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ABSTRACT

It is estimated that up to one third of all proteins are metalloproteins. These
proteins have evolved to use the metals that are, or at least were at the time of their initial
evolution, the most accessible. Some active centers of metalloenzymes resemble the
structures of minerals presumed to be present in precipitates from hydrothermal solutions
in the ocean billions of years ago. The metals in these proteins serve myriad purposes
from structure to transport to catalysis. For these purposes organisms must find a way to
incorporate, transport and possibly store the metal ions from the environment. Iron,
among other metals, is used for all the before mentioned purposes but in oxic agueous
conditions is hydrolysis prone. Depending on its oxidation state iron is either insoluble or
reacts to form reactive oxygen species and is dangerous to organisms. Organisms have
thus evolved complex mechanisms to overcome the challenges of trafficking hydrolysis
prone metals. This dissertation will focus on the study of the trafficking of hydrolysis
prone iron and titanium by organisms, from metal selection to their use and storage. An
examination of why metals are chosen, sequestration and transport of these metals, and
use of the metals is presented. This research, as a whole, explores the cellular life cycle of
hydrolysis prone metals.

It is thought that the first uses of metals before their incorporation by organisms
were at mineral surfaces. To this end it would be useful for the organism to be able to
attach to the mineral surface. Rhodococcus ruber GIN-1 was isolated for its ability to
selectively bind to TiO2 over other metal oxides. Biologically it could be advantageous to
selectively bind to one mineral surface over another. The isolation and identification of



these proteins are examined within. Rhodococcus ruber GIN-1 has also been found to
produce a novel siderophore. The siderophore is not yet completely identified but falls
into the class of catecholates.

Once organisms begin to incorporate and use metals in proteins it would be useful
to sequester and concentrate necessary metal ions that exist in low concentration in their
environment. There are multiple organisms that are known to sequester high levels of
titanium. One relatively unexplored family is that of Sabellidae or the feather duster
worm. Organisms like this have been proposed as sentinel organisms to detect metal
pollution in waters. In a model Sabellidae organism we have detected elevated levels of
titanium, among other metals.

After metal sequestration from the environment, intraorganism transport of the
ions to where they are necessary becomes important. Higher organisms use the transferrin
family of proteins to traffic iron. While the transferrin cycle has been studied in depth,
the reduction mechanism has not been elucidated in detail. We use a monolobal
transferrin, nicatransferrin, from the model organism Ciona intestinalis to explore this
iron reduction mechanism of the transferrin cycle and find that nicatransferrin can reduce
iron with no external reductant. This reduction occurs on the timescale expected for the
transferrin cycle and occurs without an iron (Il) chelator. The source of the reducing
equivalent is unknown but nicatransferrin was measured to have reduced up to 2.5
equivalents of iron.

Once transported to cells the metal ions can be put to use and incorporated into
proteins or other structures. We examine the possible intentional use of titanium as a
pigment in Eudistoma purpuropuntatum. The most abundant titanium sequesterer known
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is Eudistoma ritteri, who concentrates titanium up to 1500 ppm (dry weight). Eudistoma
purpuropunctatum, a close relative of Eudistoma ritteri, displays an interesting purple
color due to small granules in its tunic. We investigate the source of the purple color in
these granules and the ability of the organism to sequester titanium, finding that it has
titanium concentrations on par with Eudistoma ritteri.

The metal ions that are not put to immediate use can be stored. Some metals exist
in labile pools but due to iron’s reactivity it is necessary to store it where it cannot cause
cellular damage. The iron storage protein ferritin is a cage-like polymer made up of 24
ferritin monomers. The monomers exist as either H-chain or L-chain and the 24-mer can
be comprised of just one type of these monomers or a mixture thereof. The covalent
dimerization of the human L-chain 24-mer has been observed and the cause of this
dimerization explored. We do not find direct evidence of the covalent linkage but do

identify regions of the protein most likely to participate in the dimerization.
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CHAPTER 1. BIOLOGICAL ROLE OF HYDROLYSIS PRONE METALS

1.1.  Introduction

Many of the transition metals essential to biology are required in protein cofactors
but can also cause cytotoxic reactions. Over the course of eons organisms have selected
these metals for use in biological functions and must now traffic them safely from their
environment to the desired internal locations. The metal requirements demand organisms
to develop methods for both acquisition of the necessary metals and metal storage or
efflux in times of abundance. Organisms have developed complex mechanisms for
handling these metals, which exemplify biological control over inorganic coordination
chemistry. These techniques include transmembrane transporters, metalloregulatory
sensors, and cytoplasmic chaperones.

In these organisms each metal serves particular structural, transportation, or
catalytic purposes and is needed in specified quantities. Some of the metal ions are also
susceptible to hydrolysis and to hydrolytic precipitation in the oxic aqueous environments
that most organisms inhabit. Studying how organisms select and traffic metals,
particularly hydrolysis prone metals, like iron and titanium, is fundamental to our
understanding of how they manage the potentially damaging effects of these metals, the
uses of these metals, and of the co-evolution of Earth and organisms.

Understanding the aqueous chemistry of hydrolysis products of metal ions is of as
much importance as understanding the biological chemistry.! Hydrolysis most often
refers to solutions of salts and their reactions with water, by which they are converted to

new ionic species, hydroxides, oxides, or precipitates. The hydrolysis chemistry of a



given metal complex can be complicated. General hydrolysis reactions and a detailed
discussion of the thermodynamics of these reactions have been extensively reviewed.?*
The metals chosen for the previously mentioned applications must be both
relatively abundant and bioavailable. The metals abundance and bioavailability may have
only been sufficient at the time when the specified metalloprotein requirement evolved
and may have changed due to the chemical evolution of Earth over a geologic timescale.
Organisms have had to adapt to the chemical evolution of the Earth as they concurrently
evolved through time. The abundance of metals on Earth has remained fairly static, but
the bioavailability of transition metals has changed.® Elements of high abundance in the
crust may be available for cells through cellular uptake mechanisms. The elemental
composition of the crust has been established showing that iron and titanium are the fifth

and ninth most abundant elements in the crust, respectively.®’

Element A bundance
Earth's Crust [ppm)
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Figure 1.1 Periodic table of element abundance in the earth’s crust by weight.

The more abundant the element the larger it appears on the periodic table.
Made using data from reference 6.



The most well studied bioinorganic element is iron. Iron is abundant in the Earth’s
crust, but due to its tendency to hydrolyze in aqueous environments it is relatively
insoluble. In aqueous environments it is present in the 2+ and 3+ oxidation states. This
redox couple along with its high abundance are likely the cause of its vast use in
organisms. Protein active sites can tune their steric and electronic configurations to
access more oxidized, Fe(IV) and Fe(V), and reduced Fe(l) states.® ® The solubility of
Fe(I11) in water at neutral pH is often cited to be 108 M, 1 but an alternative soluble
Fe(l1l) concentration of 1.4 nM has been proposed on theoretical grounds,'> ** and
measured to be 0.3 nM.* 14

Iron is necessary for all but a few organisms on the planet and is used in enzymes
for photosynthesis, respiration, nitrogen fixation, ammonia assimilation, nitrate
assimilation, and oxygen transportation but it also participates in highly damaging Fenton
chemistry.*® 15 16 The biological uses of iron have been comprehensively studied in
humans,'” '8 and bacteria.’*??> While the biological use of iron has been studied
extensively, there are still iron metalloproteins that have not yet been identified.?® In this
work we explore the different stages of biological trafficking of hydrolysis prone iron and

titanium.
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CHAPTER 2. CONTEMPLATING A ROLE FOR TITANIUM IN
ORGANISMS!

Reproduced by permission of The Royal Society of Chemistry

2.1. Introduction

There is no known essential role for titanium in the biology of any organism.
However, there are studies across many fields that suggest Ti is at least biologically
active.?2 Most titanium on Earth is locked up in insoluble minerals, such that one might
wonder how titanium could participate in biorelevant chemistry. Titanium is the ninth
most abundant element in the crust at 0.6%,° so even a small percentage of solubilized
material presents a large amount of metal.* Most of the titanium present in the
environment exists as rutile, a crystal form of TiO2, or as ilmenite, FeTiOs.* °
Geologically, titanium is often considered immobile although recent evidence suggests it
may be mobile in rocks under weathering conditions® 7 and in soils.® Soluble titanium
ranges from 4 pM in surface ocean waters,®! where it is far under-saturated, to 100 pM
in hot spring waters.*? In both fresh water and seawater, thermodynamic models assume
the predominance of TiO(OH)2.1* Complexation by organic ligands is important in at
least some natural environments.? TiO2 nanoparticles in both fresh water and marine
systems agglomerate, forming micrometer size particles, or are incorporated into marine
snow where particle feeders may ingest them.* Taken together, these various
environments present the opportunity for organisms to use titanium in the form of soluble
hydroxide species, as organically complexed species, or in mineral form.

Proteins have evolved to use the metals that are, or least were at the time of those
proteins’ evolution, the most accessible.’>1” Some active centers of metalloenzymes
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resemble the structures of minerals presumed to be present in precipitates from
hydrothermal solutions in the ocean billions of years ago.*® * Considering this use of
available material and the vast abundance of titanium on the planet, it is conceivable that
nature might have made use of this element, for example during evolution of the earliest
prokaryotes. It is clear that some extant organisms do use and contain titanium in certain
structures.

Titanium is capable of biologically interesting chemistry but has inherent
characteristics that make it difficult to identify in biological systems. Modern
experimental methods offer the possibility of identifying new roles for metals like
titanium in bioinorganic chemistry. The metal and its ions bring a set of complications for
common separation and -omic techniques. Choice of experimental system will be crucial,
whether a well-studied and familiar model system or a lesser-known organism known to
be associated with high titanium concentrations.

2.2.  Historical Identification of Essential Elements

Many bioessential elements were identified because humans experienced
symptoms from an accidental dietary deficiency, as for iron or cobalt, or exhibited
diseases of metal mismanagement, like Wilson’s disease for copper. Some metals, like
chromium, were rigorously excluded from the diet to look for signs that the excluded
metal was essential. Some metal ions in biology have conspicuous properties that make
them easy to identify, like the color of blue copper proteins or the multiline EPR spectra
of some manganese proteins.

Even in recent years, the list of metals having a native biological role continues to

grow. In the oceans where zinc is scarce, a diatom species has a carbonic anhydrase that
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utilizes cadmium in its active site instead of zinc.?2® Some methanotrophs natively feature
the usually toxic lanthanides lanthanum and cerium instead of calcium in the active site
of their methanol dehydrogenase.?* Each of these discoveries was foreshadowed by the
novel metals’ binding in the active sites of the class of enzymes in question, cadmium to
zinc enzymes and lanthanides to calcium enzymes. But a form with a unique requirement
for cadmium and for lanthanide, respectively, was a significant development.

2.3. Characteristics of Titanium Relevant to Biology

The most stable oxidation state of titanium in an aqueous oxic environment is
Ti(1V), which shares characteristics such as ionic radius with Al(I11) and Fe(Il1).? These
metals also share a thermodynamic preference for similar binding sites, though Ti(1V) is
more strongly Lewis acidic (Figure 2.1).%

Ti(IV) can associate with some Fe(lll) proteins. In vitro Ti(IV) binds more tightly
than Fe(lll) to the iron transport protein human serum transferrin.?® The iron storage
protein ferritin can also biomineralize titanium.?* 2° Like those other ions, Ti(IV) is prone
to hydrolysis and hydrolytic precipitation, though its insolubility is not as extreme as is
often assumed.? Binding to small or large biomolecules increases the solubility of Ti(1V).

Turning to kinetics, Ti(IV) complexes exhibit a wide range of ligand exchange
rates. Hydroxyl and water ligands are very labile and exchange with rate constants on the
order of thousands per second.?® But essentially no exchange is observed when the Ti
ligand is the hexadentate siderophore enterobactin.?’ Falling somewhere in the middle of
these extremes, over minutes to hours, are the rates for exchange with small bioligands

like ascorbate or citrate, or with proteins like transferrin.?® 28



Figure 2.1
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Correlation of binding constants for metal binding to human serum
transferrin (hsTF) with metal Lewis acidity, as quantified by K1 (OH).

Filled squares represent experimental values, while open squares represent
estimated ones. Adapted from data in references 22 and 23.

Just considering the thermodynamic stability and kinetic lability of metal-ligand

complexes ignores the powerful compartmentalization control that living cells exhibit

over different metal species in vivo.?® 3 Some cells use physical compartmentalization to

overcome the inherent thermodynamic preferences of a protein binding site. Once a

complex is removed from the compartmentalized environment, though, it is important to

appreciate the fundamental thermodynamics and kinetics of the metal ion binding to its

ligand(s).

10



2.4. The Possible Roles of Titanium

Against the backdrop of this fundamental chemistry, Nature would sequester Ti if
it were useful to the organism. Some biochemical processes for which titanium might be
suitable (or even uniquely excellent) are suggested by the many ways humans and human
chemists use this element.

The powerful Lewis acidity of Ti(IV) could be deployed to deprotonate difficult-
to-deprotonate substrates in a metalloenzyme active site. As a benchmark to illustrate its
power, water molecules coordinated to Ti(IV) are deprotonated below pH 0.2 3! In
chemical catalysis outside biology, titanium plays this role often and well, for example as
a catalyst for aldol reactions.2

Depending on the ligand environment, a Ti(IV)/Ti(lll) couple would be suitable
for low-potential redox, for example in an electron transfer chain or redox
metalloenzyme. The potential of the Ti(IV)/Ti(Ill) couple in acid is close to 0 V vs.
NHE,*® but ligands that tightly bind the oxidized form and stabilize it with respect to
hydrolytic precipitation can tune the potential over a range down to at least -1 V.2 34 3%

Titanium might assume a role in the construction or repair of soft biomaterials, for
example in the acsidians that are avid accumulators of the element. Ascidians are also
called tunicates because of their protective covering, the tunic. The tunic varies between
species but is composed of fibrous cellulose components linked with proteins.®” Metals
and polyphenolic secondary metabolites called tunichromes may be involved in tunic
formation or wound repair.® Possible metal ligands in the tunic include the tunichromes,
proteins or modified proteins (including those containing DOPA side chains) and

carbohydrates. The tunic also contains free wandering blood cells from the ascidian’s
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open circulatory system. Some of these cells have high metal concentrations. Some are
high in polyphenol content, and probably contain high concentrations of tunichromes,
either with or without associated metals. During wound healing, these cells coagulate and
lyse, and electron dense fibers form.3® The metal may have a regulating effect by acting
as a stabilizer of the component monomers for polymer formation, as a catalyst for
polymerization, or as a regulator of the process.

Titanium minerals are widespread and stable. Titanium dioxide is a widely used
pigment, and the oxide forms as a passivating coating when titanium metal and its alloys
are used in medical implants.2 Mineralized or biomineralized titanium could provide a
protective coating or defense for organisms. One place titanium dioxide has found
promising use is in dye-sensitized solar cells.*° It is exciting to think that Nature has had
the raw materials to take advantage of this chemistry for billions of years, though no
natural TiOz solar cell is yet known.

Titanium might serve an antimicrobial function for an organism,? either in the
presence or absence of light. UV irradiation of Ti compounds, especially in aqueous
environments, generates singlet oxygen and superoxide anion. Both species are damaging
cellular oxidants.

Finally, titanium may afford ultraviolet protection for organisms, in effect
forming a sunscreen. TiOz is used as a commercial sunscreen because of its light-
scattering properties. Depending on the identity of the ligand or the size of the particle,
light absorption or scattering by a Ti compound or mineral may provide a similar
protective effect. The tunic of the ascidian Lissoclinum patella absorbs UV-B (290 — 320

nm) but not visible light, providing a protective environment for a symbiotic
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photosynthetic prokaryote.*: 42 The symbiont provides oxygen to the ascidian, and cannot
survive the UV exposure outside of the tunic. This particular ascidian species has not
been associated with elevated Ti levels, though other ascidians are avid accumulators.
2.5. Detecting Titanium

Detecting Ti(IV) can be difficult; it is d° diamagnetic, and exhibits no EPR
signal. Most titanium complexes are colorless or have indistinct ligand-to-metal charge
transfer bands in the ultraviolet region. There are no practically useful NMR or
radioisotopes,? and use of X-ray absorption spectroscopy (XAS) has been limited. Older
elemental analysis methods such as flame atomic absorption (AA) were relatively
insensitive to titanium. Importantly, in such single-element techniques, researchers had to
be specifically looking for titanium to find it.

Techniques like Inductively Coupled Plasma — Mass Spectrometry (ICP-MS) are
more sensitive than AA and are multi-element. But other kinds of considerations
sometimes interfere with the detection of Ti. The excellent international GEOTRACES
project® strives to characterize biogeochemical cycles of many trace elements. A few of
the associated studies have focused on titanium,!% 4446 put much of the collection
apparatus was constructed from titanium, presumably because it is quite inert and
because there was relatively less interest in focusing on Ti as an experimental element.
Finally and in general, the inherent difficulty in characterizing metalloproteomes is well
known.#”-52 In one important study,*’ although no Ti was detected in the growth medium,
a relatively high Ti concentration (1.6 pM) was detected in the cytoplasmic extract of
Pyrococcus furiosus. This cytoplasmic Ti concentration was fourth among trace metals

after Fe, Zn, and W, and was higher than Ni, Co, or Mn. But Ti was no longer detected
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after a relatively mild anion exchange separation; the fate of the Ti is not clear. Possibly
it was not ever bound to protein, or it was very labile. This result led us to consider how
the bioinorganic behaviour and properties of titanium might manifest during the
application of emerging -omic methods to identify novel metalloproteins.

In a plausible experimental plan, an experimental organism would be chosen,
driven by the desire for a well-studied model system or for a system already known to be
associated with Ti. The biomolecules would be subjected to a separation method like
liquid chromatography or gel electrophoresis. A downstream elemental analysis such as
ICP-MS or a metal-specific sensor would identify which biomolecule(s) were associated
with titanium. Minimal disruption of binding sites would be necessary. Finally, the
biomolecules would be identified by some means. Each of these steps deserves special
consideration in light of the properties and aqueous behavior of titanium.

2.6. Model Organisms

There are two options when deciding on where to search for putative titanium
metalloproteins: well-studied generic model organisms or established sequesterers of
titanium such as diatoms and ascidians. Each of these routes offers distinct advantages.
2.6.1. Well-Studied Model Organisms

The large body of work on organisms like E. coli and yeast allows for a better
chance at identifying proteins using a shotgun style of proteomics.*’ Studying the
metalloproteomes of P. furiosus, E. coli and S. solfataricus allowed for high throughput
and quick identification of isolated proteins. There is some work on the effect of titanium

compounds on the growth of yeast.5® But as the cost of genome sequencing continues to
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decrease, the availability of the organism’s full genome ceases to be an impediment to the
use of a more unusual system.
2.6.2. Avid Marine Sequesterers of Titanium
2.6.2.1. Diatoms

Diatoms cultured in the laboratory sequester Ti from the growth media up to 940
ppm in the whole organism from a media containing 60 ppm titanium>* and given a TiO2
rich diet can have local concentrations of up to 80 wt% in their frustules.%® In native
samples Ti has been observed at up to 1254 ppm in the diatom frustule.%® The titanium
uptake and incorporation into the frustules happens at the same rate as silicon uptake.®’
This incorporation of Ti may explain why dissolved Ti is depleted along with silicon
during a spring diatom bloom>® and may contribute to the surface depleted profile of Ti in
the ocean.® This appearance of titanium could simply be due to titanium precipitation
onto the frustule, but Ti could be actively incorporated by biomolecules in the organism.
The enzymes that direct the biomineralization of silica in diatoms are called silaffins;>®
synthetic peptides derived from silaffins,®® and recombinant silaffins®® 62 direct TiO:
mineralization given an otherwise soluble source of titanium (Figure 2.2).5% Incorporation

of titanium into the diatom frustule has bactericidal effects.5
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Figure 2.2 Titania formation by recombinant silafins, rSil1L and rSilC.
SEM images of precipitates formed by a) 53 uM rSillL b-d) 32 uM rSilC
in sodium phosphate/citrate buffer solution (50 mM, pH 7). In a) the
particles fuse together forming an interconnected network. b) rSilC-titania
contains two different structures; c) smaller hollow particles and d) larger
particles with frequent cracks. Scale bars: 1 um (a,c) 20 um (b) and 5 um
(d). Adapted from reference 62.
2.6.2.2.  Ascidians
Many ascidian species sequester high concentrations of metal ions, most famously
vanadium.5> 6 Several species accumulate titanium selectively.®” Eudistoma ritteri has
exhibited the highest concentration at up to 1500 ppm dry weight.®® In other species, such
as Pyura chilensis and Ascidia dispar, somewhat lower amounts of titanium have been
detected, but for both species the highest concentration of titanium was detected in their
blood cells.®® There is also an equal distribution of titanium in these species’ blood cells
between the cell wall and the cytoplasm, whereas iron is amassed almost completely in

the cytoplasm. Beyond this sequestration ascidians are noted for their production of

secondary metabolites called tunichromes,’ and proteins like ferreascidin’® that feature
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DOPA catechol moieties that would make them excellent binders of Lewis acidic metal
ions such as Ti(IV). Another mechanism of transport for metals in ascidians is a
transferrin-like pathway.®® This mechanism has implications for titanium transport as
titanium interactions with transferrins have been demonstrated.?

2.6.2.3.  Sabellidae

Like ascidians, sabellidae or feather duster worms have been suggested as useful
organisms for monitoring water pollution.”> Members of the sabellidae family build tubes
around themselves out of parchment-like material, sand and/or bits of shell.” The species
Eudistylia vancouveri sequesters titanium. It secretes a parchment-like shell but its shell
was not examined for metal content.”? Other studies of sabellidae metal content have
ignored examination of titanium content.”

2.6.3. Organisms Associated with Titanium Minerals

Many organisms exploit inorganic minerals for structural support, or as sensors or
instruments.” 76 Although titanium minerals are abundant, examples of organisms
associating with them are rare. In one classic text on biomineralization, titanium appears
on a list of biomineralized elements with a reference to unpublished work by the author
on ilmenite found in a prokaryote.” The identity of the prokaryote is unknown (S. Mann,
personal communication).

Organisms produce biominerals with varying degrees of control or collect them as
detrital materials from the environment. Mineralization of titanium would require a
mechanism for sequestration from the environment and then active direction of
mineralization. Collection from the environment would require a specific interaction

between molecules on the cell-surface of the organism with the titanium mineral surface.
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There are a few possibilities about how the latter molecular recognition process might
work. Peptides might have evolved to bind specifically to TiO2 mineral surfaces.”” 78
Glycopeptides, phosphopeptides and phosphoproteins demonstrate a particularly high
affinity for TiO2,”® 8 and nucleosides for TiO2/Zr02.8' The specifics of these
biomolecule-surface interactions are being explored.82-84
2.6.3.1. Insects

Vespa orientalis, a type of hornet, attaches grains of a titanium-containing mineral
in each cell of its honeycomb-shaped nest using its saliva (Figure 2.3).85%” The adhered
minerals appear to be ilmenite, but titanium was not detected in a random sampling of the
soil around the nest.?’ It is thought that the mineral may act as a gravity sensor® or may
in fact act as an infrared reflector, as the titanium faces of the minerals appear to be

intentionally placed facing into open space.®’

Figure 2.3 ESEM image of a titanium particle (arrow) from the roof of a hornet’s
comb cell.

“S” marks the saliva fibers. Scale bar = 20 um. Adapted from reference
87.
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2.6.3.2. TiO2-Adhesive Bacteria

Nanoparticulate TiO2 biosorption has been observed with E. coli and P.
aeruginosa and is postulated to occur more broadly.88°2 Adsorption of the bacteria to the
surface has been observed as well as agglomeration of particles on the bacteria. These
interactions are facilitated by both siderophores and polysaccharides on the cell surface.

Bacteria from the Mediterranean Sea were isolated by exploiting their ability to
adhere to TiO2 very strongly.®® A Gram positive species was isolated, Rhodococcus ruber
GIN-1, which adhered to TiO2 selectively over other metal oxides in under 1 min, at pH
values between 1 and 9, and at temperatures between 4 and 80 °C.%2 Cell adhesion to the
mineral was not disrupted by dilute acids, alcohols, and cationic or nonionic detergents.
A cell surface homolog of the normally cytosolic protein dihydrolipoamide
dehydrogenase was among the proteins implicated in adhesion.%
2.7.  Separations and Detection

Biomolecules are often subjected to a separation step and characterized by one of
several techniques. Putative titanium biomolecules might fare better or worse than other
metallobiomolecules in some of these procedures.
2.7.1. Separations Effect on lon Occupancy
2.7.1.1.  Gel Electrophoresis

The denaturation process involved with many gel electrophoresis techniques has
been shown to lead to partial or even total loss of metal.®> % Even the use of non-
denaturing methods can be problematic as certain buffers can form metal complexes

leading to metal loss,* although recent studies show improvements for certain metals.®’
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A biomolecule might offer a coordination environment (such as several catechol
moieties) that would be much more stable than that offered by a buffer. But many
functionalities present in buffers, like phosphates, would bind Ti(IV) and might remove it
from a less stable coordination site.
2.7.1.2.  Size exclusion chromatography

This technique may maintain even metalloproteins that are not very stable,
because these separations do not involve strong physical interactions between the analyte
and the stationary phase. As above, the choice of buffer is key. Phosphate buffers
complex several metal ions so Good’s buffers have often been preferred. However,
typical buffers used in size exclusion chromatography can interact with metals,*® and
both HEPES and MOPS can cause zinc and iron release from plasma metalloproteins,
which was accredited to their complexation properties.®
2.7.1.3.  lon exchange chromatography

lon exchange chromatography is a highly efficient separation method. This
technique however introduces the risk of metal displacement by competition with not
only the mobile phase but also with the stationary phase.!®’ Ti-transferrin complex
recovery via a strong anion exchange column was significantly lower than that recovered
from size exclusion chromatography, which itself was much less than 100%.10*

During any of these separation techniques, it would be important to monitor the
titanium inventory. If the metal did dissociate from an associated biomolecule, it might

bind very tightly to a column or, alternatively, not bind at all, depending on speciation.
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2.7.2.  Methods of Identification

A variety of techniques can identify new metalloproteins. Simple searches of
genomic or proteomic data require prior knowledge of a predicted metal binding
sequence, and thus are not suitable for the identification of new motifs.l% Accurate
prediction of metalloproteins is limited to closely homologous well-characterized
proteins. A recent metallomic study demonstrated that some metal binding motifs have
not yet been recognized, even for common biologically relevant metals like iron.4” Phage
display identifies sequences with high affinity,’% and phage display has identified TiO2
binding sequences,’” 1% but those specific sequences are not apparent in the proteomic
databases. There are affinity proteomic methods that allow for detection of proteins in
their natural environment,'® but an appropriate affinity material must be chosen.
Identifying a metal binding site deep within a folded protein remains a challenge. There
are imaging techniques that can be useful in identifying metalloproteins.1% 197 Recently,
promising metal-specific sensors capable of in vivo detection were developed.®® While
each of these methods has its advantages, some of the most versatile methods for
identifying and characterizing metalloproteins involve mass spectrometry after protein
separations, which we will focus on. The immense growth of available genome sequences
has led to a rapid rise in the power of bioinformatics. The combination of this vast
knowledge with chromatography and mass spectrometry is a powerful tool in
determination of metalloproteins.
2.7.2.1. Bottom-up Identification

The bottom-up mass spectrometric approach is the most commonly used for

protein identification and has the distinct advantage of high-throughput methodology. In
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this method, proteins, either purified or in crude extracts, are proteolytically digested and
analysed by mass spectrometry. Tandem mass spectrometry can be used to sequence and
characterize the peptides further. This method has also generated the large databases that
are searched to identify proteins. But only 50-70% of the peptides of a particular protein
are usually identified.'® The method can lead to loss of information about post-
translational modifications, particularly phosphates,*'® because they can be lost during
collision induced dissociation. Phosphorylated proteins may be some of the most
important for investigation of titanium mineral binding. Using this method to identify a
titanium metalloprotein would require multiple digestions with different enzymes to
generate complementary sets of data and a full sequence.
2.7.2.2.  Top-down Identification

Top-down methods involve analysis of whole protein molecules by mass
spectrometry, usually involving a Fourier transform-ion cyclotron resonance (FT-ICR)
instrument.*'!* This method provides complete sequence coverage. There are no issues
with peptide generation and separation, and the MS/MS process can be modified so that
post-translational modifications can be preserved, helping with observation of
isoforms.1'2 This method does however require large quantities of purified protein and
the data are highly complex due to the multiply charged ions and the possibility of
overlapping peptide ion envelopes. The main concern with top-down proteomics
regarding titanium is the lack of high-throughput discovery.
2.8. Conclusion

Much data suggests that titanium is biologically relevant but it has not been

demonstrated to be essential for any organism. Evolution has directed proteins to use
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accessible metals and the abundance of titanium mineral and dissolved titanium argues
for the existence of a titanium metalloprotein. The high concentrations of titanium in
organisms and the chemical processes it is known to participate in support this idea. The
identification of a true titanium metalloprotein is not an easy task. Titanium is normally a
difficult metal to handle in an aqueous oxic environment. Attempting to manipulate a
putative titanium metalloprotein without disturbing its protein environment complicates
matters. The considerations outlined here for titanium apply more generally to many
metal ions, especially those that are Lewis acidic and hydrolysis prone. This group
includes established biometals like iron, which despite decades of study still occurs in
coordination environments not yet recognized.*” By understanding both how titanium is
known to interact with organisms and how it interacts with local protein environments, it

may be possible to address the essentiality of this quite abundant element.
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CHAPTER 3. MINERAL BINDING OF RHODOCOCCUS RUBER GIN-1

3.1. Introduction

It is thought that the first use of inorganic elements by organisms was at mineral
surfaces.* The organisms would have propagated near these minerals to obtain the
products of reactions catalyzed at their surfaces. Some active centers of metalloenzymes
resemble the structures of minerals presumed to be present in precipitates from
hydrothermal solutions in the ocean billions of years ago.% ?

Rhodococcus ruber GIN-1 was isolated for its ability to bind to metal oxides from
coal fly ash.> The original goal of this work was to adsorb the cells to the metal oxides
within coal fly ash, forming cell/metal oxide agglomerates that could be separated so that
the metals could be recovered. Further work by the same group discovered that R. ruber
GIN-1 selectively binds to titanium dioxide over other metal oxides.® The amount of cells
adsorbed to titanium dioxide was twice as much as that for other oxides, and the rate of
absorption to titanium dioxide was exceedingly quick compared to other oxides.

Further work isolated and identified one potential titanium dioxide binding
protein.” 8 When the protein was first isolated, a group of three proteins were found to
bind to titanium dioxide powder but only one protein was isolated by TiO2-affinity
column chromatography.” This protein was identified as a cell-surface homolog of
dihydrolipoamide dehydrogenase. The identity of the other two proteins remains unclear.

Previous work in our lab by Kathryn Cole identified possible TiO2 binding
proteins as ~70 kDa Elongation Factor G, ~55 kDa glutamate-ammonia ligase, ~55 kDa

dihydrolipoamide dehydrogenase, and ~50 kDa Elongation Factor EF1A. While working

39



with R. ruber GIN-1 a potential new siderophore was identified with help from Akira
IInishi. Rhodococcus are known to produce rhodobactin and heterobactin.® 1

We hypothesize that R. ruber GIN-1 intentionally uses titanium. This current
study works towards the elucidation of other possible titanium dioxide binding proteins
as well as the titanium content of the cells, and the identity of a possible new siderophore.
This work shows the first known R. ruber GIN-1 cell envelope protein involved in TiO2
binding.

3.2. Materials

All solutions were made using Barnstead NANOpure Diamond (18.2 MQ-cm)
water. Crystal Sea was purchased from Marine Enterprises International. Sachtopore 100
A (anatase) and Sachtopore 1000 A (rutile) beads were purchased from Huntsman
Pigments and Additives. Protein digests were performed using Trypsin Gold, Mass
Spectrometry Grade from Promega. High performance liquid chromatography was
performed using HPLC grade water and acetonitrile, and mass spectrometry grade formic
acid on an Agilent 1260 Infinity HPLC. Mass spectrometry was performed using an
Agilent 6520 Q-TOF with an electrospray ionization source.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) standards
were prepared using Ti standard for ICP (1000 ppm from Fluka), Iron AA Standard
(1000 ppm from Ricca Chemical Company), and iCAP 6000 Multi-Element Test
Solution (1ppm Al, 1ppm Cu, 1ppm Mn, 0.2 ppm Ca, 0.2 ppm Mg, and 0.2 ppm Zn)
from Thermo Scientific. All dilutions were performed using Barnstead NANOpure

Diamond (18.2 MQ-cm) water. Trace metal grade nitric acid was purchased from Fisher
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Scientific. ICP-OES data was obtained on an iCAP 7400 ICP-OES from Thermo
Scientific, which has a limit of detection of 0.005 mg/L (0.005 ppm) for most elements.
3.3. Methods

Rhodococcus ruber GIN-1 streaked from Kathryn Cole’s stock was grown for one
week at 30 °C on LB agar plates. The cultured cells had the characteristic red color of
GIN-1. A single colony from these plates was used to inoculate a 10 mL growth in
Seawater Media (29.9 g/L Crystal Sea, 1.68 g/L K2HPO4, 0.72 g/L KH2PO4, 1 g/L
(NH24)2S04, 10 g/L Dextrose, 8 g/L Yeast Extract).® The 10 mL culture was grown for 24
hours in a shaking incubator at 225 rpm and 30 °C. The 10 mL culture was used to
inoculate a 100 mL culture which was grown for 24 hours under the same conditions. The
100 mL culture was used to inoculate a 1 L culture which was grown at 225 rpm and 30
°C until the end of the log growth phase, approximately 28 hours, at which point the cells
were pelleted at 3000 rpm and 4 °C for 30 minutes.

The pelleted cells were resuspended in 100 mL of 50 mM Tris-HCI, 2.5 mM
MgSOQO4, and 20% (w/v) sucrose pH=7.4. Mutanolysin was added at 1000 units per 2 ml
of cell volume and the resuspended pellet was incubated at 37 °C for 2 hours. The
mutanolysin lysed cells were centrifuged at 1377 xg and 4 °C for 20 minutes. The pellet
was discarded and the supernatant kept.

Two grams of titanium dioxide (TiO2) powder, 1 g anatase and 1 g rutile, was
added to the supernatant. The supernatant/TiO2 mixture was incubated for 30 minutes at

30 °C. The mixture was centrifuged at 24,000 xg and 4 °C for 20 minutes. The

supernatant (non-mineral binding supernatant) was stored at 4 °C.
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The TiO2 solid was resuspended and washed with 100 mL PBS buffer pH=7.4 to
release any non-specific binding proteins. The resuspended solid was centrifuged at
24,000 xg and 4 °C for 20 minutes. The supernatant was stored at 4 °C. This step was
repeated once more for a total of two washes.

The TiO2 solid was resuspended and washed with 100 mL 8M urea and 1% (w/v)
sodium dodecylsulfate to release specific binding proteins. The resuspended solid was
centrifuged at 24,000 xg and 4 °C for 20 minutes. The supernatant was dialyzed into 50
mM Tris 0.15 M NaCl pH=7.4 buffer, and was stored at 4 °C. The solid was discarded.

The non-mineral binding supernatant, PBS buffer washes and the urea wash were
precipitated with 100% (wi/v) trichloroacetic acid (TCA) to a final volume of 20% TCA.
The TCA precipitated samples were centrifuged at 14,000 rpm at 4 °C in an Eppendorf
centrifuge. The TCA pellets were washed twice with acetone, dried, and resuspended in
200 pL of 2x SDS Gel-loading buffer. The samples were run on SDS-PAGE and
significant bands were subjected to trypsin digestion following manufacturer protocol,**
followed by LC-MS/MS and identification by MASCOT software.

The titanium content of R. ruber GIN-1 was analyzed by Inductively Coupled
Plasma — Optical Emission Spectroscopy (ICP-OES). At the end of their growth, cells
were pelleted as before, and resuspended in 100 mL 50 mM Tris-HCI, 2.5 mM MgSOeu,
and 20% (w/v) sucrose pH=7.4. The resuspended cells were incubated with 1 g of each of
the Sachtopore beads for 1 hour at 30 °C. This mixture was pelleted and resuspended
with 100 mL 8M urea and 1% (w/v) sodium dodecylsulfate to release the cells from the

beads. This suspension was then centrifuged at 19.3 xg to pellet the Sachtopore beads
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without pelleting the cells in a swinging bucket rotor. This was monitored using scanning
electron microscopy (SEM) on a sample of the mixture before and after TiO2 binding.
The supernatant was poured off. The supernatant containing the R. ruber cells was
lyophilized in the Schafmeister lab with help of Jae Eun Cheong. The lyophilized cells
(0.5848 g) were digested in 10 mL of 50% trace metal grade nitric acid.

The digested sample as well as 1:10, 1:100, 1:1000 dilutions were analyzed by
ICP-OES. Five standards were prepared for ICP-OES; 0.005 ppm Al, 0.005 ppm Cu,
0.005 ppm Mn, 0.005 ppm Ti, 0.01 ppm Fe, and 0.05 ppm Zn (Std 1), 0.129 ppm Al,
0.129 ppm Cu, 0.129 ppm Mn, 0.129 ppm Ti, 0.133 ppm Fe, and 0.163 ppm Zn (Std 2),
0.253 ppm Al, 0.253 ppm Cu, 0.253 ppm Mn, 0.253 ppm Ti, 0.255 ppm Fe, and 0.276
ppm Zn (Std 3), 0.376 ppm Al, 0.376 ppm Cu, 0.376 ppm Mn, 0.376 ppm Ti, 0.378 ppm
Fe, and 0.388 ppm Zn (Std 4), and 0.500 ppm Al, 0.500 ppm Cu, 0.500 ppm Mn, 0.500
ppm Ti, 0.500 ppm Fe, and 0.500 ppm Zn (Std 5). All glassware was demetalated by
soaking in an acid bath and thoroughly rinsing with water.

R. ruber GIN-1 growth media was used to isolate siderophores. The Seawater
growth media was analyzed for siderophores using a C18 SepPak Column wet with 10
mL 70% methanol. The column was rinsed with 10 mL water, loaded with 5 mL of
growth media, rinsed with 5 mL water, and eluted with 1 mL of each of the following:
10% methanol, 20% methanol, 30% methanol, 50% methanol, 70% methanol, and 100%
methanol. CAS assay was used to identify fractions containing siderophores according to
literature precedent.*? Siderophore isolation was performed by Kayleigh Jones. The
fractions were then analyzed by LC-MS/MS. Siderophores from R. ruber GIN-1 had been

previously isolated by Akira IlInishi. These samples were analyzed again by LC-MS/MS.
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The LC-MS was run under the following conditions. The LC was held constant at
95% H20:5% Acetonitrile for two minutes, a gradient of 95% H20:5% Acetonitrile to 5%
H20:95% Acetonitrile over a period of ten minutes, and ended held at 5% H20:95%
Acetonitrile for two minutes. The mass spectrometer was held the following settings in
positive ion mode: capillary voltage=4000 V, drying gas temp.=325 °C, fragmentor
voltage=215 V, and the collision energy was set using the formula (slope)*(m/z)/100 +
offset where for ions z=2 the slope=3.9, z=3 the slope=3.5, z>3 the slope=3.0 and the
offset=2.7 for all ions.

3.4. Results
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Figure 3.1 Growth curve of Rhodococcus ruber GIN-1.
The band with the highest molecular weight from the urea wash lanes was
identified as a R. ruber mycolyltransferase with a molecular weight of ~36 kDa. The
band with smallest molecular weight from the urea wash lanes was best identified as 30S

ribosomal protein S16 from Rhodococcus with a molecular weight of ~16 kDa. The band
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with the smallest molecular weight from the urea wash lanes best matches a 50S

ribosomal protein L14 with a molecular weight of ~14 kDa.

Table 3.1 Concentrations of metals in R. ruber GIN-1 after exposure to TiOz.

Concentrations given in ppm (mg/kg dry weight) are corrected for
dilution. Values listed as N/A were either below the detection limit or did
not fall on the standard curve.
Sample Al Ti Mn Fe Cu Zn
R. ruber  4.06 1.11 0.556 2.86 0.180 3.76
1:10 5.81 1.20 0.684 3.76 N/A 5.47
1:100 4.27 N/A N/A 5.13 N/A 154

1:1000 N/A N/A N/A N/A N/A N/A

Average 4.71 1.16 0.620 3.92 0.180 8.21

Table 3.2 Mass Spec ions and fragment ions from siderophore sample isolated by
Akira llnishi.

MS lon (m/z)  Associated Fragment lons (m/z)
137.0229 z=1
279.1861 z=2
415.2024 z=2
(557.3652 z=1)
(829.3970 z=1)
540.3460 z=1

676.3515 z=1
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Table 3.3

In parentheses are the m/z that would be observed for the multiply charged
species above them.

Mass Spec ions and fragment ions from siderophore sample isolated by
Kayleigh Jones.

In parentheses are the m/z that would be observed for the multiply charged
species above them.

MS lon (m/z)  Associated Fragment lons (m/z)

254.1551 z=1
417.2107 z=2

617.3147 z=1
(833.4136 z=1)

668.3091 z=1

374.6941 z=2

424.2333 z=2
(748.3814 z=1)
(847.4588 z=1)

748.3836 z=1

203.1028 z=1
428.2573 z=2

617.3368 z=1
(855.5068 z=1)

685.4134 z=1

359.6847 z=2
473.7427 2=2 (718.3606 z=1)
(946.4776 z=1) 718.3587 z=1

833.3891 z=1
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3.5. Discussion

Of the three proteins identified as titanium dioxide binding proteins the ~36 kDa
R. ruber mycolyl transferase is likely the only significant result which agrees well with
its position from SDS-PAGE. The other two ribosomal proteins would likely not be
found on the cell envelope and their overall score from the MASCOT program was
relatively low. This means that while the masses of these proteins match their position
identified by SDS-PAGE they may not be the actual identity of these bands. This could
be due to a low signal to noise ratio. The bands were identifiable but light in color
possibly causing low signal and if the mass spectrometer was dirty this could have
increased the noise. Both of these individually cause problems for the MASCOT
identification software. The mycolyl transferase would however likely be found on the
cell envelope as the cell envelope of Rhodococcus has covalently linked mycolic acids at
the outermost layer.'3 Mycolyl transferase catalyzes the transfer of the mycolyl reside
from one molecule of trehalose monomycolate to another forming trehalose
dimonomycolate and trehalose.* The mycolyl transferase of Mycobacterium tuberculosis
has been studied for its contribution to pathogenesis.*®> How this protein contributes to
titanium binding is uncertain. The crystal structure of mycolyl transferase from
Corynebacterium glutamicum (Figure 3.2) shows multiple aspartic and glutamic acids on
the protein surface that could participate in titanium dioxide binding.1®

The protein originally identified by Siegmann et al. was a ~52 kDa
dihydrolipoamide dehydrogenase cell-surface homolog.® There were bands present in our
study above the ~36 kDa mycolyl transferase but none that were obviously different

between the PBS wash and urea wash lanes as seen in the previous studie by Siegmann et
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al. or Kathryn Cole. A better method for the isolation of titanium dioxide binding
proteins would involve competitive binding. After isolation of the cell envelope proteins,
competitive binding in the presence of titanium dioxide and magnetite would allow for
separation of non-specific metal oxide binding proteins from those specific for titanium

dioxide.

Figure 3.2 Crystal structure of mycolyl transferase from Corynebacterium
glutamicum.

Aspartic acids and glutamic acids highlighted in magenta. Prepared using

PyMol from the coordinates for PDB 4H18.16
Results from ICP-OES showed a titanium concentration of 1 ppm compared to an
iron concentration of 4 ppm, and a zinc concentration 8 ppm. Assuming the organism is
80% water the concentrations are 6 uM, 18 uM, and 31 uM, respectively. Iron and zinc
concentrations are higher than the titanium concentration but the titanium concentration

is appreciable. Whether or not R. ruber GIN-1 uses the sequestered titanium for any
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reason is unknown. In addition, all of these concentrations are probably higher as the
cells were lyophilized from a solution containing urea. Bacterial iron concentrations are
usually around 200 ppm dry weight.*” Further studies of the titanium uptake by R. ruber
GIN-1 should include a step isolating the cells from the urea solution.

Mass spectrometry of siderophore samples isolated by Akira IlInishi originally
performed by the Keck facility at Yale identified a 416.4733 m/z, and analysis of the
same sample in the Shepartz lab at Yale identified a 415.18 m/z. These were both
doubley positive species with neutral exact masses of 830.9310 Da, and 828.3444 Da,
respectively. Neither of these peaks have the same mass to charge as a doubly positive
rhodobactin molecule which would be observed at 416.1858 m/z and has a neutral exact
mass of 830.3559 Da. When this sample was analyzed on our Agilent QTOF instrument a
415.2024 m/z was identified which corresponds to a neutral exact mass of 828.3892 Da.
The only fragment from tandem mass spectrometry experiments that is identifiable as
being from rhodobactin is the 137.0229 m/z, which matches a catechol group with a
carbonyl (C7HsO3"). The 415.2024 m/z cannot be an oxidized form of rhodobactin. This
would require only one catechol to oxidize to form the quinone and the catechol fragment
is the only fragment that has been identified. This reduced form of the 415.2024 m/z
would have a neutral mass of 830.4048 Da which does not match rhodobactin at
830.3559 Da. This gives evidence for a known class of iron siderophores and known
titanium binding group.

It is important to note that the original characterization of rhodobactin by
Dhungana et al. has some flaws.® Their characterization by ESI-MS also identifies

catechol at 137.01 m/z but they claim the molecular ion is observed at 830.37 m/z. The
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neutral exact mass for the structure they provide is 830.36 Da and this would need at least
the addition of one proton to observe via ESI-MS, making the observable peak at 831.36
m/z. They have either misinterpreted their own data or accidentally written the neutral
mass where the ion exact mass should be.

The growth media loaded onto the C18 SepPak was fluorescent as previously
reported by Akira llnishi. The 70% methanol wash fraction was the most fluorescent
fraction isolated from the SepPak. The results of tandem mass spectrometry experiments
on this fraction are reported in Table 3.3. The fragments from this experiment cannot be
confidently identified based only on this data alone but a set of most likely chemical
formulas could be proposed for each fragment. Table 3.4 lists ten possible chemical
formulas for the neutral species of the 415.2024 m/z, but there are 17 different molecular
formulas that fall within 3 ppm of the measured 415.2024 m/z as determined using
mMass software which considers isotopic pattern.'® Only C, H, N, and O were considered
as possible elements within the molecular formula, as the isotope pattern does not support
the presence of sulfur with an increased M+2 isotope peak. Without further mass spec
fragmentation (MS2® or higher) or NMR confirmation further identification is not
possible.’® The most likely reason for the difference between the primary masses
identified in the samples isolated by Kayleigh and those isolated by Akira Ilnishi is that
they were isolated from different growth medias. Those isolated by Kayleigh were
isolated from the Seawater media and those isolated by Akira were from M6LB media.
The M6LB media is iron limited which would cause overproduction of siderophore but

the Seawater media is not iron limited.
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Table 3.4 Possible molecular formulas of 415.2024 m/z within instrument error.

Molecular Formula Monoisotopic mass

Cs2H52N406 828.389
Cs3H4sNsO2 828.390
Cs4Hs4NO7 828.390

Cs1Hs6010 828.387
Cs0Hs0N705 828.387
Cs5H50N503 828.391
Cs1Hs2N1009 828.392
Ca9Hs4N309 828.386
Ca8H48N1004 828.386
Cs7Hs52N204 828.393

The work presented here shows promise for an abundance of biological titanium
chemistry and forms the basis for further study. The Rhodococcus cell envelope protein
was identified as a titanium dioxide binding protein but how this is facilitated is unclear.
Rhodococcus ruber GIN-1 uptakes an appreciable amount of titanium but more controls
are needed, and likely makes use of a new and yet unidentified siderophore. More work

needs to be performed on Rhodococcus ruber GIN-1 to coalesce the work presented here.

51



REFERENCES CITED
B. Herschy, A. Whicher, E. Camprubi, C. Watson, L. Dartnell, J. Ward, J. R. G.
Evans and N. Lane, An Origin-of-Life Reactor to Simulate Alkaline
Hydrothermal Vents, Journal of Molecular Evolution, 2014, 79, 213-227.
W. Martin, J. Baross, D. Kelley and M. J. Russell, Hydrothermal vents and the
origin of life, Nature Reviews Microbiology, 2008, 6, 805-814.
A. D. Gordon, A. Smirnov, S. L. Shumlas, S. Singireddy, M. DeCesare, M. A. A.
Schoonen and D. R. Strongin, Reduction of Nitrite and Nitrate on Nano-
dimensioned FeS, Origins of Life and Evolution of Biospheres, 2013, 43, 305-322.
S. D. Senanayake and H. Idriss, Photocatalysis and the origin of life: Synthesis of
nucleoside bases from formamide on TiO2(001) single surfaces, Proceedings of
the National Academy of Sciences of the United States of America, 2006, 103,
1194-1198.
J. Shabtai, G. Fleminger and J. Fleming, Species of a Microorganism of the Genus
Rhodococcus, 1994, U.S. Pat. No. 5,290,697.
Y. Shabtai and G. Fleminger, Adsorption of Rhodococcus Strain GIN-1 (NCIMB-
40340) on Titanium-Dioxide and Coal Fly-Ash Particles, Applied and
Environmental Microbiology, 1994, 60, 3079-3088.
G. Gertler, 1. Brudo, R. Kenig and G. Fleminger, A TiO2-binding protein isolated
from Rhodococcus strain GIN-1 (NCIMB 40340) - Purification, properties and
potential applications, Materialwissenschaft Und Werkstofftechnik, 2003, 34,

1138-1144.

52



10.

11.

12.

13.

14.

A. Siegmann, A. Komarska, Y. Betzalel, I. Brudo, S. Jindou, G. Mor and G.
Fleminger, The titanium binding protein of Rhodococcus ruber GIN1 (NCIMB
40340) is a cell-surface homolog of the cytosolic enzyme dihydrolipoamide
dehydrogenase, Journal of Molecular Recognition, 2009, 22, 138-145.

S. Dhungana, R. Michalczyk, H. Boukhalfa, J. G. Lack, A. T. Koppisch, J. M.
Fairlee, M. T. Johnson, C. E. Ruggiero, S. G. John, M. M. Cox, C. C. Browder, J.
H. Forsythe, L. A. Vanderberg, M. P. Neu and L. E. Hersman, Purification and
characterization of rhodobactin: a mixed ligand siderophore from Rhodococcus
rhodochrous strain OFS, Biometals, 2007, 20, 853-867.

C. J. Carrano, M. Jordan, H. Drechsel, D. G. Schmid and G. Winkelmann,
Heterobactins: A new class of siderophores from Rhodococcus erythropolis
IGTS8 containing both hydroxamate and catecholate donor groups, Biometals,
2001, 14, 119-125.

P. Corporation, Trypsin Gold, Mass Spectrometry Grade: Instructions for use
V5280, 2015).

B. Schwyn and J. B. Neilands, Universal Chemical-Assay for the Detection and
Determination of Siderophores, Analytical Biochemistry, 1987, 160, 47-56.

L. C. Sutcliffe, A. K. Brown and L. G. Dover, The Rhodococcal Cell Envelope:
Composition, Organisation and Biosynthesis, Biology of Rhodococcus, 2010, 16,
29-71.

J. T. Belisle, V. D. Vissa, T. Sievert, K. Takayama, P. J. Brennan and G. S. Besra,
Role of the major antigen of Mycobacterium tuberculosis in cell wall biogenesis,

Science, 1997, 276, 1420-1422.
53



15.

16.

17.

18.

19.

D. H. Anderson, G. Harth, M. A. Horwitz and D. Eisenberg, An interfacial
mechanism and a class of inhibitors inferred from two crystal structures of the
Mycobacterium tuberculosis 30 kDa major secretory protein (antigen 85B), a
mycolyl transferase, Journal of Molecular Biology, 2001, 307, 671-681.

E. Huc, C. de Sousa-D'Auria, I. L. de la Sierra-Gallay, C. Salmeron, H. van
Tilbeurgh, N. Bayan, C. Houssin, M. Daffe and M. Tropis, Identification of a
Mycoloyl Transferase Selectively Involved in O-Acylation of Polypeptides in
Corynebacteriales, Journal of Bacteriology, 2013, 195, 4121-4128.

S. C. Andrews, Iron storage in bacteria, Advances in Microbial Physiology, Vol
40, 1998, 40, 281-351.

M. Strohalm, D. Kavan, P. Novak, M. Volny and V. Havlicek, mMass 3: A
Cross-Platform Software Environment for Precise Analysis of Mass
Spectrometric Data, Analytical Chemistry, 2010, 82, 4648-4651.

A. R. Johnson and E. E. Carlson, Collision-Induced Dissociation Mass
Spectrometry: A Powerful Tool for Natural Product Structure Elucidation,

Analytical Chemistry, 2015, 87, 10668-10678.

54



CHAPTER 4. POTENTIAL METAL CONCENTRATION BY THE FEATHER
DUSTER WORM SABELILASTARTE SP.

4.1.  Introduction

Some metals essential for organisms are scarce in the environment. This fact
makes it necessary for organisms to acquire and concentrate these elements. The
demands of scarce nutrients are met through varied mechanisms throughout different
species.’* The mechanisms can vary due to the diverse metals required or different
strategies can be employed by different species for the same metal.

Certain organisms are exceptional at sequestering diverse metals from the
environment and have been proposed to be used for metal pollution detection.>” These
organisms’ high sequestration of metals is likely linked to their high demand for iron and
zinc and their static lifestyle. While motile organisms can search out necessary nutrients,
these sedentary organisms must take advantage of times when nutrients are rich. Thus,
the accumulation of abiological or even toxic elements in these organisms provides an
indicator of exposure. One family of organisms proposed as marine pollution indicators is
Sabellidae, or the feather duster worms (Figure 4.1).°> Feather duster worms’ bodies
reside inside of a tube they construct from secreted adhesive matter and usually detrital
sand and shell, but one genus, Glomerula, secretes a calcium carbonate tube.® Their
radioles extend past the mouth of the tube and fan out around them to filter feed on the
passing currents and can be retreated into the tube in defense. Sabellidae live in different

seas around the world in the intertidal zones and their fossils date to the Jurassic period.®

9
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Figure 4.1 Sabellastarte magnifica or the Magnificent feather duster worm.*°

There has been one report by Popham and D’Auria of feather duster worms as
“sentinel organisms,” sequestering and accumulating titanium from the environment.® In
this study feather duster worms, Eudistylia vancouveri, were collected from near (~20 m)
and far from an outfall of a storm water drainage sewer of the municipality of North
Vancouver, British Columbia. The metal concentrations they obtained are presented in
Table 4.3 In these samples titanium was concentrated to 72.5 ppm dry weight in the
samples near the sewer but no titanium was detected in the far samples. The samples near
the sewer contained 8-fold higher vanadium concentrations and 6-fold higher iron
concentrations than the samples far from the sewer. The concentration of titanium from
the environment is an essential step if an organism is going to utilize it. It is unknown if
Sabellidae, or any other organism, uses titanium as an essential element but feather duster

worms may provide a good model to study the mechanism of sequestration of titanium by
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organisms. Feather duster worms are readily available from aquarium supply stores and
relatively easy to maintain in tanks. This study investigates the metal concentration of a
Sabellastarte sp. obtained from Adventure Aquarium in Camden, New Jersey. This work
is the first study of the ability of Sabellastarte sp. to sequester titanium. Based on the
work of Popham and D’ Auria, Sabellidae in general should be good model organisms for
titanium sequestration.
4.2. Materials

A single feather duster worm specimen (designated W), Sabellastarte sp., and a
feather duster worm tube specimen (designated T) of unknown origin were provided by
Alicia Longo at Adventure Aquarium in Camden, New Jersey. The worm (W) had died
of natural causes on the day of collection and the tube (T) was from an organism that had
died at some earlier time. Feather duster worms expel themselves from their tubes when
they die. The feather duster worm was preserved in 1% formalin and a sample of water
from the tank (designated as Tank Water) from the day the worm died was acquired.

Trace metal grade nitric acid was purchased from Fisher Scientific. Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) standards were prepared
using Ti standard for ICP (1000 ppm from Fluka) Iron AA Standard (1000 ppm from
Ricca Chemical Company) and iCAP 6000 Multi-Element Test Solution (5 ppm Ni,
1ppm Al, 1ppm Cu, 1ppm Mn, 0.2 ppm Ca, 0.2 ppm Mg, and 0.2 ppm Zn) from Thermo
Scientific. All dilutions were performed using Barnstead NANOpure Diamond (18.2
MQ-cm) water. ICP-OES data was obtained on an iCAP 7400 ICP-OES from Thermo

Scientific which has a limit of detection equal to 0.0053 mg/L for most elements.
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4.3. Methods

The whole feather duster worm and tube were lyophilized separately in the
Schafmeister lab with help from Jae Eun Cheong. The whole lyophilized feather duster
worm (0.1547 g dry weight) and a piece of the feather duster worm tube (0.1479 g dry
weight) were completely digested in 50% Trace Metals Nitric Acid by refluxing for 2
hours and letting cool overnight. Samples were syringe filtered and dilutions of 1/10,
1/100, and 1/1000 were prepared of both the feather duster worm (W 1:10, W 1:100, and
W 1:1000 respectively) and the feather duster worm tube (T 1:10, T 1:100, and T 1:1000
respectively) for analysis by ICP-OES. Standards containing 0.120 ppm Mg, 0.600 ppm
Al, 0.075 ppm Ti, 0.600 ppm Mn, 0.100 ppm Fe, 3.000 ppm Ni, 0.600 ppm Cu, and
0.120 ppm Zn (Std 1), an a second containing 0.160 ppm Mg, 0.800 ppm Al, 0.100 ppm
Ti, 0.600 ppm Mn, 0.125 ppm Fe, 4.000 ppm Ni, 0.800 ppm Ni, and 0.160 ppm Zn (Std
2) were prepared. These concentrations were based on the titanium concentration results
of Popham and D’Auria.® The tank water sample was diluted minimally with nitric acid
to a final concentration of 3% nitric acid.
4.4. Results

The ICP-OES results from the samples as run are shown in Table 3.1. Values
reported as a negative number are considered to be a value of zero for further
calculations. Values reported as N/A in Table 3.1 are concentrations too high for the
instrument to measure. The values obtained from the ICP-OES were then used to
calculate the concentrations of the metals in the dry weight of the feather duster worm

and tube, as well as the initial concentration in the tank water, Table 3.2.
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Table 4.1 ICP-OES metal concentrations in mg/L of each sample as run before
accounting for dilution.

Sample Mg Al Ti Mn Fe Ni Cu Zn
Blank 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Std 1 0.117 0,591 0.089 0.600 0.106 3.002 0.601 0.120
Std 2 0.162 0.806 0.105 0.800 0.128 3.998 0.799 0.160
W 1:10 N/A  0.181 0.077 0.037 0.490 0.011 0.056 0.887
W 1:100 4.815 0.021 0.001 0.004 0.047 0.005 0.017 0.204
W 1:1000 0.667 0.000 -0.005 0.001 0.001 0.003 0.023 0.060
T1:10 2.897 0.082 0.036 0.047 0.037 0.006 0.019 0.218
T 1:100 0.633 0.008 0.004 0.006 0.036 0.002 0.036 0.069
T1:1000 0.197 -0.005 -0.006 0.001 -0.002 0.003 0.022 0.026
Tank Water N/A  0.002 -0.008 0.000 0.000 0.006 0.005 0.079
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Table 4.2 Sample metal concentrations corrected to original sample in mg/g dry
weight and mg/L for the tank water.
Sample Mg Al Ti Mn Fe Ni Cu Zn

W 1:10 N/A  0.058 0.025 0.012 0.158 0.004 0.018 0.286

W 1:100 15.533 0.068 0.003 0.013 0.152 0.015 0.055 0.657

W 1:1000 21.529 0.000 0.000 0.016 0.028 0.093 0.758 1.943

T1:10 0.979 0.028 0.012 0.016 0.012 0.002 0.006 0.074

T 1:100 2.137 0.026 0.012 0.022 0.123 0.008 0.120 0.233
T1:1000 6.666 0.000 0.000 0.019 0.000 0.088 0.759 0.881

Tank Water  N/A  0.003 0.000 0.000 0.000 0.006 0.005 0.082

Table 4.3 Most probable concentrations of metal ions in feather duster worm (W)
and feather duster worm tube (T) in mg/kg. Values from Popham and
D’Auria are shown for comparison. Values reported here as N/A were not
reported in the study by Popham.®

Sample Mg Al Ti Mn Fe Ni Cu Zn

W 15000 60.0 20.0 10.0 150.0 1.0 20.0 300.0
T 1000 30.0 100 20.0 100 1.0 100.0 200.0
Popham

N/A N/A 725 217 15540 1.08 26.0 193.0
(near sewer)

Popham

N/A- N/A 0000 99 2710 061 100 96.0
(control)
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4.5.  Discussion

Popham and D’Auria’s measurements were obtained via X-ray Emission
Spectroscopy (XES) of multiple freeze-dried and pulverized feather duster worms
without tubes from two different sites. One was close to (~20 m) a storm water drainage
sewer (near sewer) and the second an undefined further distance away (control) and their
obtained values are shown in Table 4.3. Popham and D’Auria do not report the
environmental metal ion concentrations, but generally titanium is present at around 0.001
ppm in sea water.*! The concentration of titanium reported by Popham and D’ Auria was
0.0725 mg/kg dry weight. Our study was limited to the single feather duster worm
specimen and a single feather duster worm tube obtained from Adventure Aquarium.

The specimen from this study, Sabellastarte sp., and the specimens studied by
Popham and D’Auria, Eudistylia vancouveri, are distantly related but do show some
similarities in metal sequestration (Table 4.3). Manganese, nickel, copper, and zinc
concentrations are on the same order of magnitude in the worm, near sewer, and far
sewer specimens. Assuming the concentrations of all metals are higher near the sewer
outlet than further away, this result can be interpreted as signifying that feather duster
worms are not sensitive to variances in the concentration of these three metals. The
concentrations of titanium in the worm, and the near sewer specimens are all on the same
order of magnitude but the far sewer specimen shows no titanium. The tank water from
our study had no detectable titanium but the worm still showed appreciable amounts,
meaning Sabellastarte sp. may be more sensitive to low titanium concentrations than

Eudistylia vancouveri. Iron concentrations are on the same order of magnitude in the
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worm and far sewer specimen but the near sewer specimen is higher. The sequestration of
iron in feather duster worms may be correlated to their environmental iron concentration.

When the feather duster worm was removed from the 1% formalin it was
gelatinous and the radioles were indeterminate from the body. The amount of titanium
detected in this study (0.025 ppm) in the feather duster worm agrees well with previously
published results (0.0725 ppm).> Assuming the feather duster worm is 80% water by
mass the concentration of titanium is 0.0027 mg/g.

The concentrations of metal ions in the tank water were all much lower than the
standards, with the exception of magnesium, which was higher. All of the metals were
found in higher amounts in the feather duster worm than the tank water, with the possible
exception of nickel, displaying the feather duster worms’ ability to sequester metals in
very low abundance from the water. The measured concentrations of metals in the feather
duster worm and feather duster worm tube were not covered by the standard curve but
can be trusted to at least the measured order of magnitude. The high water magnesium
concentration from intentional doping of the tank water makes it impossible to ascertain
if magnesium was concentrated in the worm or not. The metal concentrations within the
worm are similar to those present within the tube but we cannot determine if these are
related because of the uncertainty in the provenance of the tube.

Essential metals like iron and zinc were measured on the order 0.1 mg/g dry
weight, and copper and nickel on the order of 0.01 mg/g dry weight. Titanium and
aluminum were also measured on the order of 0.01 mg/g dry weight. There is evidence

that titanium is sequestered from the environment but not in high quantities. Titanium
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may or may not be necessary for this organism but if it is, it is only necessary in small
quantities.

The concentrations of these metal ions in feather duster worms agree well
between the study by Popham and D’Auria and this study, despite its limitations. This
study, reinforced by Popham and D’Auria, demonstrates that Sabellidae do concentrate
metal ions from their environment and may be useful as indicator organisms. The data
presented in this work establishes that Sabellidae can sequester titanium present in small
quantities from the environment but titanium is known to present in a range of
concentrations depending on the environment.*> The ability of these organisms to
sequester titanium from environments with environmentally relevant high concentrations
and titanium-depleted environments makes them a good model for study. The effects of
titanium on the on the Sabellidae should be further studied, focusing on their possible use
as a sentinel organism and the elucidation of the necessity of titanium and sequestration

mechanism. A range of genus and species should also be considered for these studies.
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CHAPTERS. FERRIREDUCTASE ACTIVITY OF NICATRANSFERRIN, A
MODEL, MONOLOBAL TRANSFERRIN

5.1. Introduction

Nearly every organism known on Earth requires iron to live, serving a multitude
of biological functions.!* While iron is abundant, it suffers from being mostly insoluble
in oxic aqueous environments.* It is also toxic to organisms if left unbound, as it
participates in the Haber-Weiss cycle.®> In order to increase the availability of iron and
prevent unwanted chemistry, organisms have evolved complex systems to sequester iron
with biological ligands.

Higher organisms, like humans, use the transferrin (Tf) family of proteins to
sequester and safely traffic iron. The broad use of the family of Tf proteins motivates
work into their structure and function.® 7 Human serum transferrin (hsTf) is comprised of
N-terminus and C-terminus clamp-shaped lobes tethered together by a short amino acid
chain, each lobe being able to bind one Fe(lll) ion. Each binding site consists of two
tyrosines, a histidine, an aspartate, and a synergistic anion, usually carbonate (Figure 5.1).
Once each lobe has bound an ion, the holoTf binds to the membrane bound transferrin
receptor. The receptor binds two holoTf complexes and the cell then envelops the holoTf-
transferrin receptor complex. Once inside the cell, this endosome becomes acidified and
the Fe(lll) ions are reduced by the ferrireductase Steap3, bound by an unknown small
molecule and exported from the endosome (Figure 5.2). The order and mechanism of the

reduction and release of iron are debated.®
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His249 carbonate

Asphi3

Figure 5.1 Iron binding site of human serum transferrin.

Created using PyMol with the coordinates from PDB 2HAU and labeled
with numbering from hsTf N-lobe.?

Figure 5.2 Schematic of the transferrin cycle.
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Ascidians, also called sea squirts, or tunicates for their protective outer layer, are a
class of invertebrate organisms that phylogenetically are the closest relative of
vertebrates.®!* Ciona intestinalis are hermaphroditic and release both eggs and sperm
into the water. The C. intestinalis larvae float freely with currents and develop a
notochord in their tadpole stage. During this tadpole stage the ascidian swims, and fixes
itself to a surface, reabsorbing its notochord for nutrients.'> While attached to the surface,
ascidians filter feed using two syphons, and are known to sometimes sequester large
amounts of metals like V, Fe, and Ti.'® Ciona intestinalis also has genes for both a
monolobal transferrin (nicaTf) and bilobal transferrin.** In this study we observe and
characterize the nicaTf dependent reduction of Fe(lll) to Fe(ll), a process previously
unobserved for transferrin proteins.

Recent studies have advocated that Ciona intestinalis may in fact be two different
species, the other being Ciona robusta.'® 6 The new work suggests that C. intestinalis
predominates mainly in the Northeast and Northwest Atlantic Ocean while C. robusta
occurs primarily in the Pacific Ocean along the coasts of Japan, New Zealand, and the
western coast of North America. The genetic sequence of C. intestinalis was obtained
primarily from a single organism collected off the coast of California.l” This sequence
was used for cloning of the protein used in this study.® It is likely that the organism used
for genomic sequencing is C. robusta, but we will refer to it as C. intestinalis in order to
agree with the name attached to the genomic sequence. The GenBank genomic sequence
for nicaTf matches the amino acid sequence of nicaTf as isolated from a specimen
obtained from Marine Biological Laboratory in Woods Hole, suggesting a conservation

of this protein between the two species.'*
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To further understand the transferrin cycle, we have studied nicatransferrin
(nicaTf), a monolobal transferrin from the model ascidian Ciona intestinalis.'* 1820 The
bilobal human serum transferrin has a molecular mass of 80 kDa and the monolobal
nicatransferrin has molecular mass of 37.7 kDa. NicaTf shares a 32% sequence homology
with the N-lobe of hsTf. The residues for disulfides, synergistic anion binding, and iron
binding are conserved (Figure 5.3). NicaTf binds one equivalent of iron but does not
show the characteristic LMCT at 465 nm shown by serum transferrin. NicaTf instead has
an as of yet unidentified absorbance at 330 nm that is independent of iron binding.'* The
conservation of residues combined with an evolutionarily ancient amino acid sequence
may aid in our understanding of how the transferrin cycle evolved and a better
understanding of the transferrin cycle as it functions today. Recent experiments showed
incomplete iron loading of nicaTf. This led to the suspicion that nicaTf is reducing iron.
This work examines the kinetics and implications of nicaTf dependent iron reduction. We
hypothesize that this iron reduction may due to the lack of a known Steap3 protein in C.

intestinalis.
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Figure 5.3 I-TASSER model of nicaTf.?! Residues in green identify conserved
cysteines that participate in disulfide bonds.

Residues in red identify conserved iron binding residues. Residues in
magenta identify conserved synergistic anion binding residues. Residues
in orange identify conserved lobe opening trigger residues.
5.2. Materials
Nicatransferrin was expressed and purified as previously described.'® NicaTf was
then further purified using size exclusion chromatography on a Superdex-75 10/30 GL
column. The nicaTf was used as isolated from fractions with no impurities. Tris and
HEPES were purchased from American Bioanalytical. FeCls was purchased from Fisher.
Nitrilotriacetic acid and ferrozine were purchased from Acros Organics. Sodium Chloride
was purchased from J.T. Baker. NADH was purchased from Amresco. All solutions were

made using water (18.2 mQcm) from a Barnsted Nanopure. Solution pH was obtained

using a Thermo Scientific Orion Ross Ultra semi-micro pH electrode. UV-vis data were
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collected using a Cary Bio 50 UV-vis using the Cary scanning kinetics program. The

reaction was maintained at temperature using a RTE111 water bath.

- a— - —_

—

Figure 5.4 SDS-PAGE of purified nicaTf. NicaTf from the fraction denoted by the
arrow was used but not nicaTf from lane to the left as it is impure.

5.3. Methods

Reduction of Fe(lll) to Fe(ll) by nicaTf was detected using UV-Vis spectroscopy
to monitor formation of the Fe(ll)-Ferrozine (Fe(Fz)s) complex by its characteristic peak
at 562 nm.?> 22 UV-Vis spectra were collected typically every 30 seconds for 1 hour
immediately followed by collection every 3 minutes for 2 hours between 700 and 350
nm. The spectra were collected at 15, 20, 25, 30, and 35 °C using a cell connected to a
recirculating water bath. Experiments lasting 24 hours were also conducted but showed
no change in Kinetic fits. The UV-Vis spectra were fit using SpecFit software.?*

Final concentrations of 4 uM nicaTf, 100 uM Fe(nitrilotriacetic acid)2,2> 1 mM
ferrozine were used for iron reduction experiments. Experiments were performed in both
50 mM HEPES, 0.15 M NaCl pH=7.4 and 50 mM Tris, 0.15 M NaCl pH=7.4. Iron
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reduction was also performed with the addition of 100 uM NADH in which case the
volume and concentrations were constant with the previous assays. After the reduction
assay, some samples were used in DTNB (5,5’-dithiobis(2nitrobenzoic acid)) assay
experiments in order to detect free thiol.?6 These experiments were repeated using a
molecular crowding agent, Ficoll PM70, with a final concentration of 0.75 mg/mL to
evaluate the possible effects of plasma proteins on the kinetics. The plasma protein
concentration of Ciona intestinalis was determined by Bradford assay to be between 0.5
and 1.0 mg/mL.%"
5.4. Results

On visual inspection of the UV-Vis spectra it is apparent that the experiments
performed in Tris buffer show a smaller change in the absorbance at the lambda max of
the Fe(Fz)s complex over time than the spectra for the experiments performed in HEPES
buffer. It is also apparent that control experiments without nicaTf in Tris buffer show no
change in absorbance over time, but the control experiments without nicaTf in HEPES
buffer do show a small change in absorbance. 24 hour experiments in both HEPES and

Tris buffer show no difference in rates as determined by SpecFit.
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Figure 5.5 Formation of Fe(Fz)s over time at 25 °C. HEPES buffer without nicaTf
(green), with nicaTf (blue), and with nicaTf and NADH (light blue).

Tris buffer without nicaTf (orange), with nicaTf (red), and with nicaTf and
NADH (maroon).

Kinetic experiments performed using a molecular crowding agent showed no

difference in rate of iron reduction.
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Figure 5.6
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Molecular crowding at 25 °C. Tris buffer with nicaTf (red) and with
nicaTf and Ficoll PM70 (orange).

Experiment run in 50 mM Tris, 0.15 M NaCl pH=7.4 with or without 0.75
mg/mL Ficoll PM70.
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Figure 5.7 Kinetic data versus fit. Cross section of data fit at 562 nm for experiment
run in 50 mM Tris, 0.15 M NaCl pH=7.4 at 25 °C.

Data (red) and Fit (green) have difference residuals no greater than 5x10
au.

Kinetic fitting software SpecFit identified two sequential first order reactions
(AI'IBIIC) as the best fit for the nicaTf dependent reduction of Fe(lll) using the data
present from 350 to 700 nm. This fit for data collected over three hours was identical to

that collected for twenty-four hours.
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Table 5.1

Kinetic rate constants for experiments performed in Tris buffer.

Temp (°C) ki average Std. dev. k. average Std. dev. A[Fe(IN)]
(/min) (/min)

35 9.7E-02 5.1E-02 4.6E-03 3.6E-03 1.2E-06

30 7.0E-02 1.7E-02 5.5E-03 3.7E-03 8.6E-07

25 6.8E-02 8.9E-03 6.0E-03 3.2E-03 5.7E-07

20 4.8E-02 8.5E-03 2.4E-03 3.2E-03 3.9E-07

15 4.6E-02 7.9E-03 8.1E-03 5.8E-03 2.5E-07

Table 5.2 Kinetic rate constants for experiments performed in Tris buffer with
NADH.

Temp (°C) ki average Std. dev. k» average Std. dev. A[Fe(11)]
(/min) (/min)

35 1.5E-01 2.6E-02 1.5E-03 4.4E-04 4.2E-06

30 8.5E-02 9.4E-03 2.2E-03 7.1E-04 2.9E-06

25 7.9E-02 1.0E-02 2.5E-03 8.0E-04 2.0E-06

20 6.5E-02 1.0E-02 3.2E-03 3.8E-04 1.4E-06

15 6.3E-02 6.0E-03 2.0E-03 9.2E-04 1.0E-06
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Table 5.3

Kinetic rate constants for experiments performed in HEPES buffer.

Temp (°C) ki average Std. dev. k2 average Std. dev. A[Fe(1D]
(/min) (/min)

35 7.1E-02 3.1E-02 4.6E-03 3.3E-03 2.6E-06

30 6.2E-02 3.6E-02 4.2E-03 2.2E-03 2.0E-06

25 6.3E-02 1.7E-02 4.4E-03 2.0E-03 1.6E-06

20 5.6E-02 1.7E-02 4.3E-03 2.1E-03 1.1E-06

15 5.4E-02 1.1E-02 4.5E-03 1.9E-03 7.5E-07

Table 5.4 Kinetic rate constants for experiments performed in HEPES buffer with

NADH.

Temp (°C) ki average Std. dev. k. average Std. dev. A[Fe(1D]
(/min) (/min)

35 1.7E-01 3.0E-02 3.2E-03 1.1E-03 6.8E-06

30 1.1E-01 3.4E-02 2.9E-03 1.2E-03 4.7E-06

25 5.3E-02 1.0E-02 2.9E-03 7.4E-04 3.5E-06

20 6.9E-02 2.2E-02 3.9E-03 1.1E-03 2.4E-06

15 3.8E-02 1.3E-02 2.6E-03 8.9E-04 1.6E-06
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Figure 5.8 Concentration profile of species from kinetic fitting.

Species “A” is red, species “B” is purple, and species “C” is green.
Experiment run in 50 mM Tris, 0.15 M NaCl pH=7.4 at 25 °C.
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Figure 5.9
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Eyring plot of kinetic fit values for ki.

Tris buffer without NADH (red) and with NADH (orange). HEPES buffer

without NADH (blue) and with NADH (purple).
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Figure 5.10  Eyring plot of kinetic fit values for ka.

Tris buffer without NADH (red) and with NADH (orange). HEPES buffer
without NADH (blue) and with NADH (purple).

Table 5.5 Enthalpy and entropy of activation.

Tris | TriswNADH | HEPES | HEPESw/NADH
AH? (kd/mole) 25 28 6.9 48
AS* (KJ/K mole) | -0.22 -0.21 -0.28 -0.14

DTNB assays of the protein samples before and after the reduction experiment
showed one free thiol per protein molecule. The remaining thiols are likely buried inside

the protein beyond detection.
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5.5.  Discussion

The enhanced reduction that occurs in experiments performed in HEPES buffer in
both the presence and absence of nicaTf can be explained due to HEPES redox activity. It
has been demonstrated that the piperazine ring present in some of Good’s buffers can
form radical cations.?830 HEPES was first shown to be oxidized by Cu(ll) in the presence
of Cu(l) stabilizing chelators.!

Molecular crowding experiments are important in determining whether or not the
rate of reaction is diffusion limited in vivo. 32 This is important to consider as most
biochemical assays are carried out under dilute concentrations that are not representative
of cellular or plasma protein concentrations. Molecular crowding experiments showed no
difference in the rates of iron reduction. This observation is unsurprising given the
relatively high concentration of iron compared to nicaTf. The molecular crowding agent
should inhibit the mobility of nicaTf but will limit the mobility of the iron much less and
with such high relative concentrations this should not limit the rate of reaction.

From the kinetic fitting the “A” complex can be thought of as the holo-nicaTf
complex. Complex “A” then proceeds through an unidentified “B” complex resulting in
the “C” complex. The “C” complex in the model displays an absorption spectra that
matches with previous studies.?®> The A[IB reaction is thought to be the iron reduction
step and has a half-life of about 10 minutes. This reaction half-life fits well with the
transferrin cycle which takes approximately 20 minutes from iron binding to transferrin
release from the cell.

The use of ferrozine as an Fe(Il) chelator will shift the equilibrium of this reaction

towards the products. Experiments, not shown here, in which ferrozine was not added
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until 1 hour after the reaction was initiated were also performed. In these experiments the
absorbance rapidly rose upon the addition of ferrozine. This rise in absorbance fell
slightly lower than the expected absorbance, had the ferrozine been in the reaction since
the beginning. This indicates that the ferrozine does shift the reaction but is dominated by
the nicaTf dependent reduction. The shift caused by ferrozine may also analogous to the
small molecule thought to shuttle the reduced iron from transferrin to the cell in humans.®

The identity of the “B” complex is uncertain. It has an observable absorption peak
with a lambda max equivalent to the Fe(Fz)s. This may indicate that there is a ternary
nicaTf-Fe-Fz species, similar to small molecule ternary iron species that have been
previously described.3* 34 The reduction of iron by the protein would cause a change in
coordination preference facilitating the release of iron as Fe(Fz). Complex “B” may be
one of or a combination of these two species which go on to form the Fe(Fz)s species.

Eyring plots of the kinetic data (Figure 5.4) show similar enthalpies of activation
of ki for trials conducted in Tris buffer and Tris buffer with NADH, 25 and 28 kJ/mole
respectively. There is a large difference in the enthalpies of activation of the HEPES
buffer with and without NADH, 48 and 6.9 kJ/mole respectively. HEPES may interact
with iron and act as a reductant with the concomitant formation of radical cations,
lowering the activation energy in the presence of Fe(ll) stabilizing chelators.

Experiments conducted in HEPES with NADH have highest activation energy but
also the highest rates of reaction. It seems improbable that the addition of NADH would
increase the activation energy this much. HEPES with NADH has the slowest k1 value at

15 °C but has the highest formation of Fe(Fz)s at 15 °C. These experiments also have the

largest standard deviations of all the data. The large activation energy may be due to the
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reaction occurring too fast for our instrument set-up to observe accurately, and the
software may be observing the end of a process too quick for our experimental
parameters.

The kinetics of the nicaTf dependent reduction of Fe(lll) place it within the time
regime expected for the transferrin cycle, with a half-life of 10 minutes, but the
mechanism of this process is still uncertain and an unidentified intermediate persists. The
10-minute half-life is for that of human serum transferrin. However, Ciona intestinalis
has no apparent transferrin receptor. With no receptor it is possible that the reduction of
Fe(lll) to Fe(ll) allows for the passage of iron through a membrane porin, such as a
Ca(Il) channel. This would likely require some sort of cellular recognition.

How nicaTf facilitates this reduction in unclear. DTNB assay results suggest that
thiols are not oxidized but it is possible that thiols beyond the detection of the assay do
participate. The role of the chromophore that absorbs at ~330 nm is uncertain as the
ferrozine reagent has a high absorbance below 350 nm. After reacting for 24 hours in 50
mM Tris, 0.15 M NaCl pH=7.4 at 25 °C, nicaTf has been observed to reduce 2.5
equivalents of iron with the absorbance still increasing.

These experiments show that the reduction of iron may in fact take place while
the iron is bound to transferrin. Mechanistically, a change in oxidation state would alter
the ligand preference of the iron, decreasing the stability with transferrin, in preference
for softer, more thermodynamically stable ligands. Considering that nicatransferrin and
human serum transferrin likely evolved along the same pathway, it seems logical that

human serum transferrin would also reduce iron before release.
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Ciona intestinalis does not have a known transferrin receptor. How this affects the
transport of iron is uncertain. Ciona intestinalis also lacks the protein Steap3 or a
homolog thereof. The Steap3 protein is known to be the reductant donor in humans and
compensating for this loss may be the reason for nicatransferrin autoreduction. Ciona
intestinalis does have a divalent metal transporter 1 (DMT1) which in humans is
responsible for the transport of iron(ll) into the cell. It remains possible that there is some

cell wall protein that recognizes nicatransferrin which then releases iron(1l) to DMT1.
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CHAPTER 6. INVESTIGATION OF PURPLE GRANULES FROM
FEUDISTOMA PURPUROPUNCTATUM

6.1.  Introduction

Ascidians are a group of filter-feeding marine invertebrates that are known to
accumulate large quantities of metal ions, most famously vanadium.** Several of these
organisms sequester titanium including Eudistoma ritteri, which is the most avid
sequesterer acquiring up to 1500 ppm (dry weight) titanium in the whole organism.>’
This value represents a ~30 million fold increase over the water it is filtering. While these
metal concentrations are not necessarily indicative of their use, the driving force for the
organism to sequester such high concentrations is unclear.

Eudistoma purpuropunctatum is a species of ascidian from the same genus as E.
ritteri that has a characteristic purple color and lives beneath the oxic zone.? E.
purpuropunctatum was named from the Latin purpuro meaning purple and punctatus
meaning spotted as with punctures. In the species’ original characterization, it was found
that its characteristic purple color was due to small, approximately 10 pm, granule
clusters in cells embedded in the tunic and zooid (Figure 6.1). The zooids measure
approximately 11 mm in length when relaxed but usually 3-5 mm in preserved samples.
The colonies are 1 — 3 cm thick and may be 10 cm or more in length and width with
rounded, irregular edges. The colonies range in color from light to dark lavender but
occasionally colonies or regions of a colony are without color and appear grayish white.
The pigment is primarily located on the surface of the tunic. Eudistoma
purpuropunctatum lives in areas with fast currents and is not feasible to collect, but
preserved specimens are available at certain museums.
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Under normal aqueous oxic conditions titanium exists in the Ti(IV) oxidation
state, but it is possible that below the oxic zone titanium exists as Ti(lll) which exhibits a
characteristic purple/blue color due to the d-d electronic transitions of the d* ion. We
hypothesize that due to the phylogenetic relationship of E. purpuropunctatum and E.
ritteri, E. purpuropunctatum may also sequester high amounts of titanium and the purple

granules may get their coloration from a Ti(lll) containing mineral.

Figure 6.1 Membrane-bound clusters of pigment granules in the tunic of E.
purpuropunctatum.

p = pigment granules, n = nucleus, scale bar = 10 um. Adapted from
Ref 7.
6.2.  Materials
A portion of a paratype organism was obtained from the Smithsonian Institution
National Museum of Natural History, Catalog No. 18663. The paratype material was
collected by SCUBA from Turn Rock off the coast of Turn Island, Washington at 20 m
deep by Ronald L. Shimek on July 20, 1986 and was deposited at the Smithsonian by

1989, preserved in ethanol.
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Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) standards
were prepared using Ti standard for ICP (1000 ppm from Fluka) Iron AA Standard (1000
ppm from Ricca Chemical Company) and iCAP 6000 Multi-Element Test Solution
(Ippm Al, 1ppm Cu, 1ppm Mn, 0.2 ppm Ca, 0.2 ppm Mg, and 0.2 ppm Zn) from Thermo
Scientific. All dilutions were performed using Barnstead NANOpure Diamond (18.2
MQ-cm) water. Trace metal grade nitric acid was purchased from Fisher Scientific. ICP-
OES data was obtained on an iCAP 7400 ICP-OES from Thermo Scientific, which has a
limit of detection of 0.005 mg/L (0.005 ppm) for most elements.

Light microscopy was performed in the lab of Dr. Nicholas Davatzes in the Earth
and Environmental Science Department. Scanning electron microscopy (SEM) and
Energy-dispersive X-ray spectroscopy (EDX) were performed in the CoE-NIC facility at
Temple University. The CoE-NIC is supported by a DoD DURIP Award N0014-12-1-
0777 from the office of Naval Research and is sponsored by the College of Engineering
at Temple University. SEM and EDX were performed using a FEI quanta FEG450
scanning electron microscope. Using EDX coupled to SEM, an electron beam was
focused to a spot allowing for surface analysis using beam energy of a range of 10 keV
equipped with K-alpha X-Ray source.

Laser Electrospray Mass Spectrometry (LEMS) was performed by Rachel Parise
in the lab of Dr. Robert Levis.® HPLC grade solvents were used for electrospray
ionization (ESI). Vaporization of the sample was performed using a Ti:sapphire laser
with a wavelength centered at 810 nm, operating at 10Hz, a 70 fs pulse, a pulse power of

1.5 mJ and a spot size of about 100 um.
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6.3. Methods

Prior to specimen preparation for ICP-OES analysis, samples were removed from
the specimen for analysis by SEM, LEMS, and other techniques. The remaining portion
of the original specimen was lyophilized in the Schafmeister lab with help from Yanfeng
Fan. The lyophilized ascidian sample (0.004 g) was digested in 4 mL of 50% trace metal
grade nitric acid by refluxing overnight. Dilutions of the sample were prepared for
analysis by ICP-OES: 3 mL of the digested sample was diluted to 5 mL (3:2 sample) and
1 mL of that dilution was diluted to 5 mL (1:4 sample). Five standards were prepared for
ICP-OES; 0.005 ppm Al, 0.005 ppm Cu, 0.005 ppm Mn, 0.005 ppm Ti, 0.01 ppm Fe, and
0.05 ppm Zn (Std 1), 0.129 ppm Al, 0.129 ppm Cu, 0.129 ppm Mn, 0.129 ppm Ti, 0.133
ppm Fe, and 0.163 ppm Zn (Std 2), 0.253 ppm Al, 0.253 ppm Cu, 0.253 ppm Mn, 0.253
ppm Ti, 0.255 ppm Fe, and 0.276 ppm Zn (Std 3), 0.376 ppm Al, 0.376 ppm Cu, 0.376
ppm Mn, 0.376 ppm Ti, 0.378 ppm Fe, and 0.388 ppm Zn (Std 4), and 0.500 ppm Al,
0.500 ppm Cu, 0.500 ppm Mn, 0.500 ppm Ti, 0.500 ppm Fe, and 0.500 ppm Zn (Std 5).
All glassware was demetalated by soaking in an acid bath and thoroughly rinsed with
water.

Two small sample pieces (Sample 1 and Sample 2) were cut from the original
specimen using a surgical scalpel. The samples were analyzed using reflective light
microscopy, SEM, and EDX. Light microscopy images were taken of the sample pieces
of the organism that were dried on SEM carbon grids. The light microscope images were
used to identify and characterize areas with high and low concentrations of the dark

purple/brown granules. Small regions within the areas classified by light microscopy
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were then analyzed by SEM and EDX to identify elemental components of the selected
regions.

From the original specimen, samples were cut to 150 um thick using a microtome
for analysis by LEMS. The microtomed samples were mounted on glass slides and stored
at -80 °C and brought to room temperature for analysis. LEMS uses a nonresonant
femtosecond laser to vaporize the sample combined with an ESI source to capture, ionize
and transport the vaporized material into the vacuum chamber for analysis by time of
flight mass spectrometry. This allows for molecular mapping of solid tissue samples with
a resolution equivalent to that of the spot size of the focused laser. The mass spectrometer
was operated in positive ion mode. The ESI needle was held at ground and the inlet
capillary was held at -4.5 kV. The ESI needle was 3 mm above the sample stage, 5 mm in
front of the capillary and the laser spot was 1mm in front of the electrospray source. ESI
was performed using 1:1 methanol:water with 0.1% acetic acid with a flow rate of 0.3
pL/min using a syringe pump. The ESI plume was dried with an opposing nitrogen gas
flow at 180 °C. The sample stage was biased to -2.0 kV. The specimen was mounted on a
stainless steel slide using double stick tape and was vaporized orthogonal to the
electrospray plume, where sample is captured in the electrospray droplets and ionized.
6.4. Results

Visual inspection of sample as received showed that the dispersed purple color
was not present but rather large spots of purple/brown color (Figure 6.2). Light
microscope analysis showed ~10 um granules of purple/brown color are thinly
distributed throughout the specimen along with large clusters of the 10 um granules

(Figure 6.3).
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The results of ICP-OES analysis revealed concentrations of aluminum, titanium,
and iron of 12000, 2000, and 11000 ppm dry weight, respectively. The concentrations of
manganese, copper, and zinc were 130, 130, and 1800 ppm dry weight, respectively.

EDX of the selected smaller regions showed no detectable titanium elemental
composition in either the high or low granule concentration spots. The selected regions
were mainly comprised of carbon, nitrogen, sulfur, and oxygen, with minor contributions
from sodium, calcium, silicon, and iron (Figure 6.16).

LEMS results do not show any protein m/z patterns, or titanium isotope signature.

The only easily identifiable pattern is a polymer packet around 970 m/z (Figure 6.17).

Figure 6.2 Image of Eudistoma purpuropunctatum specimen received from
Smithsonian Institution National Museum of Natural History.
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Figure 6.3 Clustering of purple/brown granules (red) and disperse purple/brown
granules in tunic (blue).

Table 6.1 E. purpuropunctatum ICP-OES results as measured.

Standards and sample dilution results (sample 3:2 and 1:4) reported in

ppm (mg/L).
Sample | Al Ti Mn Fe Cu Zn

Std1 |-0.015 | 0.006 | 0.005 | 0.008 | 0.003 | 0.050

Std2 | 0.118 | 0.131 | 0.132 | 0.131 | 0.132 | 0.159

Std3 | 0.248 | 0.253 | 0.254 | 0.251 | 0.256 | 0.274

Std4 | 0.377 | 0.382 | 0.377 | 0.385 | 0.377 | 0.389

Std5 | 0.505 | 0.495 | 0.498 | 0.498 | 0.498 | 0.502

3:2 5.590 | 1.122 | 0.067 | 5.655 | 0.062 | 0.623

1:4 1.644 | 0.226 | 0.015 | 1.214 | 0.015 | 0.208
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Table 6.2

Figure 6.4

E. purpuropunctatum ICP-OES dilution results (sample 3:2 and 1:4)

reported in ppm (mg/kg dry weight).

Sample | Al Ti | Mn Fe Cu | Zn
3:2 9800 | 2000 | 110 | 10000 | 110 | 1100
1:4 14000 | 2000 | 130 | 11000 | 130 | 1800

SEM image E. purpuropunctatum Sample 1 showing relation of Areas 1-3
analyzed by EDX.
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Figure 6.5 Light microscope image of Sample 1 at 40x magnification showing
approximate locations of Area 1 highlighted in red and spots analyzed by
EDX in green.

r 250 )

Figure 6.6 SEM image of Sample 1, Area 1 showing spots analyzed by EDX.
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Figure 6.7 Light microscope image of Sample 1 at 40x magnification showing
approximate locations of Area 2 highlighted in red and spots analyzed by
EDX in green.

! 250pm

Figure 6.8 SEM image of Sample 1, Area 2 showing spots analyzed by EDX.
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Figure 6.9 Light microscope image of Sample 1 at 40x magnification showing
approximate locations of Area 3 highlighted in red and spots analyzed by
EDX in green.
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Figure 6.10  SEM image of Sample 1, Area 3 showing spots analyzed by EDX.
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Figure 6.11  SEM image E. purpuropunctatum Sample 2 showing relation of Areas 1
and 2 analyzed by EDX.

Figure 6.12  Light microscope image of Sample 2 at 40x magnification showing
approximate locations of Area 1 highlighted in red and spots analyzed by
EDX in green.
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Figure 6.13  SEM image of Sample 2, Area 1 showing spots analyzed by EDX.

Figure 6.14  Light microscope image of Sample 2 at 40x magnification showing
approximate locations of Area 2 highlighted in red and spots analyzed by
EDX in green.
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Figure 6.15 SEM image of Sample 2, Area 2 showing spots analyzed by EDX.
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Figure 6.16  Table of atomic percent of each element detected at all spots analyzed by
EDX.
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Figure 6.17  LEMS mass spectrum of E. purpuropunctatum.

6.5.  Discussion

The specimen, as received, may have altered during its approximately 30 year-
long storage as it no longer had its characteristic dispersed purple color due to 10 um
granule clusters (Figure 6.2). The specimen appeared to have clusters of large,
approximately 1 mm in greatest diameter, particles of a purple/brown color. Examination
by light microscopy showed that the visible purple/brown clusters could be aggregates of
the initially described dispersed purple granules on the ascidian body. Small granules of
purple/brown color that match the initially described 10 um size can also be observed
dispersed throughout the tissue (Figure 6.3). It is unclear to what extent long-term storage
affected this specimen. The aggregation of the purple granules could be an effect of this

storage or may be part of the specimens’ original physiology. In the original description
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of E. purpuropunctatum, it was stated that not all areas of the specimen might have
dispersed purple color. Some areas of the specimen tunic were grayish white in color but
in highly colored colonies the purple color was clustered on the body of the organisms.
The grayish/white color of the tunic in our sample would suggest that our sample came
from an area lacking in pigment, but what may possibly be the clustering of pigment on
the zooid bodies would indicate that our sample was once highly colored. It is possible
that our sample was of moderate coloration and the granules clustered due to the
conditions of its long-term storage. Alternatively, the granules may have migrated out of
the tunic but remained associated with the zooid body in the preserved sample, but the
ethanol the specimen was preserved in showed no signs of granules.

ICP-OES analysis showed aluminum, iron, titanium, zinc, manganese and copper
in decreasing abundance. The unexpectedly high aluminum and iron concentrations,
12000 ppm and 11000 ppm respectively, are unreliable as the measured sample
concentrations were above the standard curve, but ascidians have been known to
concentrate iron.* 19 It is possible that the purple color comes from an aluminum mineral.
Aluminum minerals by themselves are colorless, but gem stones like sapphires are
aluminum oxides with titanium and iron dopants. The titanium concentration is also
unexpectedly high, 2000 ppm, present on the same order of magnitude as zinc. Assuming
the organism is 90% water the concentrations in the whole organism would be 1200 ppm
aluminum, 200 ppm titanium, and 1100 ppm iron. The reason for the high concentration
of these metals is indeterminate. There may be error due to the small, 0.004 mg sample
size or possible contamination. Without water from the area and time in which the sample

was collected, it is impossible to know the extent of the concentration.
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The EDX results indicate that the purple granules do not get their coloration from
a titanium, or aluminum containing granule. It does not appear that the granules contain
much of any inorganic element. Regions with both high and low granule concentrations
show similar elemental compositions with no noticeable and consistent change in element
abundance. This result is interpreted to mean that the purple granules are of organic
composition.

LEMS results also show no difference between areas of high and low granule
concentration. Any m/z detected does not display a titanium isotope pattern. The peaks
detected at around 970 m/z appear to be a polymer and are likely from the double stick
tape used to hold the sample in place.

The chemical composition of the purple granules remains unknown. All of the
sample was used for ICP-OES analysis but showed unusually high concentrations of
aluminum and titanium. EDX results seem to indicate that the granules are organic in
nature and LEMS results provided little insight. EDX shows 6 spots with aluminum
content out of a total of 36 spots analyzed. A total of 20 spots analyzed by EDX were
focused on clusters of the purple granules. It is possible that EDX is not a sensitive
enough technique to detect the relatively low metal content within the organic framework
of the organism. However, if the metal were evenly distributed it should be detectable.
This means that the metals are likely localized in areas we did not look. The ICP-OES
results also show that E. purpuropunctatum sequesters as much if not more titanium than
E. ritteri.

This work shows that Eudistoma purpuropunctatum sequesters high amounts of

titanium, even more than Eudistoma ritteri. E. purpuropunctatum also sequesters an
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unexpectedly high amount of iron and aluminum. With the possible caveat of the small
available sample size the source of the concentrations of these ions is a mystery.
SEM/EDX and LEMS analysis did not identify the environment of titanium, iron, or
aluminum. Both of these species should be considered for further studies on titanium
sequestration but E. purpuropunctatum is hard to retrieve from the environment and may
not be amenable to culture.

If more of the Eudistoma purpuropunctatum sample could be obtained, the best
path forward would be to carefully excise the granules with as little surrounding tissue as
possible, and analysis by LC-MS, and NMR. Analysis of a whole organism by
synchrotron radiation would allow for elemental mapping of the specimen. A new
specimen would be considered best circumstance for future analysis. These results are
promising that E. purpuropunctatum may sequester high amount of titanium, among

other elements, but more work is necessary for them to be confirmed.
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APPENDIX A ATOMIC PERCENTAGES OF SPOTS ANALYZED BY EDX
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Figure 6.18  Sample 1, Area 1 SEM showing spots analyzed by EDX.
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Figure 6.19  Sample 1, Area 1, Spot 17 EDX atomic percentage.

Figure 6.20 Sample 1, Area 1, Spot 18 EDX atomic percentage.

Figure 6.21  Sample 1, Area 1, Spot 19 EDX atomic percentage.
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Figure 6.22  Sample 1, Area 1, Spot 20 EDX atomic percentage.

Figure 6.23  Sample 1, Area 1, Spot 21 EDX atomic percentage.
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Figure 6.24  Sample 1, Area 1, Spot 22 EDX atomic percentage.

Figure 6.25 Sample 1, Area 1 SEM showing spots analyzed by EDX.

114



Figure 6.26  Sample 1, Area 2, Spot 24 EDX atomic percentage.

Figure 6.27  Sample 1, Area 2, Spot 25 EDX atomic percentage.
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Figure 6.28  Sample 1, Area 2, Spot 26 EDX atomic percentage.

Figure 6.29  Sample 1, Area 2, Spot 27 EDX atomic percentage.
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Figure 6.30  Sample 1, Area 2, Spot 28 EDX atomic percentage.

Figure 6.31  Sample 1, Area 2, Spot 29 EDX atomic percentage.
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Figure 6.32  Sample 1, Area 2, Spot 30 EDX atomic percentage.

r 250pm ]

Figure 6.33  Sample 1, Area 3 SEM showing spots analyzed by EDX.
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Figure 6.34  Sample 1, Area 3, Spot 32 EDX atomic percentage.

Figure 6.35 Sample 1, Area 3, Spot 33 EDX atomic percentage.
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Figure 6.36  Sample 1, Area 3, Spot 34 EDX atomic percentage.

Figure 6.37  Sample 1, Area 3, Spot 35 EDX atomic percentage.
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Figure 6.38  Sample 1, Area 3, Spot 36 EDX atomic percentage.

Figure 6.39  Sample 1, Area 3, Spot 37 EDX atomic percentage.

121



Figure 6.40 Sample 1, Area 3, Spot 38 EDX atomic percentage.

250um '

Figure 6.41  Sample 2, Area 1 SEM showing spots analyzed by EDX.
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Figure 6.42  Sample 2, Area 1, Spot 7 EDX atomic percentage.

Figure 6.43  Sample 2, Area 1, Spot 8 EDX atomic percentage.
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Figure 6.44  Sample 2, Area 1, Spot 9 EDX atomic percentage.

Figure 6.45  Sample 2, Area 1, Spot 10 EDX atomic percentage.
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Figure 6.46  Sample 2, Area 1, Spot 11 EDX atomic percentage.

Figure 6.47  Sample 2, Area 1, Spot 12 EDX atomic percentage.
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Figure 6.48  Sample 2, Area 1, Spot 13 EDX atomic percentage.

Figure 6.49  Sample 2, Area 1, Spot 14 EDX atomic percentage.
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Figure 6.50  Sample 2, Area 1, Spot 15 EDX atomic percentage.

Figure 6.51  Sample 2, Area 1, Spot 16 EDX atomic percentage.
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Figure 6.52  Sample 2, Area 2 SEM showing spots analyzed by EDX.

Figure 6.53  Sample 2, Area 2, Spot 1 EDX atomic percentage.
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Figure 6.54  Sample 2, Area 2, Spot 2 EDX atomic percentage.

Figure 6.55  Sample 2, Area 2, Spot 3 EDX atomic percentage.
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Figure 6.56  Sample 2, Area 2, Spot 4 EDX atomic percentage.

Figure 6.57  Sample 2, Area 2, Spot 5 EDX atomic percentage.
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Figure 6.58  Sample 2, Area 2, Spot 6 EDX atomic percentage.
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CHAPTER 7. LOCALIZATION OF OLIGOMERIZATION LINKAGE OF
FERRITIN

7.1.  Introduction

At neutral pH the chemistry of iron can become a problem in aerobic organisms,
as ferric ions (Fe?*) oxidize quickly in the presence of dioxygen. This Fenton reaction
produces biologically damaging reactive oxygen species, ferric ions (Fe3*), and toxic
ferrinydrite (rust). Organisms must resolve the complex problem of iron availability and
iron toxicity simultaneously. To solve this, many aerobic organisms have evolved the
ferritin family of proteins.t 2

Ferritin proteins are found throughout the animal, plant, and bacterial kingdoms.
Most members of the ferritin family assemble into a 24-mer of monomers forming a
roughly spherical cage into which the iron is deposited. The 24-mer cage has an outer
diameter of ~12 nm, an inner diameter of ~8 nm, and can hold up to 4300 iron atoms. The
24-mer has two-, three-, and fourfold axes with eight pores that act as ion channels
(Figure 7.1).% % When fully loaded, soluble iron concentrations as high as 0.25 M can be
achieved in vitro, compared to the solubility of Fe3* at neutral pH (1017 M).

The human ferritin monomer comes in two forms, the L-chain, and the H-chain.
These designations are historical and refer the identification of H in heart and L in liver
tissues. The L-chain is only found in animals. The L-chain and H-chain monomers self-
assemble in different H:L ratios depending on the cell type. 24-mers dissociate into
dimers at acidic pH.

Multiple studies have observed oligomers of ferritin 24-mers.5>° Oligomers of
holoferritin and apoferritin have been found in various species with a concentration in

132



various tissues between 10 and 15 percent.® '* Alzheimers patients have demonstrated
altered iron homeostasis in their brain tissue, including formations of ferritin 24-mer
dimers.t2 13

Yang et al. proposed different types of dimers including one that involves the
covalent linkage of two monomers.® Disulfide bonds, electrostatic interactions, and
interdigitation between ferritin 24-mers were also proposed in most of what they
considered the strong ferritin dimer interactions. They recognized that horse L-chain
ferritin has only two cysteine residues that are located on the inner surface of the ferritin
cage but still observe a strong, likely covalent, ferritin dimer. The cysteine residues
facing the inner surface means the covalent linkage cannot be attributed to disulfide
bonds. Likewise, human L-chain ferritin has only one cysteine residue near the three-fold
axis that faces the inside surface of the cage (Figure 7.2).

Rachel Meserole from our lab previously found dimers of human L-chain ferritin
during purification from over expression in E. coli. The purification by size exclusion
chromatography gave a bifurcated peak. Size exclusion chromatography is counter-
intuitive as the larger molecules move faster through the column (Figure 7.3). This is due
to the pore size on the separation material which allows the smaller molecules to spend
more time traversing the pores while larger molecules spend less time trapped in the
pores. Analysis of fractions from the size exclusion column on SDS-PAGE showed two
bands. A low molecular weight band at ~21 kDa corresponding to L-chain ferritin
monomer and a second band at ~42 kDa which is consistent with a dimer of L-chain

ferritin monomers. ldentification by SDS-PAGE ensures that the dimer we are seeing is
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not due to disulfide bonds, electrostatic interactions, or interdigitation. This work

attempts to identify the covalent dimer linkage.

Figure 7.1 Crystal structure of ferritin 24-mer viewed down the 4-fold axis.

Each ferritin monomer has a different color. Prepared using PyMol and the
coordinates for PDB 2FG4.3
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Figure 7.2 Crystal structure of ferritin 24-mer viewed down the 3-fold axis.

Each cysteine residue has been colored magenta. Prepared using PyMol
and the coordinates for PDB 2FG4.3

Figure 7.3 Size exclusion chromatography schematic. Ferritin 24-mers at the top of
the column spend more time traversing the bead pores, while ferritin 24-
mer dimers at the bottom of the column do not get trapped as easily in the
pores.
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7.2.  Materials

All solutions were made using Barnstead NANOpure Diamond (18.2 MQ-cm)
water. HEPES was purchased from American Bioanalytical. Size exclusion
chromatography (SEC) was performed using a HiPrep Sephacryl S-300 16/60 column.
Protein digests were performed using Trypsin Gold, Mass Spectrometry Grade, and
Chymotrypsin, Sequencing Grade from Promega. High performance liquid
chromatography was performed using HPLC grade water and acetonitrile, and mass
spectrometry grade formic acid on an Agilent 1260 Infinity HPLC. Mass spectrometry
was performed using an Agilent 6520 Q-TOF with an electrospray ionization source.

7.3.  Methods

Human L-chain ferritin had been previously cloned into and purified from E. coli
by Rachel Meserole.** During purification by SEC, in MOPS buffer, a heavy peak and
light peak both consistent with ferritin monomer and ferritin dimer as determined by
SDS-PAGE were isolated but not completely resolved (Figure 7.4). The heavy and light
fractions were drop frozen in liquid nitrogen and stored at -80 °C on May 11, 2010.

The pooled peaks were run on sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) to separate the monomer and dimer ferritin (Figure 7.5).
The secondary structures of samples for SDS-PAGE are denatured by the addition of
SDS and heat, and disulfide linkages are reduced by the addition of 2-mercaptoethanol.
SDS is negatively charged and binds to a polypeptide chain or protein in amounts relative
to its molecular mass. This gives all proteins the same mass-to-charge ratio. The mass-to-
charge ratio being nearly the same for all proteins means that the separation is due to

differences in molecular mass. The monomer and presumed dimer bands were cut out of
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the gel removing as much of the gel as possible. The excised bands were then used to
prepare the ferritin samples for identification by LC-MS/MS by trypsin digestion
following the manufacturers protocol.’®> The mass spectral data were identified using
MASCOT by Matrix Science.

Size exclusion chromatography of the pooled light fractions and the pooled heavy
fractions was performed using the a HiPrep Sephacryl S-300 16/60 column with 50 mM
HEPES 0.15 M NaCl pH=7.4. The light and heavy fractions of the original light fraction,
LL and HL respectively, were each separately pooled. The light and heavy fractions of
the original heavy fraction, LH and HH respectively, were each separately pooled. The
LL, HL, LH, and HH samples were precipitated with a 100% (w/v) trichloroacetic acid
(TCA ) solution to a final concentration of 20% TCA in the sample and centrifuged. Each
sample had 0.2 mL of acetone added and was centrifuged. Each sample was resuspended
in 70 uL of SDS gel loading buffer and run on SDS-PAGE (Figure 7.8). Bands from the
gel were cut out of the gel removing as much of the gel as possible. The excised bands
were then used to prepare the ferritin samples for identification by LC-MS/MS by trypsin
and chymotrypsin digestion following manufacturer protocol.'> ¢ The mass spectra data
were identified using MASCOT by Matrix Science.

7.4. Results

The original SEC performed by Rachel Meserole showed a bifurcated UV peak.
Fractions were collected and separated, and labeled the heavy peak and the light peak
(Figure 7.4). Pooled heavy and light peak fractions collected from SEC analyzed by
SDS-PAGE showed bands consistent with ferritin monomer. The heavy peak has an

additional darker band consistent with the mass of a ferritin dimer (Figure 7.5). Both light
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and heavy peaks contained bands other than ferritin monomer and dimer. UV-Vis

spectroscopy shows consistent absorbance spectra between the heavy and light peaks.

mAu

20
i

0 100 200 300 400 500 600 700 800
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Figure 7.4 SEC FPLC UV-trace of L-chain ferritin run by Rachel Meserole.

The first peak to come off the column is the ferritin dimer, and the second
the ferritin monomer.
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Figure 7.5 SDS-PAGE gel of pooled peaks isolated by Rachel Meserole.

Lane 1 is molecular weight markers. Lanes 2, 5, and 9 are the pooled light
peaks. Lanes 3, 4, 6, 7, 8, and 10 are the pooled heavy peaks.

SEC separation of the light and heavy peaks give almost baseline resolved heavy
and light peak fractions of their own (Figure 7.6 and Figure 7.7). SDS-PAGE of these
peaks show dimer ferritin in the heavy peak of the original pooled heavy peak. Ferritin
monomer is abundant in the heavy (HH) and light (LH) peaks of the original heavy peak
and in the light peak of the original light peak (LL). The monomer in the LL and LH
peaks are from the dissociation of the pure monomer while the monomer in the HH is
from the dissociation of the dimers with 46 monomers for every dimer. The heavy peak
of the original light peak (HL) shows minimal monomer which is likely due to a smaller

amount of protein run on the gel. (Figure 7.8).
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Figure 7.6 FPLC UV-trace of SEC of original pooled light peaks.
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Figure 7.7 FPLC UV-trace of SEC of original pooled heavy peaks.
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Figure 7.8

SDS-PAGE gel of SEC purified light and heavy pooled fractions.

Lane 1 is molecular weight markers. Lanes 2, and 4 are the heavy pooled
fractions from the original light pooled fractions (HL). Lanes 3, and 5 are
the light pooled fractions from the original light pooled fractions (LL).
Lanes 6, and 8 are the heavy pooled fractions from the original heavy
pooled fractions (HH). Lanes 7, and 9 are the light pooled fractions from
the original heavy pooled fractions (LH).
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Peptide identification by LC-MS/MS using MASCOT has identified similar
peptides in both the monomer and dimer bands isolated by SDS-PAGE. Both bands
excised from SDS-PAGE are identified as ferritin by MASCOT. Frequently the dimer
band is contaminated with E. coli porin protein. SEC of the original peaks eliminated the
E. coli porin protein. The percent coverage of ferritin protein was increased for the dimer

with SEC, while the monomer percent coverage remained consistent.

Figure 7.9 Crystal structure of ferritin 24-mer viewed down the 4-fold axis.

Red sequences were identified by MASCOT from LC/MS results of
excised dimer band after SEC. Green sequences were not found. Prepared
using PyMol and the coordinates for PDB 2FG4.3
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Figure 7.10  Crystal structure of ferritin 24-mer viewed down the 3-fold axis.

Red sequences were identified by MASCOT from LC/MS results of
excised dimer band after SEC. Green sequences were not found. Prepared
using PyMol and the coordinates for PDB 2FG4.3

MSSQIRQNYS
FFRELAEEKR
MALEKKLNQA
NLHRLGGPEA

TDVEAAVNSL
EGYERLLEMOQ
LLDLHALGSA
GLGEYLFERL

VNLYLQASYT YLSLGFYFDR  DDVALEGVSH
NQRGGRALF(Q  DIKKPAEDEW  GKTPDAMEAA
RTDPHLCDFL ETHFLDEEVK  LIKKMGDHLT
TLKHD

Figure 7.11  FASTA sequence of amino acids identified in monomer sample.

Amino acids highlighted in red were identified by LC-MS/MS and

MASCOT.
MSSQIRQNYS TDVEAAVNSL
FFRELAEEKFE. EGYERLLEMOQ
MALEKKLNQA LLDLHALGSA
NLHRLGGPEA GLGEYLFERL

VNLYLQASYT YLSLGFYFDR ~ DDVALEGVSH
NQRGGRALF(Q  DIKKPAEDEW  GKTPDAMEAA
ETDPHLCDFL ETHFLDEEVK ~ LIKKMGDHLT
TLKHD

Figure 7.12  FASTA sequence of amino acids identified in dimer sample.

Amino acids highlighted in red were identified by LC-MS/MS and
MASCOT.
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Figure 7.13  Crystal structure of ferritin 24-mer viewed down the 3-fold axis.

Red sequences were identified by MASCOT from LC/MS results of
excised dimer band after SEC, blue sequences were identified by
MASCOT from LC/MS results of excised monomer band not found in
dimer band, and purple sequences were identified by MASCOT from
LC/MS results of excised dimer band not found in monomer band. Green
sequences were not found. Prepared using PyMol and the coordinates for
PDB 2FG4.3
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Figure 7.14  Crystal structure of ferritin 24-mer viewed down the 2-fold axis.
Red sequences were identified by MASCOT from LC/MS results of
excised dimer band after SEC, and blue sequences were identified by
MASCOT from LC/MS results of excised monomer band not found in
dimer band. Green sequences were not found, and cyan sequences were
not identified in either monomer or dimer and present side chains outward.
Prepared using PyMol and the coordinates for PDB 2FG4.3

7.5.  Discussion

Trypsin digestion of the monomer bands followed by LC-MS/MS, and

identification using the MASCOT program identified these samples as human L-chain

ferritin and found ~50% of the amino acid sequence. Trypsin digestion of the presumed

dimer bands followed by LC-MS/MS, and identification using the MASCOT program

frequently the best match for these samples to be E. coli porin proteins of approximately

the same mass (~40 kDa) as a human L-chain dimer. Human L-chain ferritin was listed as

lower score match and ~50% of the amino acid sequence was found. SDS-PAGE

treatment of the protein confirms that the dimer is covalently linked. This is due to the
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denaturing process of heating and SDS that would eliminate the electrostatic and
interdigitation interactions, as well as the addition of B-mercaptethanol that reduces
disulfide bonds.

SEC chromatography of the previously prepared ferritin (Figure 7.6 and Figure
7.7) provided for more pure samples as the gel showed two bands close to each other at
around 40 kDa (Figure 7.8). The ability to separate the monomer and dimer by SEC
means that the monomer of 24-mers and dimer of 24-mers do not equilibrate on the
timescale of the experiment, which was on the order of days from SEC separation to
SDS-PAGE. The lower mass band was identified as E. coli porin protein and the higher
mass, darker band was identified as human L-chain ferritin. This allowed for more
confident identification of which peptides are found in the dimer sample. The light dimer
bands in the LL and LH lanes are likely due to the inability to achieve complete baseline
separation of the fractions as those bands are identified as L-chain ferritin by LC-MS/MS
and MASCOT. It is probable that there is dimer L-chain ferritin in the HL lane but it is
too light as less protein was added. The LC traces for LC-MS/MS analysis show no
difference between monomer and dimer samples of the same enzymatic digest.

The MASCOT software also finds and identifies peptides that do not have a
protein match. MASCOT scores the individual peptides as well as the proteins. A peptide
score of 68 or higher is determined to be significant as it has a less than 1 in 20 chance of
being a random match. In the dimer sample, a peptide with a high score but not included
in the L-chain ferritin protein sequence may be the covalent linkage. No peptides not
included in the L-chain ferritin protein sequence were found to have a score higher than

68.
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While a specific peptide or peptides were not identified as the covalent linkage a
likely region for the linkage can be narrowed down. Figure 7.14 presents the most likely
regions for the dimerization to occur. These are the regions highlighted in blue and cyan.
The residues colored cyan are near the surface of the protein and points outward, most
noticeable at the top of the figure, and is highly accessible to other ferritin proteins. The
residues highlighted in blue were found in the monomer but not the dimer and are buried
a bit deeper in the crystal structure but the region blocking it is random coil and could
easily move allowing access.

This study did not find the cause of the ferritin oligomerization but we have found
a likely region within the ferritin protein that the oligomerization occurs. There is no
conclusive evidence that oligomerization is due to a peptide linkage either. Further
studies using other proteases of mass spectrometric techniques may elucidate the origin

of the linkage.
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