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ABSTRACT
The trace transition metals in humans are divided into two groups, the essential metals
and the non-essential/non-native heavy metals. This dissertation research explores the
interactions of two transition metals, iron and cadmium, with protein targets to understand their
effects on human health.
Iron is an important essential metal and is a component of two inorganic cofactors, heme
and Fe/S clusters. Disruption of heme and Fe/S cluster cofactor assembly causes downstream
protein dysfunction, oxidative stress, and cellular damage. Many diseases, such as the
neurodegenerative disease Friedreich’s ataxia (FRDA), are caused by the inability to synthesize
Fe/S clusters. FRDA is the result of decreased expression of the mitochondrial protein frataxin;
however, its exact function is unclear. In this dissertation, a Schizosaccharomyces pombe fission
yeast strain was generated in which the yeast frataxin homologue fxn1 was overexpressed to
determine what the function(s) of frataxin is through the affected pathways. Based on this study,
we demonstrated that S. pombe Fxn1 overexpression elevated the activities of Fe/S enzymes
through the up-regulation of Fe/S cluster synthesis, which led to imbalanced iron metabolism,
mitochondrial dysfunction and oxidative stress. This research supports that mitochondrial Fxn1
up-regulates the efficiency of Fe/S cluster assembly and provides insight into the cause of
FRDA.
Besides diseases caused by dysregulation of essential metals, there are diseases related to
chronic exposure to heavy metals. The heavy metal cadmium is linked to breast cancers, but
with unknown mechanisms. One proposed mechanism is that Cd2+ activates the estrogen
ii

receptor α (hERα) transcriptional regulator by binding to the protein and mimicking the
conformational effects of the hormone estrogen. We utilized hydrogen/deuterium exchange mass
spectrometry to analyze the structural changes of the hERα ligand binding domain upon estradiol
or Cd2+ binding. Estradiol binding leads to conformational changes in the dimer interface, the
estradiol binding cavity, and the loop between helix H11 and H12. Cadmium demonstrated
similar conformational changes at the dimer interface and helix H12. This is the first direct
evidence that hERα LBD undergoes structural changes upon Cd2+ binding that are similar to that
caused by hormone binding, lending support for this potential mechanism of Cd2+-induced
carcinogenesis.

iii

LIST OF ABBREVIATIONS AND SYMBOLS
[2Fe–2S] cluster

two iron–two sulfur cluster

[3Fe–4S] cluster

three iron–four sulfur cluster

[4Fe–4S] cluster

four iron–four sulfur cluster

°C

Celsius degree

µg

microgram

µL

microliter

µM

micromolar

µM-1

inverse micromolar

6His

6 histidine tag

Å

angstrom

A230

absorbance at 230 nm

A260

absorbance at 260 nm

A280

absorbance at 280 nm

ABC transporter

ATP-binding cassette transporter

ABCB7

ABC transporter B family member 7

AF-1

N-terminal transactivation domain

AF-2

C-terminal transactivation domain

Aft1p

iron-regulated transcriptional activator 1

iv

ALAS

5-aminolevulinate synthase

Asp

aspartic acid

Atm1

iron-sulfur clusters transporter

AU

adenine and uracil

BCA assay

bicinchoninic acid assay

BCIP

5-Bromo-4-chloro-3-indolyl phosphate

BPS

bathophenanthrolinedisulfonic acid

BRCA1

breast cancer type 1 susceptibility protein

BSA

bovine serum albumin

cDNA

complementary DNA

CIA

cytosolic iron sulfur protein assembly system

CID

collision induced dissociation

cm-1

inverse centimeter

DBD

DNA binding domain

D-box

distal box

DCIP

2,6-dichlorophenolindophenol

DFO

desferoxamine

DNA

ceoxyribonucleic acid

DTNB

5,5’-dithio-bis(2-nitrobenzoic)

DTPA

diethylene triamine pentaacetic acid

DTT

dithiothreitol

E2

17β-estradiol

EDTA

ethylenediaminetetraacetic acid

v

EMM

edinburgh minimal media

ER

estrogen receptor

ERE

estrogen response element

Fe/S cluster

iron sulfur cluster

FeCH

ferrochelatase

Fep1

iron sensing transcription factor 1

Fet4

low affinity iron/zinc transport protein

Fio1

iron transport multicopper oxidase

Fip1

plasma membrane iron permease

FRDA

Friedreich’s ataxia

Frp1

ferric reductase

FXN

human frataxin gene

Fxn1

Schizosaccharomyces pombe frataxin homolog

GAA

guanine-adenine-adenine

Gal4

yeast galactose-induced regulator 4

GATA

guanine-adenine-guanine-adenine

GI

gastrointestinal

GLRX5

glutaredoxin-related protein 5

Glu

glutamic acid

Grx5

monothiol glutaredoxin-5

GSH

glutathione

GuHCl

guanidinium chloride

h

hour

vi

HDX–MS

hydrogen/deuterium exchange mass spectrometry

HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulfonic free acid

HER2

human epidermal growth factor receptor 2

hERα

human estrogen receptor alpha

hFxn

human frataxin protein homolog

His

histidine

HPLC

high-performance liquid chromatography

Hsp70

heat shock protein 70 kDa protein

IgG

immunoglobulin G

IPTG

isopropyl-β-D-thiogalactopyranoside

IRP

iron-responsive element-binding protein

ISC

iron sulfur cluster system

IscR

HTH-type transcriptional regulator

ISCU

Iron-sulfur cluster assembly enzyme

Isd11

protein ISD11

Isu1

iron sulfur cluster assembly protein 1

Jac1

J-type co-chaperone JAC1

Kd

dissociation constant

kDa

kilodalton

Ksp

solubility equilibrium constant

L

liter

LB

luria bertani

LBD

ligand binding domain

vii

Lys

lysine

M

molar

m0

natural isotope abundance

M-1

inverse molar

m100

theoretical number of exchangeable amide hydrogens

MALDI

matrix-assisted laser desorption/ionization

MBP

maltose binding protein

min

minute

mL

milliliter

mM

millimolar

mm

millimeter

MPP1

mitochondrial processing peptidase

mRNA

messenger ribonucleic acid

MS

mass spectrometry

MT

metallothionein

mt

the centroid of the peptides at time t

N

nitrogen

NADH

nicotinamide adenine dinucleotide

NADP+

nicotinamide adenine dinucleotide phosphate

NBT

nitro blue tetrazolium chloride

NCoA-2

human nuclear receptor coactivator 2

Nfs1

cysteine desulfurase

ng

nanogram

viii

NIF

nitrogen fixation systems

NLS

nuclear localization sequence

nM

nanomolar

nm

nanometer

NMR

nuclear magnetic resonance

nmt1

no message with thiamine

NRAM1

natural resistance-associated macrophage protein 1

NRAMP2

non-specific divalent metal transporter

O

oxygen

O2–

superoxide ion

OD600

absorbance at 600 nm

OH•

hydroxyl radical

PAGE

polyacrylamide gel electrophoresis

P-box

proximal box

PBS buffer

phosphate buffered saline

PCR

polymerase chain reaction

PMS

phenazine methosulfate

PMSF

phenylmethylsulfonyl fluoride

ppm

part per million

PTM

post translational modification

qPCR

quantitative PCR

qRT-PCR

quantitative real-time polymerase chain reaction

RNA

ribonucleic acid

ix

ROS

reactive oxygen species

rpm

round per minute

s

second

S. cerevisiae

Saccharomyces cerevisiae

S. pombe

Schizosaccharomyces pombe

S2–

sulfide ion

SDH

succinate dehydrogenase

SDS

sodium dodecyl sulfate

SOD

superoxide dismutase

Ssq1

heat shock protein SSQ1

Str1/2/3

siderophore iron transporter 1/2/3

SUF

sulfur mobilization system

t

time

TAE

tris base, acetic acid and ethylenediaminetetraacetic acid

TCA cycle

citric acid cycle

TCEP

tris(2-carboxyethyl)-phosphine hydrochloride

TOF

time of flight

Tris

2-amino-2-hydroxymethyl-propane-1,3-diol

Trp

tryptophan

V

volts

Xho1

type II restriction enzyme

Yfh1

yeast frataxin homolog 1

ZIP

zinc transporter

x

βME

β-mercaptoethanol

∆%D

the difference of deuterium incorporation

xi

ACKNOWLEDGMENTS

I would like to thank my research advisor, Dr. Laura Busenlehner for her training,
support, encouragements, and patience during my Ph. D. research. This dissertation is only
possibly with her constant guidance and advice. Her enthusiasm and working attitude always
encourage me to be a better scientist.
I would also like to thank my committee members, Dr. John Vincent, Dr. Carolyn
Cassady, Dr. Kevin Shaughnessy and Dr. Carol Duffy for their valuable advice and help through
my studies and research.
I am also thankful to Dr. Steven Marcus and members of Marcus lab for instructions of
yeast culture and technologies. I especially thank Dr. Jenny and members of Jenny lab, Dr.
Marco Bonizzoni, and Dr. Patrick Frantom for allowing me to use their instruments and their
valuable suggestions. I also thank Dr. Qiaoli Liang for the assistance with mass spectrometry.
The financial support from the National Science Foundation and The University of Alabama
Research Grant Committee Award is greatly appreciated. I also would like to acknowledge the
support from The University of Alabama and the Chemistry Department.
I would like to thank the current and past group members of Busenlehner Lab, especially
Leslie Gentry, Mier An and Harsimran Singh for their support during my research.
Finally, I would like to thank my family and friends for all their love and support.

xii

CONTENTS

ABSTRACT .................................................................................................................................... ii
LIST OF ABBREVIATIONS ........................................................................................................ iv
ACKNOWLEDGMENTS ............................................................................................................ xii
LIST OF TABLES ...................................................................................................................... xvii
LIST OF FIGURES ................................................................................................................... xviii
CHAPTER 1. IRON HOMEOSTASIS AND ITS BIOLOGICAL FUNCTIONS ..........................1
1.1.

The Functions of Transition Metals in Living Organisms ...................................................1

1.2

Iron Biochemistry and Homeostasis in the Fission Yeast S. pombe ...................................2

1.2.1

The Redox Chemistry of Iron and Free Radicals in Biological Systems ...........................2

1.2.2

Iron Assimilation and Homeostasis in Schizosaccharomyces pombe .................................5

1.3

Iron Metabolism ..................................................................................................................7

1.3.1

Heme Synthesis and Regulation .......................................................................................11

1.3.2

Fe/S Cluster Assembly and Regulation ............................................................................12

1.4

Human Diseases Related to Fe/S Cluster Assembly .........................................................15

1.4.1

Friedreich’s Ataxia (FRDA) ..............................................................................................16

1.4.2

The Biochemical Characteristics of Frataxin Homologues ..............................................17

1.5

Scope of This Section of the Dissertation Research .........................................................19

CHAPTER 2. DISSECTING THE IN VIVO FUNCTIONS OF FRATAXIN IN S. POMBE .....21
2.1. Introduction ............................................................................................................................21
xiii

2.2

Materials and Methods ......................................................................................................24

2.2.1

Materials ...........................................................................................................................24

2.2.2

Yeast Strains and Cell Cultures ........................................................................................24

2.2.3

Plasmid Construction ........................................................................................................25

2.2.4

Co-transformation of pREP3X/Fxn1 and pREP4X/Isu1 into S. pombe ...........................25

2.2.5

Overexpression of Fxn1 ....................................................................................................25

2.2.6

Purification of Fxn1–6His from S. pombe ........................................................................26

2.2.7

Serial Dilution Growth Assays .........................................................................................26

2.2.8

Respiration Assays ............................................................................................................27

2.2.9

Quantitative RT-PCR ........................................................................................................27

2.2.10 Preparation of S. pombe Whole Cell Lysates ....................................................................29
2.2.11 Western-blot Analysis .......................................................................................................29
2.2.12 Isolation of S. pombe Mitochondria ..................................................................................29
2.2.13 Iron Content Analysis .......................................................................................................30
2.2.14 Aconitase Activity Assay ..................................................................................................30
2.2.15 Succinate Dehydrogenase Activity Assay ........................................................................31
2.2.16 Superoxide Dismutase and Catalase Activity Assays .......................................................31
2.2.17 Expression and Purification of Fxn1 from E. coli ............................................................32
2.2.18 Sulfo-SBED Labeling and Crosslinking Reactions ...........................................................33
2.2.19 Statistics ............................................................................................................................34
2.3

Results ...............................................................................................................................34

2.3.1

Cellular Growth Defect Induced by Fxn1 Overexpression ...............................................34

2.3.2

Characterizing the Level of Fxn1 Overexpression and its Maturation in S. pombe .........39

xiv

2.3.3

Fxn1 Overexpression in Mitochondria Leads to Iron Accumulation ...............................42

2.3.4

Activities of Mitochondrial Fe/S Enzymes Increase Upon Mitochondrial Fxn1
Overexpression .................................................................................................................49

2.3.5

Fxn1 Overexpression Cells Have Increased Oxidative Stress ..........................................50

2.3.6

Fxn1 Interactions with Other Mitochondrial Proteins ......................................................53

2.4

Discussion ..........................................................................................................................62

2.4.1

The in vivo Function of Fxn1 in S. pombe ........................................................................ 62

2.4.2

Protein-Protein Interactions with Fxn1 ............................................................................. 65

2.5

Future Work ......................................................................................................................66

2.6

Biological Implications .....................................................................................................67

CHAPTER 3. CADMIUM, BREAST CANCER AND HUMAN ESTROGEN RECEPTOR
ALPHA .........................................................................................................................................68
3.1

The Bioinorganic and Biochemical Characteristics of Cadmium .....................................68

3.2

Cadmium Toxicity ............................................................................................................69

3.3

Xenoestrogens and Human Breast Cancer ........................................................................72

3.4

Structure and Functions of HERα .....................................................................................73

3.5

Scope of the Dissertation Research ...................................................................................80

CHAPTER 4. THE STUDY OF CADMIUM BINDING TO HUMAN ESTROGEN RECEPTOR
AND RELATED STRUCTURAL CHANGES.............................................................................81
4.1

Introduction .......................................................................................................................81

4.2

Methods and Materials ......................................................................................................85

4.2.1

Materials ...........................................................................................................................85

4.2.2

Expression and Purification of Full-length HERα in E. coli ............................................86

4.2.3

Expression and Purification of Full-length HERα in S. pombe Cells ...............................87

4.2.4

Western-blot Analysis .......................................................................................................88
xv

4.2.5

Purification of HERα LBD ...............................................................................................88

4.2.6

Preparation of Apo–hERα LBD ........................................................................................90

4.2.7

Tandem Mass Spectrometry .............................................................................................90

4.2.8

Free Thiolate Quantitation ................................................................................................91

4.2.9

Fluorescence Titration of LBD with Estradiol and Cd2+ ..................................................91

4.2.10 Amide Hydrogen/Deuterium Exchange Mass Spectrometry ............................................91
4.3

Results ................................................................................................................................93

4.3.1

The Purification of Full-length HERα from E. coli and S. pombe ....................................93

4.3.2

The Purification of the Ligand Binding Domain ..............................................................97

4.3.2

Quantification of the Reduced Thiol Groups in Apo–LBD ..............................................97

4.3.3

Estradiol Titration of LBD ................................................................................................99

4.3.4

Cd2+ Titration of LBD .......................................................................................................99

4.3.5

The Deuterium Incorporation of E2–LBD ......................................................................100

4.3.6

The Deuterium Incorporation of Cd2+–LBD ...................................................................106

4.4

Discussion .......................................................................................................................108

4.4.1

Barriers to Structural Characterization of Full-length HERα .........................................108

4.4.2

Estrogen Binding to the HERα Ligand Binding Domain ...............................................109

4.4.3

Cadmium Binding to the HERα Ligand Binding Domain ..............................................113

4.4.4

Localization of the Cd2+ Binding Site within the LBD ...................................................113

4.5

Future Work ....................................................................................................................118

REFERENCES ...........................................................................................................................120

xvi

LIST OF TABLES
1.1.

The two major types of Fe/S clusters, their basic characteristics, and example proteins ..13

2.1.

The major observations of frataxin overexpression in different organisms ......................22

2.2.

The primers used in qRT-PCR experiments ......................................................................28

2.3.

The relative transcript levels of interested genes, normalized to act1 as the housekeeping
gene ....................................................................................................................................52

xvii

LIST OF FIGURES
1.1.

The structures of heme, [2Fe-2S] and [4Fe-4S] clusters .....................................................3

1.2.

The iron uptake pathways of S. pombe ................................................................................6

1.3.

The primary iron uptake pathway of S. pombe, the high affinity iron import system .........8

1.4.

Regulation of iron homeostasis of S. pombe through the transcription factor Fep1 ............9

1.5.

Iron metabolism in eukaryotic cells ...................................................................................10

1.6.

The Fe/S cluster biogenesis machinery in mitochondria ...................................................14

1.7.

The sequences and structural alignment of frataxin homologues ......................................18

2.1.

The overexpression of Fxn1 in S. pombe mitochondria causes cells growth inhibition ....36

2.2.

The co-overexpression of Fxn1 and Isu1 in S. pombe mitochondria causes exacerbated
cell growth inhibition ........................................................................................................37

2.3.

The respiration rate significantly decreased for cells with high levels of mitochondrial
Fxn1 ...................................................................................................................................38

2.4.

The growth defect of Fxn1 overexpression transformants was partially relieved under
anaerobic growth conditions .............................................................................................40

2.5.

Fxn1 mRNA and protein overexpression levels ................................................................41

2.6.

The MALDI-ToF spectra of mature form Fxn1–6His ......................................................43

2.7.

Native gel electrophoresis of Fxn1 overexpression demonstrates the existence of Fxn1
oligomers ...........................................................................................................................44

2.8.

Overexpression of Fxn1 in mitochondria causes cellular iron accumulation and upregulated iron importing system .......................................................................................45

2.9.

Increased amount of the red BPS–Fe2+ complex on cells surface indicates the increased
Frp1 activity and thus up-regulated iron importing pathway ............................................47

xviii

2.10.

The resistance of Fxn1 overexpression transformants to specific and non-specific iron
chelators ............................................................................................................................48

2.11.

Aconitase and SDH activities increase at protein levels as Fxn1 overexpressed in
mitochondria .....................................................................................................................51

2.12.

The low level overexpression of Fxn1 in mitochondrial elevates the cellular resistance to
H2O2 ...................................................................................................................................54

2.13.

Increased SODs and catalase activity were observed for cells overexpress Fxn1 .............55

2.14.

Structure of Sulfo-SBED ...................................................................................................57

2.15.

The control reactions of photo-activated chemical crosslinking .......................................58

2.16.

Photo-activated chemical crosslinking to identify proteins that interact with S. pombe
Fxn1 ...................................................................................................................................60

2.17.

Photo-activated chemical crosslinking Fxn1 and S. pombe extracts .................................61

3.1.

The schematic structure of a four Cys zinc finger .............................................................71

3.2.

The three major domains in hERα .....................................................................................74

3.3.

The DNA binding domain of hERα ...................................................................................75

3.4.

The monomeric ligand binding domain of hERα ..............................................................77

3.5.

The structural overlay of hERα/LBD-E2 complex and hERα/LBD-raloxifene complex..78

3.6.

Important amino acid residues for hERα/LBD estradiol binding ......................................79

4.1.

The structure of 17β-estradiol and the possible amino acid residues involved in Cd2+
binding and activation of hERα .........................................................................................82

4.2.

The expression and purification of full-length hERα in pET-21b in CD146 E. coli strain
............................................................................................................................................94

4.3.

The expression and purification of MBP–6His–hERα from BL21(DE3)pLysS cells ..... 95

4.4.

The purification process and final product of full-length hERα–6His in S. pombe...........96

4.5.

The purification and LC–MS/MS mapping of hERα LBD................................................98

4.6.

The fluorescent titration of E2 and Cd2+ to purified LBD ...............................................101
xix

4.7.

The HDX–MS profiles of apo–LBD, E2–LBD, and Cd2+–LBD (1) ..............................102

4.8.

The HDX–MS profiles of apo–LBD, E2–LBD, and Cd2+–LBD (2) ..............................103

4.9.

The solvent accessibility and dynamic changes of hERα LBD upon E2 binding,
determined by HDX–MS .................................................................................................105

4.10.

The solvent accessibility and dynamic changes of hERα LBD upon Cd2+ binding ........107

4.11.

The protein sequence alignment of full-length hERα and hERβ .....................................112

4.12.

The possible binding site(s) of Cd2+ in hERα LBD .........................................................116

4.13.

The Au+ binding sites in hERα LBD ...............................................................................117

xx

CHAPTER 1
IRON HOMEOSTASIS AND ITS BIOLOGICAL FUNCTIONS

1.1

The Functions of Transition Metals in Living Organisms
Human bodies contain trace amounts of transition metals, less than 0.1% of total body

weight (1, 2). Transition metals can be divided into two groups based on their functions in cells,
the essential metals and the non-essential/non-native heavy metals. Essential metals are
important components for many proteins and are required for function, either as the catalytic
center of enzymes or by maintaining the proper protein conformation (3, 4). These include such
metals as iron, copper, zinc, cobalt, and manganese among others (4). Depletion of essential
metals could lead to decreased enzyme activity, misfolded proteins, and dysregulated
metabolism, while excess amounts of essential metals could be toxic and cause cellular damage
(3, 4). Organisms have developed delicately regulated homeostasis systems to carefully control
the redox species and concentration of these essential metals (1).
Non-native heavy metals such as cadmium, lead and mercury do not have biological
functions but may instead inhibit normal cellular functions and lead to cellular damage (5). Cells
do not have specific mechanisms to uptake these metals, and the absorption of heavy metals are
through the non-specific divalent metal transporter proteins or specific ion channels proteins with
similar chemical properties (6). Nevertheless, there are also defense mechanisms to help the cell
deal with heavy metals, primarily through chelating them with the sulfhydryl rich proteins, such
as metallothionein (MT) (7).
1

1.2

Iron Biochemistry and Homeostasis in the Fission Yeast S. pombe
Iron, the most abundant metal on the planet, is also the metal component of two of the

most important inorganic cofactors in biological systems, heme and iron/sulfur (Fe/S) clusters
(Figure 1.1). Iron acquisition is difficult and potentially harmful under our modern oxygenated
atmosphere as soluble ferrous iron (Fe2+) is unstable and easily oxidized to ferric iron (Fe3+).
Ferric iron has low solubility in an aqueous environment (Ksp = 10-39 M) and, thus, forms an
insoluble ferric hydroxide precipitate (5, 6). The concentration of soluble Fe3+ at neutral pH is
estimated to be 10-18 M (8, 9). Delicately balanced iron uptake and metabolism pathways were
evolved to successfully maintain biologically available Fe2+ concentrations in healthy organisms.
Both Fe2+ and Fe3+ are Lewis acids of different strengths. Based on Lewis acid/base theory, ferric
iron is a hard acid with an octahedral ionic radius of 0.67 Å, which makes it prefer hard ligands
such as oxygen (e.g., phenolate and carboxylate) (8). On the other hand, ferrous iron has an
octahedral ionic radius of 0.83 Å and acts as a softer acid, with preferred ligands such as nitrogen
(e.g., imidazole and pyrrole) and sulfur (e.g., thiolate and thioether) (8).
1.2.1

The Redox Chemistry of Iron and Free Radicals in Biological Systems
The most common biological oxidation states of iron are Fe2+ and Fe3+, although Fe1+,

Fe4+, and Fe5+ are often found in short-lived, catalytic intermediate states. The one electron
transfer between Fe2+ and Fe3+ is easily accomplished with the redox potentials from −0.5 V to
+0.6 V, though the standard redox potential of the Fe3+/Fe2+ couple in water is +0.77 V (8, 9).
This redox chemistry is reversible in biological systems only when the redox potential of
complexed iron falls between +0.82 V to −0.32 V, which is the accessible range of biological
oxidants (e.g., dioxygen at pH 7.0) and reductants (e.g., NADH) (9).
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Figure 1.1. The structures of heme, [2Fe-2S] and [4Fe-4S] clusters.
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The redox chemistry of iron makes it a useful cofactor for electron transfer processes, but
it can also donate electrons to molecular oxygen or hydrogen peroxide to form superoxide ions
and hydroxyl radicals. Under normal conditions in eukaryotic cells, less than 0.1% of electrons
leak through the electron transport chain to molecular oxygen to produce the superoxide ion O2‒
(10). Superoxide ions do not penetrate biological membranes, and most of the time superoxide
ion is inactivated by superoxide dismutases (SOD) in mitochondria (e.g., MnSOD, SOD2) or in
the cytosol (e.g., CuZnSOD, SOD1) by the following reaction (11):
O2‒ + O2‒ + 2H+ → H2O2 + O2
The product, hydrogen peroxide (H2O2) is relatively stable compared to the lifetime of
the superoxide ion, and it can diffuse through membranes into the cytosol and nucleus, where
enzymes like glutathione peroxidase (in mitochondria and cytosol) or catalase (in peroxisomes)
convert H2O2 into water and molecular oxygen (12). However, if peroxide encounters non-bound
(“free”) reduced transition metals, especially Fe2+ and Cu+, it can undergo Fenton chemistry to
produce the hydrogen radical (OH• ) (13).
Fe2+ + H2O2 → Fe3+ + OH• + OH–
Due to its high reactivity, the hydroxyl radical has a very short half-life in vivo (~10–9 sec) (14)
compared to its lifetime in the atmosphere (≤ 1 sec), and the radical will react with biological
molecules such as DNA, lipids and proteins (15). Fe/S cluster containing proteins are also
vulnerable to the hydroxyl radical, which can inactivate Fe/S clusters through oxidation which
impairs protein function. Because the hydroxyl radical is one of the most powerful and
dangerous oxidants for organisms, iron levels must be tightly controlled to avoid these adverse
reactions.
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1.2.2

Iron Assimilation and Homeostasis in Schizosaccharomyces pombe
Maintaining an appropriate concentration of biologically available ferrous iron is critical

for cell viability, and imbalanced iron homeostasis greatly affects human health (16). Eukaryotic
cells must acquire iron from their environment or from food, and this process is tightly regulated.
Iron uptake and intracellular regulation are two very complicated processes that are easier to
understand in a unicellular, eukaryotic model system like yeast. Iron homeostasis in the budding
yeast Saccharomyces cerevisiae (S. cerevisiae) is well described, but distinct differences exist
between budding yeast and mammalian cells. These include different iron uptake pathways,
crosstalk between Fe/S cluster assembly and heme synthesis, and regulatory mechanisms (1719). Therefore, studying iron homeostasis in the fission yeast Schizosaccharomyces pombe (S.
pombe), which is evolutionarily more similar to eukaryotes (20), provides another angle to look
into this critical biological process.
Fission yeast has two distinct iron uptake pathways as shown in Figure 1.2. The first
pathway is the non-reductive iron uptake of ferrichrome-chelated iron. Ferrichrome is a cyclic
siderophore (i.e., extracellular metal scavenger) that chelates iron with high affinity using
oxygen and nitrogen ligands (Figure 1.2A) (21). This intact chelate molecule is brought into the
cell by Str1/2/3 transport proteins (17). The other pathway is reductive iron transport, which is
important for cell viability in iron-deficient conditions (Figure 1.2B) (22). The ferric reductase
Frp1 is found on the surface of S. pombe cellular membranes. Frp1reduces environmental Fe3+ to
Fe2+, which is transported through the membrane by the high affinity iron uptake pathway
composed of Fio1 and Fip1 proteins or by the metal transporter Fet4 (17). The O2 concentration
in the environment determines which elemental iron uptake pathway is used (22). Under aerobic
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Figure 1.2. The iron uptake pathways of S. pombe. (A) Str1/2/3 proteins are the siderophore
transport channels. (B) Fet4 is a divalent metal transporter, Frp1 is the membrane ferric
reductase, and Fio1/Fip1 is the high affinity iron uptake pathway (17).
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conditions, the Fio1/Fip1 high-affinity iron import system is the primary iron uptake pathway
(Figure 1.3) and is very similar to the high-affinity iron uptake pathway in the budding yeast S.
cerevisiae (17). In this pathway, the Fe2+ produced by Frp1 is oxidized to Fe3+ by the
multicopper oxidase Fio1, but this Fe3+ does not equilibrate with bulk Fe3+. Instead, it is
transported into the cell by the associated Fip1 transmembrane iron permease (22). The activity
of this pathway is up-regulated by iron depletion to restore intracellular iron concentrations as
needed (23). Under anaerobic conditions, Fe2+ (supplied by Frp1) is transported through the nonspecific divalent metal ion transporter Fet4, which is a homologue of human NRAM1 (17). This
pathway is considered to be of lower affinity and is less efficient (17).
S. pombe controls iron assimilation pathways through regulated gene expression of the
proteins involved in iron uptake. The uptake genes are regulated by the Fep1 transcriptional
factor and include fio1+ (ferrous iron oxidase), fip1+ (transmembrane iron permease), and frp1+
(ferrireductase) (24). As illustrated in Figure 1.4, when cellular iron is abundant, Fep1 represses
expression of target uptake genes by binding to the “GATA” DNA motif in the
operator/promoter regions upstream of these genes. This basically turns off expression since
additional iron uptake is not required. When iron is depleted, Fep1 releases from the promoter of
these genes, allowing for transcription and further expression of proteins required for iron
acquisition (24). Evidence suggests that the Fep1 transcription factor senses and binds iron using
cysteine residues, but further molecular detail is unknown at this time (23).
1.3

Iron Metabolism
After iron enters the cytosol, the iron can be stored in the protein ferritin or metabolized

(Figure 1.5). Ferritin is a multimeric storage protein that can hold up to hundreds-to-thousands
of iron atoms as an insoluble iron-oxy-hydroxide mineral core (9). Iron from ferritin can be
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Cellular membrane

Figure 1.3. The primary iron uptake pathway of S. pombe, the high affinity iron import
system. Environmental Fe3+ is reduced by Frp1, and the Fe2+ is oxidized back to Fe3+ by the
ferrous oxidase Fio1. Fe3+ is then transported into cytosol by Fip1 without equilibrating with
environmental Fe3+ (22).
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Figure 1.4. Regulation of iron homeostasis of S. pombe through the transcription factor
Fep1.. With abundant iron, Fep1 binds to the DNA sequence (A/T)GATAA and represses
repress the
transcription of genes involved in iron uptake, including str1/2/3+, frp1+, fio1+, and fip1+. Upon
iron depletion, the Fep1 is released
released, and the transcription of iron uptake genes is increased (17).
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Figure 1.5. Iron metabolism in eukaryotic cells. Imported cellular iron can be stored in ferritin
or bound to Fe containing proteins. Fe can also be transported into mitochondria, where it is used
to synthesize Fe/S clusters and heme. Red circles (Fe), orange circles (S) (26).
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utilized in Fe/S cluster synthesis and heme synthesis with unknown mechanism (25). Fe/S cluster
and heme containing proteins are highly involved in energy production, detoxification, DNA
replication, and other important cellular functions (27). For eukaryotic cells, most Fe/S clusters
are produced in mitochondria, while the synthesis of heme can occur both in the mitochondria
and the cytosol (28).
1.3.1 Heme Synthesis and Regulation
Heme is involved in various biological functions such as electron transport,
detoxification, gas sensing, and signal transduction (28). The synthesis of heme is highly
conserved. Seven steps are required to synthesize the protoporphyrin IX precursor, after which
the enzyme ferrochelatase (FeCH) inserts ferrous iron into the porphyrin macrocycle to form
heme (Figure 1.1). Because of the hydrophobicity of porphryrin, many enzymes in this pathway
are found at or in the mitochondrial inner membrane (28). Mechanistic and structural details of
how human FeCH inserts iron into protoporphyrin IX has been clarified recently (29, 30). In
humans and S. pombe, FeCH contains a [2Fe-2S] cluster, while S. cerevisiae FeCH does not.
Evidence suggests that the Fe/S cluster in FeCH functions as a structural cofactor and biological
sensor rather than in catalysis (28). This Fe/S cluster in FeCH also suggests a direct connection
between Fe/S clusters assembly and heme synthesis, the two major iron utilization pathways.
The regulation of heme synthesis enzymes is performed post-transcriptionally, especially
at the rate limiting enzyme 5-aminolevulinate synthase (ALAS), which catalyzes the
condensation of glycine with succinyl-CoA to form δ-aminolevulinic acid (28). It is also
suggested that heme synthesis is controlled by the levels of biologically available iron and by
oxygen (28). How mitochondria supply iron to heme synthesis is still not clear, but a putative
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iron chaperone frataxin has been suggested to transfer iron to FeCH, although support for this is
waning (31).
1.3.2

Fe/S Cluster Assembly and Regulation
There are two major types of Fe/S clusters (Table 1.1) and they are among the most

ancient and conserved protein cofactors from archaebacteria to humans (32). Fe/S cofactors
perform many functional roles, such as catalysts, structural stabilizers and environmental sensors
(32). Although the synthesis of Fe/S clusters from inorganic iron and sulfur is difficult and
potentially harmful under an oxygenated atmosphere, there are many advantages of using Fe/S
clusters in proteins. For example, the iron in Fe/S clusters can easily donate or accept electrons
by cycling between Fe2+ and Fe3+, which allows them to regenerate as catalysts (33). In addition,
by changing the coordination environment, Fe/S clusters redox potentials can vary from –0.5 V
to +0.3 V (9). Compared to the slow but spontaneous formation of [2Fe-2S] clusters with
inorganic iron and sulfur under anaerobic condition, biological Fe/S cluster assembly is more
efficient (34). Since free iron and S2- are toxic to most cells (35-37), the Fe/S cluster assembly
machinery contains many proteins that are responsible for supplying iron, liberating inorganic
sulfur from cysteine, providing the scaffold for Fe/S clusters assembly, and transferring the Fe/S
cluster to apo Fe/S proteins (Figure 1.6) (34).
Fe/S cluster assembly machinery is highly conserved throughout evolution, and many key
component proteins are homologous from bacteria to eukaryotes. Generally, these machineries
can be divided into four distinct groups: (1) nitrogen fixation systems (NIF, present in azeotropic
bacteria) (36), (2) sulfur mobilization system (SUF, found in E. coli and plastids of plants) (36),
(3) Fe/S cluster system (ISC, present in bacteria and mitochondria of eukaryotic cells) (38), and
(4) cytosolic Fe/S cluster assembly system (CIA, only found in eukaryotic cells) (32). The
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Table 1.1. The two major types of Fe/S clusters, their basic characteristics, and example
proteins.

Cluster

Name
2Fe–2S

4Fe–4S

Formal
valence

EPR value

Protein

1Fe2+, 1Fe3+

1.89, 1.95, 2.05

2Fe3+

Human
ferrochelatase

–

3Fe2+, 1Fe3+

1.88, 1.92, 2.06

2Fe2+, 2Fe3+

–

1Fe2+, 3Fe3+

2.04, 2.04, 2.12

13

Aconitase

Isu
Nfs1

O
H2N CHC OH
CH 2
SH

Isd11

frataxin

Fe

Yah1p
e-

Arh1p

Amp1p

Isu
Nfs1

cytosolic Fe/S proteins

Isd11

Ssq1p
Grx5p
Jac1p
mitochondrial Fe/S proteins

Figure 1.6. The Fe/S cluster biogenesis machinery in mitochondria. Fe2+ enters the
mitochondria through the Mrs3/Mrs4 transporter (not shown). Fxn1 may or may not act as an
iron chaperone for the Fe-S assembly complex but is involved in synthesis through its
interactions with the cysteine desulfurase Nfs1, the accessory protein Isd11, and the scaffold
protein Isu1 onto which the clusters are assembled. Electrons are provided by ferredoxin Yah1
and ferredoxin reductase Arh1. The insertion of Fe-S clusters requires chaperone proteins Ssq1,
Jac1, and Grx5 (34).
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process of Fe/S cluster assembly can be divided into three major steps in S. pombe, starting with
the release of sulfide from L-cysteine by the cysteine desulfurase Nfs1 that requires the
accessory protein Isd11. Then, the sulfur is transferred to the scaffold protein Isu1 where the
Fe/S clusters are assembled using iron that may be provided by the iron chaperone Fxn1. At the
final step, the mature Fe/S clusters are released from Isu1 by the chaperone system that contains
Hsp70, Ssq1 ATPase, and Jac1. The glutaredoxin Grx5 may also be involved in the process (39).
In mitochondria, these Fe/S clusters are transferred and inserted to apo Fe/S proteins such as
aconitase and succinate dehydrogenase (35), while cytosolic and nuclear Fe/S protein maturation
requires the ABC transporter Atm1 (ABCB7 in humans), which localizes in the inner membrane
of mitochondria (39).
With all the important functions of Fe/S proteins, the production of Fe/S clusters is under
tight control, since excess Fe/S clusters can disassemble to form insoluble iron sulfide (40). In
bacteria, the regulation of Fe/S protein assembly is transcriptionally controlled by IscR (41), but
an IscR homologue has not been discovered in eukaryotic systems. Instead, it is proposed in
yeast that regulation occurs via the activity of the cysteine desulfurase, since the cysteine
desulfuration is the rate limiting step of the pathway (42).
1.4 Human Diseases Related to Fe/S Cluster Assembly
Fe/S cluster proteins are important in most of the processes required for life, so the failure
to produce enough functional Fe/S cluster proteins causes dysfunction in multiple systems,
which leads to cell death or other negative effects (35). Complete deletion of genes involved in
Fe/S protein assembly are always lethal at the embryonic level, while partially inactivated genes
due to mutations are more common but still compatible with life (35). Mutations in genes
encoding for human frataxin (S. pombe homolog Fxn1), GLRX5, and ISCU (S. pombe homolog
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Isu1) are known to cause human diseases and syndromes. GLRX5 facilitates the transfer of Fe/S
clusters from the scaffold to target proteins, and its deficiency (about 10% of the normal level)
causes inherited human sideroblastic anemia (43). A splice mutation in the gene encoding ISCU
causes an inherited skeletal muscle disease, with muscle weakness, exercise-induced acidosis,
and myoglobinuria (muscle degeneration and excretion of myoglobin) (44). Biochemical
examination of the affected muscle cells showed significant iron accumulation and loss of
aconitase activity, a key Fe/S cluster containing enzyme in the TCA cycle. Another common
disease related to Fe/S cluster assembly is Friedreich’s ataxia (FRDA), which is related to
reduced protein levels of the putative iron chaperone frataxin (45). Since it is more difficult to
work with human cells, a yeast model system is beneficial to study these diseases. This
dissertation research will use the S. pombe system as a model for FRDA.
1.4.1

Friedreich’s Ataxia (FRDA)
FRDA is an autosomal recessive neurodegenerative disorder, and it is one of the most

common autosomal recessive ataxias in Caucasians. The prevalence is 2 to 4 patients per
100,000 individuals, and 1 to 2 carriers per 100 individuals (46). The major clinical features
include progressive spinocerebellar neurodegeneration, gait and limb ataxia, muscle weakness,
and cardiomyopathy (47). Development of the FRDA starts during childhood, and
cardiomyopathy-induced cardiac infarction is generally the cause of death. The biochemical
markers of FRDA include increased cellular and mitochondrial iron content and decreased
mitochondrial Fe/S cluster containing protein activity (45).
FRDA is mostly caused by an expanded GAA repeat in the first intron of the FXN gene
(from 40–60 copies in healthy people to >200 copies in FRDA patients), which encodes the
mitochondrial protein frataxin (48). Most patients are homozygous of the GAA expansion, but
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about 4% are compound heterozygous with mutations (e.g., nonsense, missense, deletions,
insertions) (47). These genomic changes cause the reduced FXN mRNA levels, decreasing the
functional frataxin protein level to about 5–30% of normal levels (47). The expression level of
functional frataxin is related to the severity of the clinical symptoms, as patients with about 50%
frataxin level show no sign of disease and the complete depletion of frataxin leads to embryonic
death (49).
1.4.2

The Biochemical Characteristics of Frataxin Homologues
Frataxin is a small, but highly conserved mitochondrial protein with homologues in all

eukaryotes and most prokaryotes. In eukaryotes, frataxin homologues are encoded by genomic
DNA. Frataxin is imported into mitochondria, and its N-terminus is processed by the
mitochondrial processing peptidase MPP1 (50-53). The alignment of full-length human frataxin
(hFxn), S. cerevisiae frataxin (Yfh1) and S. pombe (Fxn1) (Figure 1.7A) reveals significant
conservation in the C-terminal domain (54). The similarity is further demonstrated by the overlay
of the three-dimensional structures of Yfh1, hFxn, and the predicted structure of Fxn1 residues
41–151 (Figure 1.7B) (55, 56). There is no structure of the S. pombe frataxin homologue, but the
amino acid residues on the acidic helix and C-terminus are highly conserved, thus, it is most
likely that S. pombe Fxn1 shares similar if not identical structure with hFxn.
Mature hFxn and Yfh1 are highly soluble monomers in the absence of iron. With excess
iron and aerobic conditions, yeast Yfh1 can form oligomers in vitro (57, 58), and the trimeric
form of Yfh1 has been suggested as the predominant species in vivo under stress conditions (59).
However, whether oligomerization of human frataxin occurs is still under debate. When a mutant
form of Yfh1 that does not form oligomers was introduced into S. cerevisiae without endogenous
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A

B

Figure 1.7. The sequences and structural alignment of frataxin homologues. (A) Sequence
alignment and (B) structures of human frataxin hFxn (blue, PDB: 1EKG), S. cerevisiae Yfh1
(pink, PDB: 2GA5) and S. pombe Fxn1 model (green) (55, 56, 61).
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Yfh1, the cells continued to function (60). This observation demonstrated that Yfh1
oligomerization is dispensable for function in vivo. As for hFxn, the mature form of hFxn81-210
(residues 81–210) only exists as a monomer, while the less processed isoform hFxn42-210 behaves
similarly to Yfh1 and can oligomerize under certain conditions (62). It is not clear if human
oligomerization of frataxin is functional.
The functions of frataxin have been intensively studied during the last 15 years using in
vivo and in vitro methods, and some important knowledge has been obtained. (1) Frataxin binds
three metal ions with nanomolar to micromolar affinities at the N-terminus, the end of acidic
ridge and the end of β1-strand (63). (2) Frataxin is involved in Fe/S cluster assembly (62). (3)
Frataxin is important for cell viability (62). (4) Frataxin is part of the mitochondrial Fe/S cluster
assembly machinery. Since frataxin is involved in FRDA, many model systems have been
created, including Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila melanogaster,
Mus musculus and human cell lines (64-76). The possible functions of frataxin include a key role
in Fe/S protein assembly by providing iron (77) or as a modulator to regulate the activity of the
Nfs cysteine desulfurase (78). Frataxin may also directly provide iron to various mitochondrial
proteins, such as aconitase (79), ferrochelatase (31, 56) and succinate dehydrogenase (80).
Lastly, since some frataxin homologues form oligomers in the presence of iron in vitro, it may
also function as an iron storage protein (81).
1.5

Scope of this Section of the Dissertation Research
The goals of the studies presented in Chapter 2 of this dissertation were to: (1) construct a

model system in which the S. pombe frataxin homologue is overexpressed in mitochondria with
controlled expression levels; (2) identify the in vivo consequences of S. pombe frataxin
overexpression, including the viability and other phenotypic characterizations; (3) characterize
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iron homeostasis pathways in frataxin overexpressing cells, (4) elucidate the activities of some
critical Fe/S cluster enzymes; and (5) gain insight into the overall function of frataxin in S.
pombe.
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CHAPTER 2
DISSECTING THE IN VIVO FUNCTIONS OF FRATAXIN IN S. POMBE

2.1. Introduction
The disease Friedreich’s ataxia (FRDA) is an autosomal recessive neurodegenerative
disorder caused by a decrease in the levels of frataxin in mitochondria (48). The biochemical
hallmarks of FRDA development include significant iron accumulation, loss of activities of Fe/S
cluster containing proteins (45). Frataxin is involved in Fe/S cluster synthesis, though the exact
function is not fully understood (38). Most of our knowledge about frataxin function comes from
FRDA model systems with reduced frataxin protein expression levels in target cells or
organisms, especially the budding yeast Saccharomyces cerevisiae (45, 64-76). These model
systems have provided excellent insight into the development of FRDA, tissue specificity, and
possible functions of frataxin. However, cellular viability strongly depends on proper
mitochondrial function, especially iron metabolism and iron homeostasis. It is difficult to
distinguish the direct effects that of frataxin depletion from the ones caused by imbalanced iron
homeostasis or disrupted iron metabolism. Thus, characterizing the phenotypes of frataxin
overexpression in a simple, but well-studied organism could provide complementary knowledge
to possible frataxin function.
Frataxin overexpression has been performed in S. cerevisiae, Drosophila melanogaster,
and Mus musculus and human cell lines. The major observations are listed in Table 2.1 (82-86).
Some of the results are contradictory, which is likely due to the differences in iron homeostatic
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Table 2.1. The major observations of frataxin overexpression in different organisms.
Organism/
cell lines

Overexpression
level

Human colon
carcinoma

Major observations

Reference

N.D.

Increased aconitase activity and
oxidative metabolism

Schulz et al,
2006 (88)

Mouse embryonic
fibroblast cells

2–8 fold

Activated mitochondrial respiration

Ristow et al,
2000 (87)

Mouse

N.D.

Increased aconitase activity

Pook et al,
2001 (82)

Mouse

4–10 fold

No change in systemic iron
metabolism; Cardiotoxicity not
relieved

Miranda et al,
2004 (83)

Drosophila

3–5 fold

Increased total antioxidant activity

Runko et al,
2008 (84)

Drosophila

N.D.

Decreased viability and life span;
Decreased aconitase activity;
Increased oxidative stress

Navarro et al,
2011 (86)

S. cerevisiae

2–18 fold

Deregulation of iron uptake;
Impaired Fe/S cluster assembly and
respiration; Increased resistance to
oxidative stress

Seguin et al,
2009 (85)

N.D. is not determined.

22

and metabolic pathways or to the level of frataxin overexpression. For example, in mice frataxin
overexpression did not lead to any noted negative effects (82, 83, 87, 88), while in budding yeast
the overexpression caused iron accumulation, decreased aconitase activity and oxidative stress
(85). The other example is that Drosophila frataxin overexpression lead to organ-specific effects,
including resistance to oxidative stress and had longer life span (84, 86). With these possible
differences in mind, the fission yeast S. pombe was chosen as a model organism to study the in
vivo impacts of S. pombe frataxin homologue overexpression.
S. pombe shares many genes and characteristics with S. cerevisiae, but they are about 600
million years apart in evolution (89). S. pombe is considered to be more similar to mammals than
S. cerevisiae in that its genes contains introns, it undergoes chromatin modifications, it contains
RNA-dependent RNA silencing machinery, and it reproduces through binary fission (17). S.
pombe has the smallest, fully sequenced genome in haploid eukaryotes, genetic manipulation and
the cell growth conditions methods are well described, and many S. cerevisiae standard methods
can be applied to S. pombe with few modifications. S. pombe frataxin Fxn1 is 42% identical to
hFxn, and the ISC Fe/S cluster synthesis machinery in S. pombe is equivalent to the ISC system
in humans (90). These studies will shed light onto the relationship of frataxin to Fe/S cluster
biogenesis and iron homeostasis in an effort to better understand the etiology of Friedreich’s
ataxia.
For this dissertation research, an S. pombe strain was generated in which the frataxin
homologue fxn1 was overexpressed under the control of a thiamine repressible nmt1 promoter
from the plasmid pREP3X (91) to study the in vivo effects of Fxn1 overexpression in S. pombe.
The high levels of Fxn1 expression caused severe cellular growth inhibition, mitochondrial
dyregulation, increased oxidative stress, as well as iron accumulation and up-regulated iron
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import. Despite the presence of oxidative stress in these cells, the activities of Fe/S cluster
containing enzymes such as aconitase and succinate dehydrogenase were surprisingly increased.
Based on this study, we conclude that Fxn1 overexpression elevated the activities of Fe/S
enzymes, possibly through the up-regulation of Fe/S cluster synthesis and led to imbalanced iron
metabolism. These changes in iron homeostasis lead to increased oxidative stress and loss of
mitochondrial function. This research supports that mitochondrial Fxn1 up-regulates the
efficiency of Fe/S cluster assembly.
2.2

Materials and Methods

2.2.1

Materials
Thiamine, uracil, ascorbate acid and hydrogen peroxide were purchased from Fisher

(Fairlawn). Edinburgh Minimal Media (EMM) was purchased from MP Biomedicals (Solon).
Glucose, sodium citrate, HPLC water, and triton X-100 were obtained from EMD Millipore
(Billerica). Adenine and manganese chloride were purchased from ACROS Organics (Ward
Hill). The BCA assay kit was obtained from Thermo Pierce (Rockford), the iron standard
solution from Perkin Elmer (Shelton) and the SOD activity assay kit from Sigma. The catalase
activity assay kit was obtained from Cayman Chemical.
2.2.2

Yeast Strains and Cell Cultures
Schizosaccharomyces pombe strain used in this study was wild-type SP870 (h90 ade6-210

leu1-32 ura4-D18) (from D. Beach). S. pombe transformants were grown in the Edinburgh
Minimal Media (EMM) with 250 mg/L adenine and uracil each (EMM+AU). S. pombe cells
were transformed with indicated plasmids using the standard lithium acetate procedure (92).
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2.2.3

Plasmid Construction
Plasmids used in this study were pREP3X (93), pREP3X/Fxn1, pREP3X/Fxn1∆2–11,

pREP3X/Fxn1–6His, pDeut/6His–Fxn1 and pREP4X/Isu1. The coding sequences of fxn1and
isu1 were amplified from S. pombe genomic DNA by PCR and ligated into respective vectors to
produce the recombinant plasmids. Plasmids pREP3X/Fxn1∆2–11 and pREP3X/Fxn1–6His
were constructed by deleting the base pairs encoding amino acids residues 2–11 in the fxn1
sequence or inserting the CATCATCATCATCATCAT (6His) sequence at the 3’-end of fxn1 in
pREP3X/Fxn1, respectively, using QuikChange Lighting site-directed mutagenesis (Agilent
Technologies).
2.2.4

Co-transformation of pREP3X/Fxn1 and pREP4X/Isu1 into S. pombe
The plasmids pREP3X/Fxn1 and pREP4X/Isu1 were mixed in a 1:1 ratio (w/w), and 1 µg

was added to chemically induced S. pombe competent cells (92). The colonies were selected and
maintained on the EMM+A agar with 50 µM thiamine.
2.2.5

Overexpression of Fxn1
S. pombe cells transformed with plasmids pREP3X, pREP3X/Fxn1 or pREP3X/Fxn1–

6His were maintained on the EMM+AU agar medium with 50 µM thiamine. Each transformant
was grown overnight in EMM+AU with 50 µM thiamine at 30 °C with shaking to mid-log
phase. Cells were harvested with centrifugation, and the cell pellets were washed twice with
EMM+AU before inoculation into fresh EMM+AU medium containing 50 µM, 50 nM or 10 nM
thiamine (94). All cultures were grown at 30 °C for 72 h, and cells were inoculated into new
culture when necessary to maintain a cell density of ≤ 1×107 cells/mL. Samples for all assays are
prepared from the final cultures unless specifically indicated.
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2.2.6

Purification of Fxn1–6His from S. pombe
Cells transformed with pREP3X/Fxn1–6His were cultured in EMM+AU with 50 nM

thiamine for 72 h until mid-log phase, and the cells were harvested with centrifugation at 3000×g
for 2 min at 4 °C. The cell pellets were resuspended with basic buffer (50 mM NaH2PO4, 300
mM NaCl, and 5 mM βME, pH 7.0) to a final density of 2×109 cells/mL. Cells were lysed with
vigorous vortex with acid-washed glass beads at 4 °C and centrifuged at 12000 rpm for 3 min at
4 °C. The supernatant was incubated with HisPur Cobalt resin (Thermo) overnight at 4 °C with
gentle shaking. The Fxn1-6His protein was eluted with 150 mM imidazole in basic buffer per
manufacturer’s instructions. The protein was desalted with a Millipore C18 Ziptip (Billerica) and
eluted in 50% acetonitrile with 0.1% formic acid. The eluted protein was mixed into 6 mg/mL
dihydroxybenzoic acid (DHB) matrix with 1:5 ratio and spotted on a stainless steel target. The
Brüker Ultraflex MALDI-ToF mass spectrometer was calibrated with a standard protein mixture.
The mass spectra of Fxn1–6His was collected and averaged at 60% laser power. Spectra were
analyzed by flexAnalysis v3.3 (Brüker Daltonics).
2.2.7

Serial Dilution Growth Assays
Growths of transformants were analyzed with serial dilution spotting assays. An

overnight culture was set up for each transformant in EMM+AU with 50 µM thiamine at 30 °C
and grown to mid-log phase, then cells were washed twice with EMM+AU and inoculated into
EMM+AU culture for 24 h at 30 °C with shaking. The cultures were washed and serial diluted to
1×107, 2×106, 4×105, 8×104, and 1.6×104 cells/mL, respectively. Three microliters of diluted
samples were spotted on EMM+AU agar plates supplied with additional chemicals and thiamine,
as indicated. Photographs were taken after five days of aerobic or anaerobic growth in an O2deficient chamber at 30 °C.
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2.2.8

Respiration Assays
The respiration rates of the transformants with 50 µM, 50 nM or 10 nM thiamine were

measured with Strathkelvin Model 782 dissolved oxygen measuring system coupled with Clarktype microcathode oxygen electrode (North Lanarkshire, Scotland) (95). The instrument was
calibrated before use. One milliliter (1×107 cells/mL) of each final culture was added to the
cuvette and the oxygen concentration was recorded when the reading was stable and again after a
5 min incubation. The oxygen consumption rate was calculated as ng/(mL·min) per 106 cells.
2.2.9

Quantitative RT-PCR
Three transformants of pREP3X and pREP3X/Fxn1 were each cultured in EMM+AU

with 50 µM, 50 nM or 10 nM thiamine for 72 h at 30 °C. The extraction of total RNA from the
final cultures was performed with the Ambion RiboPure Yeast kit (Austin, TX). The RNA
concentration and purity was determined by an Agilent 8453 UV-visible spectrometer, with
A260/A280 ≥ 2.1, A260/A230 ≥ 1.5. The integrity of purified RNA was verified by a 1.5% TAEagarose gel. The synthesis of cDNA from 1 µg extracted total RNA was performed using the
Quanta qScript cDNA synthesis kit (Gaithersburg, MD). Quantitative PCR was performed using
the Quanta PerfeCta SYBR Green Supermix in a Bio-Rad MyiQ real-time PCR detection system
(Hercules, CA). The primers for genes are listed as Table 2.2. The cycling conditions were 95
°C for 3 min followed by 40 cycles of 95 °C for 10 sec, then 58 °C for 30 sec. After each run, a
melt curve analysis was performed to ensure a single PCR product was amplified and detected.
Three technical replicates were performed for each sample. The relative expression levels were
determined by threshold cycle (Ct) value, which was calculated using the actin gene act1 as the
housekeeping gene (96) according to equations 1 and 2 (97).
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Table 2.2. The primers used in qRT-PCR experiments.
Gene
act1

fxn1

acon1

sdh1

sdh2

isu1

nfs1

isd11

sod1

sod2

Sequence
Forward

5’- AACCCCAAATCCAACCGTGAG -3’

Reverse

5’- CGACCAGAGGCATACAAAGAC -3’

Forward

5’- ATCCCCAGTA AGTGGTCCC -3’

Reverse

5’- TCGCTCGATAAGATTCCTAGTAG -3’

Forward

5’- TAAACCGTCCTCTCACATATTCA -3’

Reverse

5’- GCATCCTGACAAGCAACACG -3’

Forward

5’- TCAAGCCAGCCTTTAAGAGC -3’

Reverse

5’- CAGTATGGGACCTCGTAGGA -3’

Forward

5’- GAGCAAGATCCTACCTTAACG -3’

Reverse

5’- AATATTCATCGCACAAGACCCG -3’

Forward

5’- CTTCTCTTCTTGCCCGTCCA -3’

Reverse

5’- GTACCCACATTCCGAGGATTG -3’

Forward

5’- CGTATGGACAAACCTTCAATGAG -3’

Reverse

5’- GATAGTCGAGAGGAGAGGTAG -3’

Forward

5’- AACATCAAAGCTTTTTCCATACACC -3’

Reverse

5’- CTTCGCAGGATCACTTTCAAC -3’

Forward

5’- GTGTCGTTACTTTTGAACAAGTC -3’

Reverse

5’- AGGACCAGCAGAGGTACAAC -3’

Forward

5’- CTTACAATGCACTTGAACCTGC -3’

Reverse

5’- ATCGGCCAGCTTCTCCTGA -3’
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∆∆Ct = [Ct(gene) – Ct(actin)](Fxn1) – [Ct(gene) – Ct(actin)](pREP3X) (1)
Relative mRNA expression = 2–∆∆Ct (2)
2.2.10 Preparation of S. pombe Whole Cell Lysates
Cells of pREP3X or pREP3X/Fxn1 transformants from the final cultures were harvested
by centrifugation at 3000×g for 5 min at 4 °C, then the cell pellets were resuspended with
Chelex-treated PBS buffer (pH 7.4) with 1 mM PMSF and 1 mM benzamidine to a final density
of 2×109 cells/mL. Cells were vigorously vortexed with acid-washed glass beads at 4 °C, and
insoluble parts were removed with centrifugation at 12,000 rpm for 2 min at 4 °C. The total
protein concentration of the cell lysates was determined by the Thermo Pierce bicinchoninic acid
(BCA) assay.
2.2.11 Western-blot Analysis
Isolated mitochondria containing 10 µg total protein was resuspended with 0.5% tween20 and 10% glycerol and separated on a 15% SDS-PAGE gel. The proteins were transferred to a
Whatman Protran nitrocellulose membrane with a Bio-Rad Mini Trans-Blot electrophoretic
transfer cell (Hercules, CA). The membrane was blocked with 5% BSA, and Fxn1–6His was
detected with mouse monoclonal His-tag primary antibody (Abgent, San Diego, CA) and goat
anti-mouse IgG/alkaline phosphatase conjugate secondary antibody (Southern Biotech,
Birmingham, AL) using NBT/BCIP staining. Analysis of Fxn1–6His expression levels and
distribution was performed using the UVP MultiDoc-It imaging system (Upland, CA) and
ImageJ software (http://rsbweb.nih.gov/ij/ ).
2.2.12 Isolation of S. pombe Mitochondria
Mitochondria were purified from pREP3X or pREP3X/Fxn1 transformants grown in 50
µM, 50 nM, or 10 nM thiamine for 72 h. Mitochondrial isolation was performed according to
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Chiron et al. with few changes (98). Purified mitochondria were resuspended in 10 mM
imidazole (pH 6.4) with 0.6 M sorbitol. Total protein concentration of the cell homogenate, the
homogenate post-mitochondrial separation, and the isolated mitochondria were determined by a
BCA assay.
2.2.13 Iron Content Analysis
Total iron content of cell lysate and mitochondria was determined with a
bathophenanthrolinedisulfonic acid (BPS) method with minor modifications (99). For cellular
iron content, final cultures containing 1×108 cells from transformants grown in 50 µM, 50 nM or
10 nM thiamine were lysed with glass beads and the final volume of lysate was adjusted to 200
µL each. One hundred microliters of each sample was acidified with 60 µL of concentrated HCl
and heated at 100 °C for 15 min. For mitochondrial analysis, 0.5 mg of isolated mitochondria in
each thiamine condition were disrupted with 0.5% Triton X-100 in Chelex-treated water up to
100 µL and incubated on ice for 5 min. Samples were acidified with 60 µL concentrated HCl and
heated at 100 °C for 15 min. Precipitate was removed by centrifugation at 14000 rpm for 5 min.
Then, 100 µL of supernatant was added to 650 µL of 0.5 M Tris-HCl (pH 8.5), 100 µL of fresh
5% ascorbate, and 200 µL of 0.1% BPS. The sample was incubated for 1 h at 23 °C, and the total
iron concentration was determined by the absorbance at 535 nm using Agilent 8453 UV-visible
spectrophotometer. A standard calibration curve was prepared from a serial dilution of iron
ranging from 4.5 µM to 107.4 µM using a calibrated iron standard solution.
2.2.14 Aconitase Activity Assay
Mitochondrial aconitase activity was determined as describe by Pierik, A.J. et al. (39).
Twenty five micrograms of isolated mitochondria were resuspended with 100 µL of ice cold
buffer (50 mM Tris-HCl, 0.5 mM MnCl2, 30 mM sodium citrate, 0.5% triton X-100, pH 7.4).
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Fifty microliters of the resuspended mitochondria was mixed with 50 µL of 50 mM Tris-HCl, 0.5
mM MnCl2, 1 mM sodium citrate, and 1 mM L-cysteine at pH 7.4 and loaded to Greiner Bio one
96-well plate (Monroe, NC). The reaction was initiated with 100 µL of 5 mg/mL NADP+ with 8
units/mL isocitrate dehydrogenase in HPLC water. The formation of NADPH was monitored by
the absorption at 340 nm for 30 min at 37 °C using a BioTek Synergy 2 Multi Detection
microplate reader (Winooski, VT). The extinction coefficient for NADPH is ∆ε340 = 0.06622
µM-1cm-1.
2.2.15 Succinate Dehydrogenase Activity Assay
Mitochondrial SDH activity was determined as described by Ackrell, B.A. et al. with few
modifications (100). Fifty micrograms of isolated mitochondria was added to 890 µL ice cold
buffer (50 mM Tris-HCl pH 7.4, 10 µg/mL antimycin A, 1 mM CaCl2, 1 mM KCN, 8 mg/mL
sodium succinate) and incubated for 5 min. The solution was rapidly heated to 37 °C in a quartz
cuvette. The reaction was initiated with 100 µL of 0.33% phenazine methosulfate (PMS) and 10
µL of 1% 2, 6-dichlorophenolindophenol (DCIP) at 37 °C. Absorbance at 600 nm was monitored
with Cary 100 UV-visible spectrophotometer (Santa Clara, CA) for 15 min. The decrease in
absorbance at 600 nm was related to the reduction of DCIP using ∆ε600 nm = 0.021 µM-1cm-1.
2.2.16 Superoxide Dismutase and Catalase Activity Assays
Total superoxide dismutase activity was determined with the Sigma SOD activity assay
kit according to product instructions using Greiner Bio one 96-well plates and a BioTek Synergy
2 Multi Detection microplate reader. Each reaction contained ~5 µg of total protein from each
transformant lysate. The absorbance at 450 nm was monitored for 30 min, and the SOD activity
was normalized to the amount of total protein in the reaction.
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The total catalase activity was determined with a Cayman Chemical catalase assay kit
(Ann Arbor, MI), following the provided protocol. Each reaction contained ~2 µg of total protein
from cell lysate. The formation of formaldehyde was followed at 540 nm. One unit for catalase
activity equals to the production of 1 nmol/mL formaldehyde per min, and results are normalized
to the total protein amount.
2.2.17 Expression and Purification of Fxn1 from E. coli
The plasmid pDeut/6His–Fxn1 was transformed into BL21(DE3)/pLysS competent cells
and selected on Luria Bertani (LB) agar supplied with 50 µg/mL kanamycin and 34 µg/mL
chloramphenicol. Colonies were inoculated into 1 L of LB liquid medium containing 50 µg/mL
kanamycin and 34 µg/mL chloramphenicol. Cells were allowed to grow at 37 °C with vigorous
shaking until the OD600 reached 0.8, when IPTG was added to a final concentration of 0.2 mM.
Cells were incubated for another hour at 37 °C and harvested by centrifugation at 4 °C.
All following purification steps were performed strictly on ice or 4 °C and all buffers are ice
cold. The pelleted cells were resuspended into Buffer M (50 mM MES, 100 mM NaCl, 5 mM
βME, pH 5.8) supplied with 1 mM PMSF. The resuspended cells were lysed with a Branson
Sonifier with an output of 3.5, 50% duty cycle for total of 12 min. The insoluble fraction was
removed with centrifugation at 12,000 rpm for 20 min and the supernatant was incubated with
0.015% (v/v) of polyethyleneimine (PEI) for 1 h on ice with gentle stirring. The precipitation
was removed by centrifugation at 12,000 rpm for 20 min and Fxn1 remained in the supernatant,
which was subjected to ammonium sulfate precipitation at 30% saturation. The precipitate was
removed, and additional ammonium sulfate was added to the supernatant until 60% saturation.
The precipitated protein contained 6His–Fxn1 and was resuspended and dialyzed against fresh
Buffer M to remove ammonium sulfate. The dialyzed protein was loaded on a 50 mL SP
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Sepharose Fast Flow column pre-equilibrated with Buffer M. The column was washed with 100
mL of Buffer M and the protein was eluted with a 100 mL of NaCl gradient (100–500 mM) in
Buffer M. The protein concentration in each fraction was measured with a UV-visible
spectrophotometer at 280 nm, and the fractions with A280 ≥ 0.4 were analyzed by SDS-PAGE.
The fractions containing pure Fxn1 were combined and dialyzed against Buffer H (50 mM
HEPES, 400 mM NaCl, 5% glycerol, pH 7.4, degassed) inside an anaerobic glovebox to remove
reducing agents. Trypsin digestion and MALDI-ToF mass spectrometry identified the protein as
Fxn1.
2.2.18 Sulfo-SBED Labeling and Crosslinking Reactions
The purified hFxn and hISCU used in this experiment were provided by Leslie Gentry.
All following procedures were performed in an anaerobic glovebox. One milligram of sulfoSBED was resuspended in 25 µL dimethylformamide (DMF) to final concentration of 40 µg/µL.
Five equivalents of the dissolved sulfo-SBED was added to either hFxn or S. pombe Fxn1 and
the reactions were incubated in dark at 20 °C for 1 h. The mixture was desalted through a column
to remove unreacted sulfo-SBED (Thermo). The crosslinking reactions were performed with a
UV lamp at 365 nm, and two sets of each reaction were prepared. Mitochondria isolated from
wild-type S. pombe SP870 or cell homogenate was lysed with 0.5% CHAPS, and mixed with
SBED-Fxn1 with 70:1 ratio (w/w). The negative control reactions to test crosslinking specificity
were performed with 10 µM SBED-hFxn and 20 µM reduced bovine serum albumin (BSA) or
10 µM SBED-hFxn only. The positive control reaction contains 10 µM SBED-hFxn and 20 µM
hISCU. One set of each reaction was floated in a water bath at 4 °C. A Spectroline UV lamp (84
watt, 365 nm) was placed ~10 cm from the top of the liquid surface of reactions. The samples
were exposed to UV light for 1 min, mixed, and then allowed to rest at 4 °C for 1 min for a total
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UV exposure time of 16 min. The other set of reactions were protected from light and kept at 4
°C as controls.
Under subdued light, the samples were diluted 1:100 (SBED-hFxn with BSA or hISCU)
or 1:50 (SBED-Fxn1 with mitochondria or cell homogenate) with chelex-treated 50 mM HEPES
buffer, pH 7.4, and 10 µL was added to 10 µL 2×SDS loading dye with or without fresh βmercaptoethanol. Proteins were separated on a 15% SDS-PAGE gel in dark for 1 h at 200 V, and
then transferred to a Whatman Protran nitrocellulose membrane with a Bio-Rad Mini Trans-Blot
electrophoretic transfer cell. The membrane was blocked with 5% BSA fraction V in TBS
Buffer (20 mM Tris base, 140 mM NaCl, pH 7.5) for 1 h and then washed 3 times with TBSTT
Buffer (TBS buffer with 0.1% Tween-20 and 0.2% Triton X-100) with agitation. The membrane
was incubated with a 1:2000 diluted streptavidin-alkaline phosphatase in TBSTT with 1% BSA
overnight. The membrane was washed 4 times with TBSTT and stained with 0.33 mg/mL
nitrobluetetrazolium and 0.166 mg/mL 5-bromo-4-chloro-3’-indolyphosphate p-toluidine in 100
mM Tris-HCl, 100 mM NaCl, and 5 mM MgCl2 until color developed.
2.2.19 Statistics
Standard Student’s t-tests were performed to examine the significance of reported data.
2.3

Results

2.3.1

Cellular Growth Defect Induced by Fxn1 Overexpression
The expression of Fxn1 from the pREP3X/Fxn1 plasmid is under the control of the

thiamine repressible nmt1 promoter, which is repressed at 16 µM thiamine and maximally derepressed in the absence of thiamine (93). To examine the overall cellular effects of Fxn1
overexpression in S. pombe, the growth of transformants with pREP3X, pREP3X/Fxn1 and
pREP3X/Fxn1∆2–11 were analyzed with serial dilution growth assays (“spotting assays”) on
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minimal media agar containing various amounts of thiamine (Figure 2.1A). In these
experiments, 10 nM thiamine leads to the highest Fxn1 overexpression and 50 µM thiamine the
lowest. Growth is determined by the cell density of the spots after 5 days at 30 °C. Marked
growth inhibition of S. pombe cells is correlated with the level of exogenous Fxn1
overexpression, with significant loss of cell viability when pREP3X/Fxn1 is fully de-repressed
(i.e., no thiamine). To test if this was specific to Fxn1 or if overexpression of other Fe/S
biosynthetic proteins would lead to the same growth defect, the Fe/S cluster assembly scaffold
protein Isu1 was also overexpressed. Isu1 is known to interact with Fxn1 in vivo to assemble
Fe/S clusters (62). Interestingly, Isu1 overexpression did not lead to marked growth inhibition as
observed for Fxn1 (Figure 2.1B), thus observed growth inhibition is specific to high levels of
Fxn1. However, if Isu1 is co-overexpressed with Fxn1, the growth defect is exacerbated (Figure
2.2). Further, when the N-terminal Fxn1 mitochondrial targeting sequence is disrupted via
deletion of residues 2–11 (Fxn1∆2–11) and cannot be imported into mitochondria (101),
overexpression of Fxn1 was not inhibitory to cell growth (Figure 2.2A) (101). These
observations demonstrate that the growth defect observed is due to the increased levels of
mitochondrial-localized Fxn1.
To test if mitochondrial function is compromised from Fxn1 overexpression, the cellular
respiration rates of pREP3X and pREP3X/Fxn1 S. pombe transformants cultured in 50 µM, 50
nM and 10 nM thiamine were determined through an oxygen consumption assay. Low to
moderate Fxn1 overexpression led to a slight increase in respiratory efficiency (1.2–1.3 fold)
(Figure 2.3). Cells that express the highest level of Fxn1 (10 nM thiamine) have a significantly
decreased respiration rate (Figure 2.3). Since aerobic growth requires the mitochondrial electron
transport chain to reduce oxygen to water and high overexpression of Fxn1 leads to respiratory
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pREP3X

pREP4X

pREP3X/Fxn1

pREP4X/ISU

pREP3X/Fxn1∆2–11

EMM + AU + 50 µM thiamine

EMM + AU + 50 µM thiamine
pREP3X

pREP4X

pREP3X/Fxn1

pREP4X/ISU
EMM + AU + 50 nM thiamine

pREP3X/Fxn1∆2–11
EMM + AU + 50 nM thiamine
pREP3X

pREP4X

pREP3X/Fxn1

pREP4X/ISU

pREP3X/Fxn1∆2–11

EMM + AU + 10 nM thiamine

EMM + AU + 10 nM thiamine
pREP3X

pREP4X

pREP3X/Fxn1

pREP4X/ISU

pREP3X/Fxn1∆2–11

EMM + AU without thiamine

EMM + AU without thiamine

Figure 2.1. The overexpression of Fxn1 in S. pombe mitochondria causes cell growth
inhibition. (A) S. pombe wild-type cells with pREP3X, pREP3X/Fxn1 or pREP3X/Fxn1∆2–11
were grown to mid-log phase in EMM+AU without thiamine then resuspended to
1×107cells/mL. Cells were serial diluted (1:5) and 3 µL was spotted on EMM+AU with 0 nM, 10
nM, 50 nM and 50 µM thiamine, as indicated. Plates were incubated at 30 °C for 5 days. (B) S.
pombe wild-type cells transformed with pREP4X or pREP4X/ISU were grown to mid-log phase
in EMM+AL without thiamine then serial diluted (1:5). Three microliters of resuspended cells
were spotted on EMM+AL with 0 nM, 10 nM, 50 nM and 50 µM thiamine as indicated. Plates
were incubated at 30 °C for 5 days.
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Figure 2.2. The co-overexpression of Fxn1 and Isu1 in S. pombe mitochondria causes
exacerbated cell growth inhibition. S. pombe wild-type cells with the combination of pREP3X
+ pREP4X (lane 1), pREP3X/Fxn1 + pREP4X (lane 2), pREP3X + pREP4X/Isu1 (lane 3), or
pREP3X/Fxn + pREP4X/Isu1 (lane 4) were grown to mid-log phase in EMM+AU without
thiamine then resuspended to 1×107 cells/mL. Cells were serial diluted (1:5) and 3 µL was
spotted on EMM+A with 0 nM, 10 nM, 50 nM and 50 µM thiamine, as indicated. Plates were
incubated at 30 °C for 5 days. Due to the severe growth inhibition of Fxn1 overexpressing cells
in the absence of thiamine, 10 nM thiamine was used as the maximally de-repressed condition.
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to controls
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Fxn1
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pREP3X
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Figure 2.3. The respiration rate significantly decreased for cells with high levels of
mitochondrial Fxn1. Respiration rates of 1×107 cells/mL of wild-type pREP3X or
pREP3X/Fxn1 cells in 10 nM, 50 nM and 50 µM thiamine, as indicated, were measured using an
oxygen consumption assay. The oxygen consumption rate was calculated as ng/(mL·min) per 106
cells. The data is normalized to the pREP3X transformants control (*p-value < 0.05; error bars
shown as S.E.M., n ≥ 4).
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deficiency, a switch to anaerobic conditions may rescue cell growth by bypassing the electron
transport chain. As predicted, Fxn1 overexpressing transformants grown in anaerobic conditions
have higher relative cell densities compared to cells grown aerobically (Figure 2.4). This
indicates the growth defect of cells overexpressing Fxn1 is related to mitochondrial dysfunction,
which contributes to the diminished cell viability of S. pombe transformants. The growth
inhibition is both Fxn1 dose-dependent and dependent on mitochondrial localization.
2.3.2

Characterizing the Level of Fxn1 Overexpression and its Maturation in S. pombe
One way to estimate the expression levels of proteins is to measure the mRNA level of

respective protein. Quantitative real-time polymerase chain reaction (qRT-PCR) is a very
accurate and efficient method to measure mRNA abundance. After mRNA is extracted from
cells, reverse transcriptase is utilized to produce cDNA from mRNA. The amount of fxn1 mRNA
transcript from both genomic DNA (endogenous) and pREP3X/Fxn1 plasmid (exogenous) as a
function of thiamine concentration was measured with quantitative qRT-PCR (Figure 2.5A).
Fxn1 mRNA levels are about 14-fold higher than the control pREP3X transformants at the
repressible thiamine concentration of 50 µM, suggesting that nmt1 is a loosely controlled
promoter (91). As the thiamine concentration decreases, the fxn1 transcript increases to ~ 43-fold
in 50 nM thiamine and ~ 387-fold in 10 nM thiamine.
At the protein level, western blots of S. pombe mitochondrial extract was probed with an
antibody to the 6His-tag at the C-terminus of Fxn1 (Figure 2.5B). Western blots reveal that only
a trace amount of the ~14 kDa Fxn1–6His protein is expressed at 50 µM thiamine, which further
suggests a leaky nmt1 promoter. To confirm the residue composition of mature Fxn1, Fxn1–6His
was recombinantly expressed from a pET vector in E. coli, purified by immobilized metal
affinity chromatography, and analyzed by matrix-assisted laser desorption/ionization time of
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pREP3X
pREP3X/Fxn1
EMM + AU + 50 µM thiamine
pREP3X
pREP3X/Fxn1
EMM + AU + 50 nM thiamine
pREP3X
pREP3X/Fxn1
EMM + AU + 10 nM thiamine
pREP3X
pREP3X/Fxn1
EMM + AU without thiamine

Figure 2.4. The growth defect of Fxn1 overexpression transformants was partially relieved
under anaerobic growth conditions. S. pombe wild-type cells transformed with pREP3X or
pREP3X/Fxn1 were cultured in EMM+AU without thiamine to mid-log phase and then
resuspended to 1×107 cells/mL. Cells were serial diluted (1:5) and 3 µL was spotted on
EMM+AU with 0 nM, 10 nM, 50 nM and 50 µM thiamine, as indicated. Plates were incubated in
an anaerobic chamber at 30 °C for 5 days.
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Figure 2.5. Fxn1 mRNA and protein overexpression levels. (A) The relative fxn1 mRNA
levels (both endogenous and exogenous) of pREP3X or pREP3X/Fxn1 transformants cultured in
50 µM, 50 nM or 10 nM thiamine. Standard qRT-PCR and fxn1 specific primers were used to
measure, and α actin was served as housekeeping gene (n = 3). Values were presented as foldincrease compared to control cells, as mean ± S. E. M.,∗, p < 0.05. (B) A western blot was
performed with 10 µg total mitochondrial protein isolated from pREP3X or pREP3X/Fxn1–6His
transformants cultured in10 nM, 50 nM or 50 µM thiamine. Fxn1–6His protein was visualized
with an anti-His antibody and alkaline phosphatase staining. Lane 1: ProSieve pre-stain ladder;
lane 2: Fxn1–6His mitochondria, 50 µM thiamine; lane 3: Fxn1–6His mitochondria, 50 nM
thiamine; lane 4: Fxn1–6His mitochondria, 10 nM thiamine.
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flight (MALDI-ToF) mass spectrometry (Figure 2.6). The molecular weight of Fxn1–6His
detected by MALDI-TOF is 14,668 Da. This matches the predicted molecular weight of residues
38–158, which is now referred to as the “mature” form of Fxn1. Thus, the first 37 amino acid
residues contain the mitochondrial localization sequence and are removed during maturation. As
the thiamine concentration is lowered, expression of mature Fxn1–6His protein increases and a
~19 kDa non-processed isoform is clearly observed at 10 nM thiamine (Figure 2.5B). Thus, the
overexpression of Fxn1 leads to incomplete processing to the mature form, but its abundance is
relatively low compared to the 14 kDa form. High levels of Fxn1 expression caused not only the
formation of a non-processed 19 kDa isoform, but also aggregation based on native PAGE
(Figure 2.7). At this time, it is not clear which isoform causes the aggregation.
2.3.3

Fxn1 Overexpression in Mitochondria Leads to Iron Accumulation
Mitochondria are highly involved in iron metabolism and disruption mitochondrial

function often leads to altered whole-cell iron homeostasis (26). Since frataxin is involved in
Fe/S cluster synthesis and its deficiency leads to mitochondrial iron accumulation (64), it is
possible that cellular and mitochondrial iron concentrations are also affected by mitochondrial
Fxn1 overexpression. Indeed, the amount of Fxn1 overexpression correlates with the whole cell
iron concentration (Figure 2.8A). Cells grown in 10 nM thiamine have the highest iron
concentration, which is increased 10-fold over the control. Mitochondrial iron is also elevated at
the highest level of Fxn1 overexpression tested (Figure 2.8B). Since S. pombe does not possess
any known iron export pathway (17), the iron accumulation in Fxn1 overexpression strains is
likely due to dysregulation of iron uptake and/or mobilization systems.
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Figure 2.6. The MALDI-ToF spectrum of mature form Fxn1–6His. S. pombe with
pREP3X/Fxn1–6His was cultured in EMM+AU with 50 nM thiamine for 3 days and the cells
were lysed with glass beads. Fxn1–6His was purified with HisPur Cobalt resin following the
product manual. The 150 mM imidazole elution was desalted with a C18 Ziptip and eluted in
50% acetonitrile with 0.1% formic acid. The eluted protein was mixed into 6 mg/mL
dihydroxybenzoic acid (DHB) matrix with a 1:5 ratio and spotted on a stainless steel target. The
mass spectra of Fxn1–6His was collected with a Brüker Ultraflex MALDI-ToF mass
spectrometer and averaged at 60% laser power. Spectra were analyzed by flexAnalysis v3.3.
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Figure 2.7. Native gel electrophoresis of Fxn1 overexpression demonstrates the existence of
Fxn1 oligomers. Ten micrograms of mitochondrial extract expressing Fxn1–6His was separated
by 12% native PAGE at 40 mA. Proteins were transferred to a nitrocellulose membrane, probed
by an anti-His antibody, and detected with alkaline phosphatase staining. Lanes 1–3 did not
contain SDS or βME, while lanes 4–6 contained 10% SDS and 5 mM βME. Lane 1,
pREP3X/Fxn1–6His mitochondria, 50 µM thiamine; lane 2, pREP3X/Fxn1–6His mitochondria,
50 nM thiamine; lane 3, pREP3X/Fxn1–6His mitochondria, 10 nM thiamine; lane 4,
pREP3X/Fxn1–6His mitochondria, 50 µM thiamine; lane 5, pREP3X/Fxn1–6His mitochondria,
50 nM thiamine; lane 6, pREP3X/Fxn1 mitochondria, 10 nM thiamine.
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Figure 2.8. Overexpression of Fxn1 in mitochondria causes cellular iron accumulation and
up-regulated iron importing system. (A) Total cellular iron was measured by a BPS assay, and
normalized to cell density, and compared to the pREP3X transformants controls (asterisks
indicate the p-value < 0.05, error bars shown as S.E.M., n > 5). The whole cell iron concentration
increases with Fxn1 overexpression in mitochondria. (B) The mitochondria were purified for
each transformant cultured in EMM+AU with 50 µM, 50 nM or 10 nM thiamine. The iron
concentration was measured with the BPS method. Iron concentrations were normalized to the
protein concentration and compared to the pREP3X transformants cultured under the same
condition (asterisks indicate the p-value < 0.05, error bars shown as S.E.M., n > 5).
Mitochondrial iron concentrations slightly increase with Fxn1 overexpression.
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As discussed in Chapter 1 of this dissertation, the major of iron uptake pathway in S.
pombe requires reduction of ferric iron (Fe3+) to ferrous iron (Fe2+) by the cell surface
ferrireductase enzyme Frp1, whose activity is up-regulated in iron-limiting conditions (102). The
specific iron chelator bathophenanthrolinedisulfonic acid (BPS), which forms a red color upon
Fe2+ coordination, was used as a colorimetric indicator of Frp1 activity in growth assays. Even
with the growth inhibition from Fxn1 overexpression, the enhanced red color of the BPS–Fe2+
complex is observed on the surface of Fxn1 overexpression cells, compared to the control strains
(Figure 2.9A). It is especially noticeable at the moderate overexpression level (50 nM thiamine),
where the growth inhibition is not as severe. This observation demonstrates that Fxn1
overexpression led to increased Fe3+ reduction at the cell surface, probably by Frp1, which
suggests up-regulated iron uptake. When the same spotting assay was performed anaerobically,
the red color from BPS–Fe2+ is no longer visible (Figure 2.9B), indicating the switch from high
affinity iron uptake pathway to the low affinity pathway, which is not inducible (17).
To test if the growth defect phenotype of Fxn1 overexpression cells was caused by iron
accumulation, growth assays were performed in the presence of cell-impermeable and cellpermeable metal chelators. Chelators tested included ethylenediaminetetraacetic acid (EDTA),
bathophenanthrolinedisulfonic acid (BPS), desferoxamine (DFO), and diethylene triamine
pentaacetic acid (DTPA). Because S. pombe cells synthesize ferrichrome, which binds iron as a
siderophore (21) and possibly as iron storage molecule (23), the tolerance of S. pombe to iron
chelators is higher than S. cerevisiae. All chelators tested are inhibitory to the growth of pREP3X
control cells to varying degrees; however, the growth of Fxn1 overexpressing strains is not as
sensitive to the presence of metal chelators (Figure 2.10). Given the iron accumulation in Fxn1
overexpression cells, the presence of chelators is either mobilizing accumulated intracellular
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Figure 2.9. Increased amount of the red BPS–Fe2+ complex on cells surface indicates the
increased Frp1 activity and thus up-regulated iron importing pathway. pREP3X and
pREP3X/Fxn1 transformants were grown to mid-log phase in EMM+AU without thiamine then
resuspended to 1×107 cells/mL. Cells were serial diluted (1:5) and 3 µL was spotted on
EMM+AU and 25 µM BPS with 0 nM, 10 nM, 50 nM and 50 µM thiamine, as indicated. Plates
were incubated at 30 °C for 5 days aerobically (A) or anaerobically (B).
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Figure 2.10. The resistance of Fxn1 overexpression transformants to specific and nonspecific iron chelators. pREP3X and pREP3X/Fxn1 transformants were grown to mid-log phase
in EMM+AU without thiamine then resuspended to 1×107 cells/mL. Cells were serial diluted
(1:5) and 3 µL was spotted on EMM+AU with 0 nM, 10 nM, 50 nM and 50 µM thiamine, with
the addition of 0.1 mM EDTA, 100 µM DFO and 5 µM DTPA, or 1 mM DFO and 5 µM DTPA.
Plates were incubated aerobically at 30 °C for 5 days.
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iron or the iron-deplete conditions is inhibiting high-affinity iron uptake via Frp1, which would
render cells more resistant to metal chelation.
2.3.4

Activities of Mitochondrial Fe/S Enzymes Increase Upon Mitochondrial Fxn1

Overexpression
Fe/S cluster biogenesis, which primarily occurs in mitochondria, provides essential Fe/S
clusters for many mitochondrial proteins and enzymes critical for cell viability (26) and intact
Fe/S clusters are functionally required for respiratory cell growth (44). Fe/S cluster synthesis is
linked to the regulation of iron homeostasis (19), and frataxin deficiency in model systems
causes decreased Fe/S proteins activities due to the loss of catalytic Fe/S clusters (47). Since
Fxn1 overexpression cells accumulate both cellular and mitochondrial iron, the Fe/S cluster
synthesis machinery could be affected so as Fe/S proteins activities. In addition, the accumulated
iron could undergo Fenton chemistry to produce severe oxidative stress, which can also inhibit
the activities of Fe/S cluster enzymes. Thus, the activities of two mitochondrial Fe/S enzymes,
aconitase and succinate dehydrogenase (SDH), were examined in Fxn1 overexpression cells.
These two enzymes are sensitive markers of Fe/S cluster levels and oxidative stress. Aconitase is
a mitochondrial TCA cycle enzyme whose activity relies on an intact [4Fe-4S] cluster (103). The
Fe/S cluster in aconitase is exposed to solvent and can be modified into [3Fe-4S] cluster by
hydroxyl radicals, which makes the activity of mitochondrial aconitase sensitive to oxidative
stress. SDH, also known as complex II, is a mitochondrial membrane enzyme that contains three
Fe/S clusters and links the TCA cycle to the electron transport chain (104). Compared to
aconitase, the activity of SDH is not as severely affected by oxidative stress (45).
In spite of the inhibited S. pombe cell growth with increasing Fxn1 concentrations, the
activity of mitochondrial aconitase actually increases with Fxn1 overexpression levels, especially
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for the cells cultured in 10 nM thiamine (Figure 2.11A). Cells overexpressing Fxn1 have also
increased SDH activities compared to the control strain at all thiamine levels, but the increase in
activity is weakly abrogated at high levels of Fxn1 (Figure 2.11B). To test if these increased
enzyme activities are due to the transcriptional up-regulation of mitochondrial aconitase or SDH
genes (acon1 and sdh2, respectively), quantitative real-time reverse transcriptase PCR (qRTPCR) was performed with cDNA isolated from Fxn1 transformants cultured in 50 µM, 50 nM
and 10 nM thiamine. The mRNA transcripts for both acon1 and sdh2 slightly decrease as Fxn1
expression increases (Table 2.3); therefore, the up-regulated aconitase and SDH activities occur
at the protein level, most likely due to occupancy of catalytic Fe/S clusters (105).
It is possible that genes encoding proteins of the Fe/S cluster biosynthetic complex are
up-regulated to account for the increased iron concentration in Fxn1 overexpressing cells, and
the transcription levels of other three components of Fe/S cluster assembly machinery, the
cysteine desulfurase Nfs1 that supplies sulfide, the Fe/S cluster scaffold protein Isu1 on which
clusters are assembled, and the accessory protein Isd11 with unknown function were determined
by qRT-PCR in Fxn1 overexpression cells (Table 2.3). No changes in transcript level were
observed for Nfs1, while both Isu1and Isd11 transcript levels increase in relation to Fxn1 levels
in mitochondria. This suggests that Fxn1 possibly increases the expression of Fe/S cluster
biosynthetic complex proteins, which could lead to a higher iron demand in mitochondria.
2.3.5

Fxn1 Overexpression Cells Have Increased Oxidative Stress
Frataxin deficiency has been linked to oxidative stress, whereas most frataxin

overexpression studies demonstrated increased resistance to oxidative stress (82-84, 87, 88, 106).
To determine if the Fxn1 mitochondrial overexpression in S. pombe produces similar results, a
growth assay was performed in the presence of 0.5 mM hydrogen peroxide (107). Hydrogen
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Figure 2.11. Aconitase and SDH activities increase at protein levels as Fxn1 overexpressed
in mitochondria. (A) The aconitase activity was measured with purified mitochondria of
pREP3X and pREP3X/Fxn1 transformants cultured in EMM+AU with the indicated amount of
thiamine. Results are normalized to the total protein amount loaded to each reaction, and
compared with control pREP3X transformant cultured under the same condition (n > 5, error
bars are shown as S.E.M., asterisks indicate p-value < 0.05). Aconitase activity increased
corresponding to the level of Fxn1 overexpression. (B) Succinate dehydrogenase activity was
measured for isolated mitochondria of pREP3X and pREP3X/Fxn1 transformants cultured in
EMM+AU with indicated amount of thiamine. Results are normalized to the total protein amount
loaded to each reaction, and compared with control pREP3X transformant cultured under the
same condition (n > 5, error bars are shown as S.E.M., asterisks indicate p-value < 0.05).
Succinate dehydrogenase activity increased when Fxn1 is overexpressed in mitochondria.
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fxn1
acon1
sdh1
sdh2
isu1
nfs1
isd11
sod1
sod2

50 µM thiamine
pREP3X
pREP3X/Fxn1
1.00 ± 0.06
15.50 ± 0.26
1.00 ± 0.06
0.78 ± 0.05
1.00 ± 0.04
0.96 ± 0.11
1.00 ± 0.05
0.82 ± 0.03
1.00 ± 0.06
1.52 ± 0.29
1.01 ± 0.09
1.20 ± 0.15
1.01 ± 0.10
1.32 ± 0.08
1.00 ± 0.05
1.76 ± 0.04
1.00 ± 0.07
1.33 ± 0.02
50 nM thiamine
pREP3X
pREP3X/Fxn1
1.01 ± 0.07
43.00 ± 8.50
1.00 ± 0.05
0.95 ± 0.10
1.01 ± 0.09
1.29 ± 0.05
1.01 ± 0.12
0.94 ± 0.05
1.01 ± 0.07
1.34 ± 0.19
1.05 ± 0.23
0.97 ± 0.19
1.03 ± 0.18
1.27 ± 0.22
1.03 ± 0.17
1.70 ± 0.11
1.01 ± 0.10
0.84 ± 0.02

10 nM thiamine
pREP3X
pREP3X/Fxn1
1.00 ± 0.05
386.90 ± 71.90
1.02 ± 0.13
0.81 ± 0.05
1.00 ± 0.01
0.72 ± 0.07
1.00 ± 0.03
0.62 ± 0.01
1.00 ± 0.02
1.86 ± 0.46
1.00 ± 0.03
1.04 ± 0.01
1.01 ± 0.12
0.92 ± 0.04
1.00 ± 0.04
1.08 ± 0.20
1.00 ± 0.06
0.95 ± 0.15

Table 2.3. The relative transcript levels of interested genes, normalized to act1 as the housekeeping gene.

peroxide inhibits the growth of the control cells, but the growth of cells with lower levels of
Fxn1 (i.e., 50 µM thiamine) is not as affected (Figure 2.12). This indicates that a slight increase
in Fxn1 concentrations leads to increased resistance to peroxide oxidative stress.
It is possible that the activities of antioxidant enzymes such as superoxide dismutase and
catalase are up-regulated as an adaptive response during culturing in the different thiamine
concentrations to counter the oxidative stress burden in Fxn1 overexpression cells. The
transcriptional levels and activities of superoxide dismutase (SOD1/SOD2) were measured for
Fxn1 expressing strains at various thiamine concentrations. Both the sod1 transcript and total
enzyme activity increase for all levels of Fxn1 overexpression compared to control cells, but the
magnitude does not appear to be correlated to the amount of mitochondrial Fxn1 (Figure 2.13A
and Table 2.3). In addition, total catalase activity also increases for all Fxn1 overexpressing cells
but with no correlation to Fxn1 expression levels (Figure 2.13B). These observations suggest
that cells with increased concentrations of Fxn1 have an endogenously elevated oxidative stress
response, consistent with the presence of mitochondrial dysfunction and oxidative stress. In an
attempt to rescue the growth defect by counteracting the oxidative stress, the growth assay media
was supplemented with various anti-oxidants but no rescue is observed (data not shown). Thus, it
is likely that the oxidative stress observed for Fxn1 overexpressing cells is the byproduct of other
cellular changes such as iron accumulation.
2.3.6

Fxn1 Interactions with Other Mitochondrial Proteins
To confirm that Fxn1 directly participates in the Fe/S cluster biogenesis pathway and to

identify other iron-related pathway(s) in which Fxn1 is involved, photo-activated chemical
crosslinking to trap protein–protein interactions was performed with human frataxin (hFxn) and
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Figure 2.12. The low level overexpression of Fxn1 in mitochondrial elevates the cellular
resistance to H2O2. pREP3X and pREP3X/Fxn1 transformants were grown to mid-log phase in
EMM+AU without thiamine then resuspended to 1×107 cells/mL. Cells were serial diluted (1:5)
and 3 µL was spotted on EMM+AU with 0 nM, 10 nM, 50 nM and 50 µM thiamine, with the
addition of 0.5 mM H2O2. Plates were incubated at 30 °C for 5 days aerobically or anaerobically
as indicated.
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Figure 2.13. Increased SODs and catalase activity were observed for cells overexpress
Fxn1. (A) SOD activity was measured with 5 µg of cell lysate from pREP3X and pREP3X/Fxn1
transformants cultured in 50 µM, 50 nM or 10 nM thiamine. The absorbance changes at 450 nm
in 10 min were normalized to the total protein amount loaded to each reaction, and values were
presented as fold-increase of control cells. (B) The catalase activity was measured with 2 µg of
cell lysate from pREP3X and pREP3X/Fxn1 transformants cultured in 50 µM, 50 nM or 10 nM
thiamine. The absorbance changes at 540 nm were normalized to the total protein amount loaded
to each reaction, and values were presented as fold-increase of control cells (n ≥ 4, error bars are
shown as S.E.M., ∗, p-value < 0.05, ∗∗, p-value < 0.01).
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its known partner hIsu along with S. pombe Fxn1 and mitochondrial protein extract. The
trifunctional crosslinker sulfosuccinimidyl-2-[6-(biotinamido)-2-(p-azidobenzamido)hexanoamido] ethyl-1,3’-dithiopropionate (sulfo-SBED) was chosen. Sulfo-SBED contains an
N-hydroxysuccinimide ester group that covalently modifies lysine amides from hFxn and Fxn1
“bait” proteins, a photoreactive phenyl azide that covalently attaches to the prey protein via C–H
bond insertion under UV light, and a biotin group to aid detection and isolation of the prey
protein (Figure 2.14). Sulfo-SBED also contains a disulfide bond in the linker that can be
cleaved with reducing agent to transfer the biotin label from the bait to the prey protein. Photoreactive chemical crosslinking traps interacting proteins with covalent bonds and provides a great
approach to find direct interacting partners of interested proteins, especially when it is coupled
with tandem mass spectrometry and computationally aided protein identification such as
PeaksClient (108).
To test the specificity of sulfo-SBED crosslinking reaction, hFxn was labeled and mixed
with human Fe/S cluster scaffold protein hIsu (or BSA as a control) before UV activation at 365
nm. The reaction products were analyzed with SDS-PAGE and Western-blotting to detect
biotinylated proteins. As shown in Figure 2.15, SBED-hFxn by itself formed a small amount of
oligomers (lane 2), and the biotin label was completely removed with the addition of reducing
agent β-ME, as expected (lane 3). When incubated with hIsu and iron, a complex with a
molecular weight of about 28 kDa was observed after UV crosslinking (lane 5), and this complex
was disassembled with β-ME reduction of the linker disulfide bond (lane 6). Because hIsu has a
molecular weight of ~14 kDa which is similar to hFxn, a control reaction with only SBED-hFxn
was exposed to UV light (lane 7). The band at 28 kDa that was due to SBED-hFxn dimerization
is not as intense as in the hFxn–hIsu reaction (compared to lane 5), and this dimerization was
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Figure 2.14. Structure of Sulfo-SBED.
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Figure 2.15. The control reactions of photo-activated chemical crosslinking. Western blot of
crosslinking reactions with SBED-hFxn and IscU, or SBED-hFxn and BSA was performed with
UV activation at 365 nm (as indicated). Samples were analyzed by SDS-PAGE and
electrophoretic transfer to a PVDF membrane. Streptavidin-alkaline phosphatase was used for
detection of biotin tag. Lane 1: protein molecular ladder; Lane 2: 1 µM SBED-hFxn; Lane 3: 1
µM SBED-hFxn reduced by 5 mM βME; Lane 4: 1 µM SBED-hFxn mixed with 2 µM IscU;
Lane 5: 1 µM SBED-hFxn mixed with 2 µM IscU and UV-activated; Lane 6: 1 µM SBED-hFxn
mixed with 2 µM IscU and UV-activated then reduced with 5 mM βME; Lane 7: 1 µM SBEDhFxn UV-activated; Lane 8: 1 µM SBED-hFxn UV-activated and reduced with 5 mM βME;
Lane 9: 1 µM SBED-hFxn mixed with 2 µM BSA and UV-activated; Lane 10: 1 µM SBEDhFxn mixed with 2 µM BSA and UV-activated then reduced with 5 mM βME.
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disassembled with β-ME (lane 8). In addition, SBED-hFxn was incubated with BSA, which is
not expected to interact with hFxn, so that non-specific covalent crosslinking can be evaluated.
This complex was exposed to UV light, but no band with correct molecular weight for the ~80
kDa for hFxn–BSA complex (lane 9) or ~66 kDa for biotin-BSA after label transfer (lane 10) is
observed.
In wild-type S. pombe cells, there are about an estimated 3132 molecules of Fxn1 per cell
(http://www.pombase.org/spombe/result/SPCC1183.03c), thus in the model of Fxn1
overexpression, the w/w ratio of Fxn1 to whole cell lysate is about 1:770. With the consideration
of crosslinking efficiency, sulfo-SBED labeled Fxn1 was incubated with mitochondrial exacts or
cell lysate with 1:70 w/w ratio and subjected to UV light to detect the interacting partners of S.
pombe Fxn1 using the scheme outlined in Figure 2.16. As shown in Figure 2.17 lane 2, Fxn1 is
labeled with sulfo-SBED, however, the quality of the blot was not ideal. The SBED label was
removed with β-ME reduction of the linker disulfide (lane 3). After UV activation, no Fxn1
intramolecular crosslinks are observed (lane 4), which is confirmed after label transfer (lane 5).
When Fxn1 was incubated with S. pombe cell lysate, multiple faint biotinylated protein bands of
molecular weights larger than Fxn1 were observed (lane 6) and biotin label transfer was
confirmed (lane 7). The most intriguing observation is when Fxn1 was incubated with S. pombe
mitochondrial exacts, intense bands at ~20 kDa, ~39 kDa, and 52–80 kDa indicate that Fxn1
physically interacts with multiple proteins. These interacting proteins were purified by
streptavidin-agarose resin and subjected to immobilized trypsin digestion and proteomic
identification with mass spectrometry. However, the identities of these proteins are still under
investigation.
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Figure 2.16. Photo-activated chemical crosslinking to identify proteins that interact with S.
pombe Fxn1. Fxn1 is labeled with sulfo-SBED (bait) then mixed with S. pombe mitochondrial
extract (prey). Upon UV activation, proteins that form complexes with Fxn1 will become
covalently bound. The disulfide bond in the linker is reduced, which releases Fxn1 and transfers
the biotin label (purple) to the interacting protein. Biotinylated proteins can be captured by
avidin affinity chromatography then digested with trypsin. The digests are subjected to tandem
MS/MS spectrometry and the proteins are identified using Peaks and Xlink software.
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Figure 2.17. Photo-activated chemical crosslinking Fxn1 and S. pombe extracts. SBEDlabeled S. pombe Fxn1 was mixed with either cell lysate or mitochondrial extract. Crosslinking
reactions were performed and the biotin tag was detected with the streptavidin-alkaline
phosphatase as described. The asterisks indicate the Fxn1–protein complexes with molecular
weight about 21 kDa, 39 kDa, and 80 kDa. Lane 1: protein molecular ladder; Lane 2: 1 µM
SBED-Fxn1; Lane 3: 1 µM SBED-Fxn1 reduced with 5 mM βME; Lane 4: 1 µM SBED-Fxn1
UV-activated at 365 nm; Lane 5: 1 µM SBED-Fxn1 UV-activated at 365 nm reduced with 5 mM
βME; Lane 6: 1 µM SBED-Fxn1 mixed with 1 g wild type S. pombe cell lysate and UVactivated at 365 nm; Lane 7: 1 µM SBED-Fxn1 mixed with 1 g wild type S. pombe cell lysate
and UV-activated at 365 nm reduced with 5 mM βME; Lane 8: 1 µM SBED-Fxn1 mixed with 1
g wild type S. pombe mitochondria and UV-activated at 365 nm; Lane 9: 1 µM SBED-Fxn1
mixed with 1 g wild type S. pombe mitochondria and UV-activated at 365 nm reduced with 5
mM βME.
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2.4

Discussion

2.4.1

The in vivo Function of Fxn1 in S. pombe
The disease Friedreich’s ataxia (FRDA) is caused by the decreased expression of the

mitochondrial protein frataxin, which is highly conserved in most organisms and is linked to
cellular iron homeostasis (54). Understanding the precise biological functions of frataxin is
critical for development of effective treatments for FRDA. Numerous FRDA model systems
have been created; however, the functional role of frataxin is still inconclusive (85). This is
partially due to the complexity of the phenotypes. How does one distinguish the direct
consequence of frataxin deficiency from the secondary ones that are caused by the disruption of
the delicately controlled iron homeostasis and mitochondrial functions?
One possible method is to overexpress frataxin in a well-studied model system and
characterize the phenotypic changes. The results from frataxin deficiency can then be compared
to frataxin overexpression. Overexpression of frataxin has been studied in several organisms,
including budding yeast, mice, flies, and human cell lines; however, some of the results are
contradictory (17, 73, 83-88, 106). Here we present a study using the fission yeast S. pombe
model system to study the in vivo effects of frataxin overexpression, providing a complementary
way to look at the possible functions of frataxin.
Three different levels of exogenous Fxn1 were generated through a thiamine repressible
promoter and the cellular responses compared: high (~387-fold), moderate (~43-fold) and low
(~15-fold). A significant growth deficiency under aerobic conditions was observed for moderate
and high levels of Fxn1, but not when the mitochondrial localization sequence was disrupted
(Fxn1∆2–11). This demonstrates that the growth defect is related to the increased mitochondrial
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Fxn1 levels, but similar growth inhibition is not observed for other proteins overexpressed in
mitochondria (109, 110).
Similar to the overexpression of frataxin in S. cerevisiae (85), at high levels of frataxin
overexpression in S. pombe caused the formation of unprocessed isoform and aggregation. The
hypothesis raised by Vaubel and Isaya (62) that the larger isoform can form oligomers while the
smaller isoforms tends to exist as monomers provides a great explanation for our observations
with S. pombe Fxn1. Although the highest level of Fxn1 expression is beyond the normal scale of
in vivo protein concentrations, we could not exclude the possibility that the ratio of the two
isoforms changes in response to the environmental changes. It is also possible that when such a
high level of Fxn1 is expressed in mitochondria, the enzymes involved in Fxn1 maturation (i.e.,
proteolytic processing) are overwhelmed, thus the larger isoform is observed. It is known that the
N-terminus of frataxin is involved in protein oligomerization in humans and in yeast (62), so the
observed S. pombe Fxn1 oligomers are likely the consequence of the unprocessed Fxn1. The
degree of growth defect may be related to the amount of the full-length Fxn1 or the amount of
oligomerization which essentially reduces the level of biologically functional Fxn1, but a more
detailed examination is required, such as analytical size exclusion chromatograph.
Along with the severe growth inhibition, Fxn1 overexpressing cells exhibited
significantly decreased cellular respiration (~20% of control respiration). A typical hallmark of
respiratory deficiency is the generation of reactive oxygen species (ROS) from incomplete
reduction of molecular oxygen by the electron transport chain (111). Fxn1 overexpressing cells
at all levels exhibited an increased activity of the radical scavenger enzyme SOD, which
indicates an increased endogenous superoxide anion formation and oxidative stress (112). The
mRNA for mitochondrial SOD also increased with Fxn1 levels, indicating the cells respond to
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oxidative stress both at the cellular level and mitochondrial level. This induced cellular response
explains why low Fxn1 overexpression led to resistance to exogenous H2O2. In addition, activity
assays indicate that catalase activity, an enzyme that combats hydrogen peroxide stress, is upregulated at all levels of Fxn1 expression. In many cases oxidative stress is a general byproduct
of mitochondrial dysfunction, so further investigation is warranted in order to determine the
specific cause. One potential mechanism is via deleterious redox chemistry of iron.
It is clear that Fxn1 overexpression also leads to impaired iron homeostasis, as evidenced
by the up-regulated Frp1 ferrireducatase activity (i.e., high affinity iron import) and the 10-fold
increase in total cellular iron at the highest level of Fxn1 expression. These observations are most
likely the result of up-regulated iron import by the transcriptional regulator Fep1 (24). Irondeplete media and the addition of a membrane-permeable iron chelators do lessen the growth
inhibition of Fxn1 overexpressing cells; thus, the iron accumulation is directly related to cellular
dysfunction, most likely through Fenton-based chemistry with Fe3+ to produce ROS (9). Based
on these results, Fxn1 overexpression at moderate and high levels disrupts the regulation of iron
homeostasis, which leads to iron accumulation and oxidative stress. However, frataxin deficiency
also results in iron accumulation and oxidative stress, a hallmark of FRDA (45).
Mitochondrial overexpression of S. pombe Fxn1 increased the activities of Fe/S cluster
containing enzymes, despite of the severe cellular growth defect, iron accumulation, and
oxidative stress. This finding is especially interesting because the [4Fe-4S] cluster of aconitase,
for example, is known to be very sensitive to oxidative damage (113) and all signs indicate that
cells with high levels of Fxn1 experience oxidative stress. Under these conditions, one would
expect aconitase activity to decrease. Our results, however, are fully consistent with those for
overexpression of human frataxin in mice and in human cancer cells (83, 88). There are two
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hypotheses to explain this curious observation. First is that frataxin physically interacts with
aconitase to protect the catalytic Fe/S cluster under oxidative stress conditions or repair the
damaged [3Fe-4S] cluster as an iron chaperone (79, 80). The other possibility is that increased
Fxn1 levels stimulate Fe/S synthesis independent of the iron concentration. This is proposed
because low levels of Fxn1 overexpression led to increased Fe/S cluster enzymes activities, but
with only slightly increased iron concentrations.
Based on these findings, we hypothesize that one of the major functions for Fxn1 is to
stimulate the efficiency of Fe/S cluster assembly machinery (38, 114). (1) With weak
overexpression of Fxn1, the efficiency of Fe/S cluster biogenesis is increased, which leads to
increased activities of Fe/S cluster enzymes as well as slightly up-regulated iron uptake. The
increased cellular iron could cause increased oxidative stress through Fenton chemistry, thus, the
oxidative defense system is up-regulated. (2) When moderate levels of Fxn1 are expressed,
biologically available iron is consumed by Fe/S cluster biogenesis, which up-regulates the iron
import system to bring in more iron to meet mitochondrial demand. (3) At the highest level of
overexpressed Fxn1, the phenotype becomes complicated. Additional mitochondrial Fxn1
maintains the production of Fe/S clusters and the turnover of damaged Fe/S clusters in enzymes,
but the accumulated iron and the increased oxidative stress overwhelms the mitochondrial
functions, which leads to the decreased respiration rate and growth defect. With all the findings
above, we suggest that frataxin regulates the efficiency of the Fe/S cluster assembly, and the Fe
accumulation as well as oxidative stress is indirect results.
2.4.2

Protein-Protein Interactions with Fxn1
Understanding the proteins that interact with frataxin is very important to clarify the

exact function of frataxin. Many proteins are suggested to physically interact with frataxin,
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including the preassembled Isu1-Nfs1-Isd11 Fe/S cluster synthesis complex (54), the heme
synthesis enzyme ferrochelatase (31), and the TCA cycle enzyme aconitase (79). Some of these
interactions could be transient, which means the interaction of frataxin with other proteins cannot
always be observed with traditional methods such as co-immunoprecipitation (co-IP) (114). The
trifunctional crosslinker sulfo-SBED labels protein of interest and forms covalent bonds with
prey proteins through the photo-reactive phenyl azide so that transient protein interactions could
be captured and analyzed. As demonstrated in this study, SBED-hFxn formed a crosslinked
complex with hIscU and transferred the biotin label after reduction of the disulfide linker. In
addition, a crosslinked complex could not be formed with a non-specific protein like BSA. This
indicates that this technique detects specific complexes between SBED-frataxin and prey
protein(s). We utilized the crosslinker sulfo-SBED in a proteomics approach to detect the
potential S. pombe protein partners of Fxn1 in mitochondria. The observation of multiple biotinlabeled complexes provides evidence for multiple interaction partners. Future work will be
focused on identifying these complexes.
2.5

Future Work
To address the unexplained observations in this dissertation research, further experiments

are necessary. (1) To identify the isoform that forms oligomers at high levels of Fxn1
overexpression, Fxn1–6His cultured in 10 nM thiamine can be purified and analyzed by
analytical size exclusion chromatography to determine the number of subunits in oligomers, and
the collected fractions can be further analyzed with MALDI-ToF to determine the molecular
weight of subunits. This will provide information about the type of Fxn1 isoforms. (2) Electron
paramagnetic resonance spectroscopy and Mössbauer spectroscopy can be used to characterize
the oxidation state and coordination of accumulated iron in S. pombe cells and intact S. pombe
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mitochondria as was described for S. cerevisiae by Lindhal and colleagues (115). These
experiments will provide much needed information about the nature of the accumulated iron,
whether it is bioavailable or contained in ferric complexes like ferrihydrite or ferritin. (3) The cooverexpression of Fxn1 and other Fe/S cluster biogenesis machinery components, including
Nfs1, Isu1 and Isd11 will provide more evidence that Fxn1 regulates Fe/S cluster synthesis, i.e.,
the co-overexpression of Nfs1 and Fxn1 may further inhibit the cellular growth. (4) The sulfoSBED-Fxn1 and mitochondrial extract crosslinking reactions will be optimized to provide higher
quality and larger quantities for MALDI-ToF with post-source decay (PSD), which will help to
identify the interaction partners of Fxn1 in vivo. The tandem MS/MS will be also utilized to
identify peptides finger prints.
2.6

Biological Implications
Understanding the functions of frataxin is important to treat and relieve symptoms of

FRDA and elevate the life quality of FRDA patients. Current treatments of FRDA include iron
chelators and antioxidants, although the effectiveness is not guaranteed and the treatments only
slightly extend life expectancy (116). The possibility that frataxin regulates Fe/S cluster
assembly has been demonstrated through many in vitro experiments and some frataxin
knockdown in vivo experiments (38). Our result is the first direct evidence that systemically
demonstrates that higher levels of mitochondrial frataxin lead to the notable increase in Fe/S
enzyme activities (45, 66). While the treatment using iron chelators and antioxidants may be
effective in some cases, as they only relieve the consequences of Fe/S enzyme deficiency caused
by frataxin depletion, but do not treat the underlying cause of the disease. Future treatment
development could focus on the gene therapy and methods to increase the Fe/S cluster
biogenesis.
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CHAPTER 3
CADMIUM, BREAST CANCER AND HUMAN ESTROGEN RECEPTOR ALPHA

Cadmium is a naturally existing element with electron configuration of [Kr] 4d105s2. As
such, it shares some characteristics with other group 12 metals such as zinc and mercury, while
being unique in many other aspects. Cd2+ is the only stable existing Cd ion, because of the filled,
stable 4d-shell orbitals. Cadmium is not an essential metal, and its presence in organisms
generally causes cellular damage. For this reason, Cd2+ is classified as a non-native, toxic metal
ion. This dissertation chapter will briefly introduce the toxic effects of Cd2+ and its relationship
to the development of human breast cancer through the function of human estrogen receptor
alpha (hERα).
3.1

The Bioinorganic and Biochemical Characteristics of Cadmium
Cd2+ is often a Zn2+ mimetic in biological systems. The ionic radius of octahedral Cd2+

(0.95 Å) is larger than Zn2+ (0.88 Å), and it is a soft Lewis acid. Soft metals have large ionic
radii, high polarizability, and a preference for coordination by soft Lewis base thiolate groups
rather than intermediate/hard bases such as N or O (117). For example, the stability constants
(log Ksp) for Cd2+ complexes with aspartate (“hard” carboxylate oxygen), histidine
(“intermediate” imidazole nitrogen) and cysteine (“soft” thiolate sulfur) are 4.5, 5.4 and 11.0,
respectively. This trend clearly demonstrates the preference for softer ligands; however, this is
not to say that Cd2+ cannot also form complexes with O or N ligands (118).
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In biological systems, Asp, Glu, Lys, His, and Cys amino acid residues are common
ligands for Cd2+ with Cys being the most common (118). This coordination preference lays the
foundation for cadmium toxicity. Also, essential transition metals have specific homeostasis
systems to regulate assimilation and utilization in vivo, but Cd2+ is not essential, and there is no
such regulation. The non-specific uptake of Cd2+ ions occurs through several membrane
transport channels, including those for Mg2+ and Ca2+. Cd2+ can also be imported by the nonspecific divalent metal transporter NRAMP2, and also by the ZIP Zn2+ transporters (7). Imported
Cd2+ can be coordinated and detoxified by metallothionein (MT), a small cysteine-rich protein
with association constants between 1014–1025 M-1 (7). MT can coordinate 7 Cd2+ ions within 2
binding domains as a part of the detoxification process (119). Glutathione (GSH) is another
biomolecule capable of binding and detoxifying Cd2+, but with a lower affinity of 109 M-1 (120).
Thus, “free” solvated Cd2+ ions are unlikely in healthy cells.
3.2

Cadmium Toxicity
The major human exposures to cadmium are through the lungs and the gastrointestinal

(GI) tract, with different Cd2+ absorption rates. Cd2+ exposure in lungs is mostly due to inhalation
of cigarette smoke, where more than 50% of Cd2+ in the lung alveoli can be transferred into the
blood (6). The other major exposure pathway is through the GI tract, where the absorption rate is
lower and only 5% – 10% of Cd2+ in the intestine is transferred into the blood (7). Once Cd2+
enters blood, it binds to the proteins albumin and metallothionein, as well as to small antioxidant
molecules like glutathione. The metallothionein–Cd2+ complex is removed from the blood by the
kidneys, but the process is extremely slow, contributing to the 15 year half-life of Cd2+ in
humans. Chronic exposure to Cd2+ is linked to cancers of the prostate, bladder, pancreas, and
breast (6). Cd2+ is a weak mutagen but a strong co-carcinogen, where it promotes the effects of
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other carcinogens. This role of Cd2+ has been well described (6), and there are many hypotheses
to explain the mechanism(s) of Cd2+ carcinogenesis.
The first hypothesis is that Cd2+ causes oxidative stress, which leads to DNA damage and
propagated mutations (121). GSH and MT, the two molecules responsible for Cd2+
detoxification, are highly involved in cellular antioxidant defense. The formation of MT–Cd2+
and GSH–Cd2+ essentially removes these two molecules from their roles in oxidative defense.
The second hypothesis is that Cd2+ interferes with DNA repair systems, most likely through the
interactions with proteins containing zinc fingers (6). A zinc finger is a protein motif where one
zinc ion is tetrahedrally coordinated by four cysteine residues or a combination of
cysteine/histidine residues (Figure 3.1) (122, 123). Many zinc finger proteins bind DNA as part
of their intracellular function. The appropriate zinc finger conformation is critical for DNA
binding and, thus, protein function. It is thought that Cd2+ can replace Zn2+ from the zinc finger
motif, disrupt protein conformation, and compromise DNA repair. The dysregulated DNA repair
system causes increased DNA mutations that may lead to cancer (6). However, most reports
demonstrating that Cd2+ can substitute for Zn2+ in zinc finger proteins were performed in vitro,
thus whether the substitution could happen in vivo requires further evidence. The last hypothesis
is that Cd2+ interacts with proteins using non-metal binding sites to disrupt function. For
example, Cd2+ may bind to and improperly activate human estrogen receptor α (hERα) (124).
HERα regulates the transcription of many genes involved in cellular proliferation and proapoptosis. Its dysregulation is linked to the development of breast cancers (125), discussed in
section 3.3.

70

C

C
Zn

C

C

4Cys zinc finger
Figure 3.1. The schematic structure of a four Cys zinc finger.
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3.3

Xenoestrogens and Human Breast Cancer
Breast cancer, one of the most common cancers in females, is divided into three major

groups: ERα positive, HER2 positive, and triple negative (126, 127). About 75% of breast
cancers are ERα positive, where cancer cell proliferation is estrogen and estrogen receptor α
dependent.HER2 positive cancers comprise 20% to 25% of breast cancer cases and are due to
overexpression of the human epidermal growth factor receptor 2 (HER2), which promotes cell
proliferation and opposes apoptosis upon the binding of growth factors (126, 127). Triple
negative breast cancers (10% – 17% of cancers) lack estrogen and progesterone receptors and do
not overexpress HER2 (126, 127).
The development of ER positive breast cancers heavily depends on estrogen and the
expression level of estrogen receptors. Lifetime exposure to estrogen leads to a high risk for
breast cancer (128). It is known that estrogen-like molecules (e.g., phytoestrogens,
xenoestrogens) and estrogen mimetics (e.g., metalloestrogens) can also contribute to the risk of
breast cancer, because many of them induce estrogen receptor activity similar to estrogen in vivo
(124). While phytoestrogens and xenoestrogens resemble the basic structure of estrogen,
metalloestrogens are small metal ions and metalloids (124). The metalloestrogens can be divided
into two groups, the oxyanions and bivalent cations such as cadmium, lead and nickel (124).
Cd2+ has been linked to a higher risk of breast cancer in the general population (129-131), but the
mechanism has been hard to discern. Because these metalloestrogens exist from water to food, it
is important to understand the mechanisms by which these bivalent cations mimic estrogen in the
cell.
There is both in vitro and in vivo evidence that suggests that Cd2+ mimics the effects of
estrogen through its interaction with hERα, which is the hallmark of ERα positive breast cancers.
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For the hERα positive MCF-7 breast cancer cell line, Cd2+ mimics the functions of estradiol; it
regulates gene transcription (132), gives similar protein expression patterns (128), and stimulates
the cell growth. These Cd2+-based effects are blocked by antiestrogen. Thus, these observed
effects of Cd2+ are mediated by hERα. In addition, low levels of Cd2+ stimulates the growth of
uterine epithelial cells and mammary gland development in ovariectomized rats, which are the
classic consequences of increased estrogen levels (128, 133-136). Finally, Cd2+ triggers hERα
binding to the estrogen response element (ERE) in DNA and stimulates the transcription of the
reporter gene luciferase in transfected MCF-7 cells (137). Cd2+ is also known to bind hERα
directly with nanomolar affinity and block estrogen binding to the ligand binding domain (137).
Section 3.4 will describe the structure of hERα in more detail including the ligand binding site
and structural consequences of estrogen binding.
3.4

Structure and Functions of HERα
Human estrogen receptor alpha α is encoded by the gene ESR1 located on locus 6q25.1

(138) and containing 8 exons and 7 introns (139). There are three domains in the processed hERα
protein as illustrated in Figure 3.2: the N-terminal transactivation domain (AF-1; residues 1–
184), the DNA-binding domain (DBD; residues 185–250), and the C-terminal transactivation
domain (AF-2; residues 251–595) that contains the ligand binding domain (LBD; residues 311–
551) (125).
The AF-1 transactivation domain is involved in protein–protein interactions with the
primary transcription machinery to activate transcription of target genes containing the proper
response element in the promoter region (140) (125). This domain is solvent exposed with
several phosphorylation sites; yet, little is known about its detailed three dimensional structure.
In contrast, the structure and function of the DBD is well characterized (125). There are 8 highly
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Figure 3.2. The three major domains in hERα. The N-terminal transactivation domain (AF-1;
residues 1–184), the DNA-binding domain (DBD; residues 185–250), and the C-terminal
transactivation domain (AF-2; residues 251–595) that contains the ligand binding domain (LBD;
residues 311–551).
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D-box

P-box

ERE DNA motif

Figure 3.3. The DNA binding domain of hERα. The homodimeric hERα DNA binding domain
is bound the estrogen response element DNA is shown. P-box is in cyan, D-box in pink, and Zn2+
in grey spheres. (PDB: 1HCQ) (141).
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conserved cysteine residues in the DBD that are divided into two groups. Each group coordinates
one Zn2+ in a tetrahedral geometry as part of a Cys4 zinc finger motif. The two zinc fingers are
different both in structure and function (Figure 3.3). The first zinc finger is called the proximal
box or P-box finger and is involved in DNA recognition, while the second zinc finger named the
distal box or D-box finger is involved in DNA-dependent dimerization of the DNA binding
domain (142, 143).
Transactivation domain AF-2 is responsible for ligand recognition, ligand-dependent
dimerization, and recruitment of other transcription factors (125). The transcription factor
activity of a chimeric protein, which contained the DNA binding domain of yeast transcription
activator protein Gal4 fused to the ligand binding domain of hERα (residues 311–553),
demonstrated that the LBD alone was capable of estrogen recognition and activation (144). The
crystallographic structure shows that the LBD contains 12 α-helices and 2 small β-strands, folded
into a three-layered “sandwich” (145). Helices H1−H4 form one layer, helices H5−6, H9 and
H10 are the central layer, while helices H7−8 and H11 are arranged as the third layer (Figure
3.4). The three layers form the ligand binding cavity. A structural overlay of the hERα LBD
bound to estradiol or raloxifene (an anti-estrogen breast cancer therapeutic) reveals that there is
little change in the ligand cavity with the exception of helix H12, which is localized at the
bottom of ligand cavity (Figure 3.5) (145). Upon estrogen binding, helix H12 seals the ligand
binding cavity and packs against helices H3, H5−H6, and H11 (125). Helix H12 is considered to
be the most critical structural element for ligand-dependent hERα activation and recruitment of
co-activator proteins, such as the nuclear receptor co-activator-2 NCoA-2, which further upregulates the transcription of target genes (146). Besides the proper arrangement of secondary
structural elements of the LBD, several amino acid residues are critical for estrogen binding.
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Figure 3.4. The monomeric ligand binding domain of hERα. (PDB: 1ERE) (145).

77

H12 in LBD-raloxifene

H12 in LBD-E2

Figure 3.5. The structural overlay of hERα/LBD–E2 complex and hERα/LBD–raloxifene
complex. hERα/LBD–E2 (PDB: 1ERE) is in light pink and its H12 in purple, while hERα/LBD–
raloxifene in cyan and its H12 in cyan (PDB: 1ERR) (145). The significant position change of
H12 is critical for hERα activation.
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Cys 381

Arg 394

Glu 353

His 524
Cys 530
Cys 417

Figure 3.6. Important amino acid residues for hERα/LBD estradiol binding. Residues
Glu353, Arg394 and His524 form hydrogen bonds with E2 and are shown in sticks (PDB: 1ERE)
(137, 145). Important Cys residues are also indicated (147, 148).
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Arg394, His524, and Glu353 form hydrogen bonds with estrogen and mutation of these residues
caused lower binding affinity to estradiol (Figure 3.6) (145). In addition, some cysteine residues
in the LBD are also important for ligand binding, including Cys381, Cys417 and Cys530, and
mutants of these residues have significantly decreased estrogen binding affinity (147, 148).
3.5

Scope of the Dissertation Research
The goals of studies in Chapter 4 of this dissertation are (1) to characterize the binding

affinity of Cd2+ to purified hERα ligand binding domain as compared with estrogen using
fluorescence spectroscopy, (2) to study the conformational changes of hERα upon Cd2+ or
estrogen binding using amide hydrogen/deuterium exchange mass spectrometry, and (3) to
identify the possible binding site(s) of Cd2+ in hERα ligand binding domain using mass
spectrometry and other approaches. This research will determine if Cd2+ physically interacts with
the hERα ligand binding domain and causes similar structural changes as estrogen that are
important for activation, but it will also provide additional knowledge of biological targets of
chronic Cd2+ toxicity.
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CHAPTER 4
THE STUDY OF CADMIUM BINDING TO HUMAN ESTROGEN RECEPTOR AND
RELATED STRUCTURAL CHANGES

4.1

Introduction
Human estrogen receptor alpha (hERα) is a transcription factor that regulates the gene

expression, cellular proliferation, and cell differentiation upon the binding of its native ligand,
17β-estradiol (E2) (Figure 4.1A). However, some metal ions such as Cd2+ are capable of
activating the transcription factor function of hERα in vivo, and Cd2+ is proposed to bind directly
to the protein (128, 137). There are two potential Cd2+ binding sites: the DNA binding domain
(DBD) where Cd2+ could replace Zn2+ from the zinc finger motif (149, 150) and the ligand
binding domain (LBD) where Cd2+ binding could trigger the similar conformational changes as
estradiol (137).
The changes in protein structure and DNA binding affinity upon Cd2+ replacement in the
two zinc finger motifs (both the P-box and D-box fingers) has been thoroughly studied in vitro
with truncated, purified DBD domain comprised of residues 176–250 (149, 150). The Cd2+–
DBD complex has similar affinity for the estrogen response element (ERE) DNA motif as the
Zn2+–DBD complex (149). The replacement of Zn2+ by Cd2+ only caused subtle conformational
changes in secondary structure based on circular dichroism spectroscopy (150). In these studies,
protein denaturation methods were used to prepare the Cd2+–DBD complex and apo–DBD
(residues 176–250) (150), thus, additional in vivo evidence is required for this hypothesis.
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Figure 4.1. (A) The structure of 17β-estradiol. (B) The possible amino acid residues involved in
Cd2+ binding and activation of hERα, adapted from the report of Stoica et al (137) and PDB
structure 1ERE (145). Cys381, Cys447, Asp524, His524 and Glu538 were suggested as the
possible binding ligands, while Arg394, Asp353 and His524 form hydrogen bonds with E2.
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On the other hand, Stoica and coworkers showed that Cd2+ binds to the LBD and
activated the protein as a transcription factor (137). With purified full-length hERα from MCF-7
cancer cells, they reported that Cd2+ binds to hERα with a dissociation constant (Kd) of 0.4 nM
and is a non-competitive inhibitor of E2 binding to hERα (137). As a non-competitive inhibitor,
it is suggested that Cd2+ binds to hERα somewhere other than E2 ligand cavity and changes the
three-dimensional structure so that E2 binding is weakened. In addition, hERα site-directed
mutants demonstrated that Cys381, Cys447, Glu523, Asp538 and His524 (all in the LBD) were
involved in Cd2+ binding or activation of hERα (Figure 4.1B) (137); however, these amino acid
residues may not be directly involved in Cd2+ binding. First, these suggested residues are broadly
distributed in the protein based on the three-dimensional structure of the LBD, and are unlikely
to all participate in Cd2+ coordination. Second, the Glu523, Asp538 and His524 residues in Cd2+–
LBD complex were not protected in the chemical modification experiments as expected, which
indicated these residues may not be directly involved in Cd2+ binding (151). Third, mutagenesis
of cysteine residues Cys381 and Cys447 resulted in significantly decreased binding affinity for
E2, but not for Cd2+ (137, 147, 148), which could be the result of an altered protein
conformation. Finally, His524 is known to form a hydrogen bond with E2 (145), thus the
mutagenesis of this residue could cause considerable changes in E2 binding and hERα activation.
To fully understand the mechanism of Cd2+ activation of hERα, knowledge of the hERα
structure with E2 and Cd2+ is important. Although the individual structure-function relationships
of the DBD and LBD have been reported, critical information is still missing as there are no
structures of full-length hERα, apo–DBD, or apo–LBD. The lack of this information complicates
the study of hERα activation and hinders the research of hERα related diseases and drug
development.
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Full-length hERα is notoriously difficult to purify (152, 153), and the concentration of
commercially-available recombinant hERα purified from human cell lines is about 4 µM
(Thermo Scientific). Because of the low concentrations, neither nuclear magnetic resonance
(NMR) spectroscopy nor x-ray crystallography are viable tools to study ligand-induced
conformational changes in hERα. Here, we utilize backbone amide hydrogen/deuterium
exchange mass spectrometry (HDX–MS) to localize the conformational changes in hERα that
occur upon E2 or Cd2+ binding in solution. The backbone amide hydrogens participate in
hydrogen bonds that stabilize protein secondary structure, such as in α-helices and β-strands, and
the rates of breaking and reforming these hydrogen bonds describe the fluctuation of protein
conformational states (154). At room temperature and neutral pH, when the protein is exposed to
deuterated solvent, the backbone amide hydrogens exchange with deuterium in the environment.
The rate of exchange is determined by the rate of hydrogen bond breakage (i.e., protein backbone
dynamics), and deuterium access to individual amides (i.e., solvent accessibility), and chemical
environment (155). By comparing the amide deuterium incorporation rate profiles of hERα in
three different states (e.g., apo–protein, E2–bound, Cd2+–bound), it is possible to localize the
binding site(s) and reveal conformational changes as the consequence of ligand binding, which
could shed light on hERα activation by metalloestrogens like Cd2+ (155).
Griffin and coworkers have reported HDX–MS experiments with hERα LBD (residues
298–554) with E2 with and without E2 showed minimal conformational changes upon E2
binding (156). However, the x-crystallography structures of hERα LBD indicate that E2 forms
hydrophobic interactions with the binding cavity of LBD (145), which will greatly block the
solvent accessibility as well as the dynamics of involved peptides. Thus, it is necessary to re-
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measure the deuterium incorporation rates of hERα LBD upon the binding of E2 and compare it
to the changes caused by Cd2+ if there are any.
In the present work, we demonstrated that Cd2+ binds to the LBD of hERα with 1:1 molar
ratio using intrinsic tryptophan fluorescence titrations. In addition, the HDX–MS analysis of
apo–LBD, E2–LBD, and Cd2+–LBD revealed structural changes for E2–bound versus Cd2+–
bound hERα LBD. Estradiol binding leads to conformational changes in the dimerization region,
the E2 binding cavity, and the loop between helix H11 and helix H12. Cadmium demonstrated
some similar changes at both dimerization region and helix H12 despite some differences. To our
knowledge, this is the first direct evidence that demonstrates hERα LBD undergoes structural
changes upon Cd2+ binding, and these changes are similar to the ones caused by E2 binding. This
study will contribute to understanding the role of Cd2+ as metalloestrogen and clarify the
potential impact of heavy metals in the ER-positive breast cancer development.
4.2

Methods and Materials

4.2.1

Materials
All buffers were prepared with Chelex-treated Milli-Q deionized water. The 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic free acid (HEPES) was from Calbiochem (Billerica,
MA), Tris (2-carboxyethyl)-phosphine hydrochloride (TCEP) from Amresco (Solon, OH), and
ethylenediaminetetraacetic acid (EDTA) from VWR. Escherichia coli strain BL21(DE3)/pLysS
was from Agilent (Santa Clara, CA), Luria Broth and carbenicillin was from Teknova.
Chloramphenicol from Genlantis, isopropyl-β-D-thiogalactopyranoside (IPTG) was from EMD.
Phenylmethysulfonylfluoride (PMSF) and 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB) were
from Biosynth. Standard metal solutions from PerkinElmer. Potassium phosphate (NaH2PO4)
was purchased from Fisher Scientific, and the buffers were made with HPLC grade water and
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acetonitrile, which were purchased from EMD. Deuterium oxide (D2O, 99.99%) was purchased
from Acros Organics and porcine gastric mucosa pepsin from Sigma.
4.2.2

Expression and Purification of Full-length HERα in E. coli
The cDNA encoding full-length hERα was cloned into pET-21b, pCold and pMAL

(kindly supplied by Dr. Carol Duffy, University of Alabama) plasmids, respectively, with
standard molecular cloning methods. A histidine6-tag was inserted at the C-terminus of fulllength hERα in the vectors of pET-21b and pCold using QuikChange Lighting site-directed
mutagenesis. Recombinant plasmids pET-21b/hERα–6His, pCold/hERα–6His, and
pMAL/hERα–6His were transformed into E. coli strains BL21(DE3)/pLysS or CD146 (kindly
supplied by Dr. Carol Duffy, University of Alabama) competent cells for protein expression.
For the expression of pET-21b/hERα–6His and pMAL/hERα–6His, the transformed cells
were selected on Luria Bertani (LB) agar supplied with 100 µg/mL ampicillin and 34 µg/mL
chloramphenicol, and colonies were inoculated into 1 L of LB liquid medium containing 50
µg/mL carbenicillin and 34 µg/mL chloramphenicol. Cells were incubated at 37 °C with
vigorous shaking until the OD600 reached 0.5, at which point IPTG was added to a final
concentration of 0.1 mM. The incubation temperature was decreased at a rate of 5 °C per 15 min,
until cells reached 20 °C. Cells were incubated overnight with shaking and harvested by
centrifugation at 4 °C. The expression of pCold/hERα–6His was performed similarly, except that
after the addition of IPTG to final concentration of 0.1 mM, the incubating temperature was
decreased to 15 °C for overnight. All following purification steps were performed strictly on ice
or 4 °C, and buffers were ice cold.
The E. coli cells overexpressing hERα–6His from pREP3X/hERα–6His and pCold/
hERα–6His plasmids were resuspended separately with Buffer P (50 mM NaH2PO4, 300 mM
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NaCl, 5 mM β-mercaptoethanol, pH 7.0) supplied with 1 mM PMSF, then lysed with a Branson
Sonifier with an output of 3.5 and a 50% duty cycle for total of 12 min. The insoluble fraction
was removed with centrifugation at 12,000 rpm for 20 min. The supernatant was incubated with
pre-equilibrated HisPur Cobalt Resin (Thermo Scientific) with gentle shaking overnight at 4 °C.
HERα–6His was eluted with 150 mM imidazole in Buffer P. The purification results were
analyzed with 12% SDS-PAGE.
The maltose-binding protein fused hERα (MBP–6His–hERα) was overexpressed in E.
coli strain BL21(DE3)/pLysS. The cells with MBP–6His–hERα protein were lysed as previously
described in Buffer P with 1 mM PMSF, and the insoluble fraction was removed with
centrifugation. The supernatant was mixed with HisPur Cobalt resin and incubated for 2 h at 4
°C. The mixture was loaded to a 1 × 10 cm column, and MBP–6His–hERα was eluted with
Buffer P supplemented with 150 mM imidazole. The eluted protein was dialyzed against Buffer
P to remove imidazole, and the protein concentration was determined by an Agilent UV-visible
spectrophotometer at 280 nm, using the extinction coefficient of 0.128 µM-1 cm-1. Factor Xa was
added with a w/w ratio of 1% of the isolated fusion protein to perform the cleavage to release the
MBP tag. The reaction was incubated at 4 °C for 3 h with gentle shaking, and the 6His–hERα
was purified using HisPur Cobalt resin. The purification results were analyzed with 8% or 12%
SDS-PAGE.
4.2.3

Expression and Purification of Full-length HERα in S. pombe Cells
The cDNA encoding full-length ERα was cloned into the plasmid pREP3X with standard

molecular cloning protocols, and the 6–Histag was inserted to the C-terminus of hERα with
QuikChange Lightning mutagenesis. The recombinant plasmid pREP3X/hERα–6His was
transformed into S. pombe strain SP870, and the cells were selected and maintained on
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Edinburgh Minimal Media (EMM) with 250 mg/L adenine and uracil each (EMM+AU),
supplemented with 50 µM thiamine. For pREP3X/hERα–6His expression, transformed S. pombe
cells were grown overnight at 30 °C in EMM+AU medium without thiamine until mid-log phase
with shaking, then cells were inoculated into 1 L of EMM+AU liquid medium without thiamine
to grow 24 h. Cells were harvested with centrifugation at 4 °C.
The S. pombe cells with hERα–6His were resuspended with Buffer P with 1 mM PMSF
and lysed by vigorous shaking with acid-washed glass beads. The insoluble fraction was
removed by centrifugation, and the supernatant was incubated with HisPur Cobalt resin
overnight at 4 °C. The hERα–6His was eluted with Buffer P containing 150 mM imidazole and
the purification results were analyzed by 12% SDS-PAGE.
4.2.4

Western-blot Analysis
Samples from each purification were analyzed with 8% or 12% SDS-PAGE and the

proteins were transferred to a Whatman Protran nitrocellulose membrane with a Bio-Rad Mini
Trans-Blot electrophoretic transfer cell (Hercules, CA). The membrane was blocked with 5%
BSA, and hERα–6His was detected with mouse monoclonal His–tag primary antibody (Abgent,
San Diego, CA) and goat anti-mouse IgG/alkaline phosphatase conjugate secondary antibody
(Southern Biotech, Birmingham, AL) using NBT/BCIP staining. Analysis of hERα–6His
expression and purity was performed using the UVP MultiDoc-It imaging system (Upland, CA).
4.2.5

Purification of HERα LBD
The DNA sequence encoding the hERα LBD from residue 297 to residue 573 was

amplified from hERα cDNA and cloned into pET-21b using restriction enzymes XhoI and NdeI,
and the cloning result was verified by DNA sequencing. Recombinant pET-21b/LBD was
transformed into E. coli BL21(DE3)/pLysS competent cells. The transformed cells were selected
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on Luria Bertani (LB) agar supplied with 100 µg/mL ampicillin and 34 µg/mL chloramphenicol.
Colonies were inoculated into 1 L of LB liquid medium containing 50 µg/mL carbenicillin and
34 µg/mL chloramphenicol. Cells were grown at 37 °C with vigorous shaking until the OD600
reached 0.4−0.45, then IPTG was added to a final concentration of 0.2 mM. Cells were incubated
for another hour at 37 °C and harvested by centrifugation at 4 °C.
All following purification steps were performed strictly on ice or 4 °C, and all buffers are
ice cold unless specifically noted. The cell pellet was resuspended in Buffer A (50 mM Tris, 100
mM NaCl, 5 mM DTT, 5% glycerol) with 1 mM PMSF. The resuspended cells were lysed with a
Branson Sonifier with an output of 3.5, 50% duty cycle for total of 12 min. The insoluble
fraction was collected with centrifugation at 12,000 rpm for 20 min. The supernatant was
removed, and the pellet was washed with Buffer A at a ratio of 10 mL Buffer A per 1 gram of
lysis pellet. The pellet was collected by centrifugation at 12,000 rpm for 20 min. Residual buffer
was carefully removed, and the pellet was thoroughly resuspended with Buffer A with 1% Triton
X-100 at a ratio of 10 mL buffer per gram of pellet. The mixture was stirred for 30 min, followed
by centrifugation at 12,000 rpm for 20 min. The liquid was removed, and the pellet was
thoroughly resuspended with Buffer B (50 mM Tris, 500 mM NaCl, 5 mM DTT, 5% glycerol) at
ratio of 5 mL buffer per gram of pellet. The mixture was stirred for 1 h, and the pellet was
collected by centrifugation. This pellet was resuspended with Buffer C (50 mM Tris, 1 M NaCl,
5 mM DTT, 5% glycerol) with ratio of 2.5 mL buffer per gram pellet and stirred overnight. The
insoluble fraction was removed by centrifugation, and the supernatant was shown to contain
hERα LBD, with an estimated purity ≥ 95% based on 12% SDS-PAGE. The concentration of
purified LBD was determined by UV-visible spectrophotometry, the analyte having a molar
extinction coefficient of 29.35 mM-1cm-1 at 280 nm.
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4.2.6

Preparation of Apo–hERα LBD
Following procedures were performed in a Vacuum Atmospheres anaerobic glove box

(O2 < 1 ppm). Purified LBD was reduced and excess metal ions were removed by the addition of
40 molar equivalents of TCEP and 2 mM EDTA, respectively. The reduced and metal-free LBD
was dialyzed against Buffer H (50 mM HEPES, 400 mM NaCl, 5% glycerol, pH 7.4, degassed)
at 4 °C with 5 buffer exchanges every 8 h. The Cd2+:LBD ratio was less than 0.1 Cd2+ per protein
as determined by atomic absorption (AA) spectroscopy using a cadmium EDL lamp and a Cd2+
standard curve.
4.2.7

Tandem Mass Spectrometry
The purified full-length hERα–6His and hERα LBD was subjected to pepsin digestion

and tandem spectrometry (MS/MS). Thirty micrograms of LBD was diluted with HPLC-grade
water to a final concentration of 20 µM in a 50 µL total volume. Forty microliters of Buffer Q
(0.1 M potassium phosphate, pH 2.3) was added to acidify the protein, followed by 10 µL of 10
M urea and 2 µL of 5 mg/mL pepsin stock solution (pepsin:LBD ratio is 1:3) and incubated on
ice for 5 min. The produced LBD peptides were separated on a 2 mm × 50 mm Phenomenex C18
column using an Agilent Technologies 1200 series HPLC, with an elution gradient of 2% to 65%
acetonitrile with 0.4% formic acid in water. Tandem MS/MS by collision induced dissociation
(CID) was performed with the SmartFragTM setting by the Brüker HCTultra PTM Discovery
System mass spectrometer in positive ion mode from 300–1500 m/z (30), and the collision gas
was helium. Peptide sequencing results were analyzed by PeaksClient 6 (Bioinformatics
Solutions).
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4.2.8

Free Thiolate Quantitation
A standard DTNB assay was performed in the glovebox at 25 °C to determine the free

thiolate content in apo–LBD. Apo–LBD was diluted to 10 µM with 150 µL of 100 mM Tris, 6 M
guanidine hydrochloride (GuHCl), 0.3 mM DTNB, pH 8.0. The sample was incubated in the
dark for 30 min and the concentration of thiolate groups was determined with UV-visible
spectroscopy at 412 nm, using an extinction coefficient of 13.7 mM-1cm-1 (157).
4.2.9

Fluorescence Titration of LBD with Estradiol and Cd2+
Intrinsic tryptophan fluorescence titrations were performed at 25 °C using a Spex

Fluoromax-3 fluorimeter (Edison, NJ) with an excitation wavelength at 295 nm. Apo–LBD (3.4
µM) in fresh Buffer D was supplemented with 34 µM TCEP and added to a 2 mL cuvette. The
titrants were either 140 µM of CdCl2 or 100 µM of E2 in Buffer D. The CdCl2 stock
concentration was determined by AA spectroscopy. After each addition of titrant, the sample was
equilibrated for 5 min with stirring at 25 °C. Fluorescence emission spectra were collected at 343
nm and corrected for dilution and background fluorescence. Each titration was repeated three
times and averaged. The initial fluorescence intensity (F0) was subtracted from each titration
point (Fi − F0), which was plotted against the molar equivalents of ligand:LBD to obtain
stoichiometry and also plotted against the concentration of ligand to obtain the binding affinity
using Equation 4.1.
  0 





d  

total


(4.1)

4.2.10 Amide Hydrogen/Deuterium Exchange Mass Spectrometry
The aerobic HDX reactions were performed in triplicate with apo–LBD, E2–LBD (10:1
molar ratio) and Cd2+–LBD (10:1 molar ratio). Deuterium exchange reactions were performed in
0.2 mL thin-walled tubes containing 5 µL of 200 µM LBD stock (apo, with E2 or Cd2+) and were
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initiated with 45 µL of deuterium oxide (99.99% atm D2O). Samples were incubated at 25 °C
with D2O for 15 s, 30 s, 45 s, 1 min, 2 min, 5 min, 10 min, 30 min and 1 h. The exchange
reactions were quenched with 40 µL of ice cold Buffer Q (0.1 M potassium phosphate, pH 2.3)
and transferred to an ice bath. Ten microliters of 10 M urea (pH 2.3) and 10 µg of pepsin were
added and incubated on ice for 5 min. Pepsin generated peptides were separated by HPLC with a
2 mm × 50 mm Phenomenex C18 column, with the solvent bottles, injector, column and tubing
submerged in an ice bath. Solvent A contains 98% HPLC water, 2% acetonitrile, and 0.4%
formic acid; while Solvent B contains 98% acetonitrile, 2% HPLC water, and 0.4% formic acid.
The elution gradient was 2% to 65% acetonitrile over 15 min. Mass spectra were recorded using
positive ion electrospray ionization with a capillary temperature of 270 °C. A control for natural
isotope abundance (m0) was prepared as for other samples except that the protein was diluted
with H2O instead of D2O. Due to the instability of the LBD in solution, the theoretical number of
exchangeable amide hydrogens for each peptide was used as the m100 control. HDX–MS data
were averaged and processed by HDExaminer (Sierra Analytics, Modesto, CA). The percentage
of deuterium incorporation (%D) was calculated as in Equation 4.2.
t  0

%  

100 

0

  100

(4.2)

The values m0, mt, and m100 are the centroid of the peptides in the non-deuterated, the
partially deuterated at time t, and the theoretical fully-deuterated control peptides. The
percentage of deuterium incorporation was plotted as a function of time, and the resulting curve
for each peptide was fit to single or double first order rate expressions. The difference of
deuterium incorporation between apo–LBD and ligand bound–LBD (∆%D) was plotted against
time (t) for each peptide, and standard student’s t-test was performed to analyze the significance.
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4.3

Results

4.3.1

The Purification of Full-length HERα from E. coli and S. pombe
The overexpression of full-length hERα from the plasmid pET-21b was inhibitory to the

growth of E. coli, and the full-length protein (~66 kDa) was degraded during expression as
evidenced by smaller induced protein bands (Figure 4.2A, lane 3). Some full-length protein was
extracted from inclusion bodies using a denaturing method with 8 M urea (Figure 4.2A, lane 5);
however, hERα precipitated on renaturation (data not shown). For hERα expressed in the E. coli
strain CD146, the lysis supernatant was incubated with HisPur Cobalt resin and eluted with
imidazole (Figure 4.2 B). The recombinant full-length hERα was degraded, and a stock of hERα
was obtained with very low concentration (~5 µM). The vector pCold, which is designed for
overexpression insoluble protein in E. coli using temperature induction, resulted in no full-length
hERα expression (data not shown). Lastly, the expression of fusion protein MBP–6His–hERα
was successful; however the protein was also degraded during expression and purification,
despite the utilizing of protease inhibitors and strict on-ice procedure (Figure 4.3). We managed
to purify a small amount of full-length hERα overexpressed from the vector pET-21b and
submitted to tandem mass spectrometry, and the purified protein was identified as hERα with
low coverage (data not shown). The concentration of protein stock is too low to perform
HDX/MS or metal-binding titrations.
Because there are multiple post translational modification (PTM) sites in full-length
hERα, and this process only occurs in eukaryotic cells, we tried overexpression of hERα in the
yeast Schizosaccharomyces pombe using a plasmid under the nmt1 promoter (no message with
thiamine). Indeed, degradation of hERα is significantly relieved (Figure 4.4A and B). The
purified hERα from S. pombe was digested with pepsin and analyzed with tandem mass
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Figure 4.2. The expression and purification of full-length hERα in pET-21b in CD146 E.
coli strain. (A) The western blotting against hER–6His demonstrates the protein was degraded
during expression in the vector pET-21b and CD146 strain, and some full-length protein was in
the inclusion bodies. Lane 1, prestain protein ladder; lane 2, the uninduced cells; lane 3, the
induced cells; lane 4, lysis supernatant; lane 5, lysis pellet. (B) The purification of hERα from
lysis supernatant with Hispur resin. Lane 1, lysis supernatant; lane 2, flowthrough; lane 3, wash;
lane 4, prestain protein molecular weight ladder; lane 5, 150 mM imidazole elution fraction 1;
lane 6, 150 mM imidazole elution fraction 2; lane 7, 150 mM imidazole elution fraction 3; lane
8, protein molecular weight ladder; lane 9, 250 mM imidazole elution fraction 1; lane 10, 250
mM imidazole elution fraction 2.
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Figure 4.3 The expression and purification of MBP–6His–hERα from BL21(DE3)pLysS
cells. The 12% SDS-PAGE gel of MBP–6His–hERα expression and purification process. Lane 1,
uninduced; lane 2, induced; lane 3, lysis pellet; lane 4, lysis supernatant; lane 5, flowthrough of
HisPur Cobalt resin column; lane6, the buffer wash of protein loaded HisPur Cobalt resin; lane 7,
the 10 mM imidazole wash of protein loaded HisPur Cobalt resin; lane 8, the 150 mM imidazole
elusion 1 of HisPur Cobalt resin column; lane 9, the 150 mM imidazole elusion 2 of HisPur
Cobalt resin column; lane 10, the protein molecular weight ladder.
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Figure 4.4. The purification process and final product of full-length hERα–6His in S.
pombe. (A) The HisPur Cobalt resin purification of hERα–6His. Lane 1, protein molecular
weight ladder; lane 2, cell lysate of S. pombe cells overexpressed hERα; lane 3, the flowthrough
of HisPur Cobalt resin column; lane 4, the 150 mM imidazole elution which contains hERα–
6His. (B) The 150 mM imidazole elution of HisPur Cobalt resin column was dialyzed against
Buffer H through a 50 kDa dialysis membrane (lane 1). (C) The tandem MS/MS mapping result
of hERα–6His purified from S. pombe.
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spectrometry and gave a peptide coverage of 50% (Figure 4.4C). However, the concentration of
purified hERα was still low, and attempts of to concentrate the protein led to precipitation. Thus,
we turned our focus from full-length hERα to the ligand binding domain (LBD).
4.3.2

The Purification of the Ligand Binding Domain
The ligand binding domain of human estrogen receptor α (LBD) was purified by

immobilized affinity chromatography and the process was monitored by a Coomassie-stained
SDS-PAGE. An overloaded gel demonstrated the purity to be ≥ 95% (Figure 4.5A). Pepsin
digestion and tandem MS/MS was performed and the peptide sequencing data was analyzed by
PeaksClient. The identified peptides covered more than 95% of the LBD amino acid sequence
(Figure 4.5B), and among them, peptides that cover 71.5% of the LBD amino acid sequence are
appropriate for HDX–MS analysis (Figure 4.5C). However, the peptides localized at helix H11
are missing, thus we cannot obtain detailed deuterium incorporation profiles for peptides in this
region. Thus, we cannot rule out the possibility that this region contains the binding site(s) of
Cd2+. Since Cd2+ is the metal of interest, atomic absorption analysis was also performed to
confirm the purified LBD contains less than 0.1 equivalent of Cd2+ per monomer.
4.3.2

Quantification of the Reduced Thiol Groups in Apo–LBD
Because reducing agents in buffers are capable of binding Cd2+, after purification of apo–

LBD, reducing agent was removed via dialysis in an anaerobic chamber. Cysteine residues in
LBD may be critical for both E2 and Cd2+ binding (145), so it was necessary to determine the
number of reduced cysteine thiolates in the protein and ensure that thiol-based reducing agents
were completely removed. After extensive anaerobic dialysis the concentration of free thiolates
of apo–LBD was determined with a DTNB assay (157). In this assay, DTNB forms a mixed
disulfide with thiolate groups, releasing the yellow 2-nitro-5-thiobenzoate (NBT-) ion which can
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Figure 4.5. The purification and LC–MS/MS mapping of hERα LBD. (A) The 12% SDSPAGE gel demonstrated the purification process of LBD. Lane 1, uninduced; lane 2, induced;
lane 3, lysis supernatant; lane 4, lysis pellet; lane 5, buffer A wash supernatant; lane 6, Buffer A
with 0.1% Triton X-100 wash supernatant; lane7, Rockland protein molecular weight ladder;
lane 8, Buffer B wash supernatant; lane 9, buffer C wash supernatant, contains hERα LBD with
purity ≥ 95%; lane 10, Prosieve protein molecular weight ladder. (B) Peptides that identified by
tandem MS/MS cover more than 95% of the LBD amino acid sequence. (C) The location of
identified peptides for HDX–MS experiments and data analysis. The usable peptides are
highlighted in blue (PDB 1ERE) (145).
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be detected spectrophotometrically (ε412 = 13.7 mM-1cm-1 in 6 M GuHCl). The DTNB assay
indicated that the purified protein contained 4.08 ± 0.11 thiol groups per LBD monomer. Thus,
all four cysteine residues in apo–LBD were in the reduced state and competent to coordinate
metals. We also demonstrated that the reducing agent was removed successfully.
4.3.3

Estradiol Titration of LBD
Each molecule of LBD contains three Trp residues (W360, W383, and W393), and they

could be potential indicators of environmental changes upon ligand binding by fluorescence
spectroscopy. We titrated the LBD with estradiol (E2) and measured the Trp emission at 343 nm.
The fluorescence intensity decreased as a function of E2 concentration so the environment
surrounding one or more tryptophan residues was altered in the binding process. The decrease of
emission at 343 nm was plotted against the molar equivalents of E2 added, and an approximate
1:1 stoichiometry was confirmed (Figure 4.6B). When the emission intensity was plotted against
the concentration of E2 in solution at each titration point and fit to a 1 site binding model, a
dissociation constant of 0.76 ± 0.16 µM was obtained (Figure 4.6A). Because the titration was
performed under stoichiometric conditions (i.e., there is no “free” E2 in the titration), our
reported Kd is considered an upper limit, and the actual Kd is lower than can be measured with
this assay. Thus, the purified apo–LBD is capable of binding E2 with correct stoichiometry and
high affinity (125).
4.3.4

Cd2+ Titration of LBD
Stoica et al. reported that Cd2+ binds purified full-length hERα with a 1:1 binding

stoichiometry and a Kd of 0.4 – 0.5 nM (137). Because this binding constant was determined for
full-length hERα, the Cd2+ binding stoichiometry and dissociation constant for only the LBD
must be determined for our experiments. A fluorescence titration monitored the possible
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environmental changes to tryptophan residues caused by Cd2+ binding. As shown in Figure
4.6D, Cd2+ binds to LBD with a binding stoichiometry of 1:1, which agrees with other reports
(137). We also determined the dissociation constant of Cd2+–LBD complex is 0.71 ± 0.12 µM as
an upper limit of the actual Kd since the titration was performed under stoichiometric conditions
(Figure 4.6C). Thus, we demonstrated that the purified apo–LBD is capable of binding one Cd2+
ion with high affinity as reported for full-length hERα.
4.3.5

The Deuterium Incorporation of E2–LBD
The percentage of deuterium incorporation of peptide backbone amide at a given time is

determined by the solvent accessibility (i.e., peptides buried in the core of protein vs. peptides on
the surface of protein) and the structural stability (α-helices and β-sheets vs. random coils) (158).
The percentage of deuterium incorporated in the first 15 sec of a HDX time course is utilized to
estimate the relative solvent accessibility of backbone amides, and the incorporation rate
obtained from the full-time length experiments gives information about the conformational
flexibility of the backbone in specific regions of the protein. We compared the HDX rate profiles
of apo–LBD (in black) to that of E2–LBD (in red) (Figure 4.7).
Several LBD peptides showed decreased solvent accessibility upon E2 binding, as
determined by the total percentage of deuterium incorporated after 15 sec. Minor decreases
occurred for peptides 311−319 (H2) and 422−428 (H8), with larger decreases for peptides
320−327 (H2–loop), 343−349 (H3), 403−410 (S1–loop–S2), 411−423 (H7), 526−540 (H11–
loop–H12) (Figure 4.7 and Figure 4.8). These peptides are mapped to the LBD threedimensional crystal structure in Figure 4.9A. These three peptides (343−349, 403−410, and
411−423) form the E2 binding cavity and have the largest decreases in deuterium incorporation
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Figure 4.6. The fluorescent titration of E2 and Cd2+ to purified LBD. (A) The emission at
343 nm of Trp residues in LBD was corrected for dilution and background fluorescent, then
plotted against the concentration of E2. The curve was fitted as described in methods and
materials with KaleidaGraph. (B) The emission at 343 nm of Trp residues in LBD was corrected
for dilution and background fluorescent, then plotted against the E2 equivalents of LBD. The
curve is a smooth connecting of data points. (C) The emission at 343 nm of Trp residues in LBD
was corrected for dilution and background fluorescent, then plotted against the concentration of
Cd2+. The curve was fitted as described in methods and materials with KaleidaGraph. (D) The
emission at 343 nm of Trp residues in LBD was corrected for dilution and background
fluorescent, then plotted against the Cd2+ equivalents of LBD. The curve is a smooth connecting
of data points.
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Figure 4.7. The HDX–MS profiles of apo–LBD, E2–LBD, and Cd2+–LBD (1). Peptides 311–
319, 320–327, 343–349, 391–402, 403–410, and 411–428. The percent deuterium incorporation
as a function of time is shown for apo–LBD (black), E2–LBD (red) and Cd2+–LBD (blue). Three
replicates were performed for each type of LBD complex, and the deuterium incorporation
amount was averaged.
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Figure 4.8. The HDX–MS profiles of apo–LBD, E2–LBD, and Cd2+–LBD (2). Peptides 422–
428, 429–440, 445–452, and 526–540. The percent deuterium incorporation as a function of time
is shown for apo–LBD (black), E2–LBD (red) and Cd2+–LBD (blue). Three replicates were
performed for each type of LBD complex, and the deuterium incorporation amount was
averaged.
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upon binding E2. They interact with E2 through hydrogen bonds and/or hydrophobic interactions
with the steroid ring (145). This observation strongly suggests that E2 binding to hERα LBD
caused amides within these regions to become more protected from solvent and the backbone to
become more rigid for peptides surrounding the E2 ligand. An additional peptide in the E2
binding site (422–428) showed weaker protection from deuteration (<10%). Peptides 311–319
(Figure 4.10A) exhibited a less than 10% reduction of deuterium incorporation by 15 sec, and
this observation agrees that the “sandwich” shaped end of LBD is less affected during E2
binding. Peptide 391–402 demonstrated decreased deuterium incorporation; however, the
reduction is not statistically significant.
Peptides of LBD that experienced changes protein backbone dynamics upon E2 binding
are shown in Figure 4.7 and Figure 4.8, and mapped to the LBD structure in Figure 4.9B.
Peptides experiencing slight perturbation in backbone dynamics include 320–327 (H2–loop),
391–402 (H6–loop–S1), and 429–440 (H8). Much more obvious regions of decreased dynamic
motions include peptides 311–319 (H2), 343–349 (H3), 403–410 (S1–loop–S2), and 422–428
(H8), and 445–452 (H9). These peptides cluster around the E2 binding pocket, with the
exception of peptide 311–319 in helix H2. This same peptide had small changes in solvent
accessibility but large changes in dynamics, consistent with a conformational change mediated
by E2, but not in the immediate binding pocket. Two peptides had very unique HDX behavior in
the E2 bound LBD. Peptides 411–423 (H7) and 526–540 (H11–loop–H12) had an overall
decrease in dynamics, but since this peptide ultimately reached the same plateau as apo–LBD,
the observed decrease in deuterium incorporation with E2 is probably more related to amide
accessibility to D2O. Peptide 411–423 does not directly interact with E2, but it is a part of the E2
binding cavity which becomes more hydrophobic upon E2 binding, thus the solvent accessibility
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Figure 4.9. The solvent accessibility and dynamic changes of hERα LBD upon E2 binding,
determined by HDX–MS. (A) Peptides demonstrated decreased solvent accessibility are
mapped on the structure of E2–LBD (PDB 1ERE) (145). The peptides with large decrease are
colored in blue, while the ones with small decrease are colored in cyan. (B) Peptides with
decreased dynamics are mapped on the E2–LBD structure (PDB 1ERE) (145). The peptides with
large decrease of dynamics are colored in red, and the ones with a small decrease are colored in
pink.
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of this peptide is reduced. Also, peptide 526–540 (H11–loop–H12) is known to undergo major
conformational changes because of the transconformation of helix H12 (145). We observed a
change in solvent accessibility that could be consistent with increased hydrogen bonding in the
presence of E2. It does not appear that E2 binding leads to a large conformational change, which
should also affect backbone dynamics.
Overall, our observations suggested that hERα LBD undergoes major conformational
changes upon E2 binding, especially within the E2–binding cavity. Other changes induced by E2
include the region proposed to be important for hERα dimerization (H8) and the H11–loop–H12
which is involved in the transconformation of H12 and activation of LBD.
4.3.6

the Deuterium Incorporation of Cd2+–LBD
In terms of solvent accessibility as measured by the change in the percentage of

deuterium incorporated into the backbone of LBD when Cd2+ binds (Figure 4.7 and Figure 4.8,
in blue), there was only one peptide that had a noticeable decrease. The HDX plot for peptide
526–540 (H11–loop–H12) indicated that Cd2+ afforded the backbone in this region almost the
same amount of protection from deuterium as E2 (Figure 4.7 and Figure 4.8). On the other
hand, peptides 403–410 (S1–loop–S2) and 445–452 (H9) reported small increases in solvent
accessibility in the presence of Cd2+ compared to either apo–LBD or E2–LBD. The increased
solvent exposure is opposite of what was observed for E2–LBD. All three peptides with
perturbed solvent accessibility consistent with a conformational change and/or ligand protection
are mapped to the E2–LBD crystal structure (Figure 4.10). Overall, these observed deuterium
incorporation rate profiles suggest that Cd2+ binds to hERα LBD and triggers conformational
changes that could lead to the activation of this transcription factor in the full-length protein in a
similar, but not identical manner as E2.
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Figure 4.10.. The solvent accessibility and dynamic changes of hERα LBD upon Cd2+
binding (PDB 1ERE) (145). The peptide with decreased solvent accessibility is colored in
yellow (peptide 526–540). Peptides 403
403–410 and 445–452
452 demonstrated increased solvent
accessibility and they are colored in orange. The peptides with small decreased dynamics
(peptide 311–319 and 429–440)
440) are colored in pink.
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4.4

Discussion
The heavy metal cadmium is one of the more common co-carcinogens in modern society,

and it is linked to cancers such as breast cancer, especially the ER positive type. Both in vivo and
in vitro studies indicate that Cd2+ contributes to the development of ER positive breast cancers,
potentially through the hERα pathway (128). Human ERα is highly involved in cell-specific
regulation of gene expression and cell proliferation, thus its dysfunction is correlated to estrogenrelated cancers. Experiments utilizing MCF-7 cancer cell lines and ovariectomized rats
demonstrated that Cd2+ mimics the effects of E2 activation of hERα (133); however, little is
known about the molecular details of Cd2+ binding to hERα, including the binding site(s) and
related structural changes. Thus, it is important to understand the conformational changes caused
by E2 binding and to compare the ones observed in Cd2+–bound hERα.
Most knowledge of the structure-function relationship of hERα come from studies
focused on the DNA-binding domain (DBD) and ligand binding domain (LBD). They are also
proposed to interact with Cd2+. However, the DBD is less likely to be the target of Cd2+, because
in vitro experiments demonstrated that Zn2+ cannot be directly substituted by Cd2+ in native DBD
(149) and the Cd2+–DBD showed similar DNA binding affinity as Zn2+–DBD (150), which
cannot fully explain the similar transcription factor activity of hERα upon Cd2+ binding (128,
133). Thus, the goal of our research was to correlate the structural changes of both full-length
hERα and the LBD upon estradiol or Cd2+ binding to determine the mechanism of ERα
activation by a metalloestrogen.
4.4.1

Barriers to Structural Characterization of Full-length HERα.
Full-length hERα is unstable and difficult to purify both in mammalian cells and E. coli,

while current commercial full-length hERα is too low in concentration to perform protein
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structural studies, such as NMR, x-ray crystallography. In addition, the buffering components to
stabilize commercial full-length hERα are incompatible with HDX–MS. To overcome these
difficulties, we tested the expression of full-length hERα in both E. coli and yeast with numerous
expression vectors, including pET-21b, pCold, pMAL, and pREP3X. The protein expression was
inhibited in both pET-21b and pCold systems, and the protein was severely degraded. The vector
pMAL fused the maltose binding protein (MBP) with hERα to assist expression and folding,
which significantly promoted the amount of overexpressed protein. However, the degradation
was also severe and the final concentration of purified hERα remained low. On the other hand,
when hERα was expressed in the fission yeast S. pombe, the protein degradation was partially
relieved and more full-length hERα was obtained. We propose this observation is because of the
protein chaperone systems in yeast to help nascent proteins fold correctly and the possibility that
PTM occurred to stabilize the full-length hERα protein. The possible reason may be the
differences in native E. coli and yeast proteases, where full-length hERα was more susceptible to
proteolysis in E. coli. Due to the limits of our experiments, the concentration of final hERα
product was still low, but enough for the product to be identified with tandem MS/MS. Further
investigation will focus on optimizing the expression and purification conditions of hERα from
S. pombe, as well as the binding assay and HDX–MS. Instead, we focused on the LBD to obtain
useful mechanistic information about E2 and Cd2+ activation of hERα.
4.4.2

Estrogen binding to the HERα Ligand Binding Domain
To fully understand the mechanism of Cd2+ activating hERα through the LBD, it is

important to understand the structural changes of LBD during the binding of its native ligand,
E2. The first x-ray crystallography structure of E2–LBD complex was published in 1997 by
Brzozowski et al and numerous structures of LBD with different ligands are reported, however,
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there is no structure for apo–hERα LBD (145, 159). Generally, apo–LBD structures are rare for
nuclear receptor-3 family proteins, of which hERα belongs. Thus, little information is known
about the process of ligand binding (160), partly because most LBD proteins were purified with
immobilized ligand-affinity chromatography, which produced ligand bound complexes (161).
The current knowledge of hERα structural changes during E2 binding came from the comparison
of E2 and antagonist bound LBD (145). These structures revealed that upon E2 binding, helices
H8 and H11 were aligned to form the homodimer, and helix H12 was packed against helices H3,
H5/6 and H11. The transconformation of H12 provided an interaction surface for other
coactivators with “LXXLL” motifs, which “seal” the E2 binding cavity (146). However, because
these structures are in crystals rather than in solution, the real conformational changes are still
under debate, especially if the helix H12 undergoes transconformation upon E2 binding (145,
146, 160, 162, 163).
With the limits of NMR and x-ray crystallography in mind, we utilized HDX–MS to
study the E2 induced conformational changes of hERα LBD. We examined the deuterium
incorporation rate profiles of E2–LBD complex and compared it with that of apo–LBD. Indeed,
the most significant deuterium incorporation rates changes were observed for peptides in and
around the E2 binding cavity. Among these peptides, helix H3, H8 and strands S1/S2
demonstrated significantly decreased deuterium incorporation amount even after 1 h incubation,
which indicated that these peptides were in a more rigid conformation. This observation agrees
with that these peptides form hydrophobic interaction with E2 (145). In addition, the significant
decreased solvent accessibility of peptides in H2–loop, H7 and H11–loop–H12 suggested there
were increased hydrogen bonding interactions for these peptides rather than large conformational
changes (no changes from loop to helix).
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One of the most interesting findings is the decreased solvent accessibility of peptide 526–
540, which contains the end of helix 11, the loop and the beginning of helix H12. As proposed in
the “mouse trap” model proposed by Gronemeyer et al, the loop extends freely in apo–LBD and
becomes partially locked upon E2 binding (164, 165). Our HDX–MS plots can be explained by
this model, though other possibilities cannot be ruled out. Another region affected by ligand
binding is the dimerization interface formed by helices H8 and H11 (145). Because helix H11 is
highly resistant to pepsin digestion (156), this helix is not available for HDX–MS analysis. On
the other hand, the helix H8 demonstrated slower deuterium incorporation rates with E2 bound,
indicating this helix loses conformational flexibility.
The other form of estrogen receptor is the human estrogen receptor beta (hERβ), and the
alignment of sequences and structural overlay of hERα and hERβ reveal high similarity at the
ligand binding domain (Figure 4.11). Similar HDX–MS experiments have been performed by
Griffin and coworkers for the E2–LBD complex from hERβ. Thus, we compared our hERα
HDX–MS findings with that of hERβ LBD (166). Upon E2 binding, the LBD of hERβ showed
changes in HDX for peptide 296–309 (helix H3) and peptide 345–362 (beta strands S1/S2), very
similar results were reported as ours (peptide 320–327 for helix H3 and peptide 403–410 for beta
strands S1/S2 in hERα). The most obvious discrepancy between hERα and hERβ HDX–MS was
that we observed more pronounced changes in these peptides and in others. The reason for this
discrepancy is unknown.
Overall, the deuterium incorporation rate profile of E2–LBD from hERα agrees the
formation of hydrophobic core at the E2 binding cavity, the transconformation of H12 and the
formation of homodimer. This result sets the comparison standard for the analysis of Cd2+–LBD
HDX–MS data.
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AF-1

DBD

AF-2

Figure 4.11. The protein sequence alignment of full-length hERα and hERβ. The protein
sequence of hERβ was aligned to full-length hERα, and highly conserved DBD and AF-2
domains were observed.
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4.4.3

Cadmium binding to the hERα ligand binding domain
Similar to E2, we demonstrated that Cd2+ also bound to apo–LBD with 1:1 ratio and a

with submicromolar affinity. Cd2+ activates hERα as a transcription factor (137), and the
chimeric protein of GAL4-DBD/hERα-LBD suggested that Cd2+ exerts its functional activation
at the LBD. However, no structure-function relationship has been established for the Cd2+
complex. We measured the deuterium incorporation rate profiles of the Cd2+–LBD complex and
compared them to the profiles of apo–LBD and E2–LBD. Several interesting changes were
observed that help us understand how Cd2+ may activate the LBD of hERα. First, the HDX rate
profile for is peptide 526–540 is almost indistinguishable from the E2–bound form. This suggests
that the region spanning H11–H12 has a similar structural response to both the endogenous
ligand estradiol and the metalloestrogen Cd2+. Since E2 binding to apo–LBD causes a
transconformation of helix H12, we propose that a similar structural change is occurring in Cd2+–
LBD. This is highly functionally relevant since H11–H12 are proposed to mediate the
conformational response to ligand binding to the rest of the hERα in the full–length construct
(125, 145).
Another peptide in Cd2+–LBD with similar change as E2–LBD is peptide 429–440,
which is the middle section of helix H8 and provides the interface for dimerization (145). The
observation could indicate that both E2 and Cd2+ can enhance the formation of homodimer
because this peptide became more rigid in both E2–LBD and Cd2+–LBD.
4.4.4

Localization of the Cd2+ binding site within the LBD
The Cd2+ binding site and amino acid residues involved in Cd2+ binding have been

studied with mutagenesis (137) and chemical modifications (151). However, the residues
suggested by Stoica et al are broadly distributed and the mutants had significantly decreased
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binding affinity to E2 (137, 147), which raise the possibility that for some, the protein
conformation might be disrupted or altered by the mutations. This is especially true for chemical
modification since it affects multiple residues at once by covalent attachment of some chemical
moiety. The results from the chemical modification study also disagreed with those from the
mutagenesis experiments so we will primarily consider the mutagenesis results in this discussion.
Mutagenesis suggested that residues Cys381, Cys447, Asp523, His524 and Glu538 are potential
ligands to Cd2+. Among them, the peptides contain residues Asp523, His524 or Cys381 are not
available for HDX–MS analysis, thus we cannot exclude the possibility that these residues are
involved in Cd2+ coordination. Interestingly, the peptide contains residue Glu538 (peptide 526–
540) demonstrated a decrease in solvent accessibility, but it is more likely that the decreased
solvent accessibility was due to the transconformation of helix H12 rather than the coordination
of Cd2+ by Glu538.
To locate the binding site of Cd2+ in the LBD, we utilized the ligand binding prediction
program 3DligandSite (167). This prediction for the LBD of hERα was based on the x-ray
crystallography structure of rat ERβ LBD that contained E2 and Ni2+ as ligands, and residues
Arg394, His398 and Glu397 are predicted as the Cd2+ coordination ligands (Figure 4.12A). Side
chains from these three amino acids provide a possible coordination environment with N and O
as ligands. Noticeably, these three amino acid residues are highly conserved in estrogen
receptors for mammals, including ERα and ERβ of mouse, rat, cow and human. Thus, it is
possible that Cd2+ can also bind to hERβ in a similar manner. However, hERβ has distinct tissue
distribution and it regulates the expression of different genes than that of hERα. For example,
hERα activates mammary cells proliferation, while hERβ triggers apoptosis for cancer cells
(125). The highest level of hERα is expressed in reproductive organs, and hERβ is expressed in
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brain and other tissues (125). As a result, Cd2+ binding does not heavily affect the proper
function and regulation of hERβ as it to hERα (125). The first drawback to this prediction is that
it does not truly take the coordination characteristics of Cd2+ ion into account when predicting a
binding site. In addition, our HDX–MS experiments observed increased solvent accessibility for
peptide 403–410 (beta strands S1/S2), which disagrees with the prediction due to the
coordination of metal ions normally causes decreased solvent accessibility and/or dynamics (29,
63).
Another possible Cd2+ binding site is between the side chains of residues Cys381 and
His547 (Figure 4.12B). In this hypothesis, Cd2+ is coordinated by the thiolate from residue
Cys381 and the imidazole group from His547 with ideal distance. In addition, the coordination
of Cd2+ will force the helix H12 to seal the estradiol binding cavity, which could explain the noncompetitive inhibition of Cd2+ to estradiol binding (137). This forced transconformation of helix
H12 could create the binding surface for coactivators and stimulate the activity of hERα as a
transcription factor. However, peptides containing residues Cys381 or His547 are not available
in our current HDX–MS due to the digestion resistance of hERα LBD (156). Thus, optimization
of HDX–MS and additional experiments are warranted.
Last but not the least, the x-ray crystallography reported by Sigler et al provides
additional possibility of Cd2+ binding site(s) (162). In this structure, Au+ was added to phase
structure for data solving, and these Au+ ions were coordinated by cysteine residues (Figure
4.13). Au+ is also a soft metal like Cd2+, thus the binding sites of Au+ may bind Cd2+ with
unknown binding affinity.
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A

B
Glu 397

Arg 394

His 398

Figure 4.12. The possible binding site(s) of Cd2+ in hERα LBD. (A) The binding site predicted
based on the structure of rERβ (167, 168), and residues Arg394, Glu397 and His398 are the
predicted ligands. (B) The proposed binding site of Cd2+, which is coordinated by the thiol group
from Cys381 and His547. Cd2+ is in black (PDB 1ERE) (145).

116

Figure 4.13. The Au+ binding sites in hERα LBD. Au+ is in gold, and estradiol is in green

(PDB 1A52) (162).
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Based on current results, we demonstrated that Cd2+ bound to hERα LBD and triggered
structural changes, some of which were similar to the ones in E2–bound LBD. We suggest there
are two most possible binding sites for Cd2+: (1) the site between the helix H6 and strand S1; (2)
the site provided by residues Cys381 and His547. Further investigation utilizing UV-visible
spectrophotometer and X-ray absorption spectroscopy (XAS) will provide detailed information
about the ligand types and coordination geometry, which will give the conclusive answer about
the binding site(s) of Cd2+ on hERα.
4.5

Future Work

To fully understand the mechanism of Cd2+ activating hERα, future studies are going to
focus on following directions. (1) To purify full-length hERα with native E2 and DNA binding
affinities, the hERα protein will be expressed and purified for S. pombe in larger scale. The
purified hERα will be analyzed for structural changes upon E2 and Cd2+ binding through HDX–
MS analysis, and this will reveal the mechanism of hERα activation for the full-length protein.
(2) Utilizing XAS and mutagenesis to further test the proposed Cd2+ binding amino acid
residues. XAS measures the photon energy used to excite the core electrons of interested metals,
and we will use it to determine the ligand types and coordination geometry of the Cd2+ atom in
Cd2+–LBD complex. (3) A coactivator recruitment assay for will be performed for the LBD and
full-length hERα with fluorophore-labeled stapled peptides with sequence of XXLXXLLXX.
This assay will provide evidence for the capability of Cd2+ to activate hERα as a transcription
factor. (4) Native gel electrophoresis will be performed for apo–LBD, E2–LBD and Cd2+–LBD
to clarify if the LBD dimerization is ligand-dependent. This is important because if Cd2+ cannot
lead to dimerization then it cannot activate hERα as a transcription factor. (5) If the expression of
full-length hERα still results with low concentration protein, the overexpression of AF-1 domain
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(residues 1–184), DBD (185–250) and AF-2 (251–595) can be performed and their
conformational changes will be analyzed with HDX–MS.
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