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ABSTRACT

myo-inositol (MI) oxygenase (MIOX) uses a non-heme diiron cofactor in its mixed-valent
Fe2(II/III) oxidation state to activate dioxygen for cleavage of MI to D-gluconorate. MIOX is the
founding member of a growing class of mixed-valent diiron oxygenase (MVDO) enzymes. PhnZ and
TmpB, the second and third MVDO enzymes to be recognized, were recently shown to have
stabilizing tyrosine ligands to the Fe(II) sites of their respective cofactors. The possibility that MIOX
also has such a stabilizing tyrosinate is probed in this paper by comparison of the ultraviolet-visible
absorption, EPR, and Raman spectra of the wild-type (WT) and variant MIOX proteins. The WT
enzyme exhibits a change in its absorption spectrum from a peak at 600 nm to a feature at 495 nm
upon reduction from the diferric to mixed-valent state; the Y13G variant protein failed to exhibit this
shift. Upon addition of substrate, however, WT diferric and mixed-valent MIOX display quite similar
spectra. Likewise, EPR spectra of mixed-valent WT, Y13A, and Y13G MIOX were similar in the
presence of substrate, exhibiting axial symmetry with effective g-values of ~1.96, 1.81, and 1.81. In
the absence of substrate, the EPR signal was much weaker and broader in form for the WT and Y13A
enzyme, though the variant form was shifted further downfield. Stopped-flow experiments
demonstrated that turnover does occur in the Y13A variant, but it has a decreased binding affinity for
substrate (KD of ~0.8 mM as found in this paper), as compared to the WT form (literature value of KD
is ~0.4 mM). Resonance Raman spectroscopy was also attempted on diferric WT MIOX and PhnZ at
637.8 nm. Though fluorescence was observed, signals possibly attributable to resonance-enhanced
tyrosine vibrations appeared in both PhnZ (866 and 1276 cm-1) and MIOX (1288 and 853 cm-1). The
results suggest the presence of a tyrosinate ligand in MIOX, but additional evidence is required.
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Chapter 1 Introduction

Metalloenzymes: Structure and Function
Metalloproteins comprise an estimated 50 percent of the known proteome.1 Within that class
exist metalloenzymes: enzymes that require a metal cofactor in order to perform some catalytic
function. These enzymes are unique in their ability to catalyze conventionally difficult reactions,
such as C—H bond cleavage, under mild conditions.2,3 Their unique chemistry derives from the fact
that many of these enzymes contain d-block transition metals.5 The reactivity of the metal is further
dependent upon its surrounding coordination sphere, which includes any ligands that bind to the
cofactor.2 The metal cofactor, therefore, may act directly in catalysis, or serve to initiate electron
transfer or dioxygen binding.5 Often, the presence of the metal also results in interesting
spectroscopic characteristics for the enzymes, 3 allowing these biological molecules to be studied
using physical chemistry techniques such as electron paramagnetic resonance, Mössbauer, and
Raman spectroscopies. Due to their ubiquitous presence in nature, impressive enzymatic capabilities,
and otherwise unique properties, metalloenzymes, have captured the increasing interest of physical,
biological, and inorganic chemists alike.
Among metalloenzymes are a wide array of physiologically and environmentally relevant
proteins, of which many contain iron. For some enzymes, such as cytochrome c oxidase, this iron is
in the form of heme.6 An enzyme found in organisms in all domains of life, cytochrome c oxidase
uses its heme-copper binuclear cluster to produce a proton-motive force, driving the subsequent
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production of ATP.7 Another ubiquitous protein, ribonucleotide reductase (RNR), catalyzes the
reduction of ribonucleotides to deoxyribonucloetides. 8 Class Ia RNRs contain a non-heme dinuclear
iron center and rely on the formation of a tyrosyl radical to initiate reduction of NTPs to dNTPs.9
Nitrogenases, likewise, contains a non-heme iron center, this time in the form of an iron-sulfur
cluster10 to allow for nitrogen fixation reactions in bacteria. 11 As illustrated, the role of iron in
biological systems cannot be overstated.

myo-inositol Oxygenase: Background and Physiological Relevance
Myo-inositol oxygenase (MIOX) is a nonheme diiron oxygenase that catalyzes the
conversion of myo-inositol (MI) to D-gluconorate (DG) (Figure 1). Expressed in some bacteria 12 and
many eukaryotes, MIOX was first isolated from rat kidney in the 1950s by Charlampous. 13 The
expression of the enzyme, and consequent catabolism of MI, is primarily localized to this organ in
animals.14 Plants, likewise, have been found to express different isoforms of MIOX.15 In studies of
Arabidopsis ecotype Columbia,16 samples overexpressing the miox 4 gene had ascorbate levels that
were two- to three-fold higher than those of wildtype organisms, implying a connection between MI
metabolism and L-ascorbic acid synthesis in plants.

Figure 1. MIOX reaction forming D-gluconorate from myo-inositol.
Following the isolation and characterization of MIOX from rat kidney, the physiological and
medical relevance of the enzyme and its substrate in humans became of interest. MIOX is the only
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known enzyme that catalyzes the catabolism of myo-inositol in humans.17 Inositols are essential in
the body, where they contribute to functions such as signaling pathways 18 and membrane structure.19
The most prevalent isomer of inositol in humans, 20 myo-inositol can combine with CDPdiacylglycerol in a reaction catalyzed by phosphatidylinositol synthetase to produce
phosphatidylinositol (PI).19 This molecule can then go on to contribute to membrane structure along
with other phospholipids.21 PI can also undergo further phosphorylation reactions, producing
molecules such as phosphatidylinositol phosphates (PIP) like PIP2 (or PI(4,5)P2) and PIP3 (or
PI(3,4,5)P3).22 The hydrolysis products of PIP2, diacylglyercol and inositol(1,4,5)P3, serve to
mediate the IP3/DAG cell signaling pathway as second messengers, 23 while intact PIP2 itself
regulates various ion channels and transporters, assists in vesicle trafficking, and recruits proteins to
certain membranes.24 PIP3, conversely, is a second messenger in the phosphoinositide 3 kinase
pathway (PI3K-PKB/Akt), which diverges to serve a variety of functions including cell growth,
proliferation, protein transcription, glucose metabolism, and apoptosis. 25 Considering the universal
functions of its metabolites, as summarized in Figure 1, it is no wonder that myo-inositol is now
being considered in the treatment of various diseases such as Type II diabetes 26 and polycystic
ovarian syndrome.27
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Figure 2. Metabolism of MI and its derivatives. Taken from Best et al. 28
MIOX itself has, interestingly, been studied as a possible biomarker for renal diseases. In
their immunoassay of plasma from animal models and patients with and without acute kidney injury
(AKI), Guat and colleagues found elevated serum levels of MIOX in subjects with AKI.29 Likewise,
renal tissue of patients with diabetic nephropathy was shown to have increased expression of MIOX,
which may contribute to the characteristic tubular damage of the disease. 30 Sun et al. pinpointed that
the damage may be caused by reactive oxygen species (ROS) formed from the catabolism of myoinositol by MIOX, as elevated levels of ROS were detected in cells overexpressing the enzyme. 31 The
possibility of MIOX as a potential target for metabolic and renal disease makes mechanistic studies
of the enzyme a particularly attractive pursuit.

Interesting Features of MIOX and Similarities to PhnZ
The excitement surrounding MIOX from a biochemical standpoint draws from its largely
unique position amongst non-heme diiron oxygenase enzymes: that is, it assumes a mixed-valent
form of its diiron cofactor (FeII/FeIII) in the active state, making it the founding enzyme of an
emerging class of mixed-valent diiron oxygenases (MVDOs).32 The typical canon of diiron
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oxygenases involves one- or two-electron oxidations of the substrate, as in the case of soluble
methane monooxygenase, which utilizes a diferrous cofactor in its active state. 33 The oxidation of
myo-inositol (MI) to D-gluconorate (DG), however, removes a total of four electrons from the
substrate, following the opening of the cyclohexanol ring, conversion of the C1 alcohol into a
carboxylic acid group, and conversion of the C6 alcohol to an aldehyde (see Figure 3 for carbon
labeling). Moskala et al. showed definitively using 18O labeling that only one oxygen atom from
dioxygen is incorporated into DG, excluding the possibility that sequential two-electron oxidations
by two O2 molecules are responsible for the net four-electron oxidation.14
Xing and colleagues rigorously determined that MIOX(II/III) is indeed the active form of the
enzyme through a combination of EPR, Mössbauer, and stopped-flow absorption spectroscopies. 34
Addition of limiting amounts of O2 along with addition of reducing equivalents like ascorbate to the
fully reduced (II/II) form produced the mixed-valent form of the enzyme, as confirmed by EPR
spectroscopy. The high-spin Fe(II) and Fe(III) ions of the cofactor are anti-ferromagnetically coupled
to give an S = 1/2 ground state, yielding an axial signal with g values of 1.95, 1.66, 1.66.34 They
noted distinct spectral similarities to uterroferrin, which is a purple acid phosphatase diiron enzyme
known to employ a mixed-valent active site.35 Further EPR experimentation characterized
MIOX(II/III)MI, which is spectrally-distinct from the substrate-free enzyme. 36 MIOX(II/III)MI
exhibited EPR signals with g values 1.95, 1.81, 1.81.36 Likewise, addition of reductants L-cysteine
and ascorbate to MIOX(III/III) were both shown to produce the mixed-valent enzyme state. Activity
of MIOX(III/III) was confirmed using stopped-flow absorption spectroscopy. Through these
experiments and others, the mixed-valent state of the enzyme’s carboxylate-bridged diiron cluster
was demonstrated to be the active form.
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The currently proposed reaction mechanism can be seen in Figure 3. The substrate
coordinates to Fe2 (the FeIII site) via O1 and O6 sites, resulting in deprotonation of O1 to activate the
C1-H bond for cleavage. O2 adds to Fe1, forming a superoxo-Fe2III/III intermediate, designated G. The
superoxo moiety of G abstracts hydrogen (H•) from C1. A series of poorly understood steps converts
the resultant C1•/hydroperoxo-Fe2III/III complex to a product state, originally termed H. Mechanisms
involving either hydroperoxylation or hydroxylation of C1 have been proposed for this multistep
sequence.32 More recent computational studies proposed a somewhat different mechanism
proceeding through a high-valent Fe2III/IV complex, but no such complex has been experimentally
detected.37 It is theorized that the hydroxylation of C1 by O of the Fe1 hydroperoxide, followed by
cleavage of the C1-C6 bond allowed by the now high-valent Fe1 effectively acting as an electron
sink, would prove to be a less challenging mechanism for the enzyme.

Figure 3. Proposed reaction mechanism of MIOX adapted from Bollinger et al. 33 The breakdown of
intermediate H has yet to be elucidated.

Like MIOX, PhnZ, which catalyzes the conversion of (R)-2-amino-1hydroxyethylphosphonate (OH-AEP) to glycine and phosphate (Figure 4), is also a MVDO enzyme
employing an Fe(II)/Fe(III) cofactor in its active state. The oxidative cleavage of the C-P bond of
OH-AEP yields four electrons, akin to the oxidation of myo-inositol by MIOX.
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Figure 4. Phn-Z reaction forming glycine and phosphate from OH-AEP

Both enzymes belong to the HD-domain structural superfamily of proteins, which contain a
completely conserved dyad of a histidine and an aspartate residue that serves as a pair of ligands for a
divalent transition metal. The phylogeny of the family can be seen in the unrooted tree below (Figure
5).38 Within the domain, MIOX and PhnZ remain fairly phylogentically separated.

Figure 5. Unrooted phylogenetic tree of HD domain proteins. Note the relatively great
distance between MIOX and PhnZ. Taken from Worsdorfer et al. 38 Carnitine HD is now published as
TmpB in the literature.39
The structural similarities between the two enzymes are especially noteworthy following the
recent discovery that PhnZ contains a tyrosine ligand (Tyr24) bound to its diiron cofactor. 40 The
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crystal structure41 highlighting this feature in substrate-bound enzyme can be found in Figure 6. This

tyrosine ligand may serve to explain why the resting active site of PhnZ assumes the mixed-valent
form. EPR and Mössbauer spectroscopic experiments on WT and Y24F enzyme demonstrated that
the ligand binds to the Fe1 site of the PhnZ(II/III) resting state and dissociates upon binding of OHAEP to Fe2. The absorption spectra of the fully-oxidized WT form displays a feature at 535 nm that
is absent in Y24F, and shifts to 490 nm in the mixed-valent form.40 This behavior is, again, similar to
that displayed by purple acid phosphatases like uteroferrin. 42 The absorption features in both
oxidation states arise from phenolate-to-iron(III) charge-transfer transitions. Because the substratefree mixed-valent form of the Y24F variant produces an EPR signal that is similar to that of bound
WT PhnZ, possibly indicating binding of an exogenous small molecule, one role of Tyr24 may be to
encourage tight binding of OH-AEP to Fe2. By stabilizing the mixed-valent form and “protecting”
the Fe2 site from random binding, Tyr24 may play an important role in catalysis, with Y24F
displaying decreased catalytic activity (kcat/KM approximately 30-fold less than that of WT).40
Considering the similarities between PhnZ and MIOX, the presence of a tyrosine ligand bound to the
Fe1 site could be a defining characteristic of all MVDO enzymes. Whereas neither of the two
published x-ray crystal structures of MIOX revealed a Tyr ligand to Fe1, 43, 44 substantial segments of
the protein were not visualized in both of those structures, raising the possibility that one of the
unobserved, structurally disordered segments might provide the hypothetical Tyr ligand.
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Figure 6. Published crystal structure of PhnZ bound to OH-AEP (PDB accession 4MLN).41 The
diiron cofactor and its interactions with both substrate and Tyr24 are highlighted.

In this thesis, the possibility of a Tyr ligand coordinating to Fe1 site of recombinant Mus
Musculus MIOX is explored by various spectroscopic methods in the hopes of determining if this is a
general functional feature of all MVDO enzymes. Tyr13, residing on the long N-terminal segment
that was absent from both published structures, was posited to be the missing Tyr ligand. This
residue was therefore substituted, and the activity and spectral features of resulting variants were
studied by absorption, EPR, and resonance Raman spectroscopies. Additionally, kinetics of substrate
binding were explored by stopped-flow absorption spectroscopy.
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Chapter 2 Results and Discussion

Y13 Variant Constructs

Y13G, Y13A and Y13F MIOX variants were explored as a means of eliminating the
proposed tyrosinate ligand. Y13F was initially attempted, as phenylalanine is, in terms of its shape,
theoretically the best replacement for tyrosine, as it lacks only the hydroxyl group. However, poor
yield and stability of this variant prohibited its use. Freeze-thaw cycles performed on the Y13F cell
pellet were ineffective in solubilizing the protein, and most remained in the insoluble fraction (see
Figure 15). Analyses were instead carried out with Y13G and later Y13A MIOX due to the alanine
variant’s greater stability. Construct design of the viable variants can be found in Materials and
Methods. Despite the variant type, iron-loading was typically quite minimal, with the amount of
cofactor per protein commonly reaching only ~ 0.15 according to a ferrozine assay procedure. 45 1,10-
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phenanthroline was sometimes added to expressions in order to obtain the apo-enzyme form, which

often increased stability and reduced precipitation as compared to typical expressions.

Probing the Proposed Phenolate-to-Iron(III) Charge-Transfer Absorption Band using
Spectroscopic Methods

Ultraviolet-visible (UV-Vis) Absorption Spectroscopy
As a first step in investigating the possibility that a phenolate-to-iron charge transfer feature
is responsible for the published absorption features of MIOX(II/III) and MIOX(III/III), and that this
coordination might stabilize the mixed-valent cofactor, UV-Vis absorption spectroscopy was
performed on WT and Y13G MIOX in different oxidation states. The spectra are summarized in
Figure 7. The absorption spectra of the diferric (III/III) forms of Y13G and WT MIOX (both from
apo- and as-isolated protein) are obviously different: WT MIOX(III/III) has a broad feature at 600
nm that is absent in Y13G MIOX(III/III) (Figure 7C). This feature blue-shifts to 495 nm in the
mixed-valent WT form of the enzyme (Figure 7B); again, this feature is absent in Y13G
MIOX(II/III). This trend is similar to that seen in PhnZ 40 and uteroferrin,42 with absorption feature
shifts of 535 nm to 490 nm and 550 to 510 nm, respectively. In both cases, structural studies have
provided evidence that the bands in the two oxidation states reflect phenolate-to-iron charge-transfer
transitions. Interestingly, the spectra of reconstituted (from apo) and as-isolated WT MIOX(III/III)
are slightly different, with the reconstituted form exhibiting broader features, possibly due to
structural differences induced by how the oxidized cofactor is assembled. The diferrous forms of
apo-reconsituted Y13G and WT MIOX have nearly identical absorption spectra (Figure 7A),
implying that the Tyr13 has no electronic interaction with the cofactor in this state. This is to be
expected, as MIOX(II/II) is the fully-reduced form. This shift implies that there is a charge transfer
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occurring between Tyr13 and an iron center in the ferric form, with the coordination persisting upon

the one-electron reduction of the Fe site, as has been shown for uteroferrin and PhnZ

A

B

C

Figure 7. Ultraviolet-visible (UV-Vis) absorption spectra of WT (black) and Y13G (red)
MIOX in the (A) diferrous (II/II), (B) mixed-valent (II/III), and (C) diferric (III/III) oxidation states
(approximately 0.4 mM cofactor). Dotted lines are for enzymes reconstituted from the apo form,
whereas solid lines are for the as-isolated enzymes. Distinct features of WT MIOX can be seen at
495 nm in the mixed-valent state and 600 nm in the diferric state.

Additional UV-Vis absorption measurements were performed on both WT and Y13G
MIOX(II/III)MI. (Figure 8). Upon binding of MI, WT and variant enzyme display nearly identical
absorption spectra, with the as-isolated WT exhibiting damping of the feature at 495 nm which was
present in the WT MIOX(II/III) form. Based upon previous estimates of the yield of mixed-valent
MIOX following the “O2 diffusion method” used in this paper, it can be assumed that the yield of the
WT MIOX(II/III)MI sample is approximately 60%.34 The spectra of Y13G MIOX(II/III) in the
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presence and absence of substrate look essentially identical. The similarity of the absorption spectra

of substrate-free and substrate-bound mixed-valent WT and Y13G absorption suggests that the local
environment of the cofactor in the substrate-bound form of the two enzymes is comparable and
largely independent of the Tyr13-Fe1 interaction. This supports the hypothesis that stabilization of
the Fe1 site is only occurring in the absence of substrate. In the mixed-valent active form, binding of
MI to the Fe2 site may induce a conformational change resulting in the dissociation of Tyr13 from
Fe1. A similar phenomenon was observed in PhnZ, with mixed-valent Y24F and WT enzyme both
displaying identical absorption spectra upon binding of OH-AEP.40

Figure 8. UV-Vis absorption spectra of WT (black) and Y13G (red) MIOX(II/III) in the
presence and absence of MI. Dotted lines represent apo-reconstituted enzyme and solid lines represent
as-isolated enzyme. Substrate-bound MIOX is represented by bold lines. MI was added to
MIOX(II/III) to 10-fold excess. The inset shows the difference spectra of WT MIOX(II/III) (black)
and Y13G MIOX (II/III) (red) in the presence and absence of MI.

EPR Spectroscopy
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EPR spectroscopy of WT and variant substrate-bound MIOX yielded similar results, with
nearly identical spectra observed (Figure 9). As discovered by Xing et al., the enzyme is EPR-active
in its mixed-valent state due to antiferromagnetic coupling between the high-spin Fe(II) and Fe(III)
ions of its diiron cofactor.34 They observed a transformation in the EPR signal of WT MIOX upon
binding of MI, which was similarly observed in this project for both WT and variant enzyme (see
Figure 16 in Supplemental Information for the substrate-free WT/Y13A spectra). As seen in Figure
9, the spectra display axial g tensors due to the nonsymmetrical d orbitals of transition metal
complexes, with their orientations trapped (in the frozen solution) in different directions with respect
to the applied magnetic field. The spectra have quite sharp, narrow signals. Effective g-values (geff)
are less than 2, with geff = 1.96, 1.81, 1.81 for WT and Y13G MIOX, and geff = 1.96, 1.82, 1.82 for
Y13A MIOX. The values of geff are very similar to g-values previously observed by Xing et al. for
MIOX(II/III)MI34, with g = 1.95, 1.81, 1.81. The similarity in line shape and g/g eff between the WT
and variant forms again suggests that, if the Tyr ligand is present in the substrate-free form, binding
of MI to MIOX(II/III) must somehow displace the Tyr ligand from Fe1, causing the substrate-bound
active site configuration to be equivalent in both WT and variant enzymes. As seen in Figure 9, both
Y13A and Y13G exhibit contamination from manganese in the low-field region, resulting in the
series of peaks between 3000 to 3500 Gauss, as has previously been observed in EPR spectra of
MIOX.34 The substrate-free spectra of WT and Y13A MIOX (Figure 16) display varying forms, with
the signal of Y13A shifted further downfield. Both weak signals, however, may again arise from
manganese contamination.34 Due to the relatively high temperature maintained during the run (20K)
features could not be resolved well enough to pinpoint g values.
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Figure 9. X-band EPR spectra of WT (black), Y13G (red) and Y13A (blue)
MIOX(II/III)MI. MI was added to 10-fold excess for WT and Y13G samples, and 5-fold excess for
the Y13A sample. The frequency was 9.62 GHz, the temperature was 20 K, the attenuation was 30
dB, and the modulation amplitude was 10 G.

Resonance Raman Spectroscopy
Resonance Raman spectroscopy was attempted on both WT MIOX and PhnZ, with the latter
enzyme serving as a positive control for any bands resulting from the phenolate-to-iron charge
transfer transition. Resonance Raman spectroscopy is particularly useful for enzymes with metal
chromophores,46 as it employs incident light with a wavelength close to that which is observed to be
absorbed maximally by the chromophore. In this way, vibrational modes in resonance with this
electronic transition are enhanced, resulting in a Raman spectra with shift intensities enhanced
several orders of magnitude compared to normal Raman spectroscopy,47 intensifying the
chromophoric vibrational frequencies more than the other vibrational modes in the enzyme. As the
absorption feature of MIOX(III/III) is at 600 nm (Figure 7) and that of PhnZ(III/III) is at 535 nm,
excitation wavelengths of both 514.5 and 637.8 nm were tested to optimize the visualization of
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bending and stretching modes in resonance with the electronic transitions from the phenolate-to-iron

charge transfer absorption. The spectra from the 637.8 nm incident wavelength are included below,
as band intensities were greater and more easily distinguishable than those obtained with 514.5 nm
excitation.
As seen in Figure 10, there is a series of broad bands encompassed by a broad, weak peak
spanning the entire spectrum, likely due to fluorescence from aromatic amino acids including
tryptophan. Furthermore, a fringe pattern was observed superimposed upon the spectra, making the
observation of vibrational bands difficult. A spectrum of polystyrene beads, which produce a broad
fluorescent background without any vibrational peaks, was taken and subtracted out from the other
spectra in order to distinguish this fringe pattern from actual bands. Because the suspension produced
a smaller background, there is residual fluorescence in the MIOX and PhnZ spectra. Nevertheless,
there appear to be several bands of note. There are three bands that correspond between MIOX and
PhnZ at 853/ 866 cm-1, 943 cm-1, and 1288/1276 cm-1. PhnZ exhibited two more bands at 1069 cm-1
and 1480 cm-1 that are not evident in MIOX. In previous resonance Raman studies of enzymes with
known metal-tyrosinate coordination, the most intense shift appears at a variable wavenumber of
1265-1310 cm-1; in uteroferrin48 and 4-hydroxyphenylpyruvate dioxygenase,49 for example, this shift
is at 1293 cm-1 and 1284 cm-1, respectively. Both MIOX and PhnZ have similar shifts that could
correspond to the C—O stretch of the tyrosine, as previously assigned in other systems.
All other shifts do not appear to have easily-assignable modes, as they do not correspond to
the three other main indicative bands for iron-tyrosinate enzymes at ~1170, 1500, and 1600 cm-1.48
MIOX does have a feature at approximately 1110 cm-1, but this seems shifted too far downfield to
correspond to the quite highly-conserved shift at 1170 cm-1 corresponding to the aromatic ring C—H
bending mode.48 Less indicative lower-frequency bands have also been observed in this class of
enzymes. The bands at 853 and 866 cm-1 (for MIOX and PhnZ, respectively) are similar to those
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observed in many iron-tyrosinate enzymes from 828 to 881 cm-1. There is debate over the identity of

this mode, as it has previously been assigned to the Fermi doublet of tyrosine, though many of these
enzymes display only one band in this region. 49 Resonance Raman spectroscopy remains a viable
method for characterizing MVDO enzymes such as MIOX and PhnZ and probing for phenolate-iron

~1110

1288
1276

1480

943

866

1069

1023

943

853

coordination.

Figure 10. Resonance Raman spectra of WT MIOX (black, 0.5 mM cofactor) and WT PhnZ
(green, 3.5 mM cofactor). The incident wavelength was set to 637.8 nm and the power was 50 mW.
Scan time was 5 minutes. Exposure time was set to 0.01-0.1s to avoid saturation of the detector. All
samples were kept at room temperature. The spectrum of fluorescent polystyrene beads was
subtracted out in order to minimize fringe patterns that concealed bands
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Reaction and Substrate-Binding Kinetics

Stopped-Flow Absorption Spectroscopy

The reactions of the MI complexes of WT and Y13A MIOX were monitored by stopped-flow
absorption spectroscopy. Fully-oxidized but low iron-loaded (~0.2 cofactor/protein) WT MIOX was
combined with 2 equivalents of ferrous ammonium sulfate to attempt to accumulate the mixed-valent
MIOX(II/III) form in the reaction. Y13A MIOX was also supplemented with 2 equivalents
Fe(NH4)2(SO4)2; it initially had ~0.6 cofactor/protein. The protein was mixed anaerobically with MI
to give a final concentration of 3 mM MI. The complex was then mixed with an equal volume of 1.8
mM O2 buffer to yield a final O2 concentration of 0.9 mM. Reaction progress was monitored over a
period of 100 seconds (Figure 11). Y13A MIOX (Figure 10B) follows a trend previously observed
by Xing et al for WT MIOX.36 A negative feature at ~390 nm rapidly develops, suggesting
consumption of MIOX(II/III)MI, which is then followed by the formation of a positive feature at
495 nm, mirroring the feature observed in previous absorption spectra of MIOX(II/III). This suggests
the accumulation of the substrate-free mixed-valent enzyme form. Y13A MIOX therefore does
display activity, which was also confirmed with activity assays on LC-MS (SI Figure 3). WT MIOX
(Figure 11A) also shows formation of a positive feature at 495 nm, but interestingly also has a
positive feature with a maximum of ~340 nm, which may indicate it was still accumulating the
mixed-valent state from the diferrous state. 36
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Figure 11. Stopped-flow absorption spectra acquired after mixing (A) 0.3 mM WT MIOX,
initially containing 0.15 equiv Fe2(III/III) cofactor, supplemented with 2 equivalents Fe(NH4)2(SO4)2
and 3 mM MI and (B) 0.3 mM diferric Y13A MIOX containing 0.6 equiv Fe2(III/III) cofactor
supplemented with 2 equivalents Fe(NH4)2(SO4)2 and 3 mM MI. Solutions were mixed with an equal
volume of 1.8 mM oxygenated buffer and reaction progress was monitored by using photodiode
array detection in an Applied Photophysics SX-200 stopped-flow spectrometer in an anoxic chamber.

The increased absorbance at 495 nm, which is indicative of formation of MIOX(II/III), was
further probed to confirm activity of the Y13A form (Figure 12). Xing et al. observed that, with
higher concentrations of MI, this feature decayed more rapidly and had a lower overall amplitude. 36
Because an increase in [MI] should lead to faster binding of the substrate, the rapid formation and
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subsequent consumption of MIOX(II/III) is indicative of turnover for the Y13A form of the enzyme.

LC-MS was also performed on the variant form to check for activity (Figure 17 in Supplemental
Information), showing an accumulation of product which is again indicative of turnover.

Figure 12. Change in absorption at 495 nm for the reaction occurring between Y13A
MIOX(II/III)MI and dioxygen as monitored by stopped-flow absorption spectroscopy. The MIOX
sample exposed to the lower concentration of MI (1mM, black line) has greater maximal absorbance
compared to that exposed to the higher concentration of MI (3 mM, red line). This is an indication
that turnover is occurring for Y13A MIOX.
The binding capacity of the variant enzyme was also explored through stopped-flow
absorption spectroscopy. Very low iron-loaded Y13A MIOX(II/III) (0.14 cofactor/protein) was
supplemented with 1.8 equivalents of Fe(NH4)2(SO4)2 and 8 equivalents of ascorbate in the absence
of O2. To this mixture, which should have been largely in the diferrous state, 2 equivalents of
dioxygen was added to obtain the mixed-valent state. The incubated MIOX(II/III) sample was then
mixed with varying concentrations of MI and substrate binding was monitored using stopped-flow
absorption spectroscopy to explore the decay of the feature at 495 nm, corresponding to free
MIOX(II/III) (Figure 13). From 0.001 s to ~0.7 s (not pictured), there was an increase in absorbance
at 495 nm for all three traces, possibly indicating that there was unreacted MIOX(II/II) that reacted
with O2 in the sample to produce MIOX(II/III). Thus, to examine the binding of MI to mixed-valent
MIOX, only the decaying portion of the graphs (~0.7 to 100s) was used to obtain a fit. Following the
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methodology used by Xing and colleagues,36 the decays were analyzed as two-exponential processes

(with the exception of the highest MI concentration [3 mM], which was fit better as a threeexponential decay) to obtain first-order rate constants (Figure 13A). The greatest kobs values obtained
by the linear regressions were plotted against MI concentration (Figure 13B) to find the dissociation
constant, KD, by applying a linear fit to the data (R 2=0.832). The slope of the line was ~93 M-1 s-1 and
the y-intercept was 0.113 s-1. This resulted in a KD of ~0.8 mM. This is approximately 2-fold greater
than the KD obtained by Xing et al. (~0.4 mM) for WT MIOX36, suggesting that Y13A MIOX does
have decreased binding affinity for the substrate. As mentioned in their paper, this simplification of
the binding reaction is useful for obtaining an approximation of association and dissociation
constants, but as it is not known if substrate binding is a multi-step process, may not accurately
reflect the mode. Likewise, in this experiment, testing more concentrations of MI would yield a more
accurate KD by providing a better linear fit to the data.
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Figure
13. 0.3 mM Y13A MIOX(II/III) mixed with 0.3
Figure 13. (A) Change in absorbance at 495
nm for
mM (blue), 1 mM (green), and 3 mM (orange) MI using stopped-flow absorption spectroscopy.
MIOX(II/III) was prepared by adding 1.8 equivalents Fe(NH4)2(SO4)2, 8 equivalents ascorbate, and ~2
equivalents of dioxygen to a low iron-loaded sample of fully-oxidized Y13A MIOX (0.14
cofactor/protein, 300 μM protein). The black lines represent the line of best fit and were second-order
for 0.3 and 1 mM MI, and third-order for 3 mM MI. A Photophysics SX-200 stopped-flow
spectrometer kept in an anoxic chamber with a photodiode array detector was used for this experiment.
(B) Plot of the faster kobs obtained from each exponential decay curve against [MI] with R 2=0.832. The
slope of the line was ~93 M-1 s-1 and the y-intercept was 0.113 s-1, yielding a KD of ~0.8 mM.
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Future Direction

Though there is mounting evidence for a tyrosine ligand in MIOX, further experimentation
could be conducted to elucidate the proposed interaction which is outlined in Figure 14. Though
there are published crystal structures of Mus musculus MIOX, the first 30 residues of the N-terminus
are not resolved.43,44 X-ray crystallography on WT enzyme was attempted in this project, but the
crystals formed were either not viable due to size or did not diffract x-rays sufficiently well for
structure solution. Obtaining a crystal structure of MIOX in the absence of substrate would be
invaluable in proving the proposed coordination of Tyr13 to Fe1, as has been shown with Tyr24 in
PhnZ. The crystal could be grown with either fully-oxidized Fe2(III/III) enzyme or mixed-valent
Fe2(II/III) enzyme. There were, however, other regions of electron density of note in the published
crystal structure corresponding to other tyrosine residues (Y13, Y223, Y255), though they are not
located an optimal distance from the diiron cofactor. Constructs expressing proteins with these
residues substituted have been prepared, and experiments similar to the ones conducted in this project
could be repeated. In this way, the search for the hypothetical tyrosine ligand could be expanded to
include all reasonable possibilities.
Likewise, resonance Raman spectroscopy could be further pursued, since it should also
provide direct evidence for the posited charge-transfer absorption feature as seen with purple acid
phosphatases.48,49 The discovery of resonantly-enhanced bands at the four principle wavenumbers
corresponding to iron-tyrosyl vibrational modes (~1170, 12,85, 1500, and 1600 cm-1) would show
definitively that the absorption feature is, in fact, an iron-tyrosinate charge-transfer band. Issues with
the collection optics of the spectrometer used in this experiment lowered the quality of the resulting
spectra, as did the high level of fluorescence. To combat fluorescence, deep UV Raman was also
attempted (data not included), but it was largely unsuccessful, as the low incident wavelength meant
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the resulting spectra reflected no resonance enhancement. Using a tunable laser across various
wavelengths corresponding to the absorption shift could be advantageous; however, an incident
wavelength of 637.8 nm should be sufficient for the 600 nm absorption maximum observed in the
diferric state of MIOX. In their study of uteroferrin, Gaber et al. used an excitation wavelength of
647 nm to resonantly-enhance the features associated with the absorption maximum of 545 nm.48

Figure 14. MIOX mechanism redrawn to include the proposed role of Tyr13. Note that the
ligand remains coordinated to the Fe1 site until MI is bound, and re-associates after the release of
product DG.
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Chapter 3 Materials and Methods

Protein Expression

All WT and variant constructs were synthesized by and ordered from GenScript. For genes
not ordered already within a vector (C-His-tagged WT, tagless Y13A [see Table 1]), template DNA
(~2 ng/μl) was amplified by PCR with 0.5 μM T7 promoter/T7 terminator primers, ~0.4 mM dNTPs,
Phusion HF buffer, and Phusion HF polymerase. Thermocycler conditions were as follows: initial
denaturation at 98ºC (30 seconds), followed by 25 cycles of denaturation at 98ºC (10 seconds),
annealing at 51ºC (20 seconds), and elongation at 72ºC (40 seconds), ending with one final
elongation step at 72 ºC for 10 minutes. Amplified template (0.2 μg) and pET-28a vector were then
doubly-digested with NdeI and XhoI restriction enzymes. Digested DNA was also treated with
Antarctic Phosphatase to avoid re-ligation, and an insert:vector ratio of 3:1 was used for the ligation
reactions. Plasmids were then transformed into XLI Blue E. coli cells using a standard transformation
procedure, and plated on either 50 μg/mL kanamycin or 100 μg/mL ampicillin plates (Table 1).
Resulting colonies were Miniprepped using the QIAprep Spin Miniprep Kit by Qiagen. Samples
were doubly digested and run on an agarose gel to check for gene incorporation. The recombinant
plasmid was then transformed into BL21(DE3) E. coli cells, again using a standard transformation
procedure. Isolated colonies were added to 250 mL of autoclaved rich Luria-Bertani (LB) growth
medium (20 g/L yeast extract, 35 g/L tryptone, 5 g/L NaCl, pH 7.2-7.4) and allowed to shake
overnight at 37°C, 180 rpm.
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The overnight culture was used to inoculate one liter of autoclaved rich LB containing the
appropriate antibiotic (Table 1). The inoculum volume was sufficient to give an initial OD 600 of 0.01
(typically 10 mL). The 1-L cultures were then incubated at 37°C with shaking at ~200 rpm until they
reached the early- or mid-log phase of growth (OD600 of 0.4 to 0.6). At this point, 1,10-phenathroline
(Table 1) was added to cells with protein to be expressed in the apo form, and the cells were allowed
to shake at 37°C for 30 min. All cells were induced with isopropyl β-D-1-thiogalactopyranoside
(IPTG), and myo-inositol (MI) was added as previously described35 to assist in protein folding (see
Table 1). Cells were then incubated at 25°C for ~5 hours or cold-shocked on ice for 30 minutes
before returning to the shaker to be incubated at 18°C overnight (Table 1). Cells were harvested the
next day (approximately 18 h later) and harvested by centrifugation in a JLA-8.1 rotor at 8000 g at 4
°C for 15 minutes. They were then flash-frozen in liquid nitrogen and stored at -80°C. SDS-PAGE of
the cell paste was performed to confirm overexpression.

Variant

Vector

Antibiotic

[1,10phenanthroline]*
100 μM

[IPTG]

[MI]

200 μM

40
mM

Ampicillin

Histag
C-His
Double
None

WT

pET-28a,
pET-28b

Kanamycin

pET-17b
Y13A

p

Kanamycin

None

100-250 μM

200 μM

40
mM

Y13G

ET-28a
pET-28b
pET-28b

Kanamycin

C-His
C-His

100 μM

200 μM

Temperature
after induction
18°C

18°C

4025°C
50
mM
Table 1. Summary of constructs used and their optimized expression conditions. Only WT,
Y13A, and Y13G were used in downstream applications, as the Y13F variant proved to express
mostly in the insoluble fraction. 1,10-phenanthroline was not added to all growths; it was only added
to cells with protein to be expressed in the apo form.
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Protein Purification

All steps in the protein purification procedure were performed at 4°C. Cells were thawed and
resuspended in 5-fold excess lysis buffer (50mM Tris, 5% glycerol, pH 7.6). 1.5 mM phenylmethane
sulfonyl fluoride (PMSF) was added as a protease inhibitor, along with 0.2 mg/ml lysozyme and 1
mM 1,10-phenathroline, when appropriate. The cell lysis mixture was then stirred for 30 minutes,
then either sonicated at 60% amplitude for 5 minutes (10 seconds on, 20 seconds off) or passed
through a Microfluidics M110 EH-30 microfluidizer for 5 minutes at 17,500 psi. Lysed cells were
then centrifuged in a JA-14 rotor at 22,000 g for 15 minutes and supernatant was collected. During
early purifications, streptomycin sulfate was added dropwise to the supernatant to reach a final
concentration of 1% in order to precipitate out nucleic acids, and the mixture was again centrifuged.
This step was later omitted from the procedure as it proved to be unnecessary.
To purify His-tagged protein, a Ni-NTA column was pre-equilibrated using the lysis buffer,
and the cell-free extract was applied to the column. The column was washed using lysis buffer plus
20 mM imidazole, and the protein was eluted in several fractions using lysis buffer containing 250
mM imidazole. Fractions were analyzed by SDS-PAGE with Coomassie Brilliant Blue staining and
combined accordingly. To remove imidazole, samples were then buffer exchanged into imidazolefree buffer (50 mM Tris, 5% glycerol, pH 7.6) and spin-concentrated using a Pall Macrosep Advance
Centrifugal Device (MWCO 10 kDa) and centrifuged at 3,500 g. Dialysis was performed in some
cases to remove imidazole using dialysis tubing (MWCO 10 kDa) with 3 changes of ~200 equivalent
volumes of buffer at 4 °C, followed by spin-concentration.
Tagless MIOX was purified using a method previously described by Xing et al. 34 with slight
modifications. A 20 mL DEAE-Sepharose Fast Flow column was used in place of a 600 mL column,
and a 120 mL Sephacryl S-200 HR column in place of a 500 mL.
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UV-Vis absorption spectroscopy was used to find protein concentration on the basis of
absorbance at 280 nm (ε280 of MIOX= 62,340 M-1cm-1). Ferrozine assays were also performed using
UV-Vis spectroscopy (at A562) to assess iron-loading.45 Purified protein was then divided into
aliquots, flash-frozen using liquid N2, and stored at -80 °C.

UV-Vis Absorption Spectroscopy of WT and Variant MIOX

UV-Vis absorption spectra were taken of the as isolated protein samples (~400 μM cofactor)
in primarily the MIOX(III/III) form while exposed to air. A modified version of the method
described previously by Xing et al. 36 was used to obtain MIOX(II/III) for absorption spectroscopy.
For as-isolated protein, 5- to 10-fold excess of L-cysteine was added anaerobically to samples of
MIOX(III/III), and the samples were allowed to incubate at room temperature for 30-60 minutes to
allow for reduction. A 10-fold excess of sodium dithionite was then added to fully reduce the mixedvalent form to MIOX(II/II). Apo protein was treated with 2 equivalents of ferrous ammonium sulfate
Fe(NH4)2(SO4)2 anaerobically to obtain MIOX(II/II), followed by the addition of 10-fold excess of
sodium ascorbate and limiting oxygen (~2 equivalents) to obtain MIOX(II/III). Again, samples were
allowed to incubate at room temperature to allow for oxidation of the cofactor. Exposure to
atmospheric conditions allowed for the accumulation of the MIOX(III/III) form. When appropriate,
MI (5 to 10 equivalents) was added to samples before spectra were taken. Cysteine and sodium
ascorbate were removed after analysis using a PD10 column equilibrated with the sample buffer (50
mM Tris-HCl, pH 7.5, 5% glycerol).

28

Electron Paramagnetic Spectroscopy of WT and Variant MIOX(II/III)

WT, Y13G, and Y13A MIOX(II/III) were prepared as described above. WT MIOX EPR
samples were made from reconstituted enzyme (375 μM enzyme), while Y13G and Y13A were from
as-isolated preparations (390 and 400 μM cofactor, respectively). For substrate-loaded samples, a 5
or 10-fold excess of MI was added in the absence of O2, and the solution was incubated at 4 °C. All
samples were pipetted into 4 mm quartz EPR tubes anaerobically. The tubes were capped and
immediately frozen in liquid nitrogen under aerobic conditions. These samples were run on a Bruker
ESP300 CW X-Band spectrometer utilizing a continuous flow lHe cryostat (Oxford 910) and a
temperature controller (Oxford ITC 503) with a frequency of 9.62 GHz, a temperature of 20 K, an
attenuation of 30 dB, and a modulation amplitude of 10 G.

Resonance Raman Spectroscopy of WT MIOX and PhnZ

Samples of fully-oxidized WT MIOX (0.5 mM cofactor) and PhnZ (3.5 mM cofactor) in
buffer (50 mM Tris, 5% glycerol, pH 7.5) were transferred into a 1 cm quartz cuvette for use in a
home-built Raman spectrophotometer. A solid-state laser (DL638-070-S; CrystaLaser, Reno, NV)
emitting light at 637.8 nm was used as the light source. The light was passed through a band-pass
filter (FF01-514/3-25; Semrock, Rochester, NY) to spectrally narrow the line, and power and
polarization were tuned by passing the light through two half-wave plates (1200-15; CVI Laser,
Albuquerque, NM) separated by a beam splitter (CCM1-PDBS252; Thorlabs, Newton, NJ). Polarized
light was redirected to the sample via reflective mirrors (BB1-E02P; Thorlabs, Newton, NJ) and a
637.8 nm long-pass filter (LP02-638RE-25; Semrock, Rochester, NY).The sample was held in a
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temperature-controlled jacket at room-temperature and the laser light was passed through a working
distance 10x objective (LU Plan, WD = 17.3mm, NA = 0.3; Nikon, Japan) to focus the laser. The
signal was collected in a backscattering geometry through the same 10x objective, and focused by a
lens AC254-050-A; Thorlabs, Newton, NJ) onto a custom 1x15 array fiber optics bundle (FiberTechRoMack, Williamsburg, VA), which led the signal to the spectrometer (Isoplane-SCT320; Princeton
Instruments, Trenton, NJ). The spectrometer has a 300 g/mm grating that spread the signal onto a
liquid-nitrogen exposed 100x1340 CCD array camera (Pylon-100BR; Princeton Instruments,
Trenton, NJ). For this experiment, the power of the light at the stage was adjusted to 50 mW and
exposure time was adjusted to ensure that saturation of the detector did not occur (0.01-0.1 s). The
number of exposures was adjusted for a total collection time of 5 minutes.
To assess the pervasive fringe pattern, an equal suspension of 200- and 800-nm polystyrene
beads in water was also prepared and added to the quartz cuvette. The data collection procedure
outlined above was repeated, and the resulting spectrum was subtracted from those of MIOX and
PhnZ.

Stopped-Flow Absorption Spectroscopy of WT and Y13A MIOX

Reactions of WT and Y13A MIOX(II/III) were assessed by stopped-flow absorption
spectrometry on an Applied Photophysics SX-200 stopped-flow spectrometer kept in an anoxic
glovebox. Reaction kinetics were observed using a solution of MIOX(III/III) (300 μM, ~0.15
cofactor/protein for WT, 0.6 cofactor/protein for Y13A) in sample buffer that was supplemented with
2 equivalents of Fe(NH4)2(SO4)2 to accumulate MIOX(II/III). Varying concentrations of MI (0.3, 0.6,
1, 3 mM) were added to the solutions, and they were mixed against an equal volume of oxygenated
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sample buffer (1.8 mM) to provide a final O2 concentration of 0.9 mM. Reactions were monitored
through a 1 cm pathlength with a photodiode array detector. 1000 data points over the course of 100
seconds were collected.
Binding of MI to Y13A MIOX(II/III) was also examined by stopped-flow absorption
spectroscopy. Y13A MIOX(III/III) (0.14 cofactor/protein) was diluted to 300 μM enzyme with
sample buffer anaerobically with 1.8 equivalents of Fe(NH 4)2(SO4)2 and 8 equivalents of ascorbate
following the procedure of Xing et al.36 The mixture was capped and ~2 equivalents of dioxygen
were added to the headspace. The solution was incubated for approximately 30 minutes at 4 °C to
obtain MIOX(II/III). This solution was mixed at 5 °C with an equal volume of deoxygenated sample
buffer containing varying concentrations of MI (0.3, 1, 3, 10 mM). Reactions were monitored
through a 1 cm pathlength with a photodiode array detector. 1000 data points over the course of 100
seconds were collected.
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Appendix A
Supplemental Information

Figure 15. 12% SDS-PAGE gels of freeze-thawed Y13F MIOX pellet (left) and supernatant
(right). Each lane represents different expression conditions, including varying [IPTG], [MI], and
temperature. The protein did not greatly overexpress, and most was in the insoluble fraction as
visible in the gel on the left.

Figure 16. X-Band EPR spectra of WT (black) and Y13A (blue) MIOX in the absence of
substrate. The frequency was 9.62 GHz, the temperature was 20 K, the attenuation was 30 dB, and
the modulation amplitude was 10 G.
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Figure 17. LC-MS chromatograms demonstrating activity of MIOX. (A) C-His-tagged apoY13A MIOX. The enzyme was diluted to 20 μM, and 2 equivalents of Fe(NH4)2(SO4)2 were added
along with 100 μM MI, followed by the addition of oxygenated sample buffer to ~1.5 mM to initiate
the reaction. Samples were filtered using a 10K spin filter from Pall Cooperation before application
to the column. Material was eluted using an isocratic method with buffer containing 95% water/5%
formic acid, explaining the low retention times of the product and substrate. The blue peak (m/z of
179) corresponds to MI, while the red peak (m/z 193) corresponds to DG; the traces confirm that the
Y13A is indeed active. (B) C-His-tagged as-isolated WT MIOX. Enzyme was diluted to 50 μM,
supplemented with 2 equivalents Fe(NH4)2(SO4)2 (as the enzyme was estimated to have <0.5
cofactor/protein), and cysteine was added to 5-fold excess along with 500 μM MI. Oxygenated
sample buffer was added to ~1.5 mM to initiate the reaction. Samples were filtered before application
to the column. Material was eluted using a gradient method with buffer B as 95% acetonitrile/5%
water with a 20-minute gradient to 50% acetonitrile, followed by another 20-minute gradient to 95%
acetonitrile. This same method was followed when testing the standards (C) myo-inositol (500 μM)
and (D) d-glucuronate (10 and 500 μM). The final gradient step likely explains the tailing feature of
the trace seen in (B), (C), and (D).
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