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ABSTRACT

Nature uses inorganic elements for biological processes based on the useful
chemistry, abundance, and availability of each metal. Transition metals are critical in the
biogeochemical cycling of essential elements and the bioinorganic chemistry of organisms.
Hydrolysis-prone metals such as iron and titanium are abundant on Earth but are mostly
insoluble in oxic aqueous environments. Nearly every organism requires iron for survival,
therefore Nature evolved to stabilize iron from hydrolysis and hydrolytic precipitation
through protein and small molecule mechanisms. Like iron, titanium primarily exists as
insoluble mineral oxides and is second only to iron as the most abundant transition metal
in the Earth’s crust. Despite the reputation as an inert and insoluble metal, titanium can be
solubilized and made bioavailable through by chemical and biological weathering.
Currently there is no known native role for titanium, however it is quite bioactive. As a
stronger Lewis acid, titanium can compete with iron in binding to biomolecules and
proteins. It is of interest to investigate the interactions between hydrolysis-prone metals
and biological systems, from whole cell organisms to proteins and small molecules.
The non-pathogenic bacterium Rhodococcus ruber GIN-1 was isolated for its
ability to strongly adhere to titanium dioxide (TiO2) over other metal oxides, providing an
opportunity to study the interactions between whole bacterial cells and metal oxides. The
GIN-1 strain incorporates Ti(IV) ions into its biomass after adherence to anatase, rutile,
and a mixture of the two morphologies. Six metals were quantitated in TiO2-exposed and
control (unexposed) cells by inductively coupled plasma optical emission spectroscopy.
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The exposure to TiO2 caused a significant uptake of titanium with concomitant loss of iron,
zinc, and possibly manganese.
A collaborative project with the Strongin laboratory at Temple University works to
develop stable, biomaterial photocatalysts for environment remediation of toxic inorganic
contaminants. Ferritins are a class of proteins that mineralizes and stores iron as a nontoxic ferrihydrite nanoparticle. These proteins can be photoactivated with ultraviolet light
to release iron from its core to remediate environmental contaminants. Ferritin can be
sensitized with plasmonic gold nanoparticles to extend the photoactivity of the catalyst to
the visible spectrum. Work in this thesis highlights the contribution to this collaboration
from the Valentine laboratory, included the expression and purification of proteins in E.
coli (human H-chain ferritin, human L-chain ferritin, and bacterial DNA protection from
starved cells protein), mutation of proteins to improve sensitization of catalyst, and
biomineralization with iron and titanium.
The trafficking of hydrolysis prone metals is vital for the survival of nearly every
organism. Iron transport proteins such as transferrins are studied to understand how nature
utilizes a difficult essential metal across the domains of life. Most transferrins have two
homologous lobes and are believed to have evolved from a gene duplication of a monolobal
transferrin. The ascidian Ciona intestinalis has genes for both a bilobal and monolobal
transferrin. Nicatransferrin (nicaTf), the monolobal transferrin from C. intestinalis, is a
primitive protein that may provide insight on the evolution of transferrins in higher
organisms. It is advantageous to use E. coli expression systems to produce recombinant
proteins, however protein misfolding and aggregation can be a concern. To improve
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expression of nicaTf in E. coli, codon optimization and disulfide bonded protein expression
were used.
Finally, siderophores are small, high affinity iron-chelating molecules secreted
from lower organisms that scavenge iron in iron-limiting conditions. R. ruber GIN-1 and
R. ruber DSM 43338 strains both secrete siderophores in artificial seawater media. There
are several siderophores identified from Rhodococcus species, however none have been
reported from any R. ruber strain. A new siderophore was isolated and preliminary work
has been done to purify and characterize the molecule. Understanding the siderophoremetal ion interactions may help elucidate the mechanism of how R. ruber cells obtain
titanium from the metal-oxide particles.
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CHAPTER 1.
BIOGEOCHEMICAL CYCLING OF HYDROLYSIS-PRONE METALS
1.1 Introduction
As bioinorganic chemists, we are fascinated with understanding how Nature uses
inorganic elements for complex biological processes. Equipped with tools from
biochemistry and inorganic chemistry, we investigate how biology evolved to regulate and
utilize specific metals.1 Transition metals are vital for biological processes and also impact
the acquisition of nonmetals. Transition metals are critical in biogeochemical cycling, the
movement of elements between the biotic and abiotic sections of Earth, of major biological
elements (carbon, hydrogen, nitrogen, oxygen, phosphorous, and sulfur).2 It is thought that
the elemental requirements of a particular organism reflect the time period in which it
evolved, and that as the availability of elements on Earth change, organisms must adapt for
survival. Life evolved alongside the abundant minerals of the Earth’s crust and the metal
ions available in Earth’s waters; however significant events such as the great oxidation
event and the industrial revolution drastically altered the distribution of elements and life
processes.1, 3-5 The modern environment presents challenges for hydrolysis-prone transition
metals, however these metals have significant interactions with biological small molecules,
large biomolecules, and whole cells.
Geochemical processes, such as weathering, are highly dependent on
environmental conditions. Weathering is the chemical decomposition of mineral surfaces
through physical, chemical, or biological processes, often increasing the bioavailability of
metals.6-9 Physical weathering breaks down rock minerals through temperature fluctuation,
abrasion, frost, and salt growth. Chemical weathering weakens and dissolves rock minerals
1

through oxidation, carbonation, hydration, dehydration, and hydrolysis. Biological
weathering utilizes plants, animals, and microbes to disintegrate rock minerals, often
through both physical and chemical processes. These processes can mobilize and solubilize
metal ions, so they are available for organisms to use.
Metal ions can be both essential and toxic, therefore intracellular metal ion levels
must be maintained. Mechanisms for homeostasis include metal ion acquisition, transport,
storage, and efflux. Some metal ions required for life are susceptible to hydrolysis and
hydrolytic precipitation in oxic aqueous environments. It is important to understand how
these Earth-abundant metals are maintained by Nature and used for a wide range of
chemistry. This chapter will discuss select hydrolysis-prone metals and how they are used
in natural geochemical and biological processes.
1.2 Hydrolysis of Metal Ions
In order to understand how Nature handles metals, we have to understand the
aqueous chemistry of metal ions, because water is the solvent of life. Hydrolysis is defined
as a reaction in which a complex is broken down by water, or in which water itself is
divided. The hydrolytic behavior of a metal complex depends on many factors such as the
pH and concentration, and can form various hydroxides, oxides, and precipitates.10-12
Strongly Lewis acidic metal ions, those with high charge and small radii that accept lone
pairs of electrons, tend to hydrolyze and precipitate in biological conditions. The binding
of metals to water lowers the pKa of water so that a coordinating water molecule loses a
proton, forming a hydroxide ligand, as shown in Equation 1.10, 11 The biologically relevant
oxidation states, ionic radii, and first deprotonation pKa of water for these metal complexes
are compared in Table 1.1. Metal ion concentration determines the extent of hydrolysis: at
2

low concentrations, additional solvating water molecules form hydroxides; at moderate
concentrations, polynuclear species are produced; at high concentrations, hydroxide and
oxide precipitates dominate.10, 11

M(OH2)nz+

M(OH)(OH2)n-1(z-1)+ +

H+

(1)

Iron and vanadium are well-accepted as biologically important metals, whereas
aluminum and titanium are not. Despite not being identified as essential for any organism,
aluminum and titanium are biorelevant, such that they are very abundant, can be mobilized
in biological systems, and cause biological effects.10, 13-15

Table 1.1: Comparison of physical characteristics of Fe, Ti, V, and Al.
Common
Ionic radii (Å)a
z/r
pKa1
oxidation states
([M(OH2)6]n+)
Iron

2+
3+

0.78
0.645

2.6
4.65

9.5b
2.5c

Titanium

3+
4+

0.67
0.605

4.5
6.61

2.2b
-0.3d

Vanadium

3+
4+
5+

0.64
0.58
0.54

4.7
6.9
9.3

2.6b
5-6.4e
3.5e

5.6

5.5f

Aluminum
3+
0.54
a
Effective ionic radii; high spin values for iron.16, 17
b

pKa values for Fe(II), Ti(III), V(III).11, 12

c

pKa value for Fe(III).18

d

pKa value for Ti(IV).19

e

pKa values for V(IV) in vanadyl ion and V(V) in vanadate ion.20

f

pKa value for Al(III).21
3

1.3 Brief Bioinorganic History of Earth
The Earth was formed ~4.6 billion years ago, when it was very hot and anoxic, with
extreme conditions not suitable for life. All metals were found in the Earth’s crust, with
the most abundant being aluminum, iron, calcium, sodium, magnesium, potassium, and
titanium.22
During the Archean eon (~3.85 billion years ago), the anoxic oceans are believed
to have contained of hydrogen sulfide (H2S) and reduced metal sulfides.5, 23 Metals that
had low solubility with sulfide were scarce in the early ocean, whereas those with high
solubility, such as Fe(II), dominated.5,

24, 25

It was during this time that life began,

organisms utilized the readily available metal ions, and Fe(II) became an essential metal to
nearly every organism. Anoxygenic photosynthetic pathways used reduced inorganic
electron donors, such as H2S, H2, and Fe(II) ion.26, 27
The Great Oxidation Event (GOE) occurred ~2.4 billion years ago, during the
Proterozoic Eon, and free oxygen in the atmosphere significantly increased to ~2%;
however the oceans remained primarily anoxic.26 Cyanobacteria, photosynthetic bacteria
that produce oxygen, are thought to be responsible for the oxygenation of the oceans, a
process that took hundreds of millions of years.23 Eukaryotes appeared in anoxic and
sulfidic oceans, and continued to develop until the oceans were oxygenated, H2S and Fe(II)
were oxidized, and H2S was eliminated as the primary energy source of life.
Once the oceans were oxygenated, the availability of metals drastically changed.3
The oxidation of Fe(II) to Fe(III) formed insoluble iron oxides that precipitated and sank
to the bottom of the ocean.28 The sulfides were oxidized to sulfates, which allowed for
increased solubility of previously insoluble metals.5 Organisms adapted or died out. The
4

evolution of modern-day plants occurred ~600 million years ago, during the Phanerozoic
Era, when solar energy and oxygen became requirements for life.
The extreme change in metal ion solubility generated a difficult hurdle for biology.
Iron, the most abundant transition metal in the Earth’s crust, and once very abundant in
aqueous environments, is required by nearly every organism. After the GOE, the
concentration of iron in water significantly decreased due to hydrolytic instability.
Organisms evolved complex pathways to mobilize and accumulate metal ions from
insoluble forms in the environment.2 In addition to regulating essential metal ions,
organisms require defense mechanisms against toxic metal species. Modern abundances of
select hydrolysis-prone metals are depicted in Figure 1.1.
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Figure 1.1: Abundances of Al, Fe, Ti, and V in the Earth’s crust, in seawater, and in the
human body.22

1.4 Iron
As mentioned previously, nearly every organism has an iron requirement for
survival, likely due to their evolutionary origin in early oceans. Iron is involved in a wide
range of biochemical processes such as Lewis acid-base catalysis, electron transfer, group
transfer, redox catalysis, energy storage, and biomineralization.2 Iron plays a role in many
5

6

active sites of catalytic enzymes such as in iron-sulfur clusters and iron-porphyrins, and in
the interconnected carbon, hydrogen, nitrogen, oxygen, and sulfur cycles.29-33
As the oceans became oxygenated, the bioavailability of iron became limited.
Despite iron being the second most abundant metal and first most abundant transition metal
in the Earth’s crust, in oxic aqueous environments much of iron is exists as biologically
unavailable insoluble oxides, mainly hematite (Fe2O3) and magnetite (Fe3O4). Iron is
mobilized from its mineral forms through natural geochemical processes such as chemical
weathering and sedimentation. Mineral dust aerosols mobilize a significant amount of iron
oxide throughout the atmosphere, which can be adsorbed by water, and affect
biogeochemical cycles.34
Biological systems solubilize iron through chelation, reduction, and acidification
mechanisms, by which they are able to safely bind, transport, and store this essential metal
ion.35-39 The regulation of iron is critical because free Fe(II) species can react with oxygen
to form free radicals, which are toxic to cells, and Fe(III) species form insoluble oxides, a
biologically unavailable state.
Cellular iron homeostasis is controlled by various proteins. Transferrins are
transport proteins that reversibly bind, deliver, and release iron, and are discussed further
in Chapter 4 of this thesis.40, 41 Iron can also enter cells directly through plasma membrane
divalent cation transporters. Reductase enzymes reduce Fe(III) in the extracellular space of
cells and iron enters the cytoplasm as Fe(II). To maintain a safe intracellular iron level,
storage proteins such as ferritin are used to store hydrated Fe(III) oxide particles in a
soluble protein shell.41, 42 Chapter 3 provides an introduction to iron storage proteins.
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Cellular iron levels are regulated by iron-responsive elements and iron regulatory proteins
at the translational level.43
Many higher organisms acquire iron through their diets, but lower organisms must
extract iron from the environment. Many microorganisms synthesize small, extracellular
high-affinity iron chelating agents, known as siderophores, to scavenge iron.44,

45

Siderophores outcompete water ligands which prevents hydrolysis of the metal ions, and
allows for the iron complex to be transported to receptor proteins, and taken up by the cell.
Siderophore structures and mechanisms will be discussed further in Chapter 5 of this thesis.
1.5 Vanadium
Vanadium is present in the Earth’s crust at ~135 ppm in mineral forms such as
patronite

(VS4),

paramontroseite

(VO2),

karelianite

(V2O3),

and

vanadinite

(Pb5(VO4)3Cl).46 In the environment, V is often found adsorbed to Fe(III) and Al hydroxide
and oxide minerals.
Mechanical and chemical weathering mobilizes a significant amount of material to
the hydrosphere, predominately as suspended sediments.47, 48 Vanadium is delivered to the
atmosphere via aerosols from natural sources such as wind erosion, subaerial volcanic
emissions, and wildfires, and from anthropogenic sources such as emissions from coal
combustion, petroleum production, and mining.49, 50
Biological weathering mechanisms also mobilize vanadium in the environment.
The biologically relevant oxidation states of vanadium are V(III), V(IV), and V(V). In oxic
aqueous conditions, V(IV) and V(V) are present as vanadyl (VO2+) and vanadate (VO3-)
ions, respectively.46 As the second most abundant transition metal in sea water, it is not
surprising that particular marine organisms, such as ascidians and polychaetas, accumulate
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high concentrations of vanadium.51-60 Ascidians produce vanadium-sequestration
biomolecules such as tunichromes and halocyamines that can resemble siderophores and
may be involved in the function of vanadium in these organisms.61-63 A siderophore-like
ligand, S,S-2,2’-hydroxyiminodipropionic acid, is produced by mushrooms in the Amanita
genus and binds V(IV) more tightly than other metal ions.64-66 Vanadium is essential in
prokaryotic biochemistry and plays significant roles in the chemistry of higher organisms,
such as in vanadium-containing nitrogenase and haloperoxidase.20, 52, 67-70 Vanabins may
be responsible for the uptake and transport of V(IV) ions.52 Iron proteins can interact with
non-native metals such as vanadium. Transferrins are able to bind vanadium in its three
biorelevant oxidation states,52, 71-74 and vanadium is a natural component of horse spleen
ferritin at ~5-10 atoms per protein cage.75
1.6 Titanium
Titanium is the second most abundant transition metal in the Earth’s crust at ~5,600
ppm, and predominately occurs in the form of insoluble mineral oxides such as rutile (TiO2)
and ilmenite (FeTiO3).22,

76

Although titanium is often considered inert, geochemical

weathering can mobilize a large amount of material.77-79 Geochemical processes can break
down Ti-containing minerals through dissolution, fluid transport, and precipitation.80
Minerals are altered through crystallization, erosion, and sedimentation. As an example, in
hydrothermal systems, Ti-containing iron silicates react with sulfur to form Ti-free silicate,
rutile, and pyrite.80
The concentration of Ti in natural waters varies significantly depending on the
environmental conditions.13, 14, 81-85 As with vanadium, whole marine organisms, such as
ascidians10, 53, 59, 86 and diatoms82, 87, 88, can accumulate high concentrations of titanium.
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Bacteria isolated from the Mediterranean Sea, Rhodococcus ruber GIN-1 strongly adheres
to titanium dioxide89, 90 and accumulates titanium in its biomass91, as discussed in Chapter
2 of this thesis.
In aerobic environments the primary oxidation state is Ti(IV), which is very
hydrolysis-prone. To combat hydrolysis, biological ligands can complex Ti(IV) in a
manner similar to Fe(III) complexation, typically through hard oxygen donating moieties.
The Valentine laboratory has studied the interactions between titanium and biological
chelating ligands such as citrate92,

93

, oxalate93, ascorbate94, siderophores95,

96

and

analogues97; and between titanium and proteins such as transferrin98-101, albumin100, and
ferritin102. An essential role in biology has not yet been identified; however, many studies
suggest Ti is biologically active.13, 14
1.7 Aluminum
Aluminum is the most abundant metal in the Earth’s crust, and occurs in
aluminosilicates, such as feldspars, which make up 60% of the Earth’s crust. In biological
environments, aluminum exists as solvated Al3+ at a concentration of 10-11 M at pH 7.103,
104

Complexation with fluoride, citrate, and organic phosphates can mobilize aluminum.103,

105

Aluminum is believed to have been excluded from biological evolution by efficient

lithospheric cycling, and is not known to have an essential role in life processes; however
it is accumulated in living systems and can affect the cycling of important elements.
A significant modern change in aluminum cycling is from altered chemical
weathering patterns caused by man-made acidification of the environment. A critical
example of this is the pollution of the atmosphere by gaseous acids. The acidifying anion
of rainwater has changed from weakly acidic carbonate to acidic sulfates and nitrates.
9

Aluminum oxides and oxyhydroxides are important in the geochemical cycling of
phosphorus and silicon.106-108 Feldspars are weathered chemically to form insoluble clay
minerals.109-112 In carbonic acid weathering of feldspar, the slow reaction releases silicic
acid with a pH of ~5.5, whereas in sulfuric acid weathering, the reaction is faster, less silicic
acid is released, and the environment is no longer buffered by carbonate so the pH drops
below 5.113 The increased acidity from these effects alters the solubility of aluminum from
kinetically inert hydroxyaluminosilicates to more labile amorphous aluminum hydroxide
and organoaluminum complexes. The increase in lability forms insoluble aluminum
phosphate, which decreases the bioavailability of phosphate, significantly affecting life
processes.110, 113-115
1.8 Relationship to This Thesis
The natural selection of the elements during evolution has constrained their
bioinorganic chemistry just as much as their contemporary chemical properties in a mostly
aqueous, mostly aerobic world.1 For hydrolysis-prone metals like iron, vanadium, titanium,
and aluminum, the modern environment presents challenges. But from the most important
of these metals in biology (iron) to the least important (as far as we know, aluminum), there
are significant interactions with biological small molecules, with large and complex
biomolecules, and with whole organisms. These interactions are the subject of this thesis.
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CHAPTER 2. 1
TITANIUM DIOXIDE EXPOSURE ALTERS TRANSITION METAL ION
QUOTA IN RHODOCOCCUS RUBER GIN-1
2.1 Introduction
Titanium is the ninth most abundant element in the Earth’s crust and primarily
occurs as Ti(IV) in sparingly soluble mineral oxides.2 Titanium dioxide (TiO2) makes up
0.9% and 1.4% of the continental and oceanic crusts, respectively.3 The primary crystal
forms of TiO2 are anatase and rutile, and Ti occurs in other common minerals including
ilmenite (FeTiO3) and titanite (CaSiTiO5).4
Titanium is not known to be essential to any organism, and its bioactivity has not
been widely appreciated.5 A consideration of any role of Ti in biology is hindered by the
element’s reputation for inertness and insolubility in aqueous environments. Yet Ti(IV) is
more soluble and bioactive than has generally been recognized.6 Moreover, Nature has
managed insolubility for the similar hydrolysis-prone metal ion Fe(III), making it
bioavailable for life in nearly all species. If a small portion of abundant Ti were mobilized
in a similar manner as Fe, a significant amount of the metal could be bioavailable. The
strongest known chelators of Ti(IV) in solution are siderophores that strongly bind
insoluble Fe(III).7
A major topic in marine geochemistry is the complex weathering process of rocks
and minerals. Weathering is the dissolution and chemical and biological decomposition of
minerals into smaller, simpler particles. Mobilization of readily hydroxylated metals, such
as aluminum and titanium, during weathering is common.8 The dissolved and particulate
concentrations are dependent on many environmental conditions such as temperature,
26

salinity, and depth.4, 8-12 From samples from the northwestern Mediterranean Sea, the labile
and total concentrations of Al and Ti were determined in several locations. They averaged
60-150 nM and 100-150 pM, respectively.10 Soluble Al is released when acidified, but
soluble Ti is not, which suggests that at least some of the Ti is complexed with organic
ligands.10
Meanwhile, biomolecules and whole organisms interact with solid TiO2.
Siderophores bind to TiO2 surfaces among other metal oxides.7, 13-17 Cell-oxide interactions
are important in bioremediation processes.
The bacterial genus Rhodococcus is closely related to Mycobacterium,
Corynebacterium, and Nocardia, all of which contain mycolic acids in their cell envelope,
as depicted in Figure 2.1. Mycolic acids are long a-alkyl-b-hydroxy branched-chain fatty
acids that are covalently linked to the cell wall.18, 19 Rhodococcus species are of interest for
the bioremediation of organic pollutants, and they metabolize hydrocarbons.20-25

Figure 2.1: Cartoon of composition of mycolic acid-containing Gram-positive cell wall.
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The Gram-positive Rhodococcus ruber GIN-1 was isolated from an environmental
sample by exploiting its binding of metal oxides in coal fly ash.26 R. ruber GIN-1 cells
preferentially adsorb to TiO2 over other metal oxides.26, 27 Adsorption is strong, resistant
to extremes of pH and temperature, and very fast. In an early report, the authors noted
qualitatively, with data not shown, that the bacteria could incorporate Ti(IV) ions into their
biomass after exposure to TiO2.28 This finding suggests a mobilization of apparently-inert
environmental titanium. The current work further investigates and quantitates this Ti
incorporation and its dependence on TiO2 form. It also evaluates the accompanying effect
on the metal ion quotas of other important biometals.
2.2 Experimental
2.2.1 Materials
All aqueous solutions were prepared with Nanopure-quality water (Barnstead
model D11931; 18.2 MW-cm resistivity). All glassware was triple rinsed with Nanopurequality water and autoclaved for sterilization. Media and buffer pH was monitored using a
Thermo Orion model 410 pH meter equipped with an Orion 8103BNUWP Ross Ultra
semimicro pH electrode. Optical density measurements were obtained using a Cary 50 Bio
UV-vis spectrophotometer.
Reagents were sourced from Sigma-Aldrich (Tris base and MgSO4), JT Baker
(K2HPO4, KH2PO4, and sucrose), American Bioanalytical ((NH4)2SO4 and yeast extract),
Fisher Scientific (dextrose), and Marine Enterprises International (Crystal Sea Marinemix
artificial seawater). Rhodococcus ruber GIN-1 cells were obtained from the National
Collections of Industrial and Marine Bacteria (NCIMB) in Aberdeen, Scotland, where
GIN-1 is deposited under No. 40340.
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Regents for titanium exposure were sourced from JT Baker (NaCl, KCl, Na2HPO4,
and KH2PO4), Fisher Scientific (urea and nitric acid), and Sigma-Aldrich (sodium dodecyl
sulfate). Sachtopore TiO2 particles were from Huntsman (Duisburg, Germany).
Reagents for ICP-OES were sourced from Fisher Scientific (trace metal grade nitric
acid), Sigma-Aldrich (titanium atomic absorption standard solution), High-Purity
Standards (zinc atomic absorption standard solution), Ricca Chemical Company (iron
atomic absorption standard solution), and Thermo-Scientific (iCAP 6000 multi-element
test solution).
All glassware used was soaked in a 20% hydrochloric acid bath, rinsed three times
with Nanopure-quality water, rinsed three times with 3% nitric acid, and rinsed three times
with Nanopure-quality water, unless otherwise specified.
2.2.2 Rhodococcus ruber GIN-1 Growth Conditions
2.2.2.1 Preparation of Artificial Sea Water Media
In an acid-washed glass bottle, 29.9 g of Crystal Sea was slowly added to ~800 mL
of Nanopure-quality water in order to prevent precipitation. In an acid-washed Erlenmeyer
flask, 1.68 g K2HPO4, 0.72 g KH2PO4, 1.0 g (NH4)2SO4, 10.0 g dextrose, and 8.0 g yeast
extract were dissolved in ~150 mL of Nanopure-quality water, and then slowly added to
the Crystal Sea solution. The pH of the media was adjusted to 6.8 with the slow addition
of 0.5 M NaOH, and the volume adjusted to 1 L. The media was sterilized using a 0.22 µm
sterile vacuum filter unit into an acid-washed and autoclaved 1 L glass bottle.
2.2.2.2 Cell Growth of Rhodococcus ruber GIN-1
Procedures for cell growth followed published protocols.27, 28 Cells were grown on
LB agar plates at 30 °C for one week, until colonies were orange. A single colony was
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grown in 10 mL artificial sea water media overnight at 30 °C and 225 rpm. A 100 mL
culture in the same media was inoculated with the 10 mL overnight culture and returned to
the shaking incubator for 24 h. This culture was used to inoculate a 1 L growth in the same
media. Cells grew for another 24 h, with growth monitored by the optical density at 660
nm. Cells at OD660 ~1.5 were harvested by centrifugation in buffer containing 5 mM Tris,
2.5 mM MgSO4, and 20% sucrose.27
2.2.3 Titanium Exposure
Procedures for TiO2 adsorption and desorption followed published protocols.27, 28
The 1 L growth was divided into two parts: the exposed cells and the control cells. The
cells were treated in the same manner, with the only difference being that the exposed cells
had 1 g of Sachtopore TiO2 particles (anatase, rutile, or a 1:1 mixture of anatase and rutile)
added. The cells were incubated at 30 °C and 225 rpm for 1 h.
To separate the bacteria from oxide particles, 8 M urea and 1 % sodium dodecyl
sulfate were added and incubated for an additional 30 min. The cells were centrifuged 30
min at 19 x g to remove the TiO2 particles, and the cells were transferred to another
centrifuge bottle, where they were centrifuged at 24,000 x g at 4 °C for 20 min. The cells
were washed with phosphate-buffered saline solution and centrifuged several times and
then were lyophilized. The lyophilized cells were refluxed in 50% nitric acid for 6 h to
digest all of the organic matter.
2.2.4 Scanning Electron Microscopy
Samples were prepared for SEM analysis by pipetting 50 µL of the suspension from
each step of adsorption and desorption (cells in Tris buffer; cells with TiO2; cells with TiO2,
urea, and SDS; cells after separation; TiO2 after separation; cells after separation and
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washed in PBS buffer) onto 12 mm carbon tabs (SPI Supplies) that were attached to an
aluminum specimen mount, ½ inch slotted head (Ted Pella, Inc.). SEM images were
obtained with an FEI quanta FEG450 scanning electron microscope with an acceleration
voltage of 10.00 kV, a spot size of 3.0, equipped with an Everhart Thornley Detector
(ETD). Images were obtained with assistance from Dr. Kayleigh Jones.
2.2.5 Inductively Coupled Plasma Optical Emission Spectroscopy
Metal quantification was done on a Thermo-Scientific iCAP 7400-ASX520
inductively coupled plasma optical emission spectrometer operating in axial mode with
assistance from Lauren Profitt. Two wavelengths (nm) were used for each metal:
aluminum, 167.079 and 396.152; copper, 324.754 and 224.700; iron, 259.940 and 238.204;
manganese, 259.373 and 257.610; titanium, 338.376 and 336.121; zinc, 213.856 and
206.200.
The standard curves were matrix-matched to the samples. Undiluted samples had
50% nitric acid, so the corresponding standard curve had 50% nitric acid. Samples were
diluted 1:10 and 1:100, with 5% nitric acid, which was matrix matched with its standard
curve. Trace metal grade nitric acid was used for all samples. The standard curve samples
contained Ti AA standard solution, Zn AA standard solution, Fe AA standard solution, and
iCAP 6000 multi-element test solution.
2.2.6 Statistical Analysis
One-way analysis of variance (ANOVA) was used to determine if there was a
statistical difference between groups that is unlikely due to chance. Results from this
analysis are often reported in the following format: F(df1, df2) = F-value, p-value.29 Critical
values of F based on the degrees of freedom are also calculated in ANOVA analyses. An
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F-value that is greater than or equal to the F-critical value is significant at the reported level
of significance.
The F-value is the ratio of variance between groups over the variance within group.
The between-group variance is the systematic effect of the study, whereas the within-group
variance is the variation, or error, due to individual differences. Therefore, a large F-value
corresponds to a significant effect that is unlikely due to chance. The values df1 and df2
correspond to the degrees of freedom associated with the between-group variance and the
within-group variance, respectively. The p-value indicates the likelihood that a particular
F-value will occur within the given degrees of freedom.
2.3 Results
2.3.1 Rhodococcus ruber GIN-1 Growth
The R. ruber GIN-1 cells were grown on LB agar plates until orange colonies
formed, as shown in Figure 2.2. R. ruber GIN-1 cells were grown in artificial sea water
media to late log phase, the most TiO2-adhesive stage.27

Figure 2.2: Rhodococcus ruber GIN-1 orange colonies on LB-agar plate.
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2.3.2 Titanium Exposure
Cells were split into two populations, one of which was exposed to 40 µm anatase
and/or rutile Sachtopore beads for 1h. Under this condition, >90% of the cells are reported
to adhere within 1 min.27 This interval is much smaller than the bacterial doubling time
(10-20 h during log phase26). The second cell population was treated in an identical manner
except that it was never exposed to TiO2. After 1 h exposure, the cells were desorbed from
the particles.28 The relatively large TiO2 particles were removed by slow centrifugation,
and the cells were washed. Scanning electron microscopy (SEM) confirmed that this
method removed all TiO2 particles before metal ion quantitation (Figures 2.3 through 2.12).

Figure 2.3: Overview of the exposure of Rhodococcus ruber (GIN-1) cells to, and
subsequent desorption from, TiO2 particles. The letters correspond to the samples imaged
by SEM in Figures 2.4-2.11.
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a

40 µm
Figure 2.4: Scanning electron micrograph of resuspended R. ruber GIN-1 cells (Figure
2.3a). Horizontal field width is 103 µm.

b

20 µm

Figure 2.5: Scanning electron micrograph of R. ruber GIN-1 adsorbed to a Sachtopore
rutile TiO2 particle (Figure 2.3b). Horizontal field width 61.6 µm.
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b

20 µm
Figure 2.6: Scanning electron micrograph of R. ruber GIN-1 adsorbed to a Sachtopore
anatase TiO2 particle (Figure 2.3b). Horizontal field width is 136 µm.

c

40 µm
Figure 2.7: Scanning electron micrograph of Sachtopore beads in urea/SDS matrix (Figure
2.3c). Horizontal field width is 95.3 µm.
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d

2 mm
Figure 2.8: Scanning electron micrograph of TiO2 sample after separation from cells
(Figure 2.3d). Horizontal field width is 6.5 mm. The reflective white particles are the
Sachtopore beads.

e

2 mm
Figure 2.9: Scanning electron micrograph of R. ruber GIN-1 cells after separation from
TiO2 (Figure 2.3e). Horizontal field width is 6.8 mm. The spherical particles at the center
of the sample are less reflective than expected for the Sachtopore beads.
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f

2 mm
Figure 2.10: Scanning electron micrograph of R. ruber GIN-1 cells post-exposure and
washes (Figure 2.3f). Horizontal field width is 6.7 mm.

f

30 µm

Figure 2.11: Scanning electron micrograph of R. ruber GIN-1 cells post-exposure and
washes, magnified view (Figure 2.3f). Horizontal field width is 88.8 µm.
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2.3.3 Metal Quantitation in Cellular Biomass
2.3.3.1 Titanium
The cells were exposed to anatase, rutile, or a 1:1 anatase/rutile mixture. Table 2.1
depicts the dry weight concentrations for the 14 individual growths. The average Ti
concentration was 0.24 +/- 0.11 ppm for the control cells (n = 14), 2.2 +/- 1.0 ppm for
anatase-exposed cells (n = 5), 2.2 +/- 0.9 ppm for rutile-exposed cells (n = 5), and 1.6 +/0.5 ppm for mixed anatase/rutile-exposed cells (n = 4), as shown in Figure 2.12.
One-way ANOVA was used to determine that there was no statistically significant
difference in Ti incorporation from anatase, rutile, or a mixture of these oxides (F(2,11) =
0.8230, p > 0.05, Fcritical = 3.9823). One-way ANOVA did show that there was a highly
statistically significant difference in the control cells and the exposed cells (F(1,26) =
59.9406, p < 0.001, Fcritical = 4.2252).

Figure 2.12: Titanium dry weight concentration (ppm) of R. ruber GIN-1 with and without
exposure to TiO2 particles.
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Table 2.1: Titanium dry weight concentration (ppm) of R. ruber GIN-1 with and without
exposure to titanium dioxide particles (A: anatase; R: rutile; M: anatase/rutile mixture).
Cell Growth

Control cells (ppm)

Exposed cells (ppm)

A1

0.278

1.722

A2

0.140

1.907

A3

0.165

0.892

A4

0.175

3.047

A5

0.251

3.298

R1

0.262

1.285

R2

0.215

2.661

R3

0.189

2.626

R4

0.147

1.250

R5

0.206

3.360

M1

0.563

1.167

M2

0.404

2.196

M3

0.235

1.142

M4

0.183

1.708
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2.3.3.2 Iron
The dry weight concentrations of iron are presented in Table 2.2. The average Fe
concentration was 19.7 +/- 7.5 ppm for the control cells (n = 14), 9.7 +/- 2.6 ppm for
anatase-exposed cells (n = 5), 12.1 +/- 5.1 ppm for rutile-exposed cells (n = 5), and 11.3
+/- 3.3 ppm for mixed anatase/rutile-exposed cells (n = 4), as shown in Figure 2.13.
One-way ANOVA was used to determine that there was no statistically significant
difference in Fe incorporation from anatase, rutile, or a mixture of these oxides (F(2,11) =
0.5008, p > 0.05, Fcritical = 3.9823). One-way ANOVA did show that there was a highly
statistically significant difference in the control cells and the exposed cells (F(1,26) =
14.9656, p < 0.001, Fcritical = 4.2252).

Figure 2.13: Iron dry weight concentration (ppm) of R. ruber GIN-1 with and without
exposure to TiO2 particles.
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Table 2.2: Iron dry weight concentration (ppm) of R. ruber GIN-1 with and without
exposure to titanium dioxide particles (A: anatase; R: rutile; M: anatase/rutile mixture).
Cell Growth

Control cells (ppm)

Exposed cells (ppm)

A1

14.702

11.241

A2

19.206

9.097

A3

9.733

7.117

A4

11.824

7.633

A5

32.155

13.396

R1

33.232

20.41

R2

18.652

11.432

R3

16.092

10.125

R4

22.049

6.750

R5

15.935

11.718

M1

13.412

7.470

M2

18.505

12.906

M3

18.718

9.887

M4

31.154

15.098

41

2.3.3.3 Zinc
The dry weight concentrations of zinc are presented in Table 2.3. The average Zn
concentration was 51.0 +/- 7.7 ppm for the control cells (n = 14), 32.0 +/- 6.5 ppm for
anatase-exposed cells (n = 5), 44.8 +/- 5.7 ppm for rutile-exposed cells (n = 5), and 35.1+/15.4 ppm for mixed anatase/rutile-exposed cells (n = 4), as shown in Figure 2.14.
One-way ANOVA was used to show that there was no statistically significant
difference in Zn incorporation from anatase, rutile, or a mixture of these oxides (F(2,11) =
2.4100, p > 0.05, with Fcritical = 3.9823). One-way ANOVA determined a statistically
significant difference between control cells and anatase (F(1,8) = 8.7360, p < 0.05, Fcritical
= 5.3177), but not between control cells and rutile (F(1,8) = 3.5595, p > 0.05, Fcritical =
5.3177) or anatase/rutile mixture (F(1,6) = 4.0539, p > 0.05, Fcritical = 5.9873). When these
data were combined for analysis, a highly statistically significant difference between the
control and exposed cells was reported (F(1,26) = 15.0006, p < 0.001, Fcritical = 4.2252).
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Figure 2.14: Zinc dry weight concentration (ppm) of R. ruber GIN-1 with and without
exposure to TiO2 particles.
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Table 2.3: Zinc dry weight concentration (ppm) of R. ruber GIN-1 with and without
exposure to titanium dioxide particles (A: anatase; R: rutile; M: anatase/rutile mixture).
Cell Growth

Control cells (ppm)

Exposed cells (ppm)

A1

49.702

37.979

A2

45.404

25.576

A3

41.922

25.907

A4

45.303

31.273

A5

74.063

39.391

R1

48.938

50.314

R2

53.237

42.985

R3

54.555

49.991

R4

43.891

36.367

R5

54.669

44.509

M1

52.520

19.263

M2

49.310

48.135

M3

48.588

48.366

M4

52.290

24.544
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2.3.3.4 Manganese
The dry weight concentrations of manganese are presented in Table 2.4. The
average Mn concentration was 1.6 +/- 0.3 ppm for the control cells (n = 14), 1.4 +/- 0.3
ppm for anatase-exposed cells (n = 5), 1.4 +/- 0.03 ppm for rutile-exposed cells (n = 5),
and 1.5 +/- 0.2 ppm for mixed anatase/rutile-exposed cells (n = 4), as shown in Figure 2.15.
One-way ANOVA was used to determine that there was no statistically significant
difference in Mn incorporation from anatase, rutile, or a mixture of these oxides (F(2,11)
= 0.3784, p > 0.05, Fcritical = 3.9823). One-way ANOVA did show that there was a
statistically significant difference in the control cells and the exposed cells (F(1,26) =
4.3336, p < 0.05, Fcritical = 4.2252). However, The F-value is only slighter larger than the F
critical value, so more experiments should be run in order to confirm the difference.

Figure 2.15: Manganese dry weight concentration (ppm) of R. ruber GIN-1 with and
without exposure to TiO2 particles.
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Table 2.4: Manganese dry weight concentration (ppm) of R. ruber GIN-1 with and
without exposure to titanium dioxide particles (A: anatase; R: rutile; M: anatase/rutile
mixture.
Cell Growth

Control cells (ppm)

Exposed cells (ppm)

A1

1.431

1.521

A2

1.170

1.345

A3

1.125

0.978

A4

1.364

1.295

A5

2.139

1.683

R1

1.414

1.303

R2

1.843

1.555

R3

1.625

1.437

R4

1.534

1.316

R5

2.022

1.394

M1

2.041

1.602

M2

2.163

1.751

M3

1.553

1.201

M4

1.481

1.392

46

2.3.3.5 Aluminum
The dry weight concentrations of aluminum are presented in Table 2.5. The average
Al concentration was 6.6 +/- 2.8 ppm for the control cells (n = 14), 6.4 +/- 1.4 ppm for
anatase-exposed cells (n = 5), 10.2 +/- 11.5 ppm for rutile-exposed cells (n = 5), and 10.5
+/- 4.3 ppm for mixed anatase/rutile-exposed cells (n = 4), as shown in Figure 2.16.
One-way ANOVA was used to determine that there was no statistically significant
difference in Al incorporation from anatase, rutile, or a mixture of these oxides (F(2,11) =
0.4645, p > 0.05, Fcritical = 3.9823). One-way ANOVA also determined that there was no
statistically significant difference in the control cells and the exposed cells (F(1,26) =
1.3203, p > 0.05, Fcritical = 4.2252).

Figure 2.16: Aluminum dry weight concentration (ppm) of R. ruber GIN-1 with and
without exposure to TiO2 particles.
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Table 2.5: Aluminum dry weight concentration (ppm) of R. ruber GIN-1 with and
without exposure to titanium dioxide particles (A: anatase; R: rutile; M: anatase/rutile
mixture).
Cell Growth

Control cells (ppm)

Exposed cells (ppm)

A1

7.210

6.509

A2

2.965

7.827

A3

9.452

4.183

A4

7.678

6.205

A5

6.209

7.378

R1

2.534

2.746

R2

4.669

2.739

R3

2.728

30.013

R4

9.789

10.271

R5

5.610

5.149

M1

11.057

7.492

M2

7.995

11.873

M3

9.322

7.163

M4

5.663

15.513
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2.3.3.6 Copper
The dry weight concentrations of copper are presented in Table 2.6. The average
Cu concentration was 1.6 +/- 0.7 ppm for the control cells (n = 14), 1.4 +/- 0.4 ppm for
anatase-exposed cells (n = 5), 1.3 +/- 0.2 ppm for rutile-exposed cells (n = 5), and 1.9 +/0.5 ppm for mixed anatase/rutile-exposed cells (n = 4), as shown in Figure 2.17.
One-way ANOVA was used to determine that there was no statistically significant
difference in Cu incorporation from anatase, rutile, or a mixture of these oxides (F(2,11) =
2.5750, p > 0.05, Fcritical = 3.9823). One-way ANOVA also determined that there was no
statistically significant difference in the control cells and the exposed cells (F(1,26) =
0.3246, p > 0.05, Fcritical = 4.2252).

Figure 2.17: Copper dry weight concentration (ppm) of R. ruber GIN-1 with and without
exposure to TiO2 particles.
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Table 2.6: Copper dry weight concentration (ppm) of R. ruber GIN-1 with and without
exposure to titanium dioxide particles (A: anatase; R: rutile; M: anatase/rutile mixture).
Cell Growth

Control cells (ppm)

Exposed cells (ppm)

A1

2.068

1.762

A2

1.226

1.793

A3

0.447

0.867

A4

1.178

1.121

A5

1.804

1.277

R1

1.462

1.588

R2

0.912

0.947

R3

1.062

1.464

R4

1.909

1.225

R5

1.270

1.205

M1

1.329

1.670

M2

2.381

1.504

M3

2.235

1.602

M4

3.187

2.661
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2.3.4 Metal Quantitation in Artificial Sea Water
The metal concentrations of artificial seawater medium prior to and after growth
are shown in Table 2.7.

Table 2.7: Metal ion concentrations (ppm) of artificial seawater
medium and growth supernatant
Artificial seawater medium
Metal

Spent medium (ppm)
(ppm)

Ti

< 0.005

< 0.005

Fe

0.045 +/- 0.001

< 0.005

Zn

0.22 +/- 0.03

0.14 +/- 0.01

Mn

0.009 +/- 0.002

< 0.005

Cu

< 0.005

< 0.005

Al

< 0.005

< 0.005

2.3.5 Metal Quantitation in Control
A control study was conducted going through each step of the procedure without
Rhodococcus ruber GIN-1 cells. ICP-OES detected 0.005 ppm Fe and 0.025 ppm Mn, with
Al, Cu, Ti, and Zn below the standard curve (< 0.005) in the unexposed control. ICP-OES
detected 0.005 ppm Fe, 0.011 ppm Mn, 0.006 ppm Al, with Cu, Ti, and Zn below the
standard curve (< 0.005) in the exposed control.
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2.4 Discussion
Although concentrations of Ti in the original seawater medium and in the spent
culture medium after growth were below detection (<0.005 ppm), appreciable Ti was
detected even in control cells that were not exposed to TiO2 particles (n = 14, [Ti] = 0.24
+/- 0.11 ppm). The dry-matter content in bacterial cells is ~40%,30 so 0.24 ppm Ti in dry
weight corresponds to ~2.0 µM concentration. This value is within the range commonly
found in biological samples.6 R. ruber GIN-1 cells that were exposed to and then desorbed
from anatase (n = 5), rutile (n = 5), or a mixed anatase/rutile sample (n = 4) had significantly
(p < 0.001) elevated Ti levels with respect to unexposed cells. This finding is consistent
with the earlier, qualitative report.28 Titanium concentrations in exposed cells averaged 2.2
+/- 0.9 ppm (~17 µM). This value represents nearly a tenfold increase over the control
cells. It remains much lower than the highest value ever reported for Ti in an organism
(1500 ppm in the ascidian E. ritteri).31 There was no significant difference in Ti
incorporation from anatase, rutile, or a mixture of these oxides.
Once cellular uptake of Ti from purportedly-inert titanium oxides was quantified,
we considered whether and how that uptake affected the levels of other biometals in the
cells. In all cases, the results were statistically indistinguishable for exposure to anatase
and rutile, so in all cases the data were averaged (n=14). The artificial seawater medium
had 0.22 ppm Zn, 0.045 ppm Fe, 0.009 ppm Mn, and Al and Cu (as well as Ti) were below
the lowest point on the standard curve (0.005 ppm). The native levels of these metal ions
in R. ruber GIN-1 vary over several orders of magnitude (Figure 2.18, white boxes). As
expected, all of the metals were more concentrated in the cell biomass with respect to the
concentrations found in the growth medium. After exposure to TiO2, and concomitant with
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the Ti increases described above, biometal concentrations decreased significantly for Fe,
Zn, and Mn (Figure 2.18, grey boxes). There was no apparent change for Cu or Al. The
average values are tabulated in Table 2.8.

Figure 2.18: Metal concentrations (dry weight) in R. ruber GIN-1 cells (n=14). One-way
ANOVA supports a significant difference in metal quota between control cells (white) and
cells exposed to TiO2 (grey) for Ti (increase), Fe and Zn (decrease) (*** p < 0.001) and
for Mn (decrease) (** p < 0.05) but not for Cu or Al (* p > 0.05).
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Table 2.8: Average concentrations of various metals in cells exposed to
titanium dioxide determined by ICP-OES. Averages and standard
deviations were over 14 individual cell growths.
Artificial

seawater

Metal

Exposed

cells

Control cells (ppm)
medium (ppm)

(ppm)

Ti

< 0.005

0.24 +/- 0.11

2.0 +/- 0.9

Fe

0.045 +/- 0.001

19.7 +/- 7.5

11.0 +/- 3.7

Zn

0.22 +/- 0.03

51.0 +/- 7.7

37.5 +/- 10.6

Mn

0.009 +/- 0.002

1.6 +/- 0.3

1.4 +/- 0.2

Cu

< 0.005

1.6 +/- 0.7

1.5 +/- 0.4

Al

< 0.005

6.6 +/- 2.8

8.9 +/- 6.9

The genus Rhodococcus is known to degrade environmental pollutants and to
accumulate metal ions.32, 33 There are four complete (and ten total) annotated genome
sequences available for Rhodococcus ruber species, although none are for the GIN-1
strain.34 As would be expected, there are >100 predicted metalloprotein sequences in each
genome, including many apparent Fe, Zn, and Cu proteins. Thus, the presence of
appreciable amounts of these metals in the cells is unsurprising. Although Al is not believed
to be an essential metal, it is, like Ti, very abundant and is commonly found in organisms.2
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These data suggest that the bio(geo)chemistry of titanium can interfere with that of
some (Fe, Zn, and to a lesser degree Mn) but not all (not Cu or Al) metals in R. ruber GIN1 cells. It is apparent that the uptake of Ti, whether adventitious or active by the cell, in
some way disrupted the levels of other metals. Because Ti(IV) is similar to (but even more
Lewis acidic than) Fe(III), it can bind tightly to at least some Fe proteins and might directly
interfere with Fe biochemistry.35-37 But it would be unable, for example, to fulfil the redox
requirements in an iron metalloprotein.5, 6 Titanium binding to native Zn or Mn proteins
has not been demonstrated, and a direct and specific effect is less chemically likely.
Even an indirect generalized stress response would have the result that TiO2 is not,
at least for this one species, an inert, non-bioactive material, but instead causes measurable
changes in the levels of other essential metal ions. We note that our data were collected at
a single time point, after 1 h exposure to TiO2. It is not clear how Ti uptake and disruption
of metal quotas might change over time.
Contrary to its reputation as an inert material, titanium dioxide (both anatase and
rutile) can be bound by Rhodococcus ruber GIN-1 cells and Ti is liberated and incorporated
into cellular biomass. Titanium levels, already appreciable in unexposed cells, increase by
an order of magnitude after such exposure. Furthermore, the metal ion quotas for some (Fe,
Zn, Mn) but not all (Cu, Al) (bio)metals decrease in response to this Ti incorporation. There
was no difference between anatase and rutile crystal forms. This work suggests a possible
interference between the biogeochemical cycles of Ti with other metals, and adds new
support for that metal’s biological relevance.
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CHAPTER 3.
IRON STORAGE PROTEINS AS BIOMATERIAL PHOTOCATALYSTS FOR
ENVIRONMENTAL REMEDIATION
The work in this chapter was part of a collaboration at Temple University, led by
Dr. Elizabeth Cerkez and Dr. Daniel Strongin. All presented work for DNA protection
from starved cells protein was executed by excellent undergraduate students,
Ethan Kimmett and John Lehman.
3.1 Introduction
The Strongin laboratory investigates the reactivity of metal oxide semiconducting
photocatalysts for environmental remediation of toxic inorganic contaminants.1-5 Metal
oxide photocatalysts can be used for environmental remediation but have their limitations.
Titanium oxide is very stable under various conditions but does not have a band gap that
can be excited in the visible light region. Iron oxides have a band gap that can be excited
within the visible light region, but are not photostable. Ferrihydrite, an iron oxyhydroxide
mineral, can simultaneously transform toxic Cr(VI) and As(III) species to the less toxic
Cr(III) and As(V) species.2 While these catalysts are effective, the development of a stable
biomaterial-based photocatalyst that utilizes more of the visible spectrum is desired.
Ferritin, a protein that mineralizes and stores iron in its cavity as ferrihydrite, can be used
as the photocatalyst with improved stability.5 Ferritin can be sensitized to extend the
photoactivity to longer wavelengths by growth of plasmonic gold nanoparticles on the
surface of the protein.1 This collaboration was formed to tune various properties of the
catalyst, such as the size of protein cage, the identity and size of metal oxide nanoparticle,
and the identity and shape of the plasmonic particle. The work in this chapter will highlight
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the contribution from the Valentine laboratory that focused on the protein aspect of the
project.
Organisms must maintain essential metal ions, through tightly regulated uptake,
utilization, storage, and excretion mechanisms. Storage systems allow for the accumulation
of high intracellular levels of metal ions in a benign form. Iron is a necessary element for
nearly every organism, and organisms evolved to acquire iron. In oxic environments, Fe(II)
will rapidly oxidize and generate toxic reactive oxygen species. Proteins in the ferritin-like
family, which includes ferritins, bacterioferritins, and DNA protection for starved cells
protein (Dps), utilize their cage-like architecture to safely mineralize and store iron until it
is needed.6 Simon Andrews published an extensive review article on the evolution of the
ferritin-like superfamily.7
The structure of these protein cages is essential to their function. They are
assemblies of four-helix bundles with pores at symmetry sites that act as ion channels, and
provide a hollow cavity for the accumulation of up to 4,500 iron atoms stored as hydrated
iron oxide minerals.7-14 Human ferritins are comprised of 24 subunits that form a shell with
an inner diameter of 8 nm and an outer diameter of 12 nm. Dps proteins are much smaller,
with an assembly of 12 subunits, an inner diameter of 5 nm, and an outer diameter of 9 nm.
The protein shell keeps the iron core in a soluble state and prevents harmful redox reactions.
Examples of these protein architectures are shown in Figure 3.1.
Ferroxidation requires an oxidant that accepts electrons from Fe(II). In ferritins, the
oxidant is typically O2, whereas for Dps proteins the efficient oxidant is H2O2.15 The
oxidant binds to the ferrous atoms at the ferroxidase center in ferritin H-chain (see below)
and forms µ-oxo-bridged diferric iron intermediates.16 The ferric ions are then moved to
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the protein core. In addition to biomineralization of iron, ferritins allow for in vitro
synthesis of other metal oxide nanomaterials, such as those of Ag, Au, Co, Eu, Mn, Ti, and
U, in their core.17-23 The uniform distribution of oxide nanoparticles is advantageous for
catalysis, and the particle size can be controlled by the number of metal ions loaded into
the cage.24, 25

Figure 3.1: Structures of human H-chain ferritin (PDB 2FHA)26 and Listeria innocua Dps
(PDB 6HV1),27 with individual subunits rendered in different colors.

The Strongin laboratory takes advantage of the hydrophobic protein shell to keep
the ferrihydrite oxide nanoparticle in a soluble, stable state and demonstrated its ability to
remediate Cr(VI) species.5 Iron-loaded ferritin is photoexcited with ~2.7 eV, a wavelength
£ 475 nm, where the ferritin core is excited and Fe(II) is released, and Cr(VI) is reduced.3,
5

The catalyst can be sensitized by attaching metallic nanoparticles to reach a wider range

of solar radiation through surface plasmon resonance, as shown in Figure 3.2.28 Gold
plasmonic nanoparticles (AuNP) have a surface plasmon resonance at ~532 nm in the
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visible region, which extends to longer wavelengths of light for the desired
photochemistry.28, 29 The most recent work reported the sensitized AuNP-horse spleen
ferritin heterostructure was able to release Fe(II) when exposed to longer wavelengths of
light, and to facilitate Cr(VI) remediation.1

Figure 3.2: Cartoon of proposed heterostructure biocatalyst with a cutaway view of the
protein cage (pale blue), mineral oxide core (red), and metallic nanoparticle (purple).

Mammalian ferritins are heteropolymers, comprised of L- and H-chain subunits.
L-chain subunits function to propagate high iron storage capacity, and do not have
ferroxidase activity.30 H-chain subunits contain ferroxidase centers that enable high rates
of ferrous oxidation and core formation.12, 14 The ferroxidase sites can form bi-nuclear iron
species that are coordinated by six highly-conserved residues from all four helices in the
subunit.31-33
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The contribution from the Valentine lab focused on the protein portion of the
heterostructure biocatalyst. Since commercially available horse spleen ferritin is comprised
of mainly L-chain subunits (85-90%), it is of interest to study a ferritin structure that
contained only H-chain subunits. Initially the work only involved preparation of human Hchain ferritin (HFtn) expressed in E. coli; however, there were aggregation issues when
trying to grow AuNP on the surface. The AuNP is thought to grow from or attach to the
cysteine residues at the three-fold pore of horse spleen ferritin. A possible cause of
aggregation is that the AuNP might attach to additional cysteine residues that are present
in H-chain subunits.
HFtn contains three cysteine residues, shown in Figure 3.3. C130 is located in the
three-fold pore and is highly conserved in nearly all species. It is believed to be the site of
AuNP attachment. C102 faces the interior of the helical bundle and is highly conserved in
H-chain subunits of nearly all species. C90 is located on the BC-loop that is solventexposed on the surface of the protein cage. The residue most likely causing this aggregation
is C90.34 Initial work chemically capped the cysteine residues in HFtn using 5,5dithiobis(2-nitrobenzoate), or Ellman’s Reagent,35 improving stability.36 However this
method might cap all cysteine residues, which may hinder AuNP formation. An alternate
method pursued the mutation of C90 to an arginine residue, a mutation that prevents
cysteine oxidation and disulfide bond formation in HFtn.34 Arginine contains a
guanidinium group instead of a thiol group of cysteine. AuNP formation on HFtn C90R is
unlikely, as arginine is a hard base and gold is a soft acid.
In addition to studying HFtn, human L-chain ferritin (LFtn), mixture of H- and LFtn, and Dps proteins are of interest to compare and tune properties of the catalysts.
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C130

C102

C90

Figure 3.3: H-chain ferritin (PDB 2HFA) 24-mer with cysteines in yellow, facing the threefold pore (left).26 H-chain ferritin monomer with individual cysteine residues labeled
(right).

Dps proteins, shown in Figure 3.4, are categorized in the ferritin-like superfamily,
however they have significant differences, such as that their main function is in iron
detoxification and not biomineralization. Most Dps proteins contain iron-binding sites
located at two-fold symmetry sites between subunits, rather than in the center of the fourhelix bundle in ferritins.37-39 Unlike ferritins that use O2 as the oxidant and produce H2O2,
Dps proteins use H2O2 as the oxidant and produce H2O.40 Dioxygen can be used as the
oxidant with Dps, and it is completely reduced to H2O, however the reaction is not as
potent.15, 40 Dps proteins do not contain cysteine residues, and are unable to grow AuNP
on the surface (data not shown). There is an asparagine residue in the three-fold pore of the
Dps protein at approximately the same location as C90 in HFtn that can be mutated to
provide a site for AuNP nucleation. This comparison is depicted in Figure 3.5.
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Figure 3.4: Dps 12-mer (PDB 6HV1) facing the three-fold pore (left). Dps monomer with
individual arginine 129 labeled in blue (right).27

Figure 3.5: Dps (PDB 6HV1) and HFtn (PDB 2HFA) structures looking down the threefold pore.26, 27 Dps (left) has N129 labeled in blue. HFtn (right) has C90, C102, and C130
labeled in yellow.
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The cage-like architecture of iron storage proteins is essential for the mineralization
and storage of metal ions. The protein shell improves the stability of the metal oxide core,
which can be used as a photocatalyst for environmental remediation. The photoactivity can
be extended to longer wavelengths through the attachment of AuNP to the surface of the
protein cages. However, this can cause protein aggregation in HFtn, most likely from
disulfide bond formation between surface cysteine residues. Dps proteins are not able to
form AuNP, as they lack thiol groups. The work presented in this chapter focuses on protein
mutations to form stable heterostructure biocatalysts that remediate toxic contaminants in
the environment.
3.2 Experimental
3.2.1 Materials
All aqueous solutions were prepared with Nanopure-quality water (Barnstead
model D11931; 18.2 MW-cm resistivity). All glassware was washed and triple-rinsed with
Nanopure-quality water and autoclaved for sterilization. Media and buffer pH was
monitored using a Thermo Orion model 410 pH meter equipped with an Orion
8103BNUWP Ross Ultra semimicro pH electrode.
The gene encoding the Listeria innocua Dps in a pET-30a plasmid vector was
provided by Prof. Trevor Douglas at Indiana University Bloomington. Human L-chain
ferritin cDNA was obtained from American Type Culture Collection (ATCC 10697500)
and cloned into a pET-27b(+) plasmid vector by Rachel Meserole.41 Human H-chain
ferritin cDNA was obtained from American Type Culture Collection (ATCC 10435853)
and cloned into a pET-27b(+) plasmid vector by Kathryn Cole.17
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Mutations were done using a QuikChange II Site-Directed Mutagenesis kit (Agilent
Technologies). Primers were ordered from Genewiz (South Plainfield, NJ). BL21(DE3)
competent E. coli cells were obtained from New England BioLabs. XL1-Blue
supercompetent cells were obtained from Agilent Technologies.
Reagents were used as received from Acros Organic (ferrozine, titanium (III)
chloride),

American Bio, Inc. (agar, ethidium bromide, HEPES, isopropyl b-D-

thiogalactopyranoside

(IPTG),

kanamycin

sulfate,

and

tryptone),

BioRad

(b-

mercaptoethanol), Sigma Life Science (EDTA, citric acid, and TEMED), Sigma (Tris base
and ferrous ammonium sulfate), Fisher BioReagents (sodium dodecyl sulfate), Fisher
Chemical (Hydrogen peroxide 30%), New England BioLabs (Low-range and broad-range
molecular weight markers, DNase I, and lysozyme), Pharmco-AAPER (ethanol), and JT
Baker (NaCl and ammonium acetate).
3.2.2 Instrumentation
Optical density and absorbance measurements were obtained using a Cary 50 Bio
UV-vis spectrophotometer. Absorbance measurements for AuNP formation were obtained
using a Thermo Scientific Evolution 901 UV-vis spectrophotometer. Transmission electron
microscopy images were obtained by Farbod Alimohammadi in Professor Daniel
Strongin’s laboratory using a JOEL JEM-1400 transmission electron microscope. Protein
purification was performed using an Amersham Biosciences ÄktaPrime Plus fast protein
liquid chromatography system. Bio-Rad electrophoresis apparatuses were used for agarose
and SDS-PAGE gels. A Sorvall Legend RT centrifuge equipped with a swinging bucket
rotor (7500-6445) and an Eppendorf 5418 fixed-angle microcentrifuge were used.
Dynamic light scattering measurements were obtained using a Malvern Zetasizer Nano ZS
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in Professor Bojeong Kim’s laboratory in the Department of Earth and Environmental
Sciences at Temple University.
3.2.3 Solution Preparation
Kanamycin stocks (50 mg/mL) were prepared and sterile-filtered using a 0.22 µm
filter into 0.5 mL aliquots and stored at -20 °C. A 100 mM stock solution of IPTG was
prepared fresh and sterile-filtered using 0.22 µm filter. LB-agar plates, LB media, ethidium
bromide agarose gels, 12% SDS-PAGE gels, and 2X SDS-PAGE gel loading buffer were
prepared following established protocols.42
3.2.4 Mutagenesis
Primers for the H-chain ferritin C90R mutation and Dps N129C mutation are shown
below, and the mutations were performed following established protocols from the
manufacturer. After digestion, the PCR product was ethanol precipitated with 2 M
ammonium acetate prior to the transformation of XL1-Blue supercompetent cells. To the
50 µL reactions, 25 µL of 7.5 M ammonium acetate and 190 µL of cold ethanol were added,
and the mixture was incubated overnight at -20 °C. The mixture was centrifuged at 14,000
x g, the supernatant was discarded, and the pellet was rinsed with 70% ethanol. The pellet
was centrifuged and air-dried. The pellet was dissolved in 1.5 µL of water and used to
transform onto kanamycin-containing LB agar plates. Plasmid DNA from successful
transformants was isolated using a Miniprep spin Kit (Qiagen) and the sequence was
verified (Genewiz).
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Table 3.1 Mutagenesis primers for HFtn C90R and Dps N192C.
HFtn C90R Forward

5’-ATATCAAGAAACCAGACCGTGATGACTGGGAGAGC-3’

HFtn C90R Reverse

5’-GCTCTCCCAGTCATCACGGTCTGGTTTCTTGATAT-3’

Dps N129C Forward

5’-AACTGACAAAGAAGGCGACGATGTAACATGCGATATGCTAATTGC-3’

Dps N129C Reverse

5’-GCAATTAGCATATCGCATGTTACATCGTCGCCTTCTTTGTCAGTT-3’

Table 3.2: Thermocycling parameters for mutagenesis.
Segment

Cycles

Temperature

Time

1

1

95 °C

30 s

2

18

95 °C

30 s

55 °C

60 s

68 °C

360 s

68 °C

120 s

3

1

3.2.5 Protein Expression and Purification of Ferritin
Human H-chain ferritin (HFtn) and L-chain ferritin (LFtn) were both previously
cloned into a pET27b(+) plasmid vector (Novagen) and transformed into E. coli
BL21(DE3) cells (Invitrogen).17 Kanamycin-containing LB plates were streaked from a
glycerol stock, and grown overnight at 37 °C. Single colonies were used for 10 mL starter
cultures with 30 µg/mL kanamycin. The plasmid encoding the HFtn C90R mutant was
transformed into E. coli BL21(DE3) cells (Invitrogen), and single colonies were used for
starter cultures.
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A 1 L culture of LB media with 30 µg/mL kanamycin was inoculated with 10 mL
of starter culture, and grown at 37 °C and 225 rpm shaking until optical density reached
~0.6. The cells were induced with 1 mM IPTG and grown for an additional 5 h. The cells
were harvested by centrifugation at 3000 x g for 30 min. The cell pellet was resuspended
in 20 mL lysis buffer (100 mM HEPES, pH 8.0, 50 mM NaCl, 1 mg lysozyme, 1 mg
DNase) and incubated for 30 min in an ice bath. Cells were disrupted by sonication, and
cell debris was removed by centrifugation at 10,000 x g for 10 min. The supernatant was
heat-treated at 65 °C for 10 min to precipitate heat-denatured proteins. The ferritincontaining supernatant was dialyzed overnight in 1 L of 100 mM Tris (pH 7.4) with 200
mM NaCl, and concentrated using Millipore Centriprep centrifugal concentrators (MWCO
50,000).
Concentration of apoferritin was determined using the extinction coefficients at 280
nm for each subunit of the 24-mer; e280 = 23,000 M-1cm-1 per HFtn monomer43 and e280 =
14,710 M-1cm-1 per LFtn monomer.44 Purification was done using a HiPrep 16/60
Sephacryl S-300 gel filtration column in 100 mM Tris (pH 7.4) with 200 mM NaCl, with
a flow rate of 0.1 mL/min.
3.2.6 Protein Expression and Purification of Dps Protein
Starter cultures were prepared with 5 mL LB media, 50 µg/mL Kanamycin, and a
single colony from a selective plate and incubated overnight at 37 °C. Growth optimization
was conducted using 50 mL growths and included various IPTG concentrations, growth
temperatures, and time after induction. The most favorable growth conditions were 37 °C,
0.1 mM IPTG, for 3 h. Growths were scaled up to 1 L, and purified following the above
procedure for ferritin, but the protein was dialyzed overnight into 50 mM Tris (pH 7.4)
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with 50 mM NaCl. Concentration of apo-Dps was determined using e280 = 2.59 x 105 M1

cm-1 for the 12-mer.40 Purification was done using a HiPrep 16/60 Sephacryl S-300 gel

filtration column with 50 mM Tris (pH 7.4) and 200 mM NaCl, with a flow rate of 0.1
mL/min or by anion exchange Q XL column with buffer A as 50 mM Tris, 50 mM NaCl,
and buffer B as 50 mM Tris, 1 M NaCl, a flow rate of 1 mL/min, total volume of 120 mL.
3.2.7 Iron Mineralization of Proteins (HFtn, HFtn C90R, Dps)
Purified protein was dialyzed in 0.1 M HEPES at pH 7.4 for mineralization steps.
A 10 mg/mL solution of anoxic Fe(NH4)2(SO4)2×6H2O was prepared fresh for
mineralization. The protein was diluted in deoxygenated HEPES buffer to a final
concentration of 0.68 µM. Four equal aliquots of Fe(NH4)2(SO4)2×6H2O solution were
added to the protein solution every hour for a final concentration of 1,200 Fe/cage. The
solutions were allowed to sit overnight at 4 °C, and then were dialyzed into 0.1 M Tris, 0.2
M NaCl, pH 7.4 buffer.
Samples were prepared by Farbod Alimohammadi on holey carbon TEM grids (Ted
Pella) and allowed to dry as a thin film. Some samples were negatively stained with a 2%
phosphotungstic acid solution at pH 7 prior to imaging by transmission electron
microscopy.
3.2.8 Titanium Mineralization of Dps
Ti(III) citrate solution was prepared fresh by stirring 4.840 mL of 73.5 mM citric
acid in a round-bottom flask on ice and purged under nitrogen for 20 min. 160 µL of 12%
TiCl3 was added via syringe, and the solution was stirred for an additional 30 min.
For mineralization using O2 as the oxidant, 1 mL of 7.6 µM purified Dps was added
to 4 mL of 50 mM Tris, 200 mM NaCl. 36 µL of Ti(III) citrate was added to the Dps
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solution and allowed to oxidize by air. A control of Ti(III) citrate in 5 mL of Tris buffer
was also obtained.
For mineralization using H2O2 as the oxidant, 1 mL of 7.6 µM purified Dps was
added to 4 mL of 50 mM Tris, 200 mM NaCl was purged with nitrogen. 36 µL Ti(III)
citrate and 20 µL of 0.098 M H2O2 was added to the protein solution.
Samples were dialyzed after mineralization. TEM samples were prepared by
Farbod Alimohammadi on holey carbon TEM grids (Ted Pella) and allowed to dry as a
thin film. Some samples were negatively stained with a 2% phosphotungstic acid solution
at pH 7 prior to imaging by transmission electron microscopy.
3.2.9 Sensitization of Protein Cage
Photochemical synthesis of AuNP on the protein cage was performed by Dr.
Elizabeth Cerkez following published procedures.1 A 3.1 mL reaction solution containing
0.34 µM mineralized protein, 50 mM NaCl, 30 mM sodium citrate, 20 mM Tris at pH 7.4,
and 0.4 mM HAuCl4 was placed in a quartz cuvette. The cuvette was exposed to simulated
solar radiation using a 900 W high-pressure Xenon lamp (Schoeffel Instruments,
Westwood, NJ) until formation of a purple color, around six minutes. The color change
indicated the presence of AuNP formation, which was confirmed by UV/vis absorbance
~530 nm and is attributed to the surface plasmon resonance of the nanoparticle. The
solution was then dialyzed against 0.1 M Tris, pH 7.4. The dependence of AuNP formation
on concentration was investigated using the above conditions with varied mutated H-chain
ferritin concentrations of 0.34 µM, 0.17 µM, and 0.085 µM.
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3.2.10 Dynamic Light Scattering
Dynamic light scattering data were obtained using a Malvern Zetasizer Nano
Series. Disposable microcuvettes were used. The refractive index for protein was 1.450.45,
46

The dispersant viscosity and refractive index parameters for 0.1 M Tris 0.2 M NaCl

buffer were 0.9324 cP and 1.334, respectively. The dispersant viscosity and refractive
index parameters for 0.1 M Tris were 0.9129 cP and 1.332, respectively. Samples were
filtered prior to data collection, and three consecutive measurements of 13 runs each were
acquired. The distribution results were given as percent intensities.
3.2.11 Iron Release Studies
Preliminary Fe(II) release data were obtained using the simulated solar radiation
described above. The reaction solution contained 0.035 µM protein, 32 mM sodium
tartrate, 0.714 mM ferrozine in 60 mM Tris, pH 7.4, for a total volume of 3.1 mL in a
quartz cuvette. The cuvette was illuminated using full spectrum light or with a longpass
475 nm cutoff optical glass filter (Schott). Absorbance spectra were collected from 700200 nm at various timepoints, and the ferrozine-Fe(II) complex (e562nm = 27,900 M-1cm-1)47
was quantified by UV/vis spectroscopy.
3.3 Results
3.3.1 Human H-Chain Ferritin Wild Type
3.3.1.1 Protein Purification
HFtn WT was overexpressed in E. coli and released by chemical and physical lysis
methods. The protein was purified by gel filtration, where proteins are separated by size.
The yield for HFtn WT was ~30 mg from 1 L of culture. The absorbance trace is shown in
Figure 3.6, and the SDS-PAGE gel is shown in Figure 3.7.
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Figure 3.6: Size-exclusion chromatography trace of HFtn WT.

Figure 3.7: SDS-PAGE gel of HFtn WT. Lanes 1 and 8 are low-range molecular weight
markers, lanes 2-4 are fractions at time points 420, 440, and 460 min. Lanes 5-7 are time
points 120, 140, and 160 min. Lane 9 is the sample loaded onto the column.
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3.3.1.2 Formation of Heterostructure
Ferritin photoreduces HAuCl4 to form AuNP, which has a surface plasmon
resonance at 532 nm, on the surface. Figure 3.8 shows the UV/vis spectra of the mineralized
ferritin, the ferritin with addition of HAuCl4, and the three scans after irradiation. The wildtype HFtn was able to grow AuNP on its surface; however it was not stable and would
aggregate after dialysis, as confirmed by transition electron microscopy and dynamic light
scattering in Figures 3.9 and 3.10, respectively.
The dynamic light scattering experiments determined the apo-HFtn cage to have an
average diameter at ~12 nm, as expected. Upon iron loading, the protein began to
aggregate, but some mineralized protein remained soluble. When AuNP were formed on
the surface, the heterostructure showed high amounts of aggregation.

Figure 3.8: UV/vis spectra of HFtn WT (solid black trace), HFtn WT + HAuCl4 (dashed
grey trace), and HFtn WT + AuNP (dotted light blue, purple, and dark blue traces for three
scans after nanoparticle formation).
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Figure 3.9: TEM image of aggregated HFtn WT AuNP heterostructure. The dark black
spheres are the AuNP and the grey spheres are protein cages.

Figure 3.10: Size distribution of HFtn WT determined from dynamic light scattering. Black
trace is apo-HFtn WT, red trace is iron-loaded HFtn WT, and blue trace is AuNP attached
to iron-loaded HFtn WT.
78

3.3.2 Human H-Chain Ferritin C90R
3.3.2.1 Mutagenesis
Primers were designed for a single point mutation of HFtn. Cysteine 90 was
mutated to an arginine residue (tgt to cgt). Primers were ordered from Genewiz using their
Oligo-Flex DNA synthesis service with PAGE purification. The successful C90R mutation
was confirmed by DNA sequencing, and transformed into BL21 (DE3) E. coli cells.
3.3.2.2 Protein Purification
HFtn C90R was overexpressed in E. coli and purified after chemical and physical
lysis methods. The protein was further purified by gel filtration, where proteins are
separated by size. The yield for HFtn C90R was ~25 mg from 1 L of cell culture. The
absorbance trace is shown in Figure 3.11 and the SDS-PAGE gel is shown in Figure 3.12.
The HFtn C90R mutants, apo- and mineralized, were characterized using transition
electron microscopy as shown in Figures 3.13 and 3.14, respectively.

Figure 3.11: Purification of HFtn C90R by size-exclusion chromatography.
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Figure 3.12: SDS-PAGE gel of size separation of HFtn C90R. Lanes 1 and 10 are lowrange molecular weight markers, and lane 2 is a sample of protein that was loaded onto the
column. Lanes 3-8 correspond to samples at time points 320, 340, 380, 460, and 480 min.
Lane 9 is empty.
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Figure 3.13: TEM image of stained apo-HFtn C90R shows the protein cages to be ~12 nm
in diameter.

Figure 3.14: TEM image of unstained iron-mineralized HFtn C90R that shows the mineral
oxide particles.
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3.3.2.3 Formation of Heterostructure
The growth of AuNP on the mutated ferritin is shown in Figure 3.15 by the presence
of the surface plasmon resonance peak at 532 nm, and the stable heterostructures are shown
in Figure 3.16. The spectra are comparable to those of HFtn WT. Unlike the HFtn WT
heterostructures, the mutated systems do not aggregate upon iron loading or AuNP
formation.
Dynamic light scattering experiments, shown in Figure 3.17, determined the apoHFtn C90R and mineralized HFtn C90R to have an average diameter at ~12 nm, as
expected. Upon AuNP formation, the peak broadened with an average diameter of ~100
nm.

Figure 3.15: UV/vis spectra of HFtn C90R (solid black trace), HFtn C90R + HAuCl4
(dashed grey trace), and HFtn C90R + AuNP (dotted light blue, purple, and dark blue traces
for three scans after nanoparticle formation).
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Figure 3.16: TEM image of heterostructure of HFtn C90R. The protein cages are visible as
the light grey circles, and the AuNP are the black particles.

Figure 3.17: Size distribution of HFtn C90R determined from dynamic light scattering.
Black trace is apo-HFtn C90R, red trace is iron-loaded HFtn C90R, and blue trace is AuNP
attached to iron-loaded HFtn C90R.
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3.3.2.4 Iron Release
Preliminary iron release studies were conducted to probe the photochemical activity
of the heterostructure biocatalysts. The peak at 562 nm monitored the formation of
ferrozine-Fe(II) complex formed by release of Fe(II) during photoexcitation. The
concentration of Fe(II) released for the HFtn C90R and HFtn C90R-AuNP samples with
exposure to full spectrum and visible light only are shown in Figure 3.18. Both structures
are able to release Fe(II) when exposed to full spectrum radiation. The unsensitized
structure was unable to release Fe(II) when exposed to visible light only, however the
AuNP-sensitized structure was able to release Fe(II), suggesting that this heterostructure is
capable of the redox chemistry needed for environmental remediation of toxic metal
species.

Figure 3.18: The concentration of Fe(II) released upon photoexcitation as a function of
time. The HFtn C90R structures are represented by the blue traces, and the HFtn C90RAuNP structures are represented by the red traces. The solid traces are samples exposed to
full spectrum radiation, and the dashed traces are samples exposed only to visible light.
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3.3.3 Human L-Chain Ferritin Wild Type
3.3.3.1 Protein Purification
LFtn WT was overexpressed in E. coli and released by chemical and physical lysis
methods. The protein was further purified by gel filtration, where proteins are separated by
size. The yield for LFtn WT was ~30 mg per 1 L cell culture. The absorbance trace is
shown in Figure 3.19, and the SDS-PAGE gel is shown in Figure 3.20. The LFtn cages
were characterized by TEM, shown in Figure 3.21.

Figure 3.19: Purification of LFtn WT by size-exclusion chromatography.
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Figure 3.20: SDS-PAGE of size separation of LFtn. Lane 1 is the low-range molecular
weight marker, and lane 2 is the broad range molecular weight marker from New
England BioLabs. Lanes 2-14 are fractions from time points 40, 80, 280, 320, 360, 400,
460, 820, 860, 960, 1180, 1500 min. Lane 15 was the sample loaded onto the column.

Figure 3.21: TEM image of stained apo-LFtn shows protein cages to be ~12 nm in
diameter.
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3.3.4 Listeria innocua Dps Protein Wild Type
3.3.4.1 Protein Purification
Dps WT was overexpressed in E. coli and released by chemical and physical lysis
methods. The protein was further purified by gel filtration (Figure 3.22), where proteins
are separated by size, or by anion exchange chromatography (Figure 3.23), where proteins
are separated by their charges. The corresponding SDS-PAGE gel to the anion exchange
purification is shown in Figure 3.24. TEM was used to characterize apo-Dps (Figure 3.25).

Figure 3.22: Purification of Dps WT by size-exclusion chromatography.
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Figure 3.23: Purification of Dps WT by anion-exchange chromatography.

Figure 3.24: SDS-PAGE gel of Dps WT samples from anion-exchange chromatography.
Lane 1 is sample that was loaded onto the column, lanes 2-9 are samples from 0-5 min, 510 min, 15-20 min, 20-25 min, 25-30 min, 30-35 min, 35-40 min, 40-45 min fractions.
Lane 10 is the low-range molecular weight marker.
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Figure 3.25: TEM image of stained apo-Dps.

3.3.4.2 Mineralization
Dps WT was mineralized with iron and with titanium, and characterized by TEM
(Figures 3.26 and 3.27, respectively), and DLS (Figure 3.28). The TEM images are
unstained, which means that the protein is not visible, however the mineral oxide particles
in the protein cages are seen as dark spheres. The inner diameter of Dps proteins is ~5 nm,
which is the maximum size of the mineral oxide particle. DLS measurements shown the
outer diameter of the Dps proteins to be ~9 nm, as expected.
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Figure 3.26: TEM image of iron-mineralized Dps.

Figure 3.27: TEM image of titanium-mineralized Dps.

90

Figure 3.28: Dynamic light scattering of Dps WT. Apo-Dps (black) has an average
diameter of ~9 nm, iron-mineralized Dps (red) has an average diameter of ~9 nm, but also
shows aggregation, and titanium-mineralized Dps (blue) has an average diameter of ~10
nm, and shows aggregation.

3.3.4.3 Formation of Heterostructure
Attempts to grow AuNP on the surface of Dps were unsuccessful. Primers were
designed for mutation of asparagine 129 to a cysteine residue. The mutation was attempted
using the QuikChange II Site-Directed Mutagenesis kit, however efforts so far have not
been successful.
3.4 Discussion
The main objective of the collaborative project is to design, develop, and
characterize biomaterial photocatalysts for environmental remediation. Depending on the
chemistry required from a particular catalyst, various parameters can be tuned. The size of
the protein cage influences the maximum size of the mineral oxide nanoparticle
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mineralized inside. The ferritin proteins are larger, with interior diameters of ~8 nm,
whereas the Dps proteins have interior diameters of ~5 nm. The size of the nanoparticle
can we adjusted depending on the number of metal ions loaded into the protein cages.
Various types of metal oxides can be mineralized by proteins of the ferritin-like
superfamily, and are of interest for their different catalytic properties, such as iron oxides
and titanium oxides. The protein cages can be sensitized to utilize different portions of the
solar spectrum using plasmonic nanoparticles, which can also be varied by the metal
identity, shape, and size.
This cross-disciplinary collaboration brings together different perspectives and skill
sets to develop biomaterial photocatalysts. The work presented in this chapter reports the
contribution from the Valentine laboratory, which includes the expression and purification
of protein (HFtn WT, HFtn C90R, LFtn WT, and Dps), iron mineralization (HFtn C90R,
Dps), titanium mineralization (Dps), AuNP formation (HFtn C90R), and heterostructure
characterization by dynamic light scattering (HFtn WT, HFtn C90R, Dps).
Initial work by the Strongin group determined that an iron oxide mineral,
ferrihydrite, is able to remediate toxic chromate and arsenite using ultraviolet light,
however it is susceptible to photocorrosion.2, 4 In order to improve the ability of the catalyst,
they looked towards Nature for inspiration. Ferritin, an iron storage protein essential for
the regulation of iron in many higher organisms, biomineralizes Fe(II) as ferrihydrite
nanoparticles and protects the oxide from generating reactive oxygen species while keeping
it in a soluble state. They used a well-studied, complex system to remediate chromate using
ultraviolet light to perform the redox chemistry.3, 5 To improve upon this system, they
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sensitized ferritin with gold plasmonic particles that were able to utilize more of the solar
spectrum.1
This work was initially done using horse spleen ferritin, which is comprised of
mainly L-chain subunits. Since H-chain subunits contain ferroxidase centers that increase
the rate of mineralization, it was of interest to determine if a protein comprised of all Hchain would further improve the catalyst, which is where the Valentine group joined the
project.
Originally the role of the Valentine laboratory was to prepare purified human Hchain ferritin, however aggregation occurred, and further work was required. H-chain
ferritin (HFtn) was able to form gold nanoparticles (AuNP) on the surface, presumably
nucleating on the sulfur atoms of cysteine residues, however the heterostructure catalyst
would suffer from instability and aggregate to a useless state. To remedy this problem,
organic agents were used to cap the cysteine groups, preventing aggregation. This
treatment improved stability, however it was of concern that the capping agents could
prevent AuNP formation if the cysteine residues in the three-fold pores were capped. To
avoid this phenomenon the surface cysteine, C90, was mutated to an arginine residue, that
would not bind to a thiophilic metal like gold.
The mutation successfully prevents aggregation of the heterostructure nanoparticle,
and preliminary studies show it is able to release Fe(II) using visible light, suggesting it is
capable of remediating toxic metal species from the environment.
The formation of AuNP dependence on concentration HFtn C90R was investigated,
using the same concentration as the above experiment, as well as ½ and ¼ of that
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concentration. While each of the concentrations were able to form the heterostructure, the
lower concentration samples suffered from aggregation.
L-chain ferritin (LFtn) was purified, however there have been stability concerns
with iron-loading. LFtn is of interest as it does not have ferroxidase centers, so the kinetics
of mineralization are slower. Once the mineralization issues are ironed out, AuNP
formation will be attempted. It is unlikely that we will see stability concerns with that, since
LFtn does not contain a cysteine residue on the surface.
A smaller cage-like protein, Dps protein, was purified and mineralized with iron
and with titanium. The protein was unable to form AuNP, likely due to the lack of cysteines
in the three-fold pore. Mutation of an arginine residue that is located in that pore to a
cysteine was sought out, however efforts thus far have been unsuccessful.
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CHAPTER 4.
EFFORTS TOWARDS IMPROVING THE EXPRESSION IN E. COLI OF A
MONOLOBAL TRANSFERRIN FROM CIONA INTESTINALIS
4.1 Introduction
Nature uses iron for many critical life processes in nearly every organism, as
discussed in detail in Chapter I of this thesis. In aqueous oxic environments iron exists in
two principal oxidation states: ferric (Fe3+) and ferrous (Fe2+). Organisms require
mechanisms to safely store and transport iron in a soluble, bioavailable state. In most cases,
in higher organisms, circulating non-heme iron is bound to transferrin.1
Transferrins (Tf) are a class of proteins that bind and transport ferric iron into cells
where it is released in a controlled manner for other biological functions. Most serum
transferrins are ~80 kDa monomeric glycoproteins with two homologous lobes (N-lobe
and C-lobe). The two lobes are structurally similar and have greater than 60% sequence
identity between them, and are linked by a connecting peptide.2 Each lobe contains one
iron-binding site that is typically comprised of two tyrosine, one aspartic acid, and one
histidine residue, and a synergistic anion to bind ferric iron, as shown in Figure 4.1.

Figure 4.1: Crystal structure of iron-bound human serum transferrin. (PDB 3V83).3
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Recent review articles discuss the transferrin cycle in great detail.4-6 Iron binding
causes lobe closure, which protects the iron from hydrolysis reactions.7 Figure 4.2 shows
a cartoon schematic of the serum Tf cycle where the iron-bound Tf (holoTf) enters the cell
through a membrane-bound Tf receptor (TfR).1 Each receptor binds two holoTfs, and the
holoTf-TfR complex forms an endosome through clathrin-coated pits.8 The acidic and
reducing environment of the endosome releases iron, which is then exported as ferrous iron
through a divalent metal transporter (DMT1). The mechanistic details of the release and
reduction of ferric iron are still debated. The apoTf-TfR complex is returned to the cell
surface where apoTf is released to restart the iron uptake cycle.
Transferrins are found in vertebrates and invertebrates, and are characterized by
their sequence, function, and location.9-11 Members of the Tf family include serotransferrin
from blood serum, ovotransferrin from egg yolk, lactotransferrin from milk, tears, and
other secretions, melanotransferrin that is anchored to the membrane, and the mammalian
inhibitor of carbonic anhydrase (ICA).
The homology between N and C domains suggests that they are descended from a
common ancestral protein. Common among all Tf lobes are twelve cysteines that form six
ancient disulfide bridges.12, 13 There are three additional disulfide bridges in the C-lobe that
are semi-conserved. Furthermore, both the N- and C-lobes of human serum Tf contain two
more modern disulfide bridges.12
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DMT1
Clathrin
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Figure 4.2: A cartoon of iron binding and transport into a cell. ApoTf binds one Fe3+ per
lobe and undergoes lobe closure to protect the bound iron from hydrolysis, producing
holoTf. The holoTf-TfR complex undergoes endocytosis. Fe3+ is dissociated and reduced
in the endosome, and released through a divalent metal transporter (DMT1). The apoTfTfR complex is returned to the surface and apoTf is released.

A gene duplication of an ancestral protein resembling the N-lobe of a modern Tf
occurred at least 670 million years ago, during an evolutionary period prior to the
separation of arthropods and chordates.2, 11, 13-15 Melanotransferrins are thought to be the
earliest diverging Tf in vertebrates, and show more similarity between their N- and C-lobes
than to the respective lobes of other Tfs.9, 11 More recent members of the Tf family such as
lactotransferrin, ovotransferrin, and ICA, may have evolved from later duplication
events.11 Figure 4.3 represents the evolutionary relationships among selected Tfs.
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The only monolobal Tfs identified are from ascidians, commonly known as sea
squirts.16-18 Ascidians are marine invertebrate chordates that are useful as model organisms
due to their evolutionary position between vertebrates and invertebrates. A particular
primitive ascidian of interest, Ciona intestinalis, had its full genome sequenced in 2002,
where it was determined to have genes for a monolobal and a bilobal transferrin protein.19
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Figure 4.3 The Maximum Likelihood phylogenic tree of Tfs constructed by MEGA7.20
Sequence data and tree construction information can be found in Appendix A. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test are shown next to the branches.

The sequence of the monolobal Tf isolated from the plasma of C. intestinalis,
termed nicatransferrin or nicaTf, has greater homology to the N-lobe of modern Tfs and to
melanotransferrin.18, 21 Additionally, the sequence shows that the iron-binding residues are
conserved, and that the arginine residue for binding the synergistic anion is replaced by a
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lysine.18 The protein sequence also showed that nicaTf contains the six ancient disulfide
bridges present in N-lobes of Tf, but not the two modern bridges. NicaTf has been used as
a model to understand the Tf cycle, and the structure and binding evolution of Tf.18, 22
NicaTf was initially isolated by an immobilized iron-affinity column from the blood
plasma of C. intestinalis22, and later expressed in Pichia pistoris with a yield of ~2.5 mg/L
growth.18, 23 When expressed in yeast, the protein is nonglycosylated, however this does
not alter metal ion binding.18 UV/vis spectra suggest nicaTf coordinates Fe(III) different
than other Tf. Both the apo- and holo-nicaTf species exhibit a shoulder at 330 nm that is
not present in other Tf.22 NicaTf binds up to one equivalent of Fe(III), however the UV/vis
spectrum does not show the tyrosine-to-Fe(III) charge transfer band near 460 nm that is
typically found in vertebrate serum Tf.22 The difference in coordination may explain why
nicaTf has weaker affinity for Fe(III) than bilobal human serum Tf.18 NicaTf may transport
other metal ions as it can bind up to one equivalent of Ti(IV) or V(V).18
It is advantageous to use an Escherichia coli expression system to produce
recombinant proteins, as these well-established systems are rapid, inexpensive, and easy to
manipulate and scale-up. Expression of nicaTf in E. coli was attempted but resulted in low
protein expression levels and protein misfolding. Approaches such as periplasmic
expression and folding factors were not successful (data not shown).
The work in this chapter focused on the optimization of nicaTf in E. coli through
different strategies for expressing difficult proteins, codon optimization and disulfide
bonded protein expression. Codon optimization is used to improve protein expression from
one organism by increasing the translational efficiency of the gene of interest in another
organism. Some rare codons are replaced by higher frequency codons without changing
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the amino acid sequence for the protein. Covalent disulfide bonds are formed posttranslationally between two cysteine residues, which assists in protein folding and stability,
however misfolding and aggregation can occur when cysteines are mis-paired. SHuffle is
a mutant E. coli strain (New England BioLabs, Inc.) that allows formation of stable
disulfide bonds in the cytoplasm and ensures multiple disulfide bonds are correctly
oxidized. In comparison to other E. coli strains, SHuffle cells feature a more oxidizing
cytoplasmic environment and enzymes that correct mis-oxidized proteins.
After expression, proteins are isolated and purified by various techniques. If the
protein of interest is not excreted from E. coli cells, then it must be extracted using physical
methods such as sonication and homogenization, and/or chemical methods such as
enzymes and detergents. Cell debris is removed by centrifugation and extracted proteins
remain in the supernatant. Proteins are purified by chromatographic methods that separate
proteins based on physical properties, such as by size, isoelectric point, hydrophobicity,
and affinity.
4.2 Experimental
4.2.1 Materials
All aqueous solutions were prepared with Nanopure-quality water (Barnstead
model D11931; 18.2 MW-cm resistivity). The gene for nicaTf was obtained from GenScript
(Piscataway, NJ) for expression in E. coli using OptimumGeneÔ Codon Optimization
Analysis. The pET-27b(+) plasmid vector was obtained from Novagen. MscI and BamHIHF restriction enzymes, and 1X CutSmartâ Buffer; BL21(DE3), NEB 5-alpha, and SHuffle
T7 Express chemically competent E. coli cells; 1kb DNA ladder and FX174 DNA-HaeIII
digest markers for DNA agarose gels; and T4 DNA ligase were obtained from New
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England BioLabs, Inc. Low-range SDS-PAGE molecular weight standards were obtained
from BioRad.
Reagents were sourced from American Bio, Inc. (agar, ethidium bromide, isopropyl
b-D-thiogalactopyranoside (IPTG), kanamycin sulfate, MgCl2, tryptone, and yeast extract),
Acros Organic (Triton X-100), BioRad (b-mercaptoethanol), Sigma Life Science (EDTA
and TEMED), Sigma (L-arginine, glutathione, sucrose, Tris base), Fisher BioReagents
(sodium dodecyl sulfate and trichloroacetic acid) and JT Baker (NaCl).
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 (Fisher Chemical).
4.2.2 Instrumentation
Buffer pH was monitored using a Thermo Orion model 410 pH meter equipped
with an Orion 8103BNUWP Ross Ultra semimicro pH electrode. Spectroscopic
measurements were obtained using a Cary 50 Bio UV-vis spectrophotometer. Protein
purification was performed using an Amersham Biosciences ÄktaPrime Plus fast protein
liquid chromatography system. Bio-Rad electrophoresis apparati were used for agarose and
SDS-PAGE gels. A Sorvall Legend RT centrifuge equipped with a swinging bucket rotor
(7500-6445) and an Eppendorf 5418 fixed-angle microcentrifuge were used. An Agilent
6520 Accurate Mass Measurement Q-TOF equipped with 1260/90 Infinity HPLC
chromatography system at Temple University was used to separate dried peptides and
acquire peptide fragment data. MASCOT software was used to identify proteins from
peptide sequence databases.
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4.2.3 Solution and Gel Preparation
Kanamycin stocks were prepared and sterile-filtered using 0.22 µm filter into 0.5
mL aliquots and stored at -20 °C. A 100 mM stock solution of IPTG was prepared fresh
and sterile-filtered using 0.22 µm filter. Ethidium bromide agarose gels, 12% SDS-PAGE
gels, and 2X SDS-PAGE gel loading buffer were prepared following established
protocols.24
4.2.4 Molecular Cloning of Nicatransferrin
The codon-optimized nicaTf in pUC-57 plasmid DNA from GenScript and the
pET-27b(+) plasmid DNA were separately transformed into NEB 5-alpha competent E.
coli cells following the manufacturer’s High-Efficiency Transformation protocol. Single
colonies were selected from kanamycin-containing agar plates and grown in 10 mL LB
media with 50 µg/mL kanamycin overnight at 37 °C, 225 rpm. High-purity plasmid DNA
was isolated using a QIAprep Spin Miniprep Kit (Qiagen). Both plasmids were double
digested using restriction enzymes BamHI-HF (GGATCC) and MscI (TGGCCA). The
digested DNA was purified by separation on a DNA agarose gel and from QIAquick Gel
Extraction Kit (Qiagen).
The nicaTf insert and pET-27b(+) plasmid vector were cut and ligated following
the manufacturer’s protocol for T4 DNA ligase. The ligation mixture was used to transform
E. coli NEB 5-alpha cells. Transformants were selected on kanamycin-containing agar
plates. A diagnostic restriction digest was run, and the plasmid was sent for sequencing at
Genewiz (South Plainfield, NJ). Once confirmed that the pET-27b(+) vector contained the
nicaTf insert, the plasmid DNA was transformed into E. coli BL21(DE3) or SHuffle T7
cells, isolated, and the sequence was again verified.
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4.2.5 Expression of Nicatransferrin
4.2.5.1 Expression Trials in BL21(DE3) Cells
Expression of nicaTf was performed in E. coli BL21(DE3) cells harboring the
plasmid. A 50 mL or 150 mL culture (LB media with 50 µg/mL kanamycin) was inoculated
with 0.5 mL or 1.5 mL of overnight starter culture and grown at 37 °C and 225 rpm shaking
until OD600 ~0.6. The cells were induced with 0.1, 0.4, 1.0, 2.0, or 5.0 mM IPTG, incubated
at 20, 30, or 37 °C, for an additional 24 h. 10 mL aliquots were taken at 1, 3, 5, and 24 h
timepoints.
Each aliquot was centrifuged at 3000 x g for 20 min at 4 °C. The supernatant was
concentrated by trichloroacetic acid (TCA) precipitation to determine what proteins had
been exported from the cells into the media.25 Pellets were resuspended in phosphate
buffered saline (PBS) and 2X gel loading buffer. To determine the components of the total
cell protein (TCP), the pellet from the aliquot centrifugation was resuspended in PBS and
2X gel loading buffer.
To analyze the soluble and insoluble cytoplasmic components of the TCP, the
pellets from the growth aliquots were resuspended in 0.5 mL PBS, lysed by sonication, and
centrifuged. 2X gel loading buffer was added to the supernatant, which contained the
soluble proteins. The pellet containing insoluble proteins and any cells that did not lyse
were dissolved in 2X gel loading buffer.
Periplasmic proteins were extracted following a published cold osmotic-shock
procedure.26 These samples were then TCA-precipitated for preparation for gel.
All samples were heated at 95 °C for ~5 min, separated on 12% SDS-PAGE gels at
constant 45 mA, and Coomassie stained.
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4.2.5.2 Expression Trials in SHuffle T7 Express Cells
Expression of nicaTf was performed in E. coli SHuffle T7 Express cells harboring
the plasmid. A 50 mL culture (LB media with 50 µg/mL kanamycin) was inoculated with
0.5 mL of overnight starter culture and grown at 37 °C and 225 rpm shaking until OD600
~0.6. The cells were induced with 0.4 or 1.0 mM IPTG, incubated at 20 or 30°C, for an
additional 24 h. 10 mL aliquots were harvested at 1, 3, 5, and 24 h timepoints by
centrifugation at 3000 x g for 20 min at 4 °C.
Soluble and insoluble components of the TCP, the pellets were resuspended in 0.5
mL PBS, lysed by sonication, and centrifuged. 2X gel loading buffer was added to the
supernatant that contained the soluble proteins. The pellet that contained insoluble proteins
and any cells that did not lyse were dissolved in 2X gel loading buffer.
4.2.6 Concentration of Proteins Exported to Growth Media
Growths from the BL21(DE3) cells were scaled up to 1 L, with induction of 0.4
mM IPTG at OD600 of ~0.6, and grown at 37 °C for 3 h. Cells were harvested at 3000 x g
for 20 min at 4 °C, lysed, and soluble cytoplasmic protein fractions were kept and prepared
for SDS-PAGE. The growth media was concentrated using a Millipore Amicon stirred cell
apparatus with Millipore Ultrafiltration membranes (10 kDa MWCO). A sample of the
filtrate was kept and prepared for SDS-PAGE. The concentrated media was centrifuged,
and that supernatant was dialyzed using Spectra/Por 7 Dialysis Membranes (10 kDa
MWCO) in buffer A (20 mM Tris, 50 mM NaCl, pH 7.4) with two buffer exchanges. The
sample was then filtered and purified by anion exchange chromatography on the FPLC
equipped with a 1 mL HiTrap Q XL column (GE Healthcare Life Sciences) with a 0% to
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100% buffer B (20 mM Tris, 1.0 M NaCl, pH 7.4) gradient. The pellet was resuspended in
PBS and prepared for SDS-PAGE.
4.2.7 Solubilization of Aggregated Proteins
Aggregated inclusion bodies of expressed protein in E. coli were solubilized
following published procedures.27,

28

The harvested cells from a 1 L growth were

resuspended in 100 mL of 50 mM Tris, 1 mM EDTA, 10 mM NaCl buffer at pH 7.0. The
cells were lysed by sonication. The lysate was centrifuged at 3000 x g for 20 min. The
pellet was resuspended in 25 mL of 2.5 M NaCl, 0.5 % Triton X-100. The suspension was
centrifuged at 5000 x g, for 10 min at 4 °C. The pellet was resuspended in 25 mL of 50
mM Tris, 2 mM EDTA, 2 M urea, at pH 8.7, and centrifuged again. The pellet was
solubilized in 12 mL of 25 mM Tris, 10 mM EDTA, 6 M guanidine-HCl, at pH 8.7, and
incubated overnight at 4 °C.
The suspension of solubilized inclusion bodies was centrifuged at 10,000 x g for 10
min at 4 °C. 10 mM 2-mercaptoethanol was added to the supernatant and incubated at 4 °C
for 1.5 h. Buffer containing 25 mM Tris, 10 mM EDTA, 3 M urea, 10 mM GST, 0.4 M Larginine, at pH 8.7 was added dropwise overnight at 4 °C, with constant agitation.
The solution was dialyzed against 25 mM Tris, 75 mM NaCl, pH 8.0 with a
decreasing urea gradient. Buffer exchanges with 3.0, 2.5, 2.0, 1.5, 0.75, 0.5, and 0.25 M
urea were done every 2 h. The solution was then dialyzed in PBS buffer.
4.2.8 Protein Identification by Mass Spectrometry
Protein bands from SDS-PAGE gels were excised and digested by trypsin
following Promega’s trypsin-gold procedures. Samples were prepared using Millipore
reversed-phase ZipTip C-18 for peptides pipette tips. Peptide identification by LC-MS/MS
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using Matrix Science MASCOT software was conducted using an Agilent electrospray
ionization quadrupole time of flight mass spectrometer.
4.3 Results
4.3.1 Molecular Cloning of Nicatransferrin
The gene for nicaTf with the N-terminal leader sequence removed was obtained in
pUC-57, a commonly used cloning vector in E. coli. Using restriction enzymes BamHI and
MscI, the nicaTf insert was cut from the pUC-57 plasmid, as shown in Figure 4.4, and
cloned into pET-27b(+), an expression vector that contains the N-terminal pelB sequence
for potential periplasmic localization of nicaTf. The 1:1 insert:vector ligation mixture was
used to transform E. coli NEB 5-alpha cells and the purified plasmid was sequenced to
verify that the ligation was successful. The diagnostic restriction digests of the nicaTf and
pET-27b(+) minipreps are shown in Figure 4.5. The sequence was verified by commercial
sequencing.
The pET-27b(+) vector map and cloning/expression region sequence are shown in
Figure 4.6. Sequence landmarks are color-coordinated between the vector map and
sequence, such as the dark green arrow representing the T7 promoter and the light green
line representing the T7 terminator. The nicaTf gene is cloned downstream of the T7
promoter, the lac operator, the ribosomal binding site, and the pelB sequence.
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Figure 4.4: DNA separation of nicaTf insert from pUC-57 vector (lanes 1-6) and pET27b(+) (lanes 9-14), both cut with BamHI and MscI. The insert appears at 962 bp, pUC-57
plasmid appears at 2,710 bp, and pET-27b(+) appears at 5,414 bp. Lanes 7 and 8
correspond to the NEB 1 kb DNA ladder and PhiX DNA ladder, respectively.

Figure 4.5: DNA digestion of ligated nicaTf + pET-27b(+) after cutting with BamHI and
MscI. The cut pET-27b(+) appears at 5,414 bp and the nicaTf insert appears at 962 bp.
Clone from lane 1 was used for expression trials.
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Figure 4.6: NicaTf was inserted into the pET-27b(+) vector using MscI and BamHI
restriction enzymes, depicted by the boxes with arrows indicating where the enzymes cut.
The DNA and protein sequence for nicaTf are shown. The vector map labels sequence
landmarks, which are color-coordinated with the vector cloning/expression region.
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4.3.2 Expression of Nicatransferrin
4.3.2.1 Expression Trials of Nicatransferrin in E. coli BL21(DE3)
Optimization of nicaTf in E. coli BL21(DE3) cells was done by varying the
concentration of IPTG, growth temperature, and time after induction. SDS-PAGE was used
to monitor the expression of nicaTf, indicated by a band at approximately 37 kDa. Some
of the conditions tested are shown in Figures 4.7 through 4.11.

37 kDa

Figure 4.7: SDS-PAGE gel of 50 mL BL21(DE3) cell culture with expression conditions
of 37 °C, 0.1 mM IPTG. These growth parameters resulted in protein induction in the media
samples.
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37 kDa

Figure 4.8: SDS-PAGE gel of 50 mL BL21(DE3) cell culture with expression conditions
of 37 °C, 0.4 mM IPTG. There was induction in both the media and total cell protein
samples.

37 kDa

Figure 4.9: SDS-PAGE gel of 150 mL BL21(DE3) cell culture with expression conditions
of 1.0 mM IPTG at 20 °C (lanes 2-4, 9-11) or 25 °C (lanes 5-7, 12-14).
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37 kDa

Figure 4.10: SDS-PAGE gel of 150 mL BL21(DE3) cell culture with expression conditions
of 1.0 mM IPTG at 20 °C (lanes 2-4, 8-9) or 25 °C (lanes 5-7, 10-11).

37 kDa

Figure 4.11: SDS-PAGE gel of periplasmic protein samples in Figure 4.10 with 1:5 and
1:10 dilutions for better visualization.
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The optimum conditions for nicaTf expression in BL21(DE3) cells were induction
with 0.1 mM IPTG and growth at 37 °C. The gel in Figure 4.7 shows significant protein
production from the pre-induced media fraction to the induced time points. As the IPTG
concentration was increased, less protein was exported to the media, however there was
significant protein in the total cell pellet.
Since protein production was induced in the total cell pellet, expression trials were
done to isolate soluble and periplasmic protein. Most of the conditions tested resulted in
only insoluble protein. As shown in Figure 4.11, the best expression conditions for the
BL21(DE3) cells with nicaTf localization to the periplasm were 1 mM IPTG, 20 °C after
induction for 21 h; however, in these fractions the protein aggregated.
4.3.2.2 Expression Trials of Nicatransferrin in E. coli SHuffle T7 Express
Optimization of nicaTf in E. coli SHuffle T7 Express cells was done by varying
concentration of IPTG, growth temperature, and length of time after induction. SDS-PAGE
was used to monitor the expression of nicaTf. Some of the conditions tested are shown in
Figures 4.12 through 4.15.

37 kDa

Figure 4.12: SDS-PAGE gel of insoluble and media fractions of 50 mL SHuffle cell growth
at 20 °C with 0.4 mM IPTG (lanes 2-5, 11-12) or 1.0 mM IPTG (lanes 6-9, 13-14).
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37 kDa

Figure 4.13: SDS-PAGE gel of soluble fractions of 50 mL SHuffle cell growth at 20 °C
with 0.4 mM IPTG (lanes 2-5) or 1.0 mM IPTG (lanes 6-9). A faint band is present in the
21 and 24 h samples.

37 kDa

Figure 4.14: SDS-PAGE gel of soluble fractions of 50 mL SHuffle growth with 1.0 mM
IPTG at 20 °C (lanes 2-5) or 30 °C (lanes 6-9). There is a faint band present in the 24 h
samples at ~37 kDa.
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37 kDa

Figure 4.15: SDS-PAGE gel of insoluble fractions of 50 mL SHuffle growth with 1.0 mM
IPTG at 20 °C (lanes 3-6) or 30 °C (lanes 7-10).

The SHuffle cells were used in an attempt to improve the folding of nicaTf and
prevent aggregation that was seen in the BL21(DE3) cells. The induction of protein was
slower with the SHuffle cells in comparison to the BL21(DE3) cells. Several growth
parameters were optimized, however most of the protein was located in the insoluble
fractions.
4.3.3 Isolation and Concentration of Nicatransferrin in Growth Media
The most promising conditions from any of the expression trials were to use
BL21(DE3) cells, induce growth with 0.1 mM IPTG, and grow cells for 3 h at 37 °C. Cells
were lysed and soluble cytoplasmic protein fractions (Figure 4.16, lanes 3 and 4) were
added to 2X loading buffer. The growth media was concentrated from ~950 mL to ~50 mL
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using a stirred cell apparatus. The concentrated growth media was centrifuged, and samples
were prepared for SDS-PAGE shown in Figure 4.16.

37 kDa

Figure 4.16: SDS-PAGE gel of 1 L growth showing that nicaTf is found predominately in
the insoluble fraction in lane 8. The dashed box indicates bands that were excised for
peptide identification. Lanes 3 and 4 contain soluble proteins from the cytoplasm, lane 6
contains growth media, lane 7 contains soluble proteins from concentrated media, and lane
8 contains insoluble proteins from concentrated media.

4.3.4 Peptide Identification by Mass Spectrometry
Bands were excised from the gel in Figure 4.16 are shown in the box. Trypsin cuts
on the C-terminal side of lysine and arginine residues, unless they are next to a proline
residue. The bands in the soluble cytoplasmic fractions (lanes 3 and 4) were determined to
be E. coli proteins. The results from the MASCOT software compares the peptide
sequences to the NCBI using the basic local alignment search tool (BLAST) algorithm.
MASCOT utilizes a probability-based scoring system, where a score of 68 or higher is
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determined to be significant. The MASCOT software predicted that sequenced peptides
from the insoluble fraction of the concentrated media (Figure 4.16, lane 8) matched
serotransferrin-A from C. intestinalis, with 38% sequence coverage, a nominal mass of
37,095, and a score of 213. The peptide fragments matched to the C. intestinalis sequence
are in bold red in Figure 4.17. The media supernatant fraction (Figure 4.16, lane 6) had
15% sequence coverage of serotransferrin A from C. intestinalis. The soluble proteins from
concentrated media (Figure 4.16, lane 7) had 33% sequence coverage of serotransferrin-A.

Figure 4.17: FASTA sequence of amino acid residues identified in the insoluble fraction
of the concentrated media sample. Amino acids highlighted in red were identified by LCMS/MS and MASCOT.

4.3.5 Purification of Soluble Proteins in Concentrated Media
Despite modest expression yield, an attempt was made to purify nicaTf from the
soluble protein (Figure 4.16, lane 7) using anion exchange chromatography on the Äkta
FPLC equipped with a Q XL anion exchange column. The absorbance, conductivity, and
concentration traces are shown in Figure 4.18.
Figure 4.19 shows the separation of proteins from the anion exchange column, with
the sample loaded onto the column in lane 3, sample in the flow-through (lane 4), fractions
at 300 min (lane 6), at 350 min (lane 7), 425 min (lane 8), and 525 min (lane 9). Protein
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bands were excised and trypsin-digested for peptide identification on the QTOF mass
spectrometer at Temple University. The bands at 43.0 kDa were identified as E. coli
elongation factors, bands at 39.3 kDa were identified as E. coli outer membrane protein F
porins, and bands at 36.5 kDa identified as E. coli DNA directed RNA polymerase.
Although nicaTf was present in the soluble sample identified from the gel in Figure 4.16,
it does not appear to be present in the samples separated by chromatography. It is possible
that amount of nicaTf in the soluble sample was too dilute, as it was mostly present in the
insoluble fraction.
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Figure 4.18: Absorbance (blue), conductivity (green), and buffer B concentration (red)
traces from anion exchange chromatography of soluble proteins in concentrated growth
media.
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37 kDa

Figure 4.19: SDS-PAGE gel of anion exchange purification of soluble proteins in the
media. Proteins ~37 kDa were excised, digested, and identified by mass spectrometry. Lane
3 is the sample loaded onto the column and lane 4 is the flowthrough peak. Lanes 6-9 are
samples from 300, 350, 425, and 525 min time points from anion exchange separation.

4.3.6 Solubilizing and Refolding Aggregated Proteins
The insoluble proteins from the concentrated growth media (Figure 4.16, lane 8)
were isolated through several steps that included the disruption of cells by sonication and
the removal of contaminants by buffer washes containing Triton X-100, then 2 M urea.
The aggregated proteins were solubilized in buffers containing guanidine-HCl and urea.
The solubilized proteins were refolded by slow addition of refolding buffer that contained
arginine, 1:1 reduced and oxidized glutathione, and 3 M urea, and/or by dialysis in
decreasing concentrations of urea. Figure 4.20 shows that nicaTf may be present in
refolding methods that used dialysis.
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37 kDa

Figure 4.20: SDS-PAGE gel of samples of protein refolding methods. A protein band
where nicaTf is expected in the dialysis-only refolded protein (lane 2), the dilution and
dialysis refolded protein (lane 4), and the supernatant from the concentrated growth media
(lane 5). No bands were present in the dilution-only refolded protein sample (lane 3) nor
the filtrate from concentration of the growth media (lane 6).

4.4 Discussion
Codon-optimized nicaTf was successfully cloned into the pET-27b(+) vector,
which provides possible periplasmic location of expressed protein. The nicaTf gene is
cloned downstream of the T7 promoter in the vector. The T7 promoter sequence, controlled
by the lac promoter, has high affinity for T7 RNA polymerase, which results in enhanced
expression of the nicaTf gene upon induction with IPTG.
The first attempts to express nicaTf were done in E. coli BL21 (DE3) cells, which
are used for routine T7 protein expression with high transformation efficiencies. Although
some nicaTf appeared in the soluble (Figure 4.10, lanes 3, 5, and 7) and periplasmic
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fractions (Figure 4.10, lanes 3-11), most was located in the insoluble fractions (Figure 4.9,
lanes 2-7). It was hypothesized that the disulfide-rich transferrin might benefit from a more
oxidizing environment. SHuffle T7 Express cells are engineered to correctly fold proteins
that contain disulfides; however, expression did not improve, and nicaTf was primarily
located in the insoluble fractions.
We returned our focus to the BL21(DE3) expression system. To isolate proteins
exported into the media, which had the best expression, the optimized growth conditions
were used to scale up to a 1 L growth. The proteins in the growth media were concentrated
using a stirred cell equipped with a 10 kDa MWCO membrane. Concentration of the media
resulted in protein aggregation. Mass spectrometry matched the band at approximately 37
kDa to the sequence for nicaTf from Ciona intestinalis. The remaining soluble protein was
purified by FPLC, however mass spectrometry methods were only able to identify E. coli
proteins.
Since much of the nicaTf appeared to be in the insoluble fraction of concentrated
media, attention shifted to the isolation, solubilization, and refolding of aggregated
inclusion bodies. The isolation step involved lysis of the cells by sonication, followed by
the removal of contaminants by buffer washes containing non-anionic, non-denaturing
detergents, and then low concentration of chaotropic agents. The inclusion bodies were
solubilized by resuspension and incubation in buffer containing both a strong denaturant
and a reducing agent, in order to have the cysteine residues in their reduced state. Since
nicaTf contains cysteine residues, the refolding buffer required a redox system that allowed
for formation of disulfide bonds. Slow dilution was used to refold protein by decreasing
the solubilization agent in solution. Dialysis with buffer exchanges of decreasing urea
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concentrations was also used to improve protein refolding. Some protein was able to be
refolded with only using the dialysis method, but not with only dilution. It appears that
using both dilution and dialysis provides the most refolded protein, however from a 1 L
growth, only 0.8 mg of protein was obtained. Although this is a lower yield that yeast
expression, it is still possible to optimize E. coli expression. It is still advantageous to use
an E. coli system to express nicaTf, as it could be easier to obtain mutants and do posttranslational modifications.
This work reported in this chapter involved attempts to express nicaTf in an E. coli
expression system to reduce the labor-intensive and low-yielding protein preparation in P.
pistoris. NicaTf was successfully cloned into a pET-27b(+) vector and transformed into E.
coli cells. A common concern that arises when using E. coli expression systems is the
misfolding of recombinant proteins. Efforts to overcome this issue included transformation
into cells that promote disulfide bond formation, optimization of growth conditions such
as inducer concentration and temperature, and the solubilization and refolding of
aggregated protein, however we were unable to obtain enough protein for other
experimentation.
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CHAPTER 5.
ISOLATION AND PRELIMINARY CHARACTERIZATION OF
SIDEROPHORES FROM RHODOCOCCUS RUBER STRAINS
5.1 Introduction
Iron predominately exists in the environment as biologically unavailable iron oxide
minerals. Higher organisms obtain their nutritional iron requirements through their diet,
whereas lower organisms, such as bacteria, fungi, and algae, must utilize sophisticated
acquisition mechanisms. Some of these organisms secrete small extracellular organic
molecules with high affinity for ferric ion, named siderophores, to scavenge and transport
iron. A more appropriate term for these molecules is “metallophores” since they are able
to bind biorelevant metals other than iron, however siderophore remains the common
term.1 The Earth’s surface contains large amounts of insoluble metal oxide minerals. The
metal ions can be made bioavailable by chelation of organic molecules, and contribute to
the biogeochemical cycling of trace metals.
The general siderophore mechanism to acquire iron, depicted in Figure 5.1, is
tightly regulated and highly selective.2 Under iron-limiting conditions, microorganisms
synthesize and export siderophores into the environment to obtain iron, including from
insoluble minerals.3,

4

Ligand-controlled dissolution relies on fast adsorption of the

siderophore to mineral, which exposes the mineral surface. The iron-free, hydrophilic
siderophore binds to ferric ion, forming the Fe(III)-siderophore complex. Upon binding,
the siderophore becomes hydrophobic and is recognized by a specific receptor protein
located on the cell surface.5 The Fe(III)-siderophore complex is taken up by outer
membrane protein receptors and delivered to the cytoplasm where Fe(II) is released.
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Fe2+

Fe3+

Figure 5.1: Cartoon of siderophore mechanism. The organism biosynthesizes the
siderophore which is excreted to scavenge ferric ion from the environment. The
siderophore tightly chelates iron, and the iron-siderophore complex is recognized by the
cell. Outer-membrane receptor proteins facilitate the transfer of iron into the cell where it
is released in its ferrous form.

Coordination of siderophore and Fe(III) can be explained by hard and soft acids
and bases theory in which the hard Lewis acidic Fe(III) preferentially binds to hard Lewis
basic oxygen-donating ligands in hexadentate, octahedral geometries.6 Siderophores are
categorized by their metal-binding motifs. The most common are catecholate,
hydroxymate, and a-hydroxy carboxylate moieties, as depicted in Figure 5.2.
Catechol, or 1,2-dihydroxybenzene, is a common motif in metal coordination
chemistry. Tris catecholate groups on cyclic tri-ester frameworks such as enterobactin form
Fe(III) complexes with exceptionally tight affinity.7 Enterobactin has the highest Fe(III)siderophore association constant (KA = 1049),8 and highest metal-siderophore (Ti(IV))
135

association constant (KA > 1061.2).9 The trilactone backbone of enterobactin is susceptible
to hydrolysis, which is how Fe(III) is released from the siderophore.10 Another common
functional group in coordination chemistry are hydroxamic acids. The ferroxamines are
tris hydroxamic siderophores that typically alternate between succinic acid residues and
monohydroxylated diamine.11 Desferroxamine B is a linear siderophore that tightly binds
Fe(III) and Ti(IV).12 Iron(III) coordination can also occur through a-hydroxy carboxylate
moieties, such as in staphyloferrin A.1, 13
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Figure 5.2: Examples of common siderophore structures and their Fe(III)-binding moieties.
From left to right: enterobactin with catechol groups in green, desferroxamine B with
hydroxamic acids in purple, and staphyloferrin A with a-hydroxy acids in red.

The genus Rhodococcus is classified in the Nocardiaceae family along with the
genus Nocardia.14 Rhodococcus are aerobic, Gram-positive bacteria, with complex cellular
envelopes that contain mycolic acids with 34-64 carbon atoms.15, 16 Rhodococci are found
in various environments such as in groundwater, soil, marine sediments, animals and
plants.16 These bacteria are often used for biological and environmental remediation as they
are able to transform organic pollutants.17-24
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One mechanism by which at least some Rhodococcus species obtain iron from the
environment is by biosynthesizing siderophores. The first reported siderophores from a
Rhodococcus species were published in 2001 from Rhodococcus erythropolis IGTS8
strain. They were termed heterobactin A and B, as they contained both hydroxymate and
catecholate moieties, and bound in a tetradentate fashion.25, 26 The iron-bound mixed-type
siderophores are recognized by different receptors: heterobactin A enters cells via
catecholate receptor systems and heterobactin B enters through hydroxymate transport
systems.25 Additional heterobactins were identified from R. erythropolis PR4 as
heterobactin S1 and S2, which are sulfonated versions of heterobactin A.26
Additional mixed-type siderophores have been isolated and characterized.
Rhodobactin was isolated from Rhodococcus rhodochrous strain OFS, and contains two
catecholate moieties, and resembles heterobactin A, but is a much larger molecule.27
Rhodochelin was isolated from Rhodococcus jostii RHA1, and contains one catecholate
and two hydroxymate moieties.28 The pathogenic Rhodococcus equi species produces a
catecholate siderophore, rhequibactin29, and a hydroxymate siderophore, rhequichelin30,
however structures have not yet been reported. Reported masses and structures are
presented in Table 5.1 and Figure 5.3, respectively.
Rhodococcus ruber GIN-1 was isolated from an environmental sample for its
ability to bind metal oxides from coal fly ash.31 As discussed in Chapter 2 of this thesis,
the R. ruber GIN-1 strain is able to adsorb to titanium dioxide and uptake titanium into its
biomass. We hypothesize that these cells might utilize siderophores to uptake titanium from
the environment and deliver it into its biomass, and so we set out to determine whether
Rhodococcus ruber secretes siderophores under iron-limited conditions. The only R. ruber
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genome that is complete is strain p14, but there is a draft of DSM 43338, which is another
strain available in the Valentine laboratory. The work described in this chapter reports the
isolation of the first siderophore from Rhodococcus ruber with initial characterization
suggesting the same siderophore is synthesized by the GIN-1 and DSM 43338 strains.

Table 5.1: Molecular formulas and reported m/z data of siderophores characterized from
Rhodococcus species. * Characterization from Dhungana et al reports the molecular ion
[M + H+] peak at 830.37 m/z, however the structure they report has a neutral exact mass
of 830.36.
m/z ([M + H]+)

Ref.

R. erythropolis IGTS8 C27H33N7O10

616.23636

25, 26

Heterobactin B

R. erythropolis IGTS8 C19H27N5O7

438.19832

25

Heterobactin

R. erythropolis PR4

C27H34N7O13S 696.19354/696.19384

26

Rhodobactin

R. rhodochrous OFS

C36H50N10O13

831.36*

27

Rhodochelin

R. jostii RHA1

C23H33N5O12

572.2201

28

Siderophore

Species

Heterobactin A

Formula

S1/S2
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Figure 5.3: Characterized siderophores from Rhodococcus species.

5.2 Experimental
5.2.1 Materials
All aqueous solutions were prepared with Nanopure-quality water (Barnstead
model D11931; 18.2 MW-cm resistivity). All glassware was triple rinsed with Nanopurequality water and autoclaved for sterilization. Media and buffer pH were monitored using
a Thermo Orion model 410 pH meter equipped with an Orion 8103BNUWP Ross Ultra
semimicro pH electrode. Optical density measurements were obtained using a Cary 50 Bio
UV-vis spectrophotometer.
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Reagents for growth cultures were sourced from JT Baker (K2HPO4, KH2PO4, and
sucrose), American Bioanalytical ((NH4)2SO4 and yeast extract), Fisher Scientific
(dextrose), and Marine Enterprises International (Crystal Sea Marinemix artificial
seawater). Rhodococcus ruber GIN-1 cells were obtained from the National Collections of
Industrial and Marine Bacteria (NCIMB) in Aberdeen, Scotland, where GIN-1 is deposited
under No. 40340. Rhodococcus ruber DSM 43338 cells were obtained from the German
Collection of Microorganisms GmbH, Deutsche Sammlung von Mikroorganismen und
Zellkulturen, deposited under No. 43338.
Reagents for siderophore isolation and characterization were sourced from Fisher
Chemical (5-sulfosalicylic acid dihydrate, 2-propanol, acetone, glacial acetic acid,
methanol, ferric chloride hexahydrate, and hydrochloric acid), JT Baker (ammonium
chloride, magnesium sulfate, and zinc chloride), American Bioanalytical (ammonium
sulfate), Acros Organics (chrome azurol s, manganese sulfate, and piperazine), TCI
America

(n-hexadecyltrimethylammonium

bromide

(HDTMA)),

Calbiochem

(Desferrioxamine B mesylate), and Cambridge Isotope Laboratories, Inc. (dimethyl
sulfoxide-d6).
5.2.2 Growth Media
5.2.2.1 Preparation of Artificial Sea Water Media
In an acid-washed glass bottle, 29.9 g of Crystal Sea was slowly added to ~800 mL
of Nanopure-quality water in order to prevent precipitation. In an acid-washed Erlenmeyer
flask, 1.68 g K2HPO4, 0.72 g KH2PO4, 1.0 g (NH4)2SO4, 10.0 g dextrose, and 8.0 g yeast
extract were dissolved in ~150 mL of Nanopure-quality water, and then slowly added to
the Crystal Sea solution. The pH of the media was adjusted to 6.8 with the slow addition
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of 0.5 M NaOH, and the volume adjusted to 1 L. The media was sterilized using a 0.22 µm
sterile vacuum filter unit into an acid-washed and autoclaved 1 L glass bottle.
5.2.2.2 Preparation of Fiss-Dextrose Minimal Media32
A 6 g/L Fiss-base stock was prepared by dissolving 1.2 g K2HPO4 and 1.2 g Lasparagine to 200 mL Nanopure-quality water, adjusted to pH 6.8, and sterilized by
autoclave. The following stock solutions were individually prepared in Nanopure-quality
water and sterile-filtered: 0.005% w/v zinc chloride, 0.001% w/v manganese sulfate, 0.4%
w/v magnesium sulfate, 50% w/v dextrose. The following stock solutions were
individually prepared in Nanopure-quality water and autoclaved: 10% w/v ammonium
chloride, 10% w/v ammonium sulfate.
Fiss-dextrose media was prepared from the above stock solutions: 83 mL Fiss-base,
1 mL dextrose, 1 mL MnSO4, 1 mL MgSO4, ZnCl2, 11 mL Nanopure-quality water. Fissdextrose + NH4Cl2 was prepared with 83 mL Fiss-base, 1 mL dextrose, 1 mL MnSO4, 1
mL MgSO4, ZnCl2, 10 mL Nanopure-quality water, 1 mL NH4Cl2. Fiss-dextrose +
(NH4)2SO4 was prepared with 83 mL Fiss-base, 1 mL dextrose, 1 mL MnSO4, 1 mL
MgSO4, ZnCl2, 10 mL Nanopure-quality water, 1 mL (NH4)2SO4.
5.2.3 Minimal Media Growth Comparison
Cells were grown on LB agar plates at 30 °C for one week, until colonies were
orange. A single colony was grown in 10 mL artificial sea water media overnight at 30 °C
and 225 rpm. 2 mL of overnight culture was added to 98 mL of Fiss-dextrose, Fiss-dextrose
+ NH4Cl, Fiss-dextrose + (NH4)2SO4, or artificial sea water in acid-washed and autoclaved
250 mL baffled flasks, and grown for 45 h at 30 °C and 225 rpm. Siderophore production
was compared by CAS assay, described in section 5.2.5.
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5.2.4 Cell Growth Conditions of Rhodococcus ruber
Procedures for cell growth followed published protocols.31, 33 Cells were grown on
LB agar plates at 30 °C for one week, until colonies were orange. A single colony was
grown in 5 mL artificial sea water media for 48 h at 30 °C and 225 rpm. A 100 mL culture
in the same media was inoculated with the 5 mL overnight culture and returned to the
shaking incubator for 24 h. This culture was used to inoculate a 1 L growth in the same
media. Cells grew for another 48 h, with growth monitored by the optical density at 660
nm.
5.2.5 Siderophore Detection
5.2.5.1 Preparation of CAS Solution
A 2 mM CAS stock was prepared by adding 30.3 mg of Chrome Azurol S (CAS)
in 25 mL of Nanopure-quality water. A 10 mM FeCl3 stock solution was made by adding
27.0 mg FeCl3 × 6 H2O to 200 µL of 5 M HCl, and diluting to 10 mL with Nanopure-quality
water. The HDTMA solution was prepared by adding 21.9 mg HDTMA to 50 mL water.
The piperazine solution was prepared by adding 9.71 g piperazine to 30 mL of water and
6.25 mL of concentrated HCl, with a final pH of 5.6.
The CAS solution was prepared by adding 1.5 mL of diluted FeCl3 stock into 7.5
mL CAS stock, which was then added to the HDTMA solution. The piperazine solution
was added to the HDTMA-Fe-CAS stock and diluted to 100 mL. The CAS solution was
stored in a polypropylene bottle in the dark.
The CAS shuttle solution is prepared fresh by dissolving 43.6 mg of 5-sulfosalicylic
acid in 1 mL of water.
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5.2.5.2 CAS Assay34
The CAS-HDTMA-Fe(III) ternary complex has an extinction coefficient of
100,000 M-1cm-1 at 630 nm.34 To detect the presence of siderophores, 0.5 mL of sample is
added to 0.5 mL of CAS solution and mixed. 10 µL of the shuttle solution is added to the
sample, mixed, and incubated for ~5 min. A reference solution of water and CAS solution
is used that has a peak at 630 nm, with an absorbance of ~1. A loss of the 630 nm peak
indicates that a siderophore is present.
OH O
O
O
S
O

O

Cl

O
O
Cl

O

Figure 5.4: The colorimetric CAS assay is used to detect siderophores. The HDTMA-FeCAS complex is blue, however when siderophores are present in the solution, they bind
iron, and the solution turns pink. The structure of the ternary complex with Fe(III) is not
known, so only the CAS dye is shown above.

5.2.6 Siderophore Isolation
5.2.6.1 Acetone and Isopropanol Extraction
After 48 h of growth, the cells were pelleted, and the growth media was kept, and
sterile-filtered using a 0.22 µm sterile vacuum filter unit into an acid-washed 1 L glass
bottle. The filtered media was concentrated to ~100 mL under a constant stream of air, and
transferred to a 500 mL Erlenmeyer flask. ~200 mL of acetone was added to the filtered
growth media to precipitate salt and extract siderophores. The solvent was evaporated off
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to a volume of ~125 mL, and decanted into a new flask (acetone only extraction). An
additional 100 mL of acetone was added to the initial flask, evaporated to ~50 mL, and
decanted into acetone only extraction flask. The precipitated solid layer was dried, and 50
mL of isopropanol and 2 mL of water was added, and the solution was mixed. The
supernatant was decanted to a new flask (acetone/isopropanol extraction).
The acetone supernatant and acetone/isopropanol supernatant were kept separate,
and both were frozen in liquid nitrogen and lyophilized.
5.2.6.2 Solid Phase Extraction35
Reversed phase solid phase extraction was performed using Waters Sep-Pak C18
cartridges. Lyophilized sample was resuspended in 5 mL Nanopure-quality water, and then
filtered. The column was activated with 10 mL of 70% methanol and 10 mL of Nanopurequality water. The resuspended sample was added to the column, and the loading
flowthrough was kept. The column was then rinsed with 5 mL of water, and the wash
flowthrough was kept. Fractions were eluted with 1 mL of 10%, 20%, 30%, 40%, 50%,
70%, and 100% methanol.
5.2.7 Structure Elucidation
5.2.7.1 Thin Layer Chromatography
Fractions were evaluated using thin layer chromatography on silica gel glass plates
with a 12:5:3 n-butanol: acetic acid: water solvent system and visualized with short-wave
and long-wave ultraviolet light.
5.2.7.2 Hydroxymate Assay36
Iron-perchlorate assay is a colorimetric assay used to detect hydroxymate-type
siderophores.36 This assay is performed in acidic conditions, so catecholate siderophores
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are not detected. The standard assay is done by incubating 0.5 mL of culture supernatant
with 2.5 mL of 5 mM Fe(ClO4)3 in 0.1 m HClO4 for ~5 min. The lmax is 480 nm. A
hydroxymate standard curve was prepared using 0 to 160 µg desferroxamine B.
5.2.7.3 Nuclear Magnetic Resonance
1

H NMR spectra were obtained on a Bruker AV-III 500 MHz instrument.

Lyophilized samples were resuspended in in DMSO-d6 and filtered before acquisition.
Data was analyzed using MestReNova software.
5.2.7.4 Mass Spectrometry
Initial mass spectrometry data was collected at Temple University on an Agilent
6520 Accurate Mass Measurement Q-TOF instrument. A promising sample (R. ruber DSM
43338, extracted in acetone only, eluted from Sep-Pak at 40% methanol) was sent to Alison
Butler’s laboratory at the University of California, Santa Barbara, and analyzed by her
graduate student Zachary Reitz.
Data for crude samples of both R. ruber GIN-1 and DSM 43338 strains extracted
in acetone only and acetone/isopropanol were acquired with assistance from Dr. Charles
Ross at the University of Pennsylvania. Data were also collected for R. ruber GIN-1,
acetone/isopropanol extraction, eluted from Sep-Pak with 30%, 40%, 50% and 70%
methanol. Nominal mass accuracy LCMS data were obtained by use of a Waters Acquity
UPLC system equipped with a Waters TUV detector (254 nm) and a Waters SQD single
quadrupole mass analyzer with electrospray ionization. An Acquity UPLC HSS C18, 1.8
µm, 2.1 x 50 mm column was used. The LC method used a flow rate of 0.500 mL/min, and
a 0-60% water/acetonitrile gradient over 10 min.
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5.3 Results
5.3.1 Siderophore Detection
The standard CAS assay was used to detect siderophore production in the four
minimal medias for each of the two R. ruber strains. Figures 5.5 and 5.6 show the UV/vis
spectra of the filtered growth supernatants after ~48 h added to the CAS reagent. A loss of
the 630 nm peak indicates siderophore production, as the siderophores outcompete the CAS
dye for iron binding. The GIN-1 strain did not produce much siderophore in the FissDextrose medias; however there was significant apparent siderophore production by this
strain in the artificial seawater. The DSM 43338 strain apparently produced siderophores
in all four tested medias.
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Figure 5.5: UV/vis spectra of R. ruber GIN-1 CAS assay in various minimal medias. The
dotted blue curve is the reference solution CAS complex in water. The dashed curves are
the CAS plus the filtered growth supernatant in Fiss-Dextrose minimal medias (black is
Fiss-Dextrose, green is Fiss-Dextrose supplemented with ammonium chloride, red is FissDextrose supplemented with ammonium sulfate). The solid pink curve is the CAS reagent
plus filtered growth supernatant from the artificial seawater media.
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Figure 5.6: UV/vis spectra of R. ruber DSM 43338 CAS assay in various minimal medias.
The dotted blue curve is the reference solution is the CAS complex in water. The dashed
curves are the CAS plus the filtered growth supernatant in Fiss-Dextrose minimal medias
(black is Fiss-Dextrose, green is Fiss-Dextrose supplemented with ammonium chloride,
red is Fiss-Dextrose supplemented with ammonium sulfate). The solid pink curve is the
CAS reagent plus filtered growth supernatant from the artificial seawater media.

5.3.2 Siderophore Isolation
Because both of the R. ruber strains produced siderophores in the artificial seawater
media, this media was used to scale up the growth. Putative siderophores were isolated
from the concentrated and filtered growth supernatant by solvent extraction followed by
reversed phase solid-phase extraction. Each fraction was tested for siderophore production
using the CAS assay. Figure 5.7 shows that there was significant siderophore production
in the acetone/isopropanol extraction, using desferroxamine B as a positive control. The
acetone-only extraction also had a positive CAS response. The isolated crude siderophore
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was completely dried and resuspended in water for reversed phase solid-phase extraction
using SepPak columns. A methanol gradient was used to separate components, as shown
in Figures 5.8-5.10. Both strains begin to elute CAS-positive fractions at ~40% methanol,
with significant production at 50% methanol. These samples were then dried for
characterization.

Figure 5.7: Siderophore detection by CAS assay for GIN-1 crude siderophore from
isopropanol extraction (dotted blue water reference, solid red DFOB control, dashed grey
crude siderophore).

149

Figure 5.8: Samples eluted from solid phase extraction of the acetone/isopropanol crude
GIN-1 siderophore. From left to right: 10%, 20%, 30%, 40%, 50%, 70%, 100% methanol.
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Figure 5.9: UV/vis spectra of CAS assay for solid phase extraction of GIN-1 siderophore.
The dotted dark blue curve is the reference CAS complex with water and the dashed grey
curve is the isolated siderophore loaded onto the Sep-Pak cartridge. The fractions from the
methanol gradient are shown as the solid lines (light blue, 10% methanol; dark green, 20%
methanol; light green, 30% methanol; orange, 40% methanol; red, 50% methanol; dark red,
60% methanol).

150

1

Absorbance

0.8

0.6

0.4

0.2

300

400

500

600

700

800

Wavelength (nm)

Figure 5.10: UV/vis spectra of CAS assay for solid phase extraction of DSM 43338
siderophore. The dotted dark blue curve is the reference CAS complex with water and the
dashed grey curve is the isolated siderophore loaded onto the Sep-Pak cartridge. The
fractions from the methanol gradient are shown as the solid lines (light blue, 10% methanol;
dark green, 20% methanol; light green, 30% methanol; orange, 40% methanol; red, 50%
methanol; dark red, 60% methanol).

5.3.3 Preliminary Siderophore Characterization
Siderophore characterization was carried out by several techniques. A colorimetric
iron-perchlorate assay detected hydroxamic acids in the crude siderophore extracted in
acetone only and acetone/isopropanol R. ruber GIN-1 and DSM 43338 strains using a
standard curve with DFOB versus the absorbance at 480 nm (data not shown). Fractions
were evaluated with thin layer chromatography, as shown in Figure 5.11. The two strains
appear to have the same compounds present, in both extractions; however the acetone only
extraction method contains at least one additional compound compared to the
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acetone/isopropanol extraction method. TLC was also run for samples after reverse phase
chromatography.

Figure 5.11: Thin layer chromatography of crude siderophores: Lanes 1-4 are R. ruber
GIN-1 acetone only extraction (Rf = 0.90, 0.71) , R. ruber GIN-1 acetone/isopropanol
extraction (Rf = 0.71), R. ruber DSM 43338 acetone only extraction (Rf = 0.88, 0.69), R.
ruber DSM 43338 acetone/isopropanol extraction (Rf = 0.71), respectively. The plate was
evaluated under long-wave (center) and short-wave (right) UV light.

Liquid chromatography/mass spectrometry was used to characterize the samples.
Spectra can be found in Appendix B. Zachary Reitz from the Butler laboratory at UC Santa
Barbara analyzed the DSM 43338 sample eluted from the Sep-Pak with 40% methanol.
Although the sample was not pure, a clear major peak was identified with m/z for [M +
H+] of 829.48, and a doubly charged m/z for [M + 2H+] of 415.3 at retention time of 4.9
min. As this is only two mass units different from the reported rhodobactin structure
(assuming the correct neutral mass is 830.36 and m/z for [M + H+] is 831.36), it is possible
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that the citrulline residues are replaced by an arginine. LC-MS/MS fragmented the 415
peak and identified dihydroxybenzoate (DHB) and N-hydroxyorithine (orn) fragments; M
– DHB, M – 2DHB, DHB + Orn; however fragments were not identified that could assign
order to the citrulline and arginine residues. The DHB + Orn fragment suggests that the
order of the residues differs from that of rhodobactin, which lacks that fragment.
Additional LC-MS data was obtained with assistance from Dr. Charles Ross at the
University of Pennsylvania. The same LC method was used on different instrumentation.
The crude samples from the acetone only and acetone/isopropanol extractions for both
strains were analyzed (spectra located in Appendix B). All of these samples have a doubly
charged 415.5 m/z peak at a retention time of 3.3 min, again suggesting the same compound
is synthesized from both strains of bacteria. The two R. ruber DSM 43338 samples had an
829.5 m/z signal, however that peak was not seen in the GIN-1 samples. This may be due
to concentration of the samples. The relative abundance of 13C is 1.1%, which can be used
to estimate the number of carbon atoms in a molecule. The siderophore was measured to
have a 33%

13

C signal, indicating 27-33 carbon atoms (within 10% error of the

instrument).37 An accurate mass was not obtained due to errors in the instrument calibration
and usage.
CAS-positive fractions from reverse phase chromatography of R. ruber GIN-1,
acetone/isopropanol extraction were also analyzed by LC-MS. The 50% and 70% samples
had the doubly charged 415.5 m/z signal at retention times of 3.3 and 3.5, respectively. The
50% sample also had an 829.5 m/z peak. Again, accurate mass data could not be obtained.
Nuclear magnetic resonance spectroscopy was used to characterize the compounds.
Appendix C contains 1H NMR spectra for CAS-positive fractions from various isolation
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steps. Common 1H NMR shifts are ~0.7 ppm (-OH), ~2 ppm (-CH3), ~4 ppm (-CH2), ~6.7
(-NH), and more specific to siderophore moieties are shifts ~3.7 ppm (glycine), ~6.4 – 7.4
ppm (dihydroxybenzoate; meta, triplets at ~6.4 to 6.7 ppm; para, doublets at ~6.7 to 6.9
ppm; ortho, doublets at ~7.2 to 7.4 ppm), ~8 – 9 ppm (N-hydroxyorithine). The data
presented below suggests the siderophore compound(s) are mixed-type siderophores,
however structure is inconclusive and further purification is needed.
R. ruber GIN-1, acetone/isopropanol, crude: 1H NMR (500 MHz, DMSO-d6) d 7.31 (d, J
= 6.2 Hz), 2.56 (s), 2.46 (d, J = 1.9 Hz), 2.21 – 2.15 (m), 2.05 – 1.97 (m), 1.57 (s), 1.48 (s),
1.26 (s), 0.94 (dd, J = 20.4, 6.0 Hz), 0.93 – 0.84 (m), 0.88 (s) ppm.
R. ruber DSM 43338, acetone/isopropanol, crude: 1H NMR (500 MHz, DMSO-d6) d 7.32
(d, J = 5.2 Hz), 7.32 – 7.22 (m), 6.68 (s), 4.24 (s), 3.19 (s), 2.74 (d, J = 9.5 Hz), 2.57 (dd,
J = 4.5, 2.6 Hz), 2.50 (s), 2.48 – 2.41 (m), 1.95 (dd, J = 14.2, 6.7 Hz), 1.57 (s), 1.35 (d, J
= 7.1 Hz), 1.26 (s), 1.29 – 1.20 (m), 0.96 (dd, J = 12.6, 7.0 Hz), 0.87 (t, J = 6.8 Hz), 0.86
(s) ppm.
R. ruber DSM 43338 acetone only, crude: 1H NMR (500 mHz, DMSO-d6) d 8.19 – 8.13
(m), 7.92 (d, J = 10.1 Hz), 7.40 – 7.22 (m), 6.68 (s), 4.13 – 4.03 (m), 2.75 (s), 2.52 – 2.48
(m), 2.48 – 2.39 (m), 2.41 – 2.27 (m), 2.17 – 2.08 (m), 2.04 – 1.91 (m), 1.58 (s), 1.36 (d, J
= 7.2 Hz), 1.25 (d, J = 3.0 Hz), 1.25 – 1.14 (m), 0.99 (ddd, J = 25.1, 9.4, 7.0 Hz), 0.93 –
0.80 (m) ppm. R. ruber GIN-1 acetone only fraction spectra were not obtained. These
samples were not pure enough to obtain integration data.
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The fractions eluted at 50% and 70% methanol from solid phase extraction had the
same 415.5 m/z peak, and were analyzed using NMR. The eluted fractions were cleaner
than the crude samples, so integration data is listed, however the samples need to be further
purified to confirm.
R. ruber GIN-1, acetone only, 50% methanol fraction 1H NMR (500 mHz, DMSO-d6) d
7.35 – 7.24 (m, 3H), 6.59 (s, 1H), 3.40 (s, 2H), 2.58 (q, J = 1.9 Hz, 5H), 2.56 (s, 6H), 0.83
(s, 5H) ppm.
R. ruber GIN-1, acetone only, 70% methanol fraction 1H NMR (500 mHz, DMSO-d6) d
7.27 (s, 1H), 3.41 (s, 1H), 3.29 (s, 1H), 2.57 (s, 1H), 2.45 (s, 1H), 1.26 (s, 1H), 0.86 (s, 4H)
ppm.
R. ruber GIN-1, acetone/isopropanol, 50% methanol fraction 1H NMR (500 mHz, DMSOd6) d 2.49 (s, 6H), 1.26 (s, 3H), 1.25 (t, J = 12.5 Hz, 1H), 0.88 (q, J = 8.0, 7.2 Hz, 1H) ppm.
R. ruber GIN-1, acetone/isopropanol, 70% methanol fraction 1H NMR (500 mHz, DMSOd6) d 4.30 (s, 4H), 2.58 (q, J =1.9 Hz, 1H), 2.49 (s, 5H), 2.48 – 2.40 (m, 1H), 1.88 (s, 1H),
1.48 (s, 1H), 1.26 (d, J = 2.9 Hz, 5H), 1.24 (s, 3H), 0.87 (t, J = 6.9 Hz, 2H), 0.84 (s, 6H)
ppm.
R. ruber DSM 43338, acetone only, 50% methanol fraction 1H NMR (500 mHz, DMSOd6) d 4.37 (s, 9H), 2.60 – 2.56 (m, 1H), 2.50 (s, 6H), 1.88 – 1.83 (m, 3H), 1.50 (s, 2H), 0.93
– 0.83 (m, 1H) ppm.
R. ruber DSM 43338, acetone only, 70% methanol fraction 1H NMR (500 mHz, DMSOd6) d 4.25 (s, 3H), 2.58 (p, J = 1.8 Hz, 1H), 2.49 (s, 1H), 1.87 (s, 2H), 1.52 (s, 2H), 0.84 (s,
3H) ppm.
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R. ruber DSM 43338, acetone/isopropanol, 50% methanol fraction 1H NMR (500 mHz,
DMSO-d6) d 2.57 (tt, J = 5.4, 2.2 Hz, 2H), 2.49 (s, 15H), 1.87 (s, 1H), 1.48 (s, 1H), 0.84
(s, 5H) ppm.
R. ruber DSM 43338, acetone/isopropanol, 70% methanol fraction 1H NMR (500 mHz,
DMSO-d6) d 2.50 – 2.44 (m, 7H), 1.86 (s, 3H), 1.24 (d, J = 16.0 Hz, 2H) ppm.
5.4 Discussion
Two strains of Rhodococcus ruber (GIN-1 and DSM 43338) were investigated for
siderophore production, using a standard colorimetric assay chrome azurol s (CAS)
complex. The blue CAS complex has a strong UV/vis signal at 630 nm, however when
siderophores are present they strip Fe(III) from the CAS complex, resulting in a color
change.
Siderophores are typically biosynthesized in iron-limiting conditions, so variations
of iron-limiting minimal medias were investigated. The R. ruber GIN-1 strain appeared to
have a small amount of siderophore production in Fiss-dextrose minimal media, however
the artificial seawater media resulted in significant siderophore production. R. ruber DSM
43338 was able to produce a significant amount of siderophores in all four of the tested
medias. For isolation and characterization, siderophores were produced in the artificial
seawater media.
Isolation of siderophores was done by an acetone and isopropanol extraction to
remove salts, followed by solid phase extraction to separate components based on
hydrophobicity. TLC showed that the fractions extracted by acetone only had at least two
compounds present, whereas the acetone/isopropanol method appears to have one. The
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similar retention times between the two strains suggest that both R. ruber species
synthesize the same compounds.
Mass spectrometry data obtained with assistance from Zachary Reitz, a graduate
student in Professor Alison Butler’s laboratory at UC Santa Barbara, and from Dr. Charles
Ross at the University of Pennsylvania suggest the same siderophore is isolated from each
of the R. ruber species, and that this siderophore has not yet been reported with a doubly
charged peak at 415.5 m/z with a neutral mass of 829.0, however accurate mass data could
not be obtained. Further purification and characterization are required to determine the
exact mass and confirm it is a new siderophore. However it is important to note that to date
no siderophores have been reported from R. ruber species. Figure 5.12 shows the proposed
structure.
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Figure 5.12: Proposed structure of siderophore isolated from the R. ruber GIN-1 and DSM
43338 species with a calculated neutral mass of 828.39.
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Like other reported Rhodococcus siderophores, the siderophore isolated from both
R. ruber species is likely a mixed-type siderophore, as hydroxymate and catecholate
moieties have been detected. The mass is close to that of rhodobactin, however the authors
did not specify if their reported value was the neutral mass or the molecular ion, as the
mass did not correspond to the structure they provided.
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APPENDIX A
PHYLOGENIC TREE OF TRANSFERRINS: SEQUENCE DATA AND TREE
CONSTRUCTION

Figure A1: Sequence data for phylogenic tree of transferrins.
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Notechis scutatus
scutatus)
ovoTf, reptilia
ovoTf
Reptilia
Python bivittatus
(P. bivittatus)
Tf, insecta (M.
Tf
Insecta
Manduca sexta
sexta)
Mastotermes
Tf, insecta (M.
Tf
Insecta
darwiniensis
darwiniensis)
Oncorhynchus
Tf, teleostei (O.
Tf
Teleostei
mykiss
mykiss)
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Code
XP_002120780.1
XP_002123276.1
BAB16118.1
BAA84101.1
AAA59992.1
EAW64767.1
ABI97197.1
CAA26040.1
XP_025011494.1
A Chain A serum
XP_026542960.1
XP_026547769.1
XP_007433443.1
AAA29338.1
AAN03488.1
BAA84103.1

Sequences were aligned using ClustalW. The evolutionary history was inferred by using
the Maximum Likelihood method based on the JTT matrix-based model.1 The bootstrap
consensus tree inferred from 2000 replicates is taken to represent the evolutionary history
of the taxa analyzed.2 Branches corresponding to partitions reproduced in less than 47%
bootstrap replicates are collapsed. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (2000 replicates) are shown next to
the branches.2 Initial trees for the heuristic search were obtained automatically by
applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated
using a JTT model, and then selecting the topology with superior log likelihood value. A
discrete Gamma distribution was used to model evolutionary rate differences among sites
(5 categories (+G, parameter = 1.6169)). The rate variation model allowed for some sites
to be evolutionary invariable ([+I], 5.49% sites). The analysis involved 16 amino acid
sequences. All positions containing gaps and missing data were eliminated. There was a
total of 251 positions in the final dataset. Evolutionary analyses were conducted in
MEGA7.3

166

References
1.

Jones, D. T.; Taylor, W. R.; Thornton, J. M., The rapid generation of mutation data
matrices from protein sequences. Computer Applications in the Biosciences 1992,
8 (3), 275-282.

2.

Felsenstein, J., Confidence-limits on phylogenies - An approach using the
bootstrap. Evolution 1985, 39 (4), 783-791.

3.

Kumar, S.; Stecher, G.; Tamura, K., MEGA7: Molecular Evolutionary Genetics
Analysis Version 7.0 for Bigger Datasets. Molecular Biology and Evolution 2016,
33 (7), 1870-1874.

167

APPENDIX B
MASS SPECTROMETRY DATA FOR R. RUBER SIDEROPHORES
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Figure B1: LC-MS data for R. ruber GIN-1 crude siderophore, extracted in acetone only,
lyophilized, resuspended in water. The top spectrum is the mass spec total ion count,
middle spectrum is the chromatogram at 215 nm, bottom is the mass spectrum for retention
time 3.3 min. Acquired by Dr. Charles Ross, University of Pennsylvania.
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Figure B2: LC-MS data for R. ruber GIN-1 crude siderophore, extracted in
acetone/isopropanol, lyophilized, resuspended in water. The top spectrum is the mass spec
total ion count, middle spectrum is the chromatogram at 215 nm, bottom is the mass
spectrum for retention time 3.3 min. Acquired by Dr. Charles Ross, University of
Pennsylvania.
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Figure B3: LC-MS data for R. ruber GIN-1 siderophore, extracted in acetone/isopropanol,
lyophilized, resuspended in water, separated by reverse phase chromatography and eluted
with 50% methanol. The top spectrum is the mass spec total ion count, middle spectrum is
the chromatogram at 215 nm, bottom is the mass spectrum for retention time 3.3 min.
Acquired by Dr. Charles Ross, University of Pennsylvania.
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Figure B4: LC-MS data for R. ruber DSM 43338 crude siderophore, extracted in acetone,
lyophilized, resuspended in water. The top spectrum is the mass spec total ion count,
middle spectrum is the chromatogram at 215 nm, bottom is the mass spectrum for retention
time 3.3 min. Acquired by Dr. Charles Ross, University of Pennsylvania.
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Figure B5: LC-MS data for R. ruber DSM 43338 crude siderophore, extracted in
acetone/isopropanol, lyophilized, resuspended in water. The top spectrum is the mass spec
total ion count, middle spectrum is the chromatogram at 215 nm, bottom is the mass
spectrum for retention time 3.3 min. Acquired by Dr. Charles Ross, University of
Pennsylvania.
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Figure B6: LC-MS data for R. ruber DSM 43338 crude siderophore, extracted in
acetone/isopropanol, lyophilized, resuspended in water, separated by reverse phase
chromatography and eluted with 50% methanol. The top spectrum is the mass spec total
ion count, middle spectrum is the chromatogram at 215 nm, bottom is the mass spectrum
for retention time 4.9 min. Data acquired by Zachary Reitz, University of California, Santa
Barbara.
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Figure B7: LC-MS/MS data for R. ruber DSM 43338 siderophore, extracted in
acetone/isopropanol, lyophilized, resuspended in water, separated by reverse phase
chromatography and eluted with 50% methanol.
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Figure C1: 1H NMR spectra of R. ruber GIN-1 siderophore, acetone only extraction, eluted
with 40% methanol.
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Figure C2: 1H NMR spectra of R. ruber GIN-1 siderophore, acetone only extraction, eluted
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Figure C3: 1H NMR spectra of R. ruber GIN-1 siderophore, acetone only extraction, eluted
with 70% methanol.
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Figure C4: 1H NMR spectra of R. ruber GIN-1 crude siderophore, acetone/isopropanol
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Figure C5: 1H NMR spectra of R. ruber GIN-1 siderophore, acetone/isopropanol
extraction, eluted with 20% methanol.
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Figure C6: 1H NMR spectra of R. ruber GIN-1 siderophore, acetone/isopropanol
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Figure C7: 1H NMR spectra of R. ruber GIN-1 siderophore, acetone/isopropanol
extraction, eluted with 40% methanol.
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Figure C8: 1H NMR spectra of R. ruber GIN-1 siderophore, acetone/isopropanol
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Figure C9: 1H NMR spectra of R. ruber GIN-1 siderophore, acetone/isopropanol
extraction, eluted with 70% methanol.
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Figure C10: 1H NMR spectra of R. ruber DSM 43338 crude siderophore, acetone only

extraction.
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Figure C11: 1H NMR spectra of R. ruber DSM 43338, acetone only extraction, eluted
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Figure C12: 1H NMR spectra of R. ruber DSM 43338, acetone only extraction, eluted
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Figure C13: 1H NMR spectra of R. ruber DSM 43338, acetone only extraction, eluted
with 50% methanol.
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Figure C14: 1H NMR spectra of R. ruber DSM 43338, acetone only extraction, solid
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Figure C15: 1H NMR spectra of R. ruber DSM 43338, acetone/isopropanol extraction,
eluted with 30% methanol.
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Figure C16: 1H NMR spectra of R. ruber DSM 43338, acetone/isopropanol extraction,
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Figure C17: 1H NMR spectra of R. ruber DSM 43338, acetone/isopropanol extraction,
eluted with 50% methanol.
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Figure C18: 1H NMR spectra of R. ruber DSM 43338, acetone/isopropanol extraction,
eluted with 70% methanol.
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