, Ky, are 20 =2 s 1and 2.3 +
0.5 mM, respectively (Figure 9). In double-mixing experi-
ments employing phenol, the absorbance over all wave-
lengths increased after decay of the transient. This growth
in absorption was modeled as an independent exponential
function in all data for which phenol was the substrate. The
decay rate of W* is also accelerated in the presence of
propylene. The observed decay rate constants are 0.239 +
0.003 s™! and 2.8 & 0.1 s™! for propylene concentrations of
19 uM and 3.8 mM, respectively. Addition of acetylene to
the tryptophanyl radical had little influence on the decay
process, increasing the rate constant from 0.079 £ 0.002 s™?
to 0.114 £ 0.006 s~! (Figure S3).

‘H- and 2H-ENDOR Spectra of the Mixed Valent
Diiron(III,IV)—W* Couple. To confirm that the protein-based
radical resides on a tryptophan residue, ’H-ENDOR spectra
were recorded of this transient in H,O/D,O buffers using
enzymes that contained either natural abundance tryptophan
or the tryptophan selectively deuterated on the indole ring.
Although the radical EPR signal overlaps that of the diiron
center, the spectrum of the latter is substantially broader.
Signals from the two can therefore be distinguished by their
field dependence as well as by their different relaxation
properties.

The 'TH—CW ENDOR spectra collected at fields associated

an order of magnitude decrease in proton concentration. The 205 with the radical for samples containing natural abundance

data were adequately fit with the model applied to the

tryptophan residues are dominated by signals from the Cg
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FIGURE 10: ?H-Mims ENDOR spectra of the tryptophanyl radical.
Protein in this sample was expressed in media containing isotopi-
cally enriched tryptophan(ds-indole). Saturation of the transition
corresponding to the radical signal at g ~ 2.00 (middle) yields 2H
signals from the labeled indole ring. These peaks disappear upon
saturation at higher (top) or lower (bottom) g-values. Magnetic fields
scanned are reported as g-values in the figure.

protons of the residue, with strong hyperfine couplings of
~20 MHz, and by those from the indole ring, with smaller
couplings (Figure S5). Additional features near vy have been
assigned to protein matrix protons in other systems (35). To
determine that the radical is centered at tryptophan, we
collected 2H-Mims ENDOR spectra from natural-abundance
and selectively deuterated, tryptophan(ds-indole), hydroxy-
lase.

The sample prepared with isotopically enriched tryptophan
shows 2H-Mims ENDOR signals with hyperfine couplings
corresponding to Ay > 10 MHz when the field of observation
is where the radical signal is strongest (Figure 10). These
signals arise from the aromatic protons of the indole ring
because they are absent at fields outside the EPR envelope
of the radical signal. The signals unequivocally confirm that
the protein-based radical resides on a tryptophan residue.

'H—CW ENDOR spectra collected at the field corre-
sponding to the maximum intensity of the radical are similar
for the diiron(IIT,IV)—W?* transient generated with unlabeled
protein in deuterated and protic buffers, but such comparisons
are difficult because of strong signals from nonexchangeable
protons (Figure S5). As a result, the presence of potentially
exchangeable protons was investigated by 2H Mims ENDOR
measurements. *H-Mims ENDOR signals corresponding to
'H coupling of Ay ~ 4—8 MHz were observed in samples
generated in deuterated buffer (Figure 11). Because these
signals are observed at fields across the EPR envelope of
the diiron center, and outside that of the tryptophanyl radical,
they can be assigned to the diiron center (compare Figures
10 and 11). By analogy to the diiron centers of intermediate
X and MMOH,,,,, for which ENDOR signals from terminal
water molecules on the iron(III) ion correspond to species
with Ay ~ 7—9 MHz, the signals observed in the
diiron(IILIV)—W-* transient can be assigned to a terminal
water molecule or hydroxide ion on the ferric ion (35, 36).

If the tryptophanyl radical were protonated at the indole
nitrogen atom, one would expect an additional ?H signal,
with Ay > 10 MHz, at fields associated with this radical
(37—41). No such ?H signals are observed, however (Figure
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FIGURE 11: 2H-Mims ENDOR spectra of the diiron(IILIV)—W*
species generated in deuterated buffers. Signals arising from
protonated species are observed over the swept magnetic fields.
The signal shows minor changes upon saturation at g = 1.9875 to
2.0 and does not correlate with the tryptophan radical. The
corresponding proton scale is shown for comparison.

the stopped-flow optical data, where a band with Apax of 500
nm indicated a deprotonated tryptophanyl radical.

Tryptic Digestion and Mass Spectrometric Analyses of
ToMOH 1100W and its Oxidation Product. The most intense
ion envelopes in the MALDI-TOF(+) spectra are between
700 and 2500 m/z for the in-gel tryptic digested q-subunit
of as-isolated and O;-reacted TOMOH,eq 1100W. The ex-
pected tryptic peptide containing W100, ;s ADPGWVSTM-
QLHFGAWALEEY AASTAEAR 3, has a predicted monoiso-
topic mass of 3165.5 Da for the [M + H]* parent ion. The
ion envelope at m/z = 3166 in the as-isolated sample is well
separated from other ions in the spectrum and is assigned to
this 29mer peptide containing W100 (Figure 12). Two
additional envelopes of lower intensity are present at m/z
values of 3182 and 3198. The relative intensities of these
latter two envelopes in the reacted sample increase markedly,
with that at m/z = 3182 becoming the most intense. The
envelopes at m/z = 3182 and 3198 were unchanged in
MALDI-TOF spectra of digestion products of reduced
ToMOH I100W reacted with 2Q,-saturated buffer.

The tryptic peptide of interest also contains other residues
sensitive to oxidation, such as methionine and histidine. To
determine the decay pathway chemistry for the W* species,
we attempted to identify the specific residue that is oxidized.
Fragmention of the tryptic peptide was carried out by
ESI(+)-MS/MS. lons resulting from the M + H}** ion were
assigned to respective b and y peptides by considering the
fragment ion mass and the peak-to-peak separation within

11). The absence of an exchangeable proton associated with 206 the ion envelope (Figure S6) (42). We could not identify

the protein radical is consistent with our interpretation of

the ions corresponding to every possible fragment because
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FiGURE 12: MALDI-TOF spectra of tryptic peptides for the
o-subunit of O,-reacted (top) and as-isolated (bottom) ToMOH
I1100W. The mass of the [M + H]™ ion at 3166 m/z agrees with the
predicted mass for the 29mer peptide. Two additional envelopes
of 16 and 32 Da higher mass are also present. The relative intensity
of these three envelopes changes in the reacted sample, with [M +
H]* less abundant than [M + H]"+16.

the peak intensities were below our detection threshold. From
the ions that were isolated, the b ions limit the site of
modification to lie between S91 and E104, a region that
includes two other possible sites of oxidation, M93 and H96.
The y fragment ions further narrowed the possible region of
oxidation, excluding M93. Probable sites of oxidation are
therefore limited to H96 and W100.

DISCUSSION

Mixed-Valent Diiron(II1LIV)—W"* Species as an Entry to
Identifying Oxygenated Intermediates in ToMOH. Dioxygen
reacts rapidly, kos ~ 18 571, with reduced diiron(If) TOMOH
1100W preincubated with ToMOD to yield a diiron(II)
intermediate that was only disclosed because it generated
the tryptophan neutral radical chromophore. One-electron
reduction of this diiron(IIT) transient by W100 gives rise to
a mixed-valent diiron(III,IV) center. The peroxodiiron(III)
species in RNR-R2 reacts in a similar manner. Oxidation of
W48 and protonation of one of the oxygen atoms in the
peroxo-adduct of RNR-R2 facilitates O—O bond cleavage
to form intermediate X (43, 44). The proposed mechanism
for dioxygen activation in cytochrome P450 enzymes requires
protonation of the distal oxygen atoms in the
peroxoiron(Il) intermediate by a conserved threonine-
aspartic acid pair (6, 37). Residue T201 in the active site
cavity of ToMOH, which is strongly conserved among the
BMMs, could function in a proton shuttle pathway to the
diiron core. In MMOH, this threonine is proposed either to
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proton transfer during reduction of the oxidized diiron(III)
center (45, 46). Conversion of the diiron(IIl) intermediate
in ToMOH to the mixed-valent diiron center could proceed
by an analogous pathway as that in the heme systems and
RNR-R2. In the I1100W variant, T201 could help to provide
a crucial proton to facilitate cleavage of the O—O bond to
form the mixed-valent transient. Protons would be consumed
during the oxidative phase of the TOMOH catalytic cycle,
which would contrast with MMOH where protons are
proposed to be required during reduction of the oxidized
diiron(IIT) core (47). In the native system, T201 may be
important for steady-state catalysis if substrate radical
generation is a pathway for arene hydroxylation. Pre-steady-
state studies of a series of variants at this position would be
valuable in discerning its possible role in the mechanism of
substrate oxidation.

An investigation of T201 variants of T4AMOH demon-
strated that this residue does not affect steady-state catalysis
(48). For an observable effect under steady-state conditions,
however, T201 must be involved in the rate-determining step.
Product release is believed to be rate-limiting for hydroxy-
lation by MMOH (49). The products catechol and phenol
can bind to the diiron center in ToOMOH, isolated after
purification or following single-turnover experiments (50).
Lack of knowledge of the rate-determining step under steady-
state catalysis prevents us from making a meaningful
comparison between the earlier steady-state and current pre-
steady-state analyses.

Values of § and AE for the mixed-valent diiron(III,IV)
transient in TOMOH 1100W are comparable to those of the
Fe(IlT)Fe(IV) centers of intermediate X in RNR-R2 and Qx
in MMOH (43, 51). In addition, the 2H-ENDOR spectra of
the ToMOH diiron(IILIV) species prepared in deuterated
buffer suggest that an exchangeable proton-containing species
is coordinated to the iron(IIl) ion. The observed hyperfine
couplings for this protonated ligand are within the range
of those reported for terminal water molecules on the
ferric centers in MMOH,,y and intermediate X (36, 44). This
terminal hydroxide ion or water molecule may arise by a
mechanism similar to that proposed for RNR-R2 (44).
Protonation-aided cleavage of the O—O bond in the
diiron(IlT) species would yield a water molecule that
coordinates to the ferric ion. Despite the differences between
the diiron(IIl) intermediate in TOMOH and those of other
CBDI enzymes, the ability to form high-valent transients
with similar spectroscopic parameters might arise from the
homologous primary coordination spheres that these enzymes
share.

Our preliminary assignment of the protein-based radical
as W* was based on stopped-flow optical experiments. In
these studies, a Amax Was measured to be 500 nm, within the
previously reported range for tryptophanyl radicals (52—54).
Since the species (Amax 500 nm) was observed only in the
tryptophan variant, this specific residue seemed to be critical
for transient formation. H- and 2H-Mims ENDOR spectra
of this species containing unlabeled and selectively deuterated
tryptophan residues firmly establish the presence of a
tryptophanyl radical. Samples made in protic and deuterated
buffers displayed similar 'H-Mims ENDOR spectra, provid-
ing evidence that the tryptophanyl radical is deprotonated,
confirming unequivocally our initial assignment that the

deliver protons to the peroxodiiron(IIT) species directly or, 207 optically active intermediate observed in stopped-flow studies

more plausibly, by strategically holding a hydronium ion for

is a neutral tryptophanyl radical.
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The redox potentials of the aromatic side chains of tyrosine
and tryptophan are pH dependent with lower proton con-
centrations favoring oxidation (52, 54). In the present study,
we observed the deprotonated form of the radical, the Ay
value of which was invariant across the examined pH range
of 6.5 to 7.5. We were unable to access pH values near the
reported pK, values for the N—H group of the indole ring
and the cationic indolyl radical because of protein instability
(54, 55). Nonetheless, deprotonation of the indole nitrogen
is tightly coupled to electron abstraction because the tryp-
tophan cation radical is not observed. We exclude mecha-
nisms such as hydrogen atom transfer from W100 to the
diiron center or a proton tunneling event during the rate-
determing step for formation and decay of the
diiron(IIL,IV)—W?* transient because of the small magnitude
and temperature dependence of the kinetic isotope effects.
In enzymes where hydrogen-atom transfer or proton tunnel-
ing are proposed to occur, the isotope effects range from 3
to >100 and are temperature independent (56, 57). The
isotope effects observed here are <3.2 for either rate constant
and temperature dependent, both of which are atypical of
hydrogen-atom transfer or tunneling.

Disruption of electron-transfer pathways from W48 and
Y122 to oxygenated diiron intermediates in RNR-R2 results
in oxidation of phenylalanine and tyrosine residues near the
dimetallic center (58—60). Models of the 1100Y mutation
estimate the distance between the diiron center and this
tyrosine at 7 to 10 A, positioning this residue for possible
oxidation (61). Absorption bands corresponding to tyrosyl
radicals or iron-catecholate species were not observed during
or after the reaction of TOMOH,.q 1100Y with dioxygen.
Absence of these bands suggests that if oxidation of the
tyrosine residue were to occur, a stable radical species is
not formed and the L-dopa product is unable to coordinate
to the diiron center. Alternatively, the diiron(IIl) intermediate
may not be a strong enough oxidant to abstract an electron
from Y100. This limitation may arise from the redox
potential of tyrosine or from other parameters that affect ET,
such as the distance.

As mentioned in the Results section, a model whereby a
slow reversible equilibrium precedes fast oxidation provides
the most satisfactory explanation for the pH dependence data.
Deprotonation of the tryptophan residue, the diiron(III)
intermediate, or an amino acid side chain required to accept
the proton from the tryptophan residue could limit the
oxidation rate. The tryptophan cation radical is not observed
in our optical studies, implying that proton loss must occur
upon oxidation of this residue. Deprotonation of the indole
nitrogen before electron abstraction by the diiron(IH) inter-
mediate is expected to be unfavorable because the pK, value
for this proton is estimated to be 17 (55). Oxidation of W100
prior to proton loss would yield a transient tryptophan cation
radical, the pK, of which is 3.7 (54). Deprotonation of the
radical cation is therefore predicted to be facile within the
examined pH range. Proton loss from the indole ring could
limit the oxidation rate if it is required to occur prior to this
reaction. Alternatively, if loss occurs after oxidation, the
rate-limiting deprotonation event might involve either the
diiron(IIl) intermediate or nearby amino acid residues.

A Novel Diiron(Ill) Intermediate Oxidizes WI00. The
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pathways. If the reaction occurs by initial electron abstraction
from substrate, the hydroxylation mechanism could involve
generation of a species similar to the mixed-valent
diiron(IILIV)—W* center in ToMOH I100W. However,
oxidation of the aromatic substrate by electrophilic attack
on the m-system would be comparable to the reactions of
MMOHrox0 With electron-rich substrates, bypassing stable
radical intermediates (62).

Both radical- and cation-derived products were observed
for oxidation of RCS probes by T4AMO, implying that one-
and two-electron oxidation mechanisms might occur in this
system (63). Formation of both of these products could reflect
two competing mechanisms for substrate oxidation depending
upon the ease of approach of these unnatural substrates to
the diiron site. If substrate is bound close to the reactive
intermediate, then oxidation might proceed by hydride
abstraction to generate a substrate cation. Ring-opening of
the substrate would give rise to the observed cation-derived
product. On the other hand, if the hydrocarbon were not able
to approach the oxidizing intermediate, electron abstraction
may predominate to generate substrate-radical intermediates.
If the diiron(IIl) species is the only iron-based transient
formed during dioxygen activation in the native hydroxylase,
the preference for electron-rich substrates, such as the indole
ring of W100 or aromatic compounds, by this transient in
ToMOH would be similar to the observed reactivity of
MMOH_eroxo and the peroxodiiron(IIl) species in RNR-R2.
The formation of both radical- and cation-derived RCS
products could arise from two distinct intermediates that react
with these substrates. In MMOH, Q is proposed to carry out
one-electron oxidations and MMOHerexo by hydride abstrac-
tion and epoxidation mechanisms (62). The diiron(lIl)
intermediate observed in ToMOH I100W is the only
observed precursor to the mixed-valent diiron(IIL,IV) center,
yet we cannot exclude formation of a short-lived oxo-bridged
diiron(IV) intermediate. Formation of such a Q-type inter-
mediate would facilitate electron abstraction pathways and
the diiron(Ill) intermediate would allow for two-electron
oxidation mechanisms. We recently reported a detailed
examination of dioxygen activation in the native system
where a similar diiron(Ill) intermediate forms and is kineti-
cally competent for substrate hydroxylation (50).

The Mdssbauer parameters and lack of optical absorption
features in the near-IR region for the diiron(Ill) transient
species are unique among intermediates at this oxidation level
in the CBDI enzyme family (4). Specifically, values for A,
near 700 nm, ¢ > 0.6 mm/s, and AEg > 1 mm/s are char-
acteristic parameters of u-1,2-peroxodiiron(Ill) clusters in
synthetic and enzyme systems (/2). This intermediate is EPR-
silent, like other peroxo-bridged diiron(IIl) clusters. We ten-
tatively assign this intermediate as a peroxodiiron(III) species
based on the similarities of the proposed reactivity to other
peroxo-intermediates and by analogy to the mechanism of
dioxygen activation at synthetic and enzymatic CBDI centers.

The differences between the Mdssbauer parameters for this
intermediate and other peroxodiiron(III) species might arise
from an alternate binding geometry of the peroxide moiety
to the diiron core. Binding modes, such as u-n':#% and
u-1,1-, of peroxide fragments at diiron(III) centers are
proposed to occur during formation of MMOH eroxo and X

mechanism for arene hydroxylation by the native hydroxylase 208 (64—66). The peroxide fragment here might adopt such a

could proceed by either one- or two-electron oxidation

conformation. The protonation state of the peroxide ion may
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also differ. Hydroperoxoiron(Ill) intermediates reported in
heme systems are proposed to be electrophilic oxidants,
similar to the observed reactivity of peroxodiiron(III) centers
(6, 67). Structural investigations of this intermediate in the
native system by ENDOR and XAS would provide insight
into the structure of this species.

The redox potential of the diiron(IIl) intermediate can be
estimated by Marcus theory (eq 2). The variable gy is the

kET = koe—ﬂ(r—ro)e[(—(AG + APHAARD)] )
electron-transfer rate, &y is the characteristic frequency of
the nuclei, usually assigned a value of 10'3, R is the gas
constant, and 7 is the temperature in K (68). The term S,
fixed at 1.1 A1, is related to the nature of the intervening
medium between the redox partners. The distance between
the tryptophan residue and the diiron center, r, was deter-
mined from the crystal structure to be 6.5 A, and r, is the
contact distance, which is generally set to 3 A. Reorganiza-
tion energies, A, of 1.0 and 0.1 V were used to calculate a
range for the reduction potential of the diiron(III) intermedi-
ate. The driving force, AG, is the sum of the reduction
potentials for the forward reaction. Since we did not observe
a transient tyrosyl radical in the 1100Y variant, the reduction
potential of the diiron(IIl) intermediate might lie between
that of Y and W. Depending on whether deprotonation of
the indole ring occurs before or after electron abstraction,
the potential may be further limited to between those of the
W/W~ and the W*=/W half reactions. To obtain a conserva-
tive estimate of the oxidizing power of the diiron(IlII)
intermediate, we assumed that proton loss must occur prior
to electron transfer because the energetic cost is less for
oxidation of the deprotonated versus neutral indole ring. The
foregoing analysis was used to estimate the potential for the
Fe,/Fe, ™V half reaction, assuming that the W*/W~ couple
is 0.73 V, which corresponds to deprotonation of 50% of
the tryptophan residues (54). To negate the inhibitory effect
of protons on the oxidation rate, the calculated proton-
independent oxidation rate of 1.22 s™! determined from the
variable pH data was used for kgr. With these assumptions,
we estimate the reduction potential of the intermediate to
lie between 1.1 and 1.3 V versus NHE. This range is close
to the reduction potentials of oxidants such as hydrogen
peroxide (0.878 V), manganese dioxide (1.224 V), and
chromate (1.35 V). The latter two oxidants, MnO, and CrO,",
are commonly employed for the conversion of hydroxyl
groups to either carbonyl or carboxylate functionalities. The
peroxodiiron(III) intermediate in MMOH is proposed to carry
out similar oxidation reactions, albeit via hydride abstraction
(62).

Mechanism of Dioxygen Activation and W100 Oxidation.
Scheme 1 depicts our proposed mechanism for formation of
the mixed-valent diiron(III,IV)—W* transient. Dioxygen
binding to the reduced diiron(Il) enzyme would yield a
peroxodiiron(IIl) intermediate, two possible geometries for
which are shown. Electron abstraction from W100 by the
diiron(IIT) center is accompanied by protonation-aided cleav-
age of the O—O bond to form the mixed-valent
diiron(II1,IV)—W* transient. The structure of the mixed-valent
diiron core is similar to that proposed for intermediate X,
where the oxygen atoms derived from dioxygen (filled circles
in Scheme 1) become an oxo-bridge and either a terminal
hydroxide ion or water molecule.
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Scheme 1: Proposed Mechanism for Formation of the
Diiron(IIL,IV)—W* Transient
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Scheme 2: Proposed Mechanism for Decay of the
Diiron(I1ILIV)—W* Transient
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copy. The two § = 1/2 centers are therefore likely to share
a common mechanism to restore the oxidized diiron(IIT)
cluster and quench the protein radical. In reacted ToOMOH
1100W, the installed tryptophan appears to be oxidized, as
demonstrated by the 16 Da increase in mass of the tryptic
peptide containing W100 and the fragmentation peptides
thereof. In the crystal structure of TOMOH 1100W, the indole
ring adopts conformations in which the six-membered ring
of the indole side chain vector is oriented either away from
or toward the active site. We predict either Cg3 or Cy; to be
the site of oxidation, based on the distances between these
two carbon atoms and the diiron core in the oxidized crystal
structure. Oxidation of W* arising from attack by dioxygen
is unlikely, since the mass of the predicted products would
be 32 Da greater than the parent [M + H]™ ion of the
unmodified peptide, in disagreement with the experimental
results. Dioxygen attack on W* gives rise to a transient
tryptophan peroxyl radical, which results in cleavage of the
pyrrole ring (69). The peak at m/z = 3198 in the MALDI-
TOF spectra is of weak intensity and is attributed to further
oxidation of the W100 from multiple turnovers of the
hydroxylase, instead of oxidation of the indolyl radical by
O,. In addition, such a pathway would not explain the
simultaneous decay of the mixed-valent diiron(IILIV) center.
Instead, we propose a radical recombination mechanism,
where an oxygen atom species on the diiron(IILIV) cluster
is transferred to the indolyl radical (Scheme 2).

The terminal hydroxide or water molecule must be

The diiron(IILIV) cluster and W* radical decay at the same 209 exchangeable to explain the insensitivity of the mass of the

rate as measured by Mdossbauer, EPR, and optical spectros-

tryptic peptide and its fragments containing W100 to the
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isotopic content of the dioxygen source. 2H-ENDOR spectra
of the transient in deuterated buffers identified an exchange-
able species with hyperfine coupling constants similar to
those reported for terminal water ligands on the ferric ion in
X and MMOH,,,, (35, 36). The exchange rate of this labile
species must be significantly faster than the rate of the decay
of the transient species to prevent incorporation of #Q-atoms
into the tryptic peptide. Rapid exchange of oxygen atom
ligands at high-valent iron centers has been reported for
bridging and terminal ligands in intermediate X and terminal
oxo-groups at mononuclear iron centers (44, 70, 71).
Hydroxyl radical transfer from the diiron center to W*
followed by rearomatization of the indole ring gives rise to
an oxo-bridged diiron(IIl) cluster and a hydroxyindole side

chain at W100. Addition of water to the diiron core reforms

the di(u-hydroxo)diiron(IIl) resting state.

The decay reaction is sensitive to proton concentration.
The active site of TOMOH is charge neutral, and depending
on the ligand type and binding geometries in the
diiron(IIL,IV) transient, the terminal ligand could be either a
bound water or hydroxide ion. If the terminal species is a
bound water molecule, deprotonation might be required prior
to hydroxyl radical transfer. Alternatively, the protonation
state of residues within the active site cavity or channel near
W100 may be important for stabilizing the diiron(IILIV)
cluster or W*. Deprotonation of these residues could favor
decay of these transient species. More detajled structural
information on the transient species formed during dioxygen
activation in the native and I100W variant of the hydroxylase
is required to determine the source of this proton dependence.

Potential substrates for BMMs, such as propylene and
phenol, accelerate decay of the tryptophanyl radical in
stopped-flow optical studies. In the steady state, the activity
of ToMOH I100W is more than an order of magnitude lower
than that of the wild type enzyme, possibly due to retardation
of substrate access or product egress in the variant hydroxy-
lase. The ability of phenol and propylene to accelerate the
decay rate is interesting. Phenol could quench the tryptopha-
nyl radical by hydrogen atom transfer from the O—H group
to form a phenoxyl radical. Similar reactivity is observed in
small molecule chemistry where analogues of phenol are used
as radical scavengers. Neutral and cationic tryptophanyl
radicals reportedly abstract hydrogen atoms from the hy-
droxyl group of p-methoxyphenol at rates exceeding 10° s~!
(72). No absorption bands were observed at 410 nm during
our double-mixing optical experiments, which indicates that
any phenoxyl radical formed by hydrogen-atom abstraction
must be short-lived. To explain the sensitivity of the decay
rate on propylene and acetylene, we consider the bond
dissociation energies of the weakest C—H bonds in these
molecules. The BDE of the phenolic O—H bond is similar
to that of the methyl sp? C—~H bond in propylene, ~87 kcal/
mol (73, 74). Acetylene, by comparison, has a C—H BDE
almost 50 kcal/mol greater than that of phenol or propylene.
The tryptophanyl radical is capable of abstracting a hydrogen
atom from the weak O—H bond in phenol and C—H bond
in propylene, accelerating the decay of this transient. Because
the same reaction with acetylene requires more energy, the
decay rate is not appreciably perturbed upon mixing the
radical with this substrate.
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yield catechol under steady-state conditions where the diiron
centers are distributed into populations of reduced, diiron-
(III) intermediate, diiron(IIL,IV)—W* transient, and diiron-
(III) product species. The presence of W100 effectively out-
competes the phenolic substrate for the diiron(IIl) intermediate,
if substrate binding occurs after dioxygen activation. Sub-
strate could conceivably bind to the active site in either the
reduced state, prior to dioxygen binding and activation, or
in the oxidized state after oxidation of W100 or phenol. The
reduced capacity of the I100W hydroxylase to oxidize phenol
reflects the retarded access of substrate into the active site
pocket afforded by the mutation. Considering the location
of residue 100 in the TOMOH a-subunit, separating the active
site pocket from the rest of the channel and cavity 2, it is
reasonable to propose that it may serve to gate substrate
entry, product egress, or solvent access to the diiron center
as proposed for L110 in MMOH and L98 in hemerythrin
(16, 32). Evidence supporting this proposal is illustrated by
the two conformations of the indole side chain in the crystal
structure of I100W, which allow different levels of access
to the diiron center of TOMOH.

CONCLUSIONS

The reaction of diiron(Il) TOMOH I100W with dioxygen
yields a diiron(Ill) intermediate, which subsequently abstracts
an electron from W100 to form a chromophoric mixed-valent
diiron(IIL,IV)—W* species. This coupled species could decay
by transfer of an O-atom from the diiron core to the protein-
based radical. The one-electron redox chemistry afforded by
the diiron(Ill) intermediate resembles that of the peroxodi-
iron(III) intermediate in RNR-R2. No other high-valent diiron
species were observed, suggesting that oxidation of hydro-
carbons in this system occurs at the diiron(IIl) level. This
diiron(III) intermediate is spectroscopically different from
that of u-1,2-peroxodiiron(III) clusters in CBDI enzymes and
model compounds. These differences suggest that this
intermediate in ToOMOH may have an alternate binding
geometry or protonation state of the dioxygen-derived
fragment. The oxidation of W100 to form a deprotonated
tryptophanyl radical has allowed us to estimate the reduction
potential of the diiron(III) intermediate as 1.1—1.3 V. The
mixed-valent diiron(IILIV) center has spectroscopic param-
eters similar to those of intermediates X and Qy, although
the diiron(III) precursors differ spectroscopically.
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Figure S1. HPLC traces at 280 nm of steady-state reaction mixtures for wild-type and F205W mutant
hydroxylases. Catechol (black arrow) is the only observed product in reactions. The peak
corresponding to phenol (blue arrow), the substrate used in these assays, was of a lower intensity in the
reaction containing the F205W mutant, consistent with the reduced steady-state activity of this
hydroxylase. The compound eluting at 6 min does not arise from hydroquinone, as determined by
HPLC traces for samples doped with this compound. A background peak at ~ 12.5 min (red arrow)
appears in all traces with equal intensity.
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Figure S2. Arrhenius plots for formation and decay rates of the mixed-valent diiron(IIL,IV)-W" formed
during the reaction of TOMOH;¢q [100W:3ToMOD with dioxygen. The difference in activation energy
for both phases in protic versus deuterated buffers is non-zero as determined from the Arrhenius plots
(right). The temperature dependence of kw/kp 1s therefore non-zero for both processes with the decay
exhibiting a stronger dependence than formation. This data imply that hydrogen atom transfer or
tunneling from W100 to the diiron(III) intermediate does not occur during formation.
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Figure S3. Effect of propylene and acetylene on the decay rate of the tryptophanyl radical. Propylene,
a substrate for MMOHeroxo, accelerates kg by more than 50-fold to 2.8 s whereas acetylene has only a
minor effect.
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Figure S4. X-band EPR spectra of the diiron(IILIV)-W" species at (A) 20 K and (B)
65 K. (A) The spectrum at 20 K contains the anisotropic features associated with the
diiron center with the radical signal saturated. (B) The spectrum at 65 K of the
intermediate predominantly arises from the W’ radical. The diiron center is not
saturated below 60 K.

217



//\ s /\*\ // \\\ 12500 G

H O W/ N / 4 \
W r \ \ ¢ \ \\'”‘-«ww
l‘\-a"’«r"( \'W\, ’,\// \'»\
D,0 / Ml E
w\Z/\JUV“W N /\ \‘A“M/’w»
P, s O
7% \/\A *
/ 3 12515 G
/ '“/ ~ \
VM\ M \‘k \\
H,0 et / \ r'/'\‘ / \
I A \ A ,/" / kY
/ A \/*_,,‘It \\\\‘\\
DO =
/"?ﬁr\wm,w"/ P AM“"\V\
15 10 5 0 5 0 45 20

v-v ('H) (MHz)

Figure S5. 'H-Mims ENDOR spectra of the tryptophan radical in buffers containing H,O (black) and
D,O (blue). The two spectra are superlmposable indicating that there are no exchangeable protons on
the radical. The spectra, as for the “H-Mims spectra, are dominated by signals from the indole protons.



b fragments

29

1 5 10 15 20 25
ADPGWVSTMQLHFGAWALEEYAASTAEAR

29 25 20 15 10 5 1

y fragments

Ton (Mmj;; Charge Ion (Mn:;;; Charge
b4 3412 +1 yl 175.1 +1
b5 5272 +1 y2 2462 +1
b6 6263 +1 y3 3752 +1
b6  313.2 +2 y4 4463 +1
b7 7133 +1 y5 5473 +1
b20 11225 +2 y6 6343 +1
b22  1239.6 +2 y7 7054 +1

y8 7764 +1
y9 9395 +1
y12 13206  +
yl19 10558  +2
y23 12786  +2
y27 13282  +2
y27  999.1 5

Figure S6. ESI-MS/MS fragment ions arising from the tryptic peptide containing W100. The fragment
peptide ions of the tryptic peptide of interest are labeled using the b and y ion nomenclature (top).
W100 is in red font. The [M+H]’" parent ion was fragmented. The fragment peptide ions were
assigned based on mass and isotopic spacing of the individual envelopes. The fragment ions containing
the modified residue are shown in italics. This analysis revealed that the 16 Da increase observed for
the reacted sample results from modification of a residue situated between H96 and E104.
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Table S1. Sequences for Mutagenic Primers for the a-Subunit of TOMOH

MUTATION PRIMER SEQUENCE (5’ to3?)

I1100W sense caacttcacttcggagcgTGGgcacttgaagaatacg
antisense  cgtattcttcaagtgcCCAcgctcegaagtgaagttg

1100Y sense ggttagcactatgcaacttcacttcggagcgTATgcacttgaagaatacg
antisense cgtattcttcaagtgcATAcgetccgaagtgaagttgeatagtgetaace

F205W sense ggcttcaccaatatgecag TG Geteggtttggecg
antisense  cggocaaaccgagCCActgcatattggtgaagee

L208F sense geagtttctcggtTTCegecgetgacgetgctgaggecg
antisense  cggectcageagegteageggeGA Aaccgagaaactge
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Table S2. Data Collection and Refinement Statistics for ToMOH 1100W

ToMOH
Data Collection
Beamline SSRL 9-2
Wavelength (A) 0.979
Space Group P3,21

Unit cell dimensions (A)
Resolution range (A)
Total Reflections
Unique Reflections
Completeness (%)*
Us(D)
Rsym (%)
Phasing method
Refinement
Reryst (%)
Rfree (%)
No. Protein Atoms
No. Non-Protien Atoms
r.m.s deviation bond length (A)
r.m.s deviation bond angles (°)

Average B-value (A%

182.4 x 182.4 x 68.0
50- 2.1

449931

70195

84.7 (83.6)

27.2 (19.4)

6.4 (54.1)

Molecular Replacement

21.7
28.4
7352
204
0.034
2.76
50.8
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Table S3. Distances Between the Atoms of the Side-Chain of W100 and the Diiron Active Site

Position A Distances (A)  C, Cp ¢, Ci Cr Co Cs Cp Csz Cp N
Fel 8.8 8.1 9.0 9.7 93 103 92 11.1 101 11.0 10.5
Fe2 106 100 106 114 106 11,5 101 119 107 11.6 11.9
#-OH (hydroxide) 103 95 101 108 104 112 102 11.8 109 117 114
1#-OH (glycerol) 8.5 7.8 8.5 9.4 8.6 9.6 82 102 89 99 10.0
H,O (terminal on Fel) 83 7.3 7.9 8.5 8.2 9.0 83 9.8 9.1 9.8 9.1

Position B Distances (A) Ce Cp C, Ci Cr Co Cs Cp Cs Cp N,
Fel 8.7 8.2 8.0 89 7.2 7.7 6.3 7.5 6.0 6.7 8.7
Fe2 106 102 9.7 104 85 8.7 7.6 8.0 6.8 7.0 9.7
4-OH (hydroxide) 103 9.6 9.2 9.9 83 8.5 7.5 8.1 7.0 7.3 9.5
4#-OH (glycerol) 8.4 8.1 7.6 84 6.5 6.9 55 6.3 4.9 53 8.0
H,O (terminal on Fel) 82 7.4 6.9 7.6 6.2 6.5 5.7 6.3 5.5 5.8 7.3
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Table S4. Formation and Decay Rate Constants for I1100W Transient in H,O and D,0O Buffers

Temp H,O0 D,O Formation Decay
(*0.1°C) ke(s™) ko (s™) ke (s7) ka(s™) ku/kp kn/kp
4.0 090+ 001 0.093+0.009 0.358+0.002 0.029+0.001 2.51+0.04 32+£0.3
10.0 1.39+£0.02 0.143+£0.002 0.567+0.003 0.060=+0.001 2.46 +£0.03 2.36+0.05
15.0 2.09+0.03 0.218+0.002 093+0.04 0.111+£0.001 2.24 +0.08 1.97+£0.02
20.0 325+0.05 0.359 +0.008 1.50+£0.06 0.195+0.001 2.17+0.09 1.84 + 0.04
25.0 49+0.1 0.59+0.01 2.50+0.07 0.342+0.001 1.97 £0.07 1.72+0.02
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Table SS. Formation and Decay Rate Constants at Varying pH Values
pH ki (s7) ka(s")
6.5 0.66 +£0.01 0.0417 £ 0.0006
6.6 0.71 +£0.01 0.052 + 0.005
7.0 0.86 £0.04 0.070 + 0.003
7.2 1.05+0.02 0.095 + 0.001
7.5 1.13 +£0.02 0.091 + 0.001
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