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ABSTRACT
The daily production of 200 billion erythrocytes requires 20 mg of iron,
accounting for nearly 80% of the iron demand in humans. Thus, erythroid precursor cells
possess an efficient mechanism for iron uptake in which iron loaded transferrin (Tf) binds
to the transferrin receptor (TfR) at the cell surface. The Tf:TfR complex then enters the
endosome via receptor-mediated endocytosis. Upon endosomal acidification, iron is
released from Tf, reduced to Fe2+ by Steap3, and transported across the endosomal
membrane by divalent metal ion transporter 1. Steap3 is comprised of an N-terminal
cytosolic oxidoreductase domain and a C-terminal heme-containing transmembrane
domain. The NADPH/flavin binding domain of Steap3 differs significantly from those in
other eukaryotic reductases. Steap3 shows remarkable, although limited homology to
FNO, an archaeal oxidoreductase. We have determined the crystal structure of the
human-Steap3 oxidoreductase domain in the absence and presence of NADPH (PDB-ID
2vns and 2vq3). The structure of the oxidoreductase domain reveals an unexpected dimer
interface and substrate binding sites that are well positioned to direct electron transfer
from the cytosol to a transmembrane heme moiety.
Sulfolobus turreted icosahedral virus (STIV) was the first icosahedral virus
characterized from an archaeal host. It infects Sulfolobus species that thrive in the acidic
hot springs (pH 2-4 and 72-92°C) of Yellowstone National Park. The capsid architecture
and the structure of its major capsid protein are very similar to those of the bacteriophage
PRD1 and eukaryotic viruses Paramecium bursaria Chlorella virus 1 and adenovirus,
suggesting a viral lineage that predates the three domains of life. The turrets found on the
capsid of STIV are prominent structures that are expected to be involved in host
recognition, DNA delivery and may be involved in DNA packaging during viral particle
assembly. STIV proteins A223, C381 and C557 constitute the vertex complex that forms
these turrets. We report here the efforts to structurally characterize A223. Fold
recognition algorithms predict A223 and C381 to have folds similar to that of P5 vertex
protein from PRD1, further supporting the possible evolutionary link. This structural
similarity has been exploited in attempts to solve the structure of A223 using Molecular
Replacement.
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INTRODUCTION
Iron in Biology
Approximately 5% of the earth’s crust is composed of iron, and it has been
suggested that iron catalyzed reactions might have played critical roles in the origin of
life [1]. One reason for the role of iron is its ability to exist in two readily interconvertible
redox states, specifically as ferrous (Fe2+) and ferric (Fe+3) ions. This has led to the
evolutionary selection of iron for an astonishing array of biological reactions that are
critical to life [2]. Today, iron containing proteins play key roles in many critical
processes, for example, respiration, the citric acid cycle, DNA synthesis and nitrogen
fixation. In addition, they are also involved in oxygen transport and storage (Table 1-1).
For these reasons, virtually all living organisms require iron to survive [3].
Iron can be incorporated into proteins in several different forms. It is found in its
inorganic form in the catalytic center of some enzymes, for example phenylalanine
hydroxylase, where the bound iron catalyses the conversion of phenylalanine to tyrosine.
Iron is also commonly incorporated into proteins in the form of iron sulfur (Fe-S)
clusters, where the iron is coordinated by two or more cysteine ligands. Some of the
common Fe-S clusters found in proteins are the [2Fe-2S] and the [4Fe-4S] clusters. One
example of a [2Fe-2S] cluster containing enzyme is biotin synthase, which is involved in
biotin metabolism. An example for a [4Fe-4S] cluster containing enzyme is Aconitase,
which catalyses the conversion of citrate to isocitrate in the citric acid cycle, a crucial part
of metabolism (Table 1-1). Another example of an iron sulfur protein is ribonucleotide
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reductase in E.coli, which contains a [4Fe-4S] cluster when in an anaerobic environment.
However, when exposed to oxygen the cluster is first oxidized to [3Fe-4S] before it is
finally converted to the more stable [2Fe-2S] form [4] . In addition to the previously
mentioned clusters, more exotic Fe-S clusters are also found in biological systems. One
such cluster is seen in nitrogenase, an atmospheric nitrogen fixing enzyme that contains
an [8Fe-7S] cluster [5].
Iron can also be incorporated into protein in its iron-protoporphyrin or heme form.
Heme containing enzymes play critical roles in life sustaining processes including
cytochromes that are crucial in the electron transport chain. Apart from enzymes, hemoproteins can also be involved in other functions like oxygen storage and transport as seen
in myoglobin and hemoglobin respectively (Table 1-1).
Table 1-1. Representative iron enzymes

Heme proteins

Non-heme proteins

Enzymes

Function

Aconitase

Converts citrate to isocitrate (TCA cycle)

Ribonucleotide reductase

catalyzes the formation of deoxyribonucleotides from
ribonucleotides (DNA synthesis)

Nitrogenase

Atmospheric nitrogen fixation

Hydrogenase

catalyses the reversible oxidation of molecular hydrogen (H2)

Biotin Synthase

Biotin metabolism

Phenylalanine hydroxylase

Converts Phe to Tyr (loss of function mutation lead to
phenylketonuria)

Cytochromes

Part of the electron transport chain (metabolism)

Hemoglobin

Oxygen transport protein in higher organisms

Myoglobin

Oxygen storage protein in muscles

Catalase

Reduces hydrogen peroxide to water

FixL

O2 sensory protein in symbiotic bacteria
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Iron in Oxidative Stress
The evolution of photosynthesis caused a drastic change in the composition of
primitive earth’s atmosphere, leading to the generation of an oxygen rich atmosphere.
The newly introduced oxygen in the atmosphere unavoidably led to production of
reactive oxygen species (ROS) in living cells. The oxygen in the atmosphere reacted with
the relatively abundant ferrous ions to produce hydrogen peroxide (Equations 1 and 2)[6].
Fe2+

+

O2

Fe3+

2O2-

+

2H+

H2O2 +

+

O2-

(Equation 1)

O2

(Equation 2)

The hydrogen peroxide thus formed can react with the remaining ferrous ions. This is
called the Fenton reaction and it leads to the production of hydroxide ions and hydroxyl
free radicals (Equation 3) [7].
Fe2+

+

H2O2

Fe3+ +

.

OH

+

OH- (Equation 3)

The hydroxyl free radical (.OH) produced are ROS that react indiscriminately with
proteins, carbohydrates, lipids and especially DNA [8].
Modern organisms have evolved many processes such as respiration that produce
ROS within the cell. During respiration oxygen is reduced to water in a series of coupled
proton and electron transfer reactions, as seen in the case of ATP synthesis. A small
percent of this oxygen is reduced incompletely to form superoxides [9]. This superoxide
is then converted to hydrogen peroxide though a disproportionation reaction catalyzed by
superoxide dismutases [9]. As described earlier (Equation 3), Fenton reaction leads to the
generation of ROS from the hydrogen peroxide. The ROS produced reacts with cellular
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components and can lead to cell death. This kind of destruction of cellular components by
ROS is collectively called oxidative stress. However, in spite of the problems cause by
ROS production, living cells have evolved to safely utilize iron for their survival.
Iron Requirement in Mammalian Systems
The average human adult contains 2-4g of iron; majority of this is present in
hemoglobin [10]. The daily production of 200 billion new erythrocytes requires 20 mg of
iron for hemoglobin synthesis, accounting for 80% of the body’s iron demand [11].
However, most of the iron required for hemoglobin synthesis is recycled from senescing
red blood cells reducing the dietary requirement of iron. Apart from hemoglobin, iron
also forms the redox center in many proteins (Table 1-1). Table 1-2 shows the
distribution of iron in adult humans.
Table 1-2. Approximate amount of iron in a 55 kg woman.
Purpose

Proteins

Amount (mg)

Hemoglobin

1700

Myoglobin

222

Heme enzymes

50

Non-heme enzymes

55

Transferrin

3

Ferritin

200

Hemosiderin

70

Functional

Iron transport

Iron storage

Source: From Bothwell, T.H. and Charlton, R.W., Iron deficiency in Women, A report of the International
Nutritional Anemia Consultative group (INACG), The Nutritional Foundation, Washington, D.C. (1981)
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Living organisms have evolved processes and proteins specifically to combat the
challenges put forth by the toxicity of iron and still utilize it for their survival. Disruption
of these processes can result in disease states.
Anemia
Iron deficiency leads to a condition called anemia, which according to the World
health organization affects ~1.62 billion people worldwide, or 24.8% of the world
population [12, 13]. Anemia is a public health problem that affects both rich and poor
countries (Appendix A). Many studies document the association of iron deficiency
anemia with poor motor and mental performance in children, low work productivity in
adults, and poor pregnancy outcome [14]. Low work productivity and loss of cognitive
ability pose significant threats to the global economy, especially in developing countries
(Table 1-3). Although primarily caused by iron deficiency, anemia can also be caused by
many other factors. Among these factors include parasitic infections, cancer, tuberculosis
and micro-nutrient deficiencies.
Micro-nutrient deficiency like vitamins A, B12, folate, riboflavin and copper can
increase risk for anemia by interrupting iron uptake [12] (Table 1-4). However anemia
seldom presents in isolation, it usually coexists with conditions like malaria, nutritional
deficiencies and haemoglobinopathies [12, 13]. Anemia is a common symptom seen in
patients suffering from parasitic infections. In the case of parasitic worms, the parasites
usually live in the intestines of the host and draws iron from host blood. However, single
celled parasites have a far more adverse effect on the iron content of the host organism.
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During malarial infection that affects red blood cells (RBCs), the loss of circulating iron
is in both the form of decreased production and increased destruction of RBCs [15].
Malaria affects 10% of the global population and severe malarial anemia is the most
common symptom of the disease [15].
Table 1-3. Estimates of the economic costs of anemia in
selected countries [14].
Country

Total (% of GDP)

Total ($ in millions)

Bangladesh
1.9
495
India2
1.27
3761
Pakistan2
0.85
499
Mali
0.92
9
S. Africa
0.89
1116
Tanzania
0.68
28
Egypt2
0.44
198
Oman
1.01
114
2
Bolivia
0.61
35
Honduras2
0.31
11
2
Nicaragua
0.65
24
All anemia data from Micronutrient Initiative web page. 2 Denotes
countries for which no anemia data are available for adult men.
Data published in 1998

Iron deficiency anemia (IDA) is the most common form of anemia. Common
causes of IDA include a low intake of iron, poor absorption of iron from diets high in
phylate or phenolic compounds or a period of life when the iron requirement is
particularly high, for example pregnant women and children [12]. Given the
multifactorial nature of this disease, correcting anemia often requires an integrated
approach. In cases where the IDA is caused by malnutrition, the disease is combated with
dietary iron supplements. But in other cases the condition has to be addressed
strategically to treat the underlying cause and not the anemia directly.
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Table 1-4 Some common types of Anemia
Type of Anemia
Iron deficiency anemia (IDA)

Causes
Blood loss, lack of iron in
the diet

Factors
Body cannot make enough red
blood cells

Pernicious Anemia

Body is unable to absorb vitamin
B12

Body cannot make enough red
blood cells

Folic acid deficiency anemia

Lack of folic acid in the diet,
body is unable to use folic acid,
or caused by an illness

Body cannot make enough red
blood cells

Hemolytic anemia

Inherited or acquired diseases that
causes the red blood cells to be
deformed. Can also be caused by
harmful substances, and some
drugs.

Body breaks down red blood cells
too fast

Anemia of Inflammation (AI)

Part of the host defense
mechanism, to starve invading
pathogens of iron

Decreased red blood cell
production. Cells are incorporated
with protoporphyrin.

Sickle cell anemia

Inherited disease that is most
common among African
Americans; red blood cells
become sickle shaped

Hemoglobin doesn't work right;
the shape of the red blood cells
causes them to clog blood vessels
and break down easily

Source: The Cleaveland Clinic Foundation.

Another commonly seen type of anemia is Anemia of inflammation (AI). Also
known as anemia of chronic disease, the condition results from acute and chronic
infections and in a variety of inflammatory diseases like rheumatologic diseases. The
decreased iron is seen as an effect of reduced iron uptake, less iron binding capacity by
the iron carrier protein transferrin, increased storage by iron storage protein ferritin, or
increased iron stores in macrophages that are not mobilized [16]. The anemic state is part
of the host defense mechanism to starve the invading organism of iron [17]. The
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molecular mechanism for this is now understood in detail and is presented in the
discussion of systemic iron homeostasis later in this chapter.
Hemochromatosis
While anemias are a significant human health concern, excessive iron is also
harmful to living cells. Collectively called hemochromatosis, the condition results from
excessive iron absorption leading to iron deposition in organs in mammals. Classical
hereditary hemochromatosis (HH) is the most prevalent monoallelic genetic disease [8].
The disease can be caused by mutations in the HFE gene and is extremely common in
northern European populations. For example, the occurrence of the disease associated
recessive HFEC282Y allele present on chromosome 6 is as high as 10% in this population
[18]. HFE is a membrane anchored cell surface protein that is involved in systemic iron
regulation. In The HFEC282Y homozygous individuals, the excessive iron absorbed
accumulates in organs leading to oxidative stress that contributes to failure of essential
organs. Hemochromatosis affects more men than women. Symptoms are often seen in
men between the ages of 30 and 50 and in post-menopausal women over 50, although
some people may develop problems by age 20. The morbidity due to HH increase
dramatically in men after the age of 45 and in women after the age of 55 [19].
However another common form of the disease, Juvenile Hemochromatosis (JH)
can manifest symptoms during infancy and severe iron overload leading to organ failure
are seen by the age of 30 [20] (Figure 1-1). The underlying genetic anomaly for JH has
mapped to chromosome 1 and is not linked to HFEC282Y mutations [21]. The disease
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affects both sexes equally. The causative gene has been subsequently identified as
Hemojuvelin (HJV also known as HFE2), a glycosyl-phosphatidylinositol-anchored
protein that is expressed highly in hepatocytes [22].

Figure 1-1. Rat liver tissue showing iron overload [23].
Perls' Prussian blue stained hepatocytes from rat livers. (A) Liver section from a rat given dextran
injections, stained with Perls' Prussian blue. No stainable iron was present. (B) Liver section from a rat
showing blue reaction product indicating the presence of nonheme ferric iron. Both rats were fed a coconut
oil supplemented diet (less susceptible to oxidative stress). Original magnification is 20X.

While HH is more prevalent, non-hereditary hemochromatosis has also been
reported. The non-hereditary form is referred to as secondary hemochromatosis. The
condition results from blood transfusions ("induced iron overload") or excessive dietary
iron intakes as seen in African iron overload [24]. Subsequent studies have shown that
polymorphisms in the ferroportin gene, a protein involved in iron export from the
intestinal and hepatic cells, might predispose African populations to iron overload [24].
Secondary hemochromatosis can also occur as a side effect of other disorders.
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Mechanism and Regulation of Mammalian Iron Uptake
Absorption of Iron
In mammals iron is predominantly absorbed from the diet. In a balanced state
about 1-2 mg of dietary iron is absorbed in humans per day [10]. The amount of iron
absorbed from diet is small compared to the iron pool that gets recycled in the body.
However the amount of iron absorbed from diet is important because there is no
physiological pathway for excretion of the excess iron [11]. Iron absorption takes place in
the proximal intestine, near the gastroduodenal junction. The finger like absorptive
villous structures found in the intestines increase the surface area and allows the
epithelium to absorb the mineral (Figure 1-2). Intestinal villi are lined with epithelial cells
also called enterocytes. Enterocytes are polarized cells with distinct apical and basolateral
cell surfaces with their own specific set of membrane proteins (Figure 1-2, 1-3). Included
in these membrane proteins are surface specific portal protein and accessory protein that
changes the oxidation state of the iron and are critical to iron uptake (Figure 1-3).
Mammalian Heme Uptake
Iron can be absorbed either in its inorganic form or as heme. Iron absorbed from
animal sources is primarily in the form of heme that is derived from hemoglobin and
myoglobin. Heme carrier protein 1 (SLC46A1) is the first identified mammalian heme
transporter protein and has been implicated in transporting heme across the apical
membrane of enterocytes [25]. However transport rates are poor and subsequent work
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shows that the SLC46A1 protein is in fact a proton-dependent folate transporter [26].
Thus, proteins responsible for the heme transport remains to be identified.

Figure 1-2. Longitudinal section through a villus [27].
The red arrow shows the apical membrane of the enterocytes that form the lining of the villus. The proteins
on the apical membrane are responsible for absorbing iron from the diet. The blue arrow shows the
basolateral membrane, that contains the proteins responsible for the export of the absorbed iron from the
enterocytes to serum for circulation

Once absorbed, heme is disassembled by the heme oxygenase enzyme to release
iron, but at what point this event happens is still not known [28]. Iron released from heme
broken down within the enterocytes can then join the non-heme iron pathway. However,
some of the heme might be transported intact through the basolateral membrane by the
action of one of the two recently characterized heme transporters: Bcrp or FLVCR [29,
30]. Although the proteins involved in mammalian heme uptake have not been identified,
recently the HasA/ HasR protein complex have been implicated in heme uptake across
the bacterial outer membrane in Gram-negative bacteria Serratia marcescens. The
HasA/HasR complex has been structurally characterized [31].
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Inorganic Iron Uptake
Inorganic iron that is in the +2 oxidation state is absorbed in the intestine by the
activity of Divalent Metal Transporter 1 (DMT1). However most of the iron present in
the diet is oxidized and is present in its +3 oxidation state. Since DMT1 cannot transport
iron (III), the process requires a ferrireductase protein to reduce the iron before it can be
absorbed. One ferrireductase thought to be involved in this process is duodenal
cytochrome b (DCYTB) [32].

Figure 1-3. Iron uptake across the intestinal epithelium [8].
Inorganic iron is absorbed by Divalent metal transporter 1 (DMT1) on the apical membrane of the
enterocytes. However before DMT1 can absorb iron, the ferric ions are reduced to ferrous ion by the action
of a ferrireductase. One candidate for the apical ferrireductase is duodenal cytochrome b (DCYTB). The
ferrous iron that enters the enterocytes traffics across the cell by an unknown mechanism and is then
exported across the basolateral membrane. Ferrous ions are exported by the action of Ferroportin (Fpn) and
are subsequently re-oxidized by hephaestin or ceruloplasmin and loaded onto Transferrin (Tf).
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DMT1 mutant (G185R) mice and Belgrade (b) rats show significant decrease in
intestinal iron absorption and assimilation of iron in erythroid precursor cells reinforcing
the pivotal role of DMT1 in intestinal iron uptake [33, 34]. However, DCYTB (Cybrd1 /-) mice mutants do not develop iron deficiency when maintained on the normal lab diet,
suggesting that there might alternate pathways for iron uptake that do not depend on
DCYTB. Interestingly, loss-of-function DMT1 mutants in humans develop hepatic iron
overload suggesting a different mode of action in case of the human variant of the
protein. Alternatively, the iron overload may be cause by increased absorption of iron in
the form of heme [35].
The iron (II) that enters and transverses the cell is then exported into the
extracellular fluid by the only known iron exporter, Ferroportin (Fpn). Fpn has also been
found to be critical for materno-embryonic iron transfer and the export of iron from
macrophages. In mammalian systems iron is stored and transported in the form of iron
(III). As the iron (II) leaves the cell it is re-oxidized back to iron (III) by membrane
associated hephaestin or by ceruloplasmin circulating in the plasma. The carrier protein
apo-transferrin (Tf), present in the plasma, then binds the iron (III) to keep it soluble and
transports it through the body (Figure 1-4A). Sequestration of iron by Tf is also part of
the host innate immune system. The iron is thus unavailable to the invading organism and
is usually the limiting nutrient for the survival of the pathogen. However, some bacteria
and fungi secrete compounds like Siderophores that have higher affinity for chelating
Fe3+ ions than their host’s proteins.
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In the presence of high serum iron concentrations Fpn is removed from the cell
surface or internalized, resulting in the retention of iron inside the enterocytes. In this
case, the excess iron (II) in the enterocytes is oxidized to iron (III) in a mineralization
reaction and stored in Ferritin until it is required. The Enterocytes are relatively short
lived cells and are replaced at regular intervals. In the case of iron replete cells, the iron is
never retrieved from ferritin within the cell and when the cells die, they fall off into the
lumen of the intestine thereby discarding the stored iron [8]. This process represents a
unique and solitary system to discard iron in mammalian systems.
Transferrin Cycle
In the blood, iron is carried by transferrin (Tf) (Figure 1-4A) in its +3 oxidation
state. Tf is a monomeric bilobed 80 kDa glycoprotein that binds two Fe3+ ions in presence
of CO32- ions to form holo-transferrin (Fe2-Tf) [36] (Figure 1-4B). The iron absorbed in
the intestines enters blood as Fe2-Tf (diferric Tf) via the portal vein. After entering the
blood stream the Tf bound iron circulates throughout the body and is available to all
tissues. Although the local concentrations of holo-transferrin and apo-transferrin change
locally throughout the body, in humans at any given point, on average only 30% of the Tf
is loaded with iron. This ratio helps keep the plasma devoid of any free iron, which serves
a dual purpose. First sequestering of the iron prevents it from depositing on vital organs
and the resulting oxidative stress, second it serves an anti-microbial role, depriving
infectious microorganisms of a ready source of iron that is critical to their survival.
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The diferric transferrin delivers iron to cells via receptor mediated endocytosis by
means of the transferrin receptor (TfR) (Figure 1-4C, 1-5). TfR has very high affinity for
Fe2-Tf at neutral pH. The circulating Fe2-Tf binds TfR on the cell surface to form a TfR2Tf2, α2β2 heterotetrameric protein complex (Figure 1-4D).

C-Lobe

C-Lobe

N-Lobe

N-Lobe

Membrane proximal side

Figure 1-4. Structure of Tf, TfR and the Tf2-TfR2 complex.

(A) A crystal structure of human apo-Tf (PDB ID 2HAV)[37] without the ferric ion (B) Crystal structure of
procine Holo-Tf (PDB ID 1H76)[38] in the orientation seen in the Tf2-TfR2 complex. The pink spheres
represent the bound ferric ions. Iron binding to Tf causes the protein to undergo a conformation change as
seen in the structures (C) The crystal structure of the ectodomain of TfR [39] showing a 2-fold symmetric
dimer. TfR binds holo-Tf on the cell surface and aids in cellular iron uptake. The 2-fold axis runs vertically
in the plane of the paper. (D) The cryo-EM atomic model of the Tf2-TfR2 complex showing the relative
orientation of the Tf and TfR molecules with respect to the membrane. The TfR molecule has be rotated
90o about the Y-axis from the orientation in panel C to obtain this view.
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The TfR2-Tf2 complex is subsequently internalized by endocytosis, utilizing adapter
protein 2 (AP2) and clatherin. Proteins like DMT1 and proton pumps are also known colocalize in this clathrin coated vesicle (Figure 1-5). Once the endosome forms, the ATP
dependent proton pump, V-ATPase begins pumping H+ ions into the endosome. The VATPase activity reduces the pH of the endosome to approximately 5.5 [2, 40]. At low pH,
TfR and the bound holo-transferrin undergoes a conformational change releasing the Fe3+
ions. Notably, the pH change although necessary for the release of Fe3+ is not sufficient.
The release of Fe3+ from Tf is modulated by TfR, the release of Fe3+ from TfR bound Tf
is 5 times faster than that from free Tf [41]. The released Fe3+ is reduced by Steap3, a
recently indentified ferrireductase involved in the transferrin cycle [42]. The reduced iron
is then transported by DMT1 into the cyctoplasm of the cell for utilization or storage in
ferrtin. The apo-Tf2 and TfR2 complex is stable at low pH, thus apo-Tf remains bound to
TfR at the low pH within the endosome. The endosome and the proteins within are
subsequently recycled back to surface. At the surface at neutral pH, the stability of the
apo-Tf2-TfR2 complex is much lower. Hence on reaching the cell surface Tf disassociates
leaving TfR unoccupied for more holo-Tf to bind and start the next round of the Tf-cycle
(Figure 1-5).
TfR is expressed in most cell types in the body, suggesting that Tf mediated iron
uptake is ubiquitous. However, this pathway appears to be most important in developing
erythroid precursor cells because of their enormous need for iron. Any disruption the Tf
cycle is seen usually as microcytic, hypochromic anemia due to the lack of iron required
to support hemoglobin synthesis.
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Figure 1-5 Transferrin Cycle [8]
Diferric Transferrin (Fe2-Tf) binds Transferrin receptor (TfR) on the cell surface and is internalized to form
an endosome. The endosome is subsequently acidified, causing a conformation change in Tf thereby
releasing the iron. The iron is reduced and transported to the cytoplasm for utilization and the endosome is
recycled back to the cell surface.

Transferrin Cycle in Erythropoiesis
The erythroid cells are the largest consumer of iron in mammalian systems. Up to
two-thirds of the iron in the body is found in these cells. However, in human beings, less
that 0.1% of the body’s total iron requirement is acquired from the diet. Most of the iron
required is recycled from senescing red blood cells. Old and damaged erythrocytes are
phagocytosed by tissue macrophages in the spleen. The released heme from hemoglobin
is degraded by heme oxygenase 1 to form Fe2+ and biliverdin. The released iron can be
oxidized and stored in macrophages; however most of the iron is exported from the
macrophages and loaded on plasma Tf. The export of iron from macrophages is FPN
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dependent and its expression levels can be controlled to maintain the ratio between the
stored and released iron. Iron is also stored in the liver. Iron uptake in the liver is believed
to be primarily through the Tf cycle; however uptake through non-transferrin-bound-iron
(NTBI) also contributes significantly, especially when there is too much iron in the serum
(iron overload). In such a case of iron overload, the excess iron is deposited in the heart
and the liver [43]. The actual identity of the proteins involved in uptake of NTBI is not
known, but some of the candidates are L-type calcium channels (LVDCC)[43], the
transient receptor potential canonical protein (TRPC6)[44] and other metal transport
channels.
Iron Homeostasis
Molecular Control of Cellular Iron Homestasis
Although iron is essential to living cells, in excess it can be very harmful. There is
no known pathway for the excretion of iron, except for the loss of absorbed iron along
with aging enterocytes. However, problems arising from excess iron are not common in
pre-menopausal women because of the regular loss of blood during menstruation. Toxic
effects of iron make maintenance of intracellular iron concentration a critical process that
has evolved to involve many specialized proteins. Iron homeostasis, as it is called, allows
cells to maintain individual iron stores and at the same time co-ordinate systemic iron
uptake and export. Ferritin, an iron storage protein, is present in most cell types to
sequester and store excess iron in the cells until it is required. The iron is oxidized to the
iron (III) state and mineralized into the 24-subunit cage-like ferritin particle. Each ferritin
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polymer can accommodate up to 4500 iron atoms [11]. The stored iron must be reduced
before it can be extracted from ferritin and utilized.
Many proteins involved in iron homeostasis are regulated at the translational level
by the IRP/IRE system (Figure 1-6). Iron responsive elements (IREs) are hairpin like
structure found in the un-translated region (UTR) of mRNA coding for proteins involve
in iron homeostasis. Iron Regulatory Proteins (IRPs) are proteins that can bind IRE and
regulate protein levels either by preventing translation of the mRNA or by modulating the
half-life of the mRNA signals. IRPs have two isoforms IRP1 and IRP2. IRP1 has an Fe-S
cluster and the saturation of this cluster drives the activity of the protein [45]. When there
is excess or sufficient iron present, the 4Fe-4S cluster present in IRP1 is incomplete or
unsaturated which prevents IRP1 from binding the IRE. On the other hand, when iron is
not present in sufficient quantities, the 4Fe-4S cluster is incomplete allowing apo-IRP1 to
bind the IREs, regulating translation and mRNA stability. Thus the cluster in IRP1 is an
iron sensor and the protein by itself is a switch for iron homeostasis.
Some of the proteins that contain IREs in their mRNA are: ferritin, TfR,
ferroportin, DMT1 and eALAS. The position of the IREs on the mRNA with respect to
the coding sequence determines the effect of IRP binding. As in the case of TfR, if the
IREs are present in the 3’ UTR then the binding of IRP prevents endo-nuclease activity
[46]. IRP binding to IRE happens only if the Fe-S cluster in IRP is not saturated, which is
indicative of an iron depleted state within the cell. The bound IRP protects the mRNA
increasing its half life, allowing for multiple rounds of mRNA translation. In the case of
TfR, this means increased protein expression which in turn binds more Tf on the cell
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surface to import iron into the iron-depleted cell. Concurrently in proteins like ferritin
that have IREs on the 5’ UTR, the binding of IRP prevents ribosome binding and hence
prevents translation. Since ferritins are iron storage proteins, it is logical to down regulate
ferritin levels in an iron deplete state.
Alternatively, when there is excess iron present in the cell, the Fe-S cluster in
IRP1 is complete converting it to aconitase that is involved in the TCA cycle. The
complete/saturated Fe-S cluster also prevents IRP1 binding to IREs. In this situation, the
half life of the TfR mRNA is reduced since it is not protected by IRP1 binding, and at the
same time ferritin mRNA is not blocked and gets translated. Lower TfR level decreases
the iron entering the cell, while higher ferritin levels ensure that the excess iron is
sequestered and stored for future use.
IRP2 also bind IREs and are degraded in the presence of sufficient or excess iron.
The mechanism by which IRP2 undergoes iron-dependent degradation is not completely
understood. A major distinguishing feature between IRP1 and IRP2 is a 73 amino acid
cysteine rich domain found only in IRP2. The domain is called the degradation domain
and is implicated in targeting IRP2 for degradation in iron replete cells. Atleast three
cysteines of the five that are present in the degradation domain have be shown to
essential for IRP2 degradation [47]. The cysteines are believed to bind iron and acts the
iron sensor in IRP2. The binding of iron to the degradation domain targets the protein for
iron dependent oxidation and ubiquitination leading to proteosomal degradation [48].
Other molecules or factors that may signal the iron-replete state and facilitate degradation
of IRP2 include heme, 2-oxoglutarate–dependent oxygenases and phosphorylation status.
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It is also possible, but unlikely, that IRP2 transiently assembles an Fe-S cluster [46].The
contribution of various pathways to IRP2 degradation may depend in part on the cells
involved [46].

Figure 1-6: Iron homeostasis [11]
Many proteins that are involved in iron uptake and transport are regulated at the translational level by Iron
regulatory proteins (IRPs). The mRNA coding for these proteins contain a conserved RNA structure called
Iron responsive elements (IREs) that bind IRPs. IREs are present either upstream or downstream of the
actual coding region in the mRNA molecule. The position of the IRE with respect to the coding region
determines the effect of IRP binding. IRP1 binding to IRE is regulated by the saturation of the Fe-S cluster
present in the protein that serves as the iron sensor. In the case of IRP2, the protein is degraded in an iron
dependent manner.
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Although both these isoforms act in conjunction, there are specific cases where
IRP1 or IRP2 is exclusively involved. Mice that lack IRP2 develop anemia due to
insufficient erythroid expression of TfR, which combines with overexpression of ferritin
to deplete cells of iron that is needed for heme synthesis in spite of having wild-type
IRP1 levels [49]. Low iron levels or the action of NO promote accumulation of the active
apoprotein form of IRP1 and stabilize IRP2. In contrast, H2O2 only activates IRP1, while
hypoxia interferes with IRP2 degradation [11].
Systemic Iron Regulation
Iron homeostasis at the molecular level maintains cellular iron concentration
within a highly regulated narrow range; however it is still a localized process. Higher
organisms also have system wide controls to coordinate absorption, transport and export
of iron in various tissues. Much of this systemic iron regulation is attributed to the action
of a circulating peptide hormone called hepcidin [35]. Hepcidin controls the plasma and
tissue distribution of iron by regulating intestinal iron absorption, iron recycling by
macrophages and iron mobilization from the hepatic iron stores. Hepcidin is produced
primarily in the liver as an 84 amino acid inactive peptide. The pro-peptide is cleaved to
form a 25 amino acid active hormone. Suppression of the hepcidin gene leads to
symptoms similar to those associated with hereditary hemochromatosis [50] and its
overproduction causes anemia.
Hepcidin expression levels are altered in response to increased serum iron,
inflammation, hypoxia, iron deficiency and increased erythropoiesis. High levels of
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hepcidin interrupt cellular iron transport in the intestinal epithelial cells and in tissue
macrophages. Ferroportin is the protein responsible for iron export in these cell types.
Hepcidin binds ferroportin on the cell surface leading to its internalization and proteolytic
degradation (Figure 1-7A) [51]. The circulating levels of hepcidin are controlled at a
transcriptional level. The factors affecting the transcription of hepcidin are numerous
(Figure 1-7B). Transcription of the HAMP gene, which encodes hepcidin, is regulated
through receptors for bone morphogenetic proteins (BMPs) [13]. The activation of cellsurface BMP receptors (BMPRs) by BMPs leads to the generation of phosphorylated
SMADs that act downstream of BMPRs as a HAMP activator (Figure 1-7B)[10].
Alternately, GPI anchored membrane-bound haemojuvelin (HJV) functions as a
co-receptor for BMPs, increasing the efficiency of the interaction of BMP with its
receptor. HJV can be cleaved from the membrane to exist in the soluble form.
Experiments have shown that in the presence of sufficient iron, more HJV is anchored to
membrane, reducing the soluble form of the protein [52]. In this situation the BMPR
signaling is enhanced, activating hepcidin production and thereby reducing iron export
from macrophage and iron absorption in the intestines. Whereas, soluble HJV can bind to
BMP and thereby block the activation of BMPRs. Thus the ratio of anchored-HJV to
soluble HJV levels might serve as the iron sensor for hepcidin regulation [10]. This role
is further supported by the implication of the protein in juvenile hemochromatosis and
provides an explanation at the molecular level for this severe iron overload phenotype.
Transferrin receptor-2 (TfR2) and HFE function upstream of SMAD4 in
activating the HAMP gene promoter, perhaps through an independent signal or by
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affecting signal transduction by the BMPR [13]. Conditions like hypoxia can trigger
transcription factors in the hepatocytes that block the transcription of HAMP gene and
increase iron export (Figure 1-7A) [53]. The iron is required for the elevated production
of hemoglobin that can bind and circulate more oxygen to combat the hypoxic state.
Hypoxia-inducible factor (HIF) is a master transcriptional regulator of genes that promote
adaptation to hypoxia [54]. Although the human hepcidin promoter contains several
consensus binding sites for HIF, these are not conserved in other mammals, and their
role, if any, has not yet been experimentally tested [10].
Another pathaway for hepcidin activation involves cytokines such as interleukin-6
(IL6) that bind to IL6 receptors. IL-6 is a pleiotropic cytokine that has important roles in
the regulation of the immune response, inflammation, and hematopoiesis [55]. The action
of IL-6 is responsible for anemia of inflammation (also called anemia of acute infection)
described earlier. In the hepatocytes IL-6 activates signal transducer and activator of
transcription-3 (STAT3), which then binds to the HAMP gene promoter and induces
hepcidin expression (Figure 1-7B). When activated in response to an infection, the
increased hepcidin production decreases iron circulation in the host, thereby reducing the
iron pool available for the invading organism for its survival. Often times iron is the
limiting nutrient for the survival of pathogens that infect mammalian hosts. The
presentation of anemia of inflammation is often times similar to IDA. Diagnostics
developed to assay for hepcidin levels can be useful to differential between these two
common forms of the disease.
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Figure 1-7 Systemic iron control by hepcidin [56]
A) Hepcidin, secreted by liver cells, regulates the transport of iron out of cells. It does this by binding to
the iron exporter ferroportin expressed on the surface of gut enterocytes. This interaction results in the
internalization of ferroportin and its destruction, leading to a decrease in iron transport out of
macrophages and intestinal mucosal cells into the blood and a lowering of plasma iron levels [56].
B) Transcription of the HAMP gene, which encodes hepcidin, depends on signaling through receptors for
bone morphogenetic proteins (BMPs) and downstream SMAD transcription factors. Membrane-bound
haemojuvelin (HJV) functions as a co-receptor for BMPs. Alternatively, Interleukin-6 (IL6) binds to
IL6 receptors, activating STAT3, which then binds to the HAMP gene promoter and induces hepcidin
expression. Transferrin receptor-2 (TfR2) and HFE also function upstream of SMAD4 in activating the
HAMP gene promoter [13].

Steap3, the Major Ferrireductase in the Tf Cycle
Erythropoiesis is a process uniquely dependent on the Tf cycle for the iron
required. The intake of iron through the Tf-cycle requires the action of a ferrireductase.
The iron carried by the Tf molecule is in the +3 oxidation state. However, DMT1 which
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transports the imported iron from the lumen of the endosome to the cytoplasm can
transport only divalent (+2 oxidation state) metal ions. Also ferric ions are not soluble in
water and have to be reduced to the ferrous ion to stay soluble. These restrictions
implicate the role of a ferrireductase to reduce ferric ions released from Tf to ferrous ions
that stay soluble and can also be transported by DMT1. Such a ferrireductase has been
proposed to be involved in the Tf cycle, its activity has been biochemically characterized
[57] and the protein has even been partially purified but the was not identified [42].
Only recently has the identity of this ferrireductase been revealed by the work of
Robert Ohgami and Mark Fleming [42, 58]. Ohgami et. al. studied nm1054 mutant mice
(the 1054th new mutation characterized at the Jackson laboratory) which exhibit
microcytic, hypochromic anemia. Analysis of the red blood cells in the affected mice
showed evidence against thalassemia, unstable hemoglobin, redox defect or sideroblast
anemia. The inherited anemia is autosomal recessive, which implies that the anemia
causing gene is not sex-chromosome linked and has to be homozygous recessive for the
mice phenotype to be anemic. The anemic mutant (nm/nm) can be identified easily based
on the color and pallor on birth of the mice [58]. Figure 1-8A, shows a litter of two
nm1054 mutant and two other hetrologous pups. Figure 1-8B shows a severely runted
nm/nm animal in the foreground and a wild-type (?/+) littermate in the background.
Genetic analysis of the nm1054 mutant mice colony showed a deletion in
chromosome 1 [58]. The deleted region did not contain any identified gene locus that had
been previously associated with any of the known mutations that disrupt the Tf cycle.
The mutation was mapped to a 41.6 megabase region on chromosome 1. While the
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mapping excludes target genes like TfR, DMT1 or heme biosynthesis genes including
eALAS, chromosome 1 does code for FPN and natural resistance membrane protein 1
(Nramp1). Although disruption of the genes coding for these proteins can cause
hypochromic, microcytic anemia, recombination data excluded the involvement of these
proteins. A positional cloning approach narrowed down the causative mutation to a 0.5
cM interval. Serial analysis of genomic PCR amplicons across the region mapped the
deletion to a ~400 kb deleted region that contained all or part of six genes.

Figure 1-8. The nm1054 phenotype [58].
(A) Two nm/nm (left) and two ?/+ (right) pups on postnatal day of life 4 (P4). The mutants are easily
recognizable by their runting and pallor. (B) A nm/nm animal in the foreground and a wild-type (?/+)
littermate in the background. Runting, abnormal fur, and hydrocephalus are evident in the mutant. (C-D)
Peripheral blood smears from adult ?+_ and nm/nm animals, respectively. Hypochromia, microcytosis,
anisocytosis, polychromasia, and target cells are prominent features in the mutant smear.

In order to identify the underlying cause of the anemia, overlapping BAC clones
of the six genes were used to try and rescue the phenotype in mutant mice [42]. Two
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transgenic lines generated from the BAC clone that contained two genes corrected the
anemia. The first gene located in the BAC clone was six-transmembrane epithelial
antigen of the prostrate 3 (Steap3, also known as pHyde, TSAP6 and Dudulin2) [42]. The
second gene is complement component 1, q subcomponent 2-like (C1ql2). Two partial
BAC clones containing C1ql2 alone failed to compliment the anemia, suggesting that
Steap3 was the underlying cause for the anemia in these mutant mice.
Steap3 in the Transferrin Cycle
Steap3 was found to be highly expressed in fetal liver at the site for
hematopoiesis, and in adult bone marrow, placenta, liver, skeletal muscle and the
pancreas. This pattern of distribution supports the possible role of Steap3 in iron
metabolism. Epitope tagged Steap3, when transfected into cells from these tissues, was
found to co-localize with Tf, TfR1 and DMT1 in the endosomes (Figure 1-9) [42]. The
unique dependence of the reticulocytes on Tf cycle for its iron requirement and the partial
co-localization Steap3 with other key proteins involve in the Tf cycle suggests that the
Steap3 might be involve in iron transport by the Tf cycle.
To further confirm that Steap3 is the cause for anemia in nm1054 mutants, wildtype Steap3 gene was retrovirally transfected into the nm1054 mice mutants. The
transfected protein was able to rescue the mutant phenotype and cure anemia as seen
from increased cell volume and hemoglobin content of the reticulocytes.
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Figure 1-9 Steap3 subcellular localization [42]
(a–i) Colocalization of epitope tagged Steap3 with endogenous Tf and Tfr1 and epitope-tagged DMT1.
(a) Steap3. (b) Tf. (c) Tf and Steap3 merged. (d) Steap3. (e) Tfr1. (f) Tfr1and Steap3 merged. (g) Steap3.
(h) Dmt1. (i) Dmt1 and Steap3 merged. The merged immunofluorescence suggests that Steap3 co-localizes
in membranes with DMT1, Tf and TfR1

Steap3, the Major Ferrireducatase in the Transferrin Cycle
After the identification of Steap3 as the underlying cause for the anemia in
nm1054 muntant mice, Ohgami et. al. went on to determine the specific role of Steap3 in
the Tf cycle. Steap3-/- (Steap3 deletion mutant) reticulocytes were incubated with holo-Tf
for the TfR of the cell surface to bind and import the holo-Tf into the cells. Following this
the cells were washed and reincubated with apo-Tf to bind the unbound iron in the
extracellular fluid (ECF). Compared to the wild type cells, a substantial amount of iron
taken up initially by the mutants was released back into the supernatant to be sequestered
by the apo-Tf [42]. The release of iron suggests that the mutants function normally to
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bind holo-Tf and import it by receptor mediated endocytosis, however subsequently
failed to reduce the released Fe3+ to Fe2+. This Fe3+ that remains in the vesicle since
DMT1 cannot transport trivalent ions into the cytoplasm. Once the endosome is recycled
back to the surface the released but stranded Fe3+ is lost to the ECF where it is taken up
by the added apo-TF. The iron released by the reticulocytes in this experiment suggests
that Steap3 is in fact the ferrireductase that has been believed to be a part of the Tf cycle.
Accordingly, Steap3-/- mutants transfected with Steap3 gene showed increased surface
ferrireductase activity [42].
Sequence based BLAST [59] searches using Steap3, do not return any significant
hits with mammalian protein, except for the other members of the steap family of
proteins. Steap family consists of Steap1-4 proteins. Sequence analysis of Steap3
predicted that the N-terminus contains an archaeal like oxido-reductase domain and the
C-terminus contains a transmembrane region with six transmembrane helices (Figure 110A). The predicted archaeal like oxidoreductase domain further supports the possibility
that Steap3 represents the long sought ferrireductase involved in the Tf cycle. However,
the N-terminal oxido-reductase domain is an unique NAD(P)H binding structure (PFAM
03807.8) [60], that shows greatest though limited sequence similarity only to
F420H2:NADP oxidoreductase (FNO) from Archaeoglobus fulgidus [61]. Importantly, the
Steap oxidoreductase domain it not found in yeast, nematodes or fruit flies. The Cterminal region of Steap proteins with the characteristic transmembrane helices is related
to yeast FRE which is essential for iron and copper uptake in yeast [62]. In particular the
two of the four histidine residues believed to coordinate heme in yeast FRE is conserved
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across the Steap family. Yeast FRE also contains an NAD(P)H binding domain, however
this domain lies on the C-terminus of the transmembrane region unlike the Steap proteins
(Figure 1-10A).
A

B

Figure 1-10: Sequence based topology prediction for Steap family of proteins [42].
A) Blue ovals depict the unique flavin-NAD(P)H binding domain with the heme groups in red and the
green in FRE1represents the FAD:NAD(P)H domain. Steap1/Steap is the only member of the STEAP
family that doesn’t have an oxidoreductase domain. B) Schematic model of Steap3-mediated reduction of
iron showing putative Steap3 membrane topology, the FNO motif and heme coordination sites located in
transmembrane domain.

The oxidoreductase domain of Steap3 is predicted to be on the cytoplasmic side
of the endosomal membrane, allowing it to utilize the cytoplasmic pool of NAD(P)H
molecules to sequentially transfer electrons. Comparison of the predicted structure of
Steap3 and yeast-FRE suggests the presence of a heme group in the transmembrane
region of Steap3. The heme is necessary for the transfer of electrons from the
oxidoreductase domain on the outer membrane of the endosome to the ferrous ions
waiting to be reduced on the other side of the membrane during the Tf cycle (Figure 110B). Cell based assays using transfected Steap3 showed increased ferrireductase
activity, which was compromised when the residues implicated in NAD(P)H binding
were mutated (S58I and R59L) [42]. Similar loss of function was seen when the two
histidines presumed to bind the heme within the transmembrane region were mutated
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(H316L and H409L) [42]. In both cases the protein expression levels and the localization
of the protein remained the same, suggesting that defect was in fact was due to the loss of
reductase activity.
However, in the case of yeast FRE the transmembrane region contains two heme
groups that transfer the electrons across the membrane [63]. Since Steap3 sequence
contains only two of the four histidines implicated in heme binding, the transfer of
electrons by Steap3 is completed with just one transmembrane heme group unlike yeast
FRE, which is expected to have a heme group on each end of the transmembrane helical
domain. The electron transfer has to occur from the NAD(P)H to a bound flavin molecule
and then through the single transmembrane heme, in order to cross the membrane to other
side where it reduces ferric ions to ferrous ions (Figure 1-10B).
Sequence based structural predictions and similarity of the Steap3 oxidoreductase
domain with FNO predicts that the protein activity is mediated by a flavin molecule.
FNO utilizes F420, a unique 5’ deazaflavin derivative that is a common coenzyme in
methanogens and is not found in mammals. In the case of Steap3, the flavin involved is
probably FAD, FMN or riboflavin since they are more commonly found in mammalian
systems (Figure 1-11).
Steap Family of Proteins
Steap family consists of four different proteins named Steap 1-4. All of the four
proteins have a C-terminal region consisting of six transmembrane helices and in
addition, the N-terminal domain of Steap 2-4 contains the NAD(P)H dependent
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oxidoreductase domain. As mentioned earlier, based on sequence alignment with yeastFRE, the transmembrane region is predicted to coordinate a heme moiety (Figure 1-10A).
Like yeast-FRE, members of the Steap family: Steap3, Steap2 and Steap4 may also
function as metalloreductases [64]. Indeed Ohgami et. al. have reported increase in
surface ferrireductase activity in cells transfected with Steap2 and Steap4 [64].

Figure 1-11. Structures of Flavins
(A) FMN. (B) Riboflavin. (C) FAD. (D) F420.
Sequence similarity between FNO and Steap3 suggest the flavin binding to Steap3, however the F420 (D) is
not found in mammalian systems. FMN, FAD or riboflavin (A-C) are more likely to bind Steap3, since F420
in not usually found in mammalian systems.

Steap1 is the only member of the steap family that does not have an
oxidoreductase domain; however it has the 6-transmembrane helical region with the
intra-membrane heme found in the other steap proteins. The function of Steap1 is not
very clearly understood. However, it has been shown to co-localize with Tf and TfR.
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Since Steap1 does not contain the oxidoreductase domain, the protein by itself is not
expected to be an iron or copper reductase [64]. This is supported by experiments
showing that Steap1 does not promote iron or copper reduction or uptake. Nonetheless,
Steap1 is expected to play some kind of role in metal homeostasis [64]. One possible role
is the modulation of the activity of other steap family members by forming heterodimers.
In addition, Steap1 is expressed in many human cancer cell lines [65, 66] and, with
Steap2, is found at particularly high levels in prostate cancer [66]. This makes Steap1 an
appealing target for cancer immunotherapy [65-67].
The other three members of the family, i.e. Steap 2-4 have now been functionally
characterized and formally identified as metalloreductases in HEK-293T cells. Cells that
were transfected with Steap 2-4 protein showed increase in ferrireductase activity using
ferrozine chelation to detect reduced iron [64]. These cell based assays showed that
Steap2-4 proteins also act as cupric reductases that reduce Cu2+ to Cu+. Like iron,
reduction of Cu2+ to Cu+ is necessary for copper uptake.
Other than the prostrate, steap2 is found to be expressed in substantial quantity in
the fetal liver, stomach, duodenum, and in the choroid plexus of mice. The choroid
plexus, enterocytes of the proximal duodenum and stomach are centers for iron and
copper absorption. Thus, Steap2 is a candidate for the ferrireductase required for iron and
copper uptake in DcytB knockout mutant mice. Steap4 was found to be expressed at high
levels in the bone marrow and fetal liver. The protein was found in elevated levels
particularly in adipocytes and the placenta. Similar to Steap2, Steap4 also has an
expression profile that suggests a possible role as a metalloreductase involved in iron or
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copper uptake. The role of Steap4 is especially important in placental cells, where the
high expression levels suggest that it might be responsible for iron uptake critical for fetal
development [64]. Steap4-/- kockout mice develop spontaneous metabolic disease on a
regular diet, manifesting insulin resistance, glucose intolerance, mild hyperglycemia,
dyslipidemia, and fatty liver disease increasing the risk of developing heart disease,
stroke and diabetes [68, 69]. Steap2-4 are highly expressed in erythroid cells and can
function as the cupric reductase required for copper uptake in these cells [64].
nm1054 mutants are born at expected mendelian frequencies and survive to
adulthood, suggesting that alternative pathways for iron uptake that do not require Steap3
may exist in developing erythrocytes. Along with Steap2, Steap4 might be responsible for
a less efficient backup iron uptake pathway in these cells even in adults. However, after
birth the mice have only one third of the normal amount of the hemoglobin irrespective
of their age [58].
In conclusion, Steap3 was established as the underlying cause for the anemia
evident in the reticulocytes seen in nm1054 mutants. Subsequent experiments identified
Steap3 as the major ferrireductase involved in the Tf cycle. Because Steap3 is found in
abundance in other tissues that express high levels of Tfr1, including placenta, the
absence of pathologic phenotypes of iron metabolism attributable to these tissues
suggests that there is functional overlap in the ferrireduction system [42]. As the other
Steap family members, Steap2 and Steap4, are highly homologous to Steap3 and contain
oxidoreductase domains, the requirement for an iron reductase in other tissues could
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potentially be met by these proteins. Steap2-4 may also play a role in copper transport
and homeostasis.
Although the sequence analysis and comparison of yeast-FRE and FNO to Steap
oxidoreductase domain provides an insight into the role of Steap3 in the Tf cycle,
structural characterization of the protein can shed more light on the mechanism and
possible regulation of the protein and its ferrireductase activity. The unique nature of the
oxidoreductase domain makes Steap proteins an excellent target for process specific
pharmacological intervention. Better understanding of the oxidoreductase domain
structure can be used to design inhibitors against steap proteins that can be used to
specifically target iron uptake in mammalian systems.
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MATERIAL AND METHODS
Purification and Crystallization of
Mouse Steap3 Oxidoreductase Domain
As described in Chapter 1, primary sequence analysis of the protein indicates
residues 214-488 form six transmembrane helices on the C terminus of the protein. In
order to generate a water soluble construct of the protein, the first 215 amino acids of
mouse Steap3 (mo-Steap3) representing the N-terminal oxidoreductase domain were
cloned with a GST fusion tag by our collaborators Robert Ohgami and Mark Fleming
from Children’s Hospital and Harvard Medical School, Boston, MA. They expressed the
fusion protein in bacteria and purified it using an immobilized Glutathione column. The
protein was eluted by on-column cleavage of the GST tag using Thrombin. The protein
eluted by thrombin cleavage was pure and was enzymatically active as shown by its
ability to reduce NBT in the presence of NADPH and FAD. The protein was initially
received at this stage in thrombin cleavage buffer (50 mM Tris pH 8.0, 150 mM NaCl,
2.5 mM CaCl2, 5 mM MgCl2, and 0.5 mM DTT) so that we could pursue crystallization
trials.
Crystallization Trials
The protein was further purified using a Superdex 75 (S75) gel filtration column
with 10mM Tris pH 8.0, 150 mM NaCl, 2.5 mM CaCl2, 5 mM MgCl2, and 0.5 mM DTT
as running buffer; the column also removes any aggregated protein. Once in the new
buffer the protein was concentrated to 8 mg/ml by centrifugation using Amicon spin
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concentrators (Amicon ultra centrifugal unit; Millipore) with 10 kDa molecular weight
cutoff. Notably, the protein tends to precipitate out of solution over long periods of time
even at cold temperatures. However, the concentrated protein was put through a high
throughput crystallization trial using a crystallization robot (Honeybee 961, Genomic
Solutions, MA, USA). Over 500 conditions were tested using pre-formulated screens
purchased from Hampton research and Emerald biosciences.
Observing the various crystallization conditions over time, most wells showed
precipitation of the protein except for a few wells that was either clear with no precipitate
or contained many small crystals. Some of the conditions where crystals were observed in
the screening process were:
1) Hampton Crystal Screen 1 condition 7: 1.4 M NaAc.3H20, 0.1 M Sodium
Cacodylate pH 6 (Figure 3-1A) and
2) Emerald Cryo Screen 1 condition 21: 0.05 M Ca(OAc)2, 0.1 M Acetate pH
4.5, 40% v/v 1,2-Propanediol (Figure 3-1B).
However, any attempts to reproduce these conditions failed and the crystals in the screens
were too small to be used for data collection.
Further analysis of the crystallization conditions that produced clear wells showed
that the common component of these conditions was glycerol. Since glycerol seems to
stabilize high concentration solutions of mouse Steap3, 10% glycerol was added to the
S75 column buffer. The Mg2+ present in the buffer was found to be the cause for some
false positives as certain magnesium salts are less soluble in water and as in this case
form crystals. After the removal of the magnesium, the new protein crystallization buffer
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used was 10 mM TRIS pH 8.0, 150 mM NaCl, 0.5 mM DTT and 10% v/v Glycerol. The
protein was buffer exchanged into new buffer using a gel filtration column, eluted and
concentrated to 10mg/ml using an Amicon spin concentrator. The concentrate was once
again setup into drops using the crystallization robot. At the one week time point,
numerous small needle like crystals formed in 0.1M Tris-HCl pH 8.5 and 1 M
Ammonuim Sulfate. This time, the crystals were reproducable in hanging drop vapour
diffusion (Figure 3-1C) with 2 µL of the protein mixed with 2 µL of the well solution. To
improve the quality of the crystals, additives were screened using 2 µL of the protein
mixed with 0.4 µL of the additive and 2 µL of the well solution. This identified CsCl2 as
a possible additive (Figure 3-1D). However, the crystals did not diffract when exposed to
home source X-rays.
CA

Designing and Cloning of Human Steap3 Oxidoreductase Domain
Since the crystals of mouse Steap3 did not diffract when exposed to X-rays,

human Steap3 was cloned, expressed and crystallized. The human STEAP3 (hu-Steap3)
gene (Clone/IMAGE ID: 4586693 NCBI accession: BC042150) was obtained from the
NIH Mammalian Gene Collection (MGC) [70] though Openbiosystems, IL, USA.
Construct Design
The primary protein sequence was used for transmembrane region predictions
using the HMMTOP [71] and TMHMM servers (Figure 2-1)[72]. The protein sequence
was also analyzed for the presence of disordered regions using PONDR (Predictor of
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Naturally Disordered Regions) [73, 74]. The results from the sequence analysis and the
sequence alignment with FNO domain from archaea (NCBI accession: NP_069725)
suggested three different start and end positions each in the Steap3 sequence. These
positions were used to design truncated oxidoreductase domain construct for cloning and
expression. Nine different clones of varying lengths and C-terminal or N-terminal 6X-His
tag were made in order to find the most soluble and well behaved truncated protein
suitable for crystallization (Table 1).
1
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Figure 2-1. TMHMM result for Steap3.
Primary sequence analysis using the TMHMM server [72] predicts six transmembrane helices for full
length Steap3 protein. The X-axis corresponds to the residue number in the full length human Steap3
protein and Y-axis shows the probability that the corresponding residue is a part of a transmembrane
region. Residues 1-213 correspond to the oxidoreductase domain and 214-488 correspond to C-terminal
transmembrane region along with the short cytosolic tail.

Cloning
Once the constructs were designed, primers were devised accordingly. Primers
were used to add a 6X-His tag, Kozak/Shine-Dalgarno sequence and partial attB sites on
the truncated protein (Figure 2-2). The 6X-His tag allows for downstream purification of
the protein using an immobilized metal affinity column (IMAC, Qiagen Inc., CA, USA).
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The attB sites allow for site specific recombination during the cloning process using
Gateway Technology (Invitrogen Inc., CA, USA). The primers were obtained from
Integrated DNA Technologies Inc., IA, USA. The Steap3 truncated fusion protein
constructs were generated using nested PCR with KOD hi-fi polymerase from Novagen,
WI, USA. The gene was first amplified from the MGC clone using the internal primers
described in Table 1.
The PCR cycle had the following steps:
(i)

Initial denaturation at 95o C for 2 min

(ii)

Denaturation at 95 oC for 30 sec

(iii)

Primer annealing at 55 oC for 20 sec

(iv)

Extension by KOD polymerase at 72 oC for 30 sec

(v)

Final extension at 72 oC for 5 min

Steps (ii) – (iv) were cycled for 10 times. The crude product from this PCR was used as
template for the second round in nested PCR. The outside non gene-specific universal
primers used for the second round contained a 6X-His tag, Kozak/Shine-Dalgarno
sequence and the complete attB sites (Figure 2-3). Primers UP1-3 and UP1-4 were used
for clones 1and 3-7, whereas PK1-3 and PK1-4 were used for clone 3. The PCR was the
same as describes above with 35 cycles.

42

43

attB1

K/SD

Star
t

6X‐His tag

Truncated Steap3

Stop

attB2

Figure 2-2: Schematic showing the desired PCR product for Steap3
The upstream and downstream elements to Steap3 in the PCR product have been introduced to facilitate
cloning, expression and purification of the truncated protein. The Steap3 coding sequence varies in length
in the nine different constructs along with the position of the His tag according to the clone (Table 2-1).
K/SD represents the Kozak and Shine-Dalgarno sequence.

Gateway Cloning: The PCR products from the previous step were gel purified to
remove incomplete products and PCR components using QIAquick gel extraction kit
(Qiagen Inc., CA, USA). Once purified the gel pure PCR products were used to construct
entry clones using BP clonase II enzyme mix (Invitrogen). The BP clonase II enzyme
mix utilizes site specific recombination to insert the linear PCR product into a circular
plasmid (Figure 2-4A). The pDONR201 plasmid (Invitrogen) contains attP sites that
recombine with attB sites in the PCR product in the presence of the BP clonase II
enzyme. The resulting plasmid, called the entry clone, contains the gene of interest and
can be isolated based on its Kanamycin resistance. The crude BP reaction was used to
transform chemically competent DH5α E.coli cells and plated on Kanamycin containing
LB-agar plates. pDONR201 plasmid contains the ccdB gene, whose gene product is
lethal to E.coli cells, hence any remainder non-recombined plasmid is eliminated.
Isolated colonies with the recombined entry clones were grown up for plasmid extraction
using QIAprep spin miniprep kit (Qiagen Inc., CA, USA). The entry clones were
subsequently sequenced using primers upstream of attb1 and downstream of attb2 sites to
ensure that there were no PCR induced mutations and to confirm the clones.
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UP1-3: attB1Kozak/Shine-DalgarnoStart6X His tag
5' GGGG ACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATGCATCACCATCACCATCAC

UP1-4: attB2STOP
5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCCTA

PK1-3: attB1Kozak/Shine-DalgarnoStart
5' GGGG ACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

PK1-4: attB2STOP6X His tag
5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGTGATGGTGATGGTGATG

Figure 2-3: Schematic and sequence of the universal primers
The universal primers bind to partial attB sequence and extend the product of the first PCR segment to
make the desired PCR product.

The entry clone was propagated in E.coli to make more of the plasmid.
Subsequently, the entry clone can be moved into variety of destination vectors in order to
express different fusion proteins and also for using different expression systems. The
destination vector used was pDEST14 (Invitrogen) which contains attR sites that undergo
site specific recombination with the attL sites present in the entry clone with our gene of
interest in the presence of LR clonase II enzyme mix (Invitrogen, Figure 2-4B). The
product of the LR reaction is thus an expression clone that contains the truncated Steap3
protein with the 6X-His tag. The blank pDEST14 plasmid also contains the ccdB gene
and this along with its ampicilin resistance allows for isolation and expansion of only the
recombined plasmid. The att sites are unidirectional and unique, allowing for the
insertion of the gene of interest in the correct orientation and frame once the PCR product
is generated.
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A.

B

Figure 2-4: Gateway technology (Invitrogen)
A. BP Reaction: Facilitates recombination of an attB substrate (attB-PCR product or a linearized attB
expression clone) with an attP substrate (donor vector) to create an attL-containing entry clone.
This reaction is catalyzed by BP Clonase II enzyme mix.
B. LR Reaction: Facilitates recombination of an attL substrate (entry clone) with an attR substrate
(destination vector) to create an attB-containing expression clone. This reaction is catalyzed by LR
Clonase II enzyme.

Expression and Purification of hu-Steap3
Expression of hu-Steap3
The hu-Steap3 expression clones (Table 1) were transformed into BL21CodonPlus (DE3)–RIL E.coli (Stratagene) and plated on LB-agar plates containing
ampicilin to maintain the expression clone and chloramphenicol to maintain the RIL
plasmid. After overnight incubation a single colony was picked from these plates and
used to inoculate 5 ml of Luria-Bertani (LB) liquid medium. The starter culture was
grown for 5 hrs and 1 ml of this was transferred to 100 ml for an overnight starter culture.
The following morning 10 ml of this culture was used to inoculate 1 L each of the LB
media in 2.8 L baffled shaker flasks. The LB media for all the starter cultures and the
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final 1 L culture contained both ampicillin (100 µg/ml) and chloramphenicol (34 µg/ml).
The cultures were shaken at 250 RPM. The optical density (OD) of the culture was
measured at 600 nm and monitored until it reached 0.6-0.8. Once it reached an OD of 0.7,
the culture was induced for protein production by the addition of isopropyl-beta-Dthiogalactopyranoside (IPTG) to a final concentration of 0.5 mM. Antifoaming agent was
added at this point prevent foaming of the cultures. The cultures were allowed to express
the protein for 4-6 hrs and harvested. The cells were pelleted at 4,000 X g for 20 min and
stored at -20 oC until required.
Purification
In order to extract the protein from the E.coli cells, the cells are lysed using a
French press (Power Laboratory press, American Instrument Co.,Inc., Silver Springs,
MD). In order to lyse the cells, the frozen cells pellets were thawed and resuspended in
cold Lysis buffer (10 mM TRIS pH 8.0, 150 mM NaCl and 0.5 mM β-Mercaptoethanol).
Usually 5-6 mL of lysis buffer is added per gm of wet cell pellet. In order prevent
proteolysis of the protein of interest during the lysis and purification process, 0.1 mM
final concentration of Phenylmethylsuphonyl-fluoride is added to the resuspended cells.
The cells are mixed well to make a homogenized mixture and passed through a French
press three times to ensure lysis. The lysate was clarified by centrifugation at 25,000 X g
for 20 min. The pellet containing the cell debris and insoluble cellular components was
saved for analytical purposes and clear supernatant was harvested for purification.
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The clarified lysate was applied to a HIS-Select Nickel Affinity Gel (Qiagen Inc.)
for purification using the 6X-His tag on the protein. The binding capacity of the resin is
~5 mg of protein/ mL of resin. Once the protein binds to the column, the column was
washed with 10 volumes of the wash buffer (10 mM TRIS pH 8.0, 150 mM NaCl, 10
mM Imidazole, 10% v/v glycerol and 0.5 mM β-Mercaptoethanol). After all the nonspecifically bound E.coli components have been washed away, the tagged Steap3 protein
was eluted with 6 column volumes of the elution buffer (10 mM TRIS pH 8.0, 150 mM
NaCl, 200 mM Imidazole, 10% v/v glycerol and 0.5 mM β-Mercaptoethanol).
Subsequent experience with handling the protein showed that the eluted protein could be
stored at -20 oC until needed.
Crystallization and Structure Determination of hu-Steap3
Crystallization of Steap3
Following the cloning, expression and purification of hu-Steap3, the protein was
screened for crystallization conditions using the semi-automated crystallization robot.
The HIS-select column eluate was further purified using a Superdex 75 gel filtration
column with 10 mM TRIS pH 8.0, 150 mM NaCl, 10% v/v glycerol and 0.5 mM βmercaptoethanol as the running buffer. The protein eluted from the S75 column was
concentrated using an Amicon spin concentrator with a 10 kDa molecular weight cutoff.
The protein was concentrated to 10 mg/ml and set up into sitting drop with 500 different
conditions using the crystallization robot. The sitting drop had a final volume of 800 nL
with 400 nL of the protein and 400 nL of the well solution. Subsequently, the protein was
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mixed with either NADPH (1 mM final concentration) or flavin adenine dinucleotide
(FAD, 5 mM) or both to screen for crystalization conditions.
Construct 1 (1-215 Steap3 with an N-terminal 6X His tag) protein gave single,
diffraction quality crystals in 10 mM FeCl3, 60-100 mM Na3.Citrate pH 5.6, 4% v/v
Jeffamine M600 (Hampton research) and 15% v/v Glycerol. The crystals were
reproduced in hanging drop vapor diffusion using 2 µL of the protein solution and 2 µL
of the above mentioned well solution and optimized for bigger and better crystals (figure
3-3A). Single crystals up to 300 µM X 50 µM X 20 µM were grown. Crystals were also
grown in the presence 1 mM NADPH (figure 3-3B), 5 mM FAD or both NADPH
(reduced Nicotinamide adenine dinucleotide phosphate) and FAD. The protein
concentrations for crystallization trial were measured by Bradford assay [75] using
Protein Assay Reagent (Bio-Rad laboratories) and bovine serum albumin (BSA) for
standards. The protein purity was checked at each step using SDS-page (15%) gels
stained using coomassie blue. Subsequent co-crystallization trials using 5 mM flavin
mononucleotide (FMN), saturated solution of Riboflavin (vitamin B2) and 1 mM NADP
(oxidized) did not produce single usable size crystals.
Structure Determination of Apo-Steap3
The crystals of Steap3 with ligand (NADPH-Steap3) and without the ligand (apoSteap3) were flash frozen in liquid nitrogen for data collection. Frozen crystals of Steap3
were initially screened on the home source at 100K using a Cu-Kα (1.54Å) X-ray source
and MAR345 image plate detector. In order to solve the phase problem for Steap3
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crystals, the selenomethionine (Se-Met) labeled protein was expressed in B834 (DE3)
E.coli (Novagen) using minimal media [76]. However, the Se-Met incorporated protein
failed to crystallize in the same condition.
Native protein crystals were soaked in 10 mM heavy metal salts selected from the
Hampton heavy atom screen. The crystals were soaked in solutions made in synthetic
mother liquor (well solution) for 1 hr. The crystals were then frozen in liquid nitrogen
and screened for heavy metal incorporation. Crystals soaked in Potassium
Tetracyanoplatinate (II) (K2Pt(CN)4) and Mersalyl Acid
(HOHgCH2CH(OCH3)CH2NHCOC6H4OCH2CO2H) were identified as potential heavy
atom derivatives based on scaling statistics of derivative data against native data collected
at home source. Following the screening process, multi-wavelength datasets were
collected on the above mention soaks at the Stanford synchrotron radiation laboratory
(SSRL) beamline 9-2 on the platinum and mercury edge. The data was indexed and
integrated using denzo and scaled using scala, both a part of the HKL2000 package [77].
The data was reduced in P212121.
Multiple Isomorphous Replacement with Anomalous Scattering (MIRAS) was
used to solve the phase problem for Steap3 structure. This utilized the native and mutiwavelength K2Pt(CN)4 datasets. The heavy atom position and the initial phases were
calculated using SOLVE [78]. Once initial phases were calculated, density modification
and automated building were carried out using RESOLVE [79, 80]. The script used for
the SOLVE and RESOLVE calculation is as follows:
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############################ MIRAS Script ##########################
#!/bin/csh
date >! logmiras.solve
cat MIRAS.com >> logmiras.solve
!!!!-------------------------- SOLVE script -------------------------solve <<EOD >> logmiras.solve
logfile logmiras.solvefile
resolution 50 1.98
cell 37.686 66.812 143.366 90.000 90.000 90.000 p212121
symfile /usr/local/programs/SOLVE/solve-2.11/lib/p212121.sym
#
readdenzo
! readformatted/readdenzo/readtrek/readccp4_unmerged
premerged
! premerged/ unmerged
read_intensities ! read_intensities/read_amplitudes
refscattfactors
! fixscattfactors/refscattfactors
rawnativefile native_c5.sca ! native data H K L Iobs Sigma
#
derivative 1
! about to enter information on derivative #1
label deriv Pt
! a label for this deriv
atom Pt
rawderivfile PtCN_pk_e6.sca
inano
noanorefine
nsolsite_deriv 4
acceptance 0.35
SCALE_NATIVE
SCALE_MIR
ANALYZE_MIR
#
new_dataset
#
derivative 2
label deriv Hg
atom Hg
#
rawderivfile mer_pk_f5.sca inano
noanorefine
nsolsite_deriv 4
acceptance 0.35
SCALE_NATIVE
SCALE_MIR
ANALYZE_MIR
#
new_dataset
#
mad_atom Pt
#
lambda 1
label pt_pk
wavelength 1.07149

! derivative data
! use anomalous differences in phasing
! max 2 sites this deriv
! scale the native dataset
! scale the derivs to the native
! analyze this mir data and set up for SOLVE

! the anomalously-scattering atom
! MAD peak data
! wavelength value
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fprimv_mad -16.568239
fprprv_mad 13.513030
rawmadfile PtCN_pk_e6.sca
#
lambda 2
label pt_rem
wavelength 0.82654
fprimv_mad -3.700000
fprprv_mad 10.700000
rawmadfile PtCN_rem_e6.sca

! f' value at this wavelength
! f doubleprime value

! MAD remote data

lambda 3
label pt_inf
! MAD inflection data
wavelength 1.07199
fprimv_mad -21.149561
fprprv_mad 8.840960
rawmadfile PtCN_inf_e6.sca
#
scale_mad
analyze_mad
!--------------------------end of second dataset -------------Combine
! combine the datasets into one now...
!------ go ------solve
EOD
!!!!-------------------------- end of SOLVE -------------------------!!!!-------------------------- RESOLVE script -------------------------resolve << EOD >> logmiras.resolve
solvent_content 0.33
! solvent fraction
seq_file steap3.seq
! sequence file
EOD
!!!!-------------------------- end of RESOLVE --------------------------

The phases from RESOLVE were good enough to be used for iterative manual model
building using COOT [81] and model refinement using REFMAC [82].
The model was refined to 2.00 Å resolution against the native data set. Noncrystallographic symmetry (NCS) averaging and TLS refinement [83] were used in the
refinement. TLS groups used were generated using the TLS Motion determination
webserver (http://skuld.bmsc.washington.edu/~tlsmd/) [84-86]. The TLS groups used for
refinement were: 1:A35-A53, 2:A54-A72, 3:A73-A102, 4:A103-A112, 5:A113-A126,
6:A127-A136, 7:A137-A156, 8:A157-A161, 9:A162-A178, 10:A179-A201, 11:A202-
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A214 ,12:B35-B53, 13:B54-B73, 14:B74-B102, 15:B103-B112, 16:B113-B126,
17:B127-B134, 18:B135-B157, 19:B158-B163, 20:B164-B182, 21:B183-B202 and
22:B203-B214. Composite omit maps and models from simulated annealing were also
generated with CNS (Crystallography & NMR System) [87]. The validity of the model
was checked using PROCHECK [88] and MOLPROBITY [89].
Structure Determination of NADPH-Steap3
Co-crystals of NADPH and Steap3 were flash frozen in liquid nitrogen and a
native dataset was collected at SSRL beamline 9-2. The structure of apo-Steap3 was used
as model for molecular replacement with the NADPH-Steap3 data. The model was rigid
body refined against the NADPH-Steap3 data before positional refinement using
REFMAC. The phases generated by REFMAC were used to calculate maps for iterative
rounds of model building and refinement using COOT and REFMAC. TLS refinement
and NCS averaging were used during refinement. The structure was validated using
PROCHECK [88] and MOLPROBITY [89].
PDB Deposition
Both the Apo-Steap3 and NADPH-Steap3 structure has been deposited in the
protein data bank (PDB) maintained by Research Collaboratory for Structural
Bioinformatics (RCSB). The PDB ID for apo-Steap3 and NADPH Steap3 are 2vns and
2vq3 respectively.
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RESULTS
Crystallization of mouse-Steap3
Crystallization trails were carried out on mouse Steap3 construct (mo-Steap3) that
included residues 1-215 of mo-Steap3 and six N-terminal residues that were nonendogenous to Steap3, that remained after thrombin cleavage. The screening identified
numerous conditions with many tiny needle like crystals (Figure 3-1).

Figure 3-1: Mouse Steap3 crystal conditions:
A) Hampton Crystal Screen 1 condition 7: 1.4M NaAc.3H20, 0.1M Sodium Cacodylate pH6.
B) Emerald Cryo Screen 1 conditon 21: 0.05M Ca(OAc)2, 0.1M Acetate pH4.5, 40% v/v 1,2-Propanediol
C) Hampton crystal lite screen Condition 4: 0.1M Tris.HCl pH8.5 and 1M Ammonuim Sulfate
D) CsCl2 additive condition with 0.1M Tris.HCl pH8.5 and 1M Ammonuim Sulfate.
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Although some of these conditions were reproducible, efforts to improve the quality of
the crystals failed. Attempts to find better conditions by experimenting with buffer
systems and components, co-crystallization with NAD(P)H and/or FAD, and variation of
incubation temperature also failed to produce diffraction quality crystals. For these
reasons we turned to human-Steap3 (hu-Steap3) with the hope that the minor differences
in sequence would provide crystals suitable for structural studies.
Structure of Oxidoreductase Domain of Human Steap3
Introduction
As mentioned earlier sequence analysis of Steap3 (hu-Steap3) predicts a unique
oxidoreductase domain in the N-terminus of the protein. Multiple sequence alignment of
the oxidoreductase domain of Steap2-4 and FNO from Archaeoglobus fulgidus shows
very limited similarity between the Steap proteins and FNO, although all the residues
implicated in NADPH binding are conserved. The Steap3 oxidoreductasae domain shows
28% sequence identity to FNO. The sequence alignment with FNO, and predicted
positions of the transmembrane segments along with predicted disordered region
(PONDR [74]) were used to design the constructs that were used for this study. Three
different start positions with residues 1, 19 and 29 were identified for cloning. Similarly
residues 213, 215 and 225 were identified as suitable stop positions for truncation of
Steap3. These positions were mixed and matched to generate nine different constructs
(Steap3-1 to Steap3-9), although not all combination with N and C terminal His tags were
cloned (Table3-1).
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Expression and Purification of human-Steap3
Of the nine different hu-Steap3 constructs that were cloned, seven clones were
expressed successfully. The different constructs have different expression levels and
solubility. Steap3-2 and Steap3-7 constructs were found to have maximum expression
levels in E.coli and were also more soluble compared to the other Steap3 constructs
(Table 3-1). Steap3-2 included residues 1-215 of hu-Steap3 with a C-terminal His tag and
Steap3-7 included residues 1-213 of hu-Steap3 with an N-terminal His tag. However
these clones did not yield any reproducible hit in the crystallization trial both in the
presence and absence of NADPH and/or FAD. The results from the other constructs are
listed in Table 3-1.
The hu-Steap3 construct1, Steap3-1 was used for the rest of the study. The
construct includes an N-terminal His-tag and residues 1–215 of the cytoplasmic Nterminal oxidoreductase domain. The calculated molecular weight of the Steap3-1
monomer is 23 kDa. Analysis of protein eluted after purification by immobilized metal
affinity chromatography using SDS-PAGE gel electrophoresis showed that the protein
was still contaminated with E.coli. proteins (Figure 3-2D). The protein was further
purified using a Superdex 75 gel filtration column (Figure 3-2 D). Interestingly, the
protein showed concentration dependent oligomerization as seen by size exclusion
chromatography (Figure 3-2 A-C).
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Figure 3-2 Concentration dependent dimerization of Steap3-1.
Size exclusion chromatograms showing concentration dependent dimerization of Steap3. A) Protein was
loaded at 0.5 mg/ml B) Protein was loaded at 5 mg/ml C) Protein was loaded at 2 mg/ml
D) 12% SDS-PAGE gel stained with coomassie blue. Lane ‘E’ shows the purity of protein eluted from the
HIS-select nickel affinity gel. The protein is purified further using a Superdex 75 gel filtration column.
Steap3-1 elutes as mixture of monomer (Peak 2) and dimer (Peak1). Most of the contaminating E.coli.
proteins eluted in Peak1. Lane ‘M’ has the Precision Plus Protein Dual Color Standards (Biorad labs, CA).

When Steap3-1 protein was applied to the column at concentrations less than 0.5
mg/ml, it eluted predominantly as an monomer with a calculated molecular weight of
20kDa (Figure 3-2A). When loaded at a concentration of 5mg/ml the protein elutes with a
calculated molecular weight of 45 kDa, corresponding to the Steap3 dimer (46 kDa)
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(Figure 3-2B). At intermediate concentration a combination of both the monomer and
dimer peaks are seen (Figure 3-2C). Further, dimer formation of Steap3 is reversible.
Dimer eluted from the column, when diluted and reapplied on to the column eluted as a
monomer. Similar behavior was seen with Steap3-2 and Steap3-7 constructs, however
Steap3-7 eluted completely as a dimer at concentration as low as 2.5 mg/ml.
Structure Determination of the Steap3 Oxidoreductase Domain
Initial crystals were obtained in 0.01 M FeCl2.6H2O, 0.1 M Na3.Citrate.2H2O and
10% v/v Jeffamine M600 pH5.6 (Hampton crystal screen 2: Condition 18). Attempts to
reproduce these crystals using Jeffamine M600 purchased from emerald biosciences did
not yield any crystals. Subsequent efforts to reproduce the condition in hanging drop
using Jeffamine M600 purchased from Hampton research yielded numerous needle like
crystals.
Once the condition was reproduced, the crystals were optimized by titrating
Jeffamine M600, FeCl2.6H2O and Na3.Citrate concentrations. 4% v/v Jeffamine M600
and 10 mM FeCl2.6H2O was found to yield the best crystals with 60-100 mM Na3.Citrate
pH 5.6 (Figure 3-3A). In order introduce a cryoprotectant for flash freezing the crystals,
glycerol was titrated into the already optimized condition. Crystals grew in upto 15%
glycerol concentrations. Crystals were also grown in the presence of 1 mM NADPH
(Figure 3-4B) with or without 5 mM FAD.
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Figure 3-3 Crystals of hu-Steap3
Crystal were grown using hanging drop vapour diffusion with 2 µL of 10 mM FeCl3, 60-100 mM
Na3.Citrate pH 5.6, 4% v/v Jeffamine M600 (Hampton research) and 15% v/v Glycerol and 2 µL of 10
mg/ml hu-Steap3 (1-215 with N-terminal His tag). (A) Apo-Steap3. (B) NADPH-Steap3, co-crystallization
with 1 mM NADPH

The apo-Steap3 data was reduced and scaled in the P212121 spacegroup. Analysis
of the reduced data showed that the asymmetric unit contained two copies of the Steap3
monomer with a 33% solvent content. Since sequence based searches did not return a
likely candidate to be used as a model for molecular replacement, Se-Met incorporated
protein was expressed in B834 (DE3) E.coli. (Novagen) using Minimal media [76].
However, the Se-Met incorporated Steap3-1 protein failed to crystallize in the above
mentioned condition. In order to solve the phase problem for the Steap3 structure, native
protein (apo-Steap3) crystals were soaked with Pt and Hg salts. The structure of apoSteap3 was determined by multiple isomorphous replacement with anomalous scattering
(MIRAS) using SOLVE [78].
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The phases calculated using SOLVE had an overall figure of merit (FOM) of
0.43. The resolution dependent distribution of FOM was:
DMIN:
MEAN FIG MERIT:

TOTAL

7.19 4.52 3.52 2.99 2.64 2.39 2.20

0.43

0.65 0.61 0.52 0.44 0.38 0.35 0.30

The initial phases from SOLVE were input into RESOLVE [79, 80] for density
modification including solvent flattening and histogram matching to improve phases and
one round of model auto-building. Iterative RESOLVE produced a model with 303
residues with sidechains and 22 residues without sidechain out of 446 residues
corresponding to a Steap3 dimer. This model was used as the starting model for
subsequent rounds of building using COOT [81] and refinement using REFMAC [82].
NCS averaging and TLS refinement [83] were used for later rounds of refinement.
The apo-Steap3 structure was used as the starting model for the NADPH-Steap3
structure. The apo-Steap3 structure was rigid body refined against the NADPH-Steap3
data. The resulting model and map was used to build and refine the structure further.
Statistics on data and model quality are presented in Tables 3-2 and 3-3.
The substrate-free and NADPH-bound structures each reveal a twofold symmetric
dimer in the asymmetric unit (Fig. 3-6A). A detailed comparison does not reveal any
large structural differences between the NADPH-Steap3 and apo-Steap3 structures. The
Cα atoms in chain A of apo-Steap3 superposed with a root mean square deviation (rmsd)
of 0.26 Å on chain A of the Steap3-NADPH structure. Crystals that were grown in the
presence of both 1mM NADPH and 5mM FAD diffracted to the highest resolution
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among the Steap3 crystals. However these crystals did not show electron density for a
bound FAD molecule.
Table 3-2. Data Collection Statistics for Steap3a,b
Data Set

ApoSteap3

Steap3NADPH

Steap3Pt(CN)42inflection

Steap3
Pt(CN)42peak

Steap3Pt(CN)42remote

Steap3Mersalyl Acidd
peak

Wavelength (Å)

1.12709

1.12709

1.07199

1.07149

0.82654

1.00545

37.69

37.68

37.59

37.56

37.58

37.46

66.81

67.00

66.70

66.63

66.67

67.03

143.37
50-1.98
(2.051.98)

143.35

143.47

143.29

143.41

143.28

50-1.92
(1.99-1.92)

50-2.4
(2.49-2.40)

50-2.10
(2.18-2.10)

50-2.60
(2.69-2.60)

50-3.10
(3.21-3.10)

Space Group
Cell Constants
(a,b,c; Å)
α=β=γ=90°
Resolution Range
(Å)

P212121

Unique Reflections

25,300
(2,473)

27,874
(2,382)

14,193
(1,395)

21,232
(2,091)

11,135
(1,125)

7,068
(682)

Average
Redundancy

3.8 (3.7)

3.9 (3.6)

4.2 (4.2)

8.3 (8.2)

4.2 (4.2)

7.8 (7.9)

I/σ

16.10
(3.3)

19.1 (2.8)

15.7 (5.3)

12.8 (3.4)

9.0 (3.0)

12.0 (3.8)

Completeness (%)

96.8
(98.3)

97.5 (85.1)

95.6 (97.4)

96.6 (98.3)

93.9 (95.6)

99.7 (100)

8.5
(29.1)

9.7
(28.4)

5.0
3.4
5.2
7.1
(23.6)
(27.4)
(15.4)
(27.3)
a
Data were integrated, scaled, and reduced using the HKL-2000 software package.
Rsymc (%)

b

Numbers in parenthesis refer to the highest resolution shell.
Rsym=100*ΣhΣi|Ii(h)-<I(h)>|/ΣhI(h) where Ii(h) is the ith measurement of reflection h and <I(h)> is the average value of the
reflection intensity.
d
Mersalyl Acid = HOHgCH2CH(OCH3)CH2NHCOC6H4OCH2CO2H
c

Structure of the Steap3 Oxidoreductase Domain
The N-terminal His-tag and Steap3 residues 1–28 are not observed in the crystal
structure. However, Western blot analyses of the crystallized material, using anti-His
antibodies, indicate that these N terminal residues are indeed present and are therefore
disordered (Figure 3-4). In addition, MALDI-TOF analysis on Steap3-1 crystals using
2,5-dihydroxybenzoic acid (DHBA) matrix showed the presence of full length Steap3
protein in the crystals. Interestingly, the disordered N-terminal residues constitute the
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region of greatest dissimilarity among Steap2, Steap3, and Steap4, suggesting they may
not be required for the oxidoreductase activity. Interestingly the N-terminal residues are
also predicted to be disordered by primary sequence analysis using PONDR. With the
exception of residue 209 in chain A of the Steap3-NADPH structure, C-terminal residues
209–215 are also not observed. The region between Gly157-Asn162 was found to have
poor electron density.
Table 3-3. Model Refinement
Model
apo-Steap3
Steap3-NADPH
Rcrystc (%)
20.3
20.0
Rfreec (%)
24.3
24.0
Real Space CCd (%)
93.0
92.8
Mean B Value (overall; Å2)
18.3
19.1
Coordinate Error (based on maximum
0.124
0.117
likelihood, Å)
RMSD from ideality:
Bonds (Å)
0.013
0.012
Angles (°)
1.464
1.833
Ramachandran Plote:
Most Favored (%)
96.6
95.53
Additional Allowed (%)
3.4
4.5
PDB Accession Code
2BD
2BD
c
Rcryst = Σ||Fo|-Fc||/ΣFo| where Fo and Fc are the observed and calculated structure factor
amplitudes used in refinement. Rfree is calculated as Rcryst, but using the "test" set of structure
factor amplitudes that were withheld from refinement.
d
Correlation coefficient (CC) is agreement between the model and 2mFo-DFc electron density
map.
e
Calculated using Molprobity.

Because full-length Steap3 is an integral membrane protein that contains a Cterminal transmembrane domain, the dimer axis might be expected to orient
perpendicular to the plane of the membrane, with C-terminal residues of the truncated
Steap3 dimer at the membrane proximal face. Analysis of the residues involved in
forming the dimer interface shows that the C-terminus of the oxidoreductase domain
approaches the dimer interface with terminal Cα atoms positioned only 6 Å from the
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dimer axis. This suggests the orientation of the Steap3 oxidoreductase domain relative to
the endosomal membrane as depicted in Figure 3-5A.

Figure 3-4. Western blot showing presence of 6X-His tag in Steap3 crystals.
Lanes (1) Steap3 crystals. (M) Protein Standards. (2) Steap3 positive control. (3) STIV-F93 positive
control. Steap3 crystals were washed repeatedly with water using centrifugation, dissolved in SDS gel
loading buffer and separated using a 15% SDS-PAGE gel. Mouse α-His Antibody (GE Healthcare, NJ) was
used as the primary antibody for the western blot analysis. The primary antibody was detected using rabbit
α-mouse antibody conjugated with alkaline phosphatase (Promega corp., WI). The blot was developed
using BCIP (5-Bromo-4-Chloro-3'-Indolyphosphate p-Toluidine) and NBT (Nitro-Blue Tetrazolium
Chloride).

The structure of the Steap3 subunit appears as a fusion of two subdomains (Figure
3-5B). At the N-terminus of the oxidoreductase domain, residues 29-146 form a classical
nucleotide binding domain that is composed of a six-stranded parallel β-sheet and five
flanking α-helices (α1–α4 and α6) corresponding to two β-α-β-α-β Rossmann fold units.
The nucleotide binding fold has been identified and characterized in many redox
cofactors and proteins [90]. A novel feature in the Steap3 fold is strand β5 that extends
significantly beyond the neighboring strands, where it enters an unanticipated α-helix
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(α5) before returning to helix α6 and strand β6, canonical elements of the nucleotide
binding domain. This kind of extension from β5 is also seen in FNO.

Figure 3-5. Structure of the Steap3 oxidoreductase domain
(A) The structure of the oxidoreductase dimer is depicted with α-helices in red, β-strands in blue, and
connecting loops are in green. The twofold axis runs vertically within the plane of the paper (double headed
arrow). The truncated C termini, which must connect to the C terminal transmembrane domain, are in green
at the top of the structure. NADPH (C, yellow; N, blue; O, red; and P, orange) runs up the front side of the
right subunit (back side of the left subunit) with the adenine-ribose-2’phosphate moieties near the bottom
and the nicotinamide ring near the top. (B) Stereo figure of the Steap3 subunit with labeled secondary
structural elements. A color gradient runs from the N terminus (blue) to the C terminus (red). Note the
proximity of the NADPH binding site to the dimer interface.
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Residues 147–208 then form a smaller C-terminal subdomain that begins with a
short α-helix (α7) that emanates from β6 of the nucleotide binding domain. The α7 helix
is followed by the poorly ordered loop (Gly157-Asn162) that then connects to a β-α-β
supersecondary structural element (β7-α8-β8) that joins the nucleotide binding domain to
form a twisted, 8-stranded mixed β-sheet. Although strands β7 and β8 run parallel to each
other, they lie antiparallel to those in the nucleotide binding domain. A final α-helix (α9)
then runs back across the top edge of the β-sheet, followed by a few C-terminal residues
that approach the dimer axis.
As expected, significant similarities between Steap3 and the archaeal FNO are
found. The Steap3 core superposes on FNO (PDB ID: 1JAX) with an rmsd of 1.44 Å
[162 structurally equivalent residues, 29% identity, SSM Q score = 0.5528] [91].
However, a number of critical differences are seen (Figure 3-6).

Figure 3-6. Stereo figure depicting the superposition of FNO on the Steap3 protomer.
The Steap3 Cα trace is in blue, and FNO in red. The approximate location and extent of the FNO dimer
interface is indicated by black arrows along the top of FNO. In contrast, the Steap3 interface is formed by
α7, α1, and the C-terminal end of α2, which is significantly shorter in Steap3. Relocation of the dimer
interface, combined with the shorter β5 and α9 elements, allow the Steap3 NADPH binding site to
approach the membrane
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Structure-Function Relationships Within the Dimer
The major difference between FNO and Steap3 is the location of the dimer
interface (Figure 3-5A and 3-5). In the FNO dimer, the subunit interface is formed by a αhairpin extending from strand β5 and elements of the C-terminal sub-domain, primarily
helix α8 (equivalent to Steap3 α9) and strand β9. In contrast, Steap3 lacks the β-hairpin
(replacing it with helix α5), contains a significantly shorter α-helix, and lacks the ninth βstrand (Figure 3-6). Further, it utilizes a distinctly different facet of the subunit for the
dimer interface, using the α1 helix, the C-terminal end of α2, the α2–β3 loop, and the α7
helix.
Consistent with the observed equilibrium between monomer and dimer, the
interface is relatively small; dimer formation buries 717 Å2 (8.1%) of the solvent
accessible surface area per subunit. Analysis of the dimer interface using the PISA server
[92] showed that the interface composed of a mixture of hydrophobic (60%) and
hydrophilic (40%) residues, with a total of 24 intersubunit hydrogen bonds (Table 3-4).
Notably, helix α2 and strand α3 are significantly shorter in Steap3 than the corresponding
elements in FNO (Figure 3-3). Their role at the dimer interface provides a likely
explanation for this difference. Of 18 residues present at the dimer interface, 7 are strictly
conserved (Asp38, Ser42, Pro69, Val74, Ala151, Trp152, and Gln155) among human
Steap2, Steap3 and Steap4. Six additional residues (Arg41, Val48, Leu67, Phe68, Ser70,
and Ala72) are conserved in two of the three proteins or show conservative substitutions
throughout the family. These 13 residues constitute the core of the dimer interface
(Figure 3-7) and their conservation suggests that Steap2 and Steap4 might also form
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equivalent dimmers. It also suggests that Steap3 may form heterodimers with other
member of the Steap family of proteins.

Figure 3-7. Steap3 dimer interface.
Relative to Figure 3-5B, the Steap3 subunit has been rotated 90° about the twofold axis to expose the dimer
interface. Strictly conserved residues at the dimer interface are shown in blue, conservative substitutions in
violet, and variable residues are in gray.

NADPH Binding Site
As mentioned above, the structure of the binary complex with NADPH does not
result in any gross structural changes. The NADPH is bound in an extended conformation
that slopes up the side of Steap3 (Figure 3-5), with the adenine and ribose-2’phosphate
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moieties bound toward the ‘‘bottom’’ (membrane distal) side of the protein. The
nicotinamide moiety, the site of the hydride transfer is bound near the top (membrane
proximal) side of the oxidoreductase domain. The interactions between protein and
NADPH are shown in Figure 3-8. Phe39 lies underneath the plane of the nicotinamide
ring, supporting the A- or Re-face of the nicotinamide ring. In contrast, the B or Si face is
solvent exposed, with the pro-S hydrogen pointing roughly toward the membrane. This
suggests that the pro-S hydrogen is used for the hydride transfer.

Figure 3-8. NADPH binding to Steap3.
The stereo figure shows an intermediate orientation that is in between that of Figure 3-5B and 3-6, with
NADPH colored as in Fig. 3-5A. Phe39 lies underneath the plane of the nicotinamide ring, supporting the
A- or Re-face of the nicotinamide ring. In contrast, the B or Si face is solvent exposed, with the pro-S
hydrogen pointing roughly toward the membrane. This suggests that the pro-S hydrogen is used for the
hydride transfer. Note that Asp38 and Ala151 also serve as elements of the dimer interface.

The intermediate electron acceptor, predicted to be a flavin, will bind ‘‘above’’
the nicotinamide ring, mediating electron flow from NADPH to the intramembrane heme.
The binding of the flavin was predicted based on the FNO structure, which was solved
with a bound flavin molecule [61]. Interestingly, we identify two hydrogen bonds to the
amide group of the nicotinamide ring. The first is an intramolecular interaction within
NADPH as the amide NH reaches back to interact with the proximal phosphoryl group.
The second is between the main chain NH of Ala151 and the amide oxygen of the
nicotinamide ring (O7N) (Figure 3-8, Table 3-5). These hydrogen bonds appear to
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stabilize the amide oxygen in a rather unusual configuration [93], with the amide oxygen
trans to C4 of the nicotinamide ring. This trans configuration is also seen in FNO [61]
and in both Steap3 and FNO, the amide edge of the nicotinamide ring faces away from
the protein and toward the solvent. Otherwise the mode of binding is similar to that
observed in the other members of the dinucleotide binding family. The diphosphate
moiety caps the N-terminal end of helix α1 (Figure 3-5B), interacting with the main chain
NH of Ser36, Gly37, Asp38, and Phe39, which are present within the GXGXXG/A motif.
The 2’O of the nicotinamide ribose (O2D) is caught up in a hydrogen bond to Asn116,
whereas the 2’phosphate that differentiates NADPH from NADH is recognized by Ser58
and Arg59, and the adenine ring is sandwiched in between Arg59 and His95 (Fig. 3-6B,
Table 3-5).
Table 3-4. Residues found on the Steap3 oxidoreductase dimer interface
Residue
number
44
47
48
51
54
55
57
58
71
72
73
74
75
76
77
78
157
158
161

Residue
name
Asp
Arg
Ser
Thr
Val
Gly
Gly
Phe
Ala
Arg
Leu
Phe
Pro
Ser
Ala
Ala
Ala
Trp
Gln

Residue
Residue
Chain ID
H-bond
number
name
A
44
Asp
B
A
47
Arg
B
1
A
48
Ser
B
A
51
Thr
B
A
1
54
Val
B
1
A
55
Gly
B
A
57
Gly
B
A
58
Phe
B
A
1
71
Ala
B
1
A
2
72
Arg
B
2
A
73
Leu
B
A
2
74
Phe
B
2
A
75
Pro
B
A
3
76
Ser
B
3
A
1
77
Ala
B
1
A
78
Ala
B
A
157
Ala
B
A
158
Trp
B
A
2
161
Gln
B
1
162
Ala
B
Dimer interface analysis done using Protein Interfaces, Surfaces and Assemblies (PISA) server [92]
Chain ID

H-bond
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Table 3-5. Residues involved in the Steap3-NADPH interaction
S. no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

NADPH atom
N6A
O2A
O3B
O3B
O2B
O1N
O1N
O2D
O7N
O1X
O1X
O2X
O2X
O3X
O3X

Length of the H bond
3.58
3.29
2.80
3.17
3.05
2.74
3.13
2.82
2.88
3.47
3.05
3.03
3.28
2.56
3.27

Steap3 residues and atom
A98 Ser
A38 Asp
A37 Gly
A36 Ser
A36 Ser
A39 Phe
A38 Asp
A116 Asn
A151 Ala
A59 Arg
A59 Arg
A59 Arg
A59 Arg
A58 Ser
A59 Arg

Atoms 1,3 & 4 are part of the adenosine part of NADPH; atoms 2,6,7,8 & 9 are a part of Nicotinamideribose diphosphate and all other atoms are a part of the 2’ phosphate of adenosine.
Binding interface analysis done using Protein Interfaces, Surfaces and Assemblies (PISA) server [92].

Putative Flavin Binding Site
The A. fulgidus FNO structure was also determined as a non-Michaelis complex
with NADP+ and F420 (PDB ID: 1JAY). The structure of this ternary complex allows
docking of the flavin F420 to Steap3 by structural superposition. This places the Si-face of
the deazaflavin ring immediately ‘‘above’’ the Si-face (B-face) of the nicotinamide ring,
i.e., between the nicotinamide moiety and the predicted position of the lipid bilayer.
Although this position and orientation of the deazaflavin ring of F420 would be
preferential for electron transfer from NADPH to the transmembrane heme, this docking
results in steric clash between the deazaflavin ring and the side chain of Leu206. This led
us to consider whether F420 was the most suitable cofactor on which to model the
interaction of Steap3 with FMN or FAD, and led us to search the Protein Data Bank
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(PDB) for Steap3 homologs present as a ternary complex with a true flavin and a
nicotinamide-derived cofactor. The structure based search [91] identified the ternary
complex of Human Biliverdin IX Beta Reductase (BVRB), FMN, and NADP+ (PDB ID:
1HE4) [94]. Although BVR-B, also known as flavin reductase, shows only modest
structural similarity to Steap3 [rmsd = 2.954 Å for 113 Cα atoms with 17.7% identity,
SSM Q score = 0.1738 [91], the relative orientation of the isoalloxazine and nicotinamide
rings are quite similar to those of the corresponding cofactors in FNO. Thus, BVR-B
based modeling also predicts steric clash between Leu206 and the isoalloxazine ring of
FAD or FMN (Figure 3-9).
The clash between the FAD deazaflavin ring and Leu206 may be an artifact of the
Steap3 truncation, which disconnects the oxidoreductase and transmembrane domains.
The truncation may allow Leu206, the last well ordered C-terminal residue in the
structure of the oxidoreductase domain, to collapse in toward the active site.
Alternatively, the position of Leu206 may reflect the situation in the intact protein, and
conformational changes associated with electron gating might reorient Leu206,
permitting the flavin to access the active site and the strictly conserved Leu206 side chain
to lie over the top of the isoalloxazine ring. In this light, the Steap3 structures presented
here might represent an inactive conformation.
Other than the steric clash with Leu206, the docked isoalloxazine ring would
appear to be in an ideal position to mediate electron transfer between NADPH and the
intramembrane heme, while, at the same time, serving to throttle-down from a twoelectron process to a one-electron process (Figure 3-9 and 3-10). Interestingly, the ribitol
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and phosphate moieties of the docked F420 and FMN cofactors project from the active
site, closely approaching the neighboring Steap3 subunit (Fig. 3-10). Although the
terminal γ-glutamyl-glutamate moiety of F420 was not observed in the FNO structure, the
position of the ribitolphosphate moiety suggests it would clash with the neighboring
Steap3 subunit. Thus, the adenine-ribose moiety of a similarly docked FAD molecule
also shows steric clash with the neighboring Steap3 subunit. For this reason, FMN may
be the preferred flavin for Steap3. However, an alternative FAD conformation that might
allow the adenine-ribose moieties to bind along the subunit interface is a distinct
possibility. Alternatively, dissociation of the Steap3 dimer might result in exposure of an
FAD binding site; or use of an altogether different cofactor might be indicated by the
steric clash of the isoalloxazine ring with Leu206.

Figure 3-9. Putative flavin binding site.
The stereo figure shows FMN from biliverdin IX-beta reductase (PDB entry 1HE4) that is docked to the
Steap3-NADPH structure by superposition of the BVR-B nicotinamide ring onto that of the Steap3NADPH structure. The isoalloxazine ring of the docked FMN clashes with the side chain of Leu206.FMNis
colored similar to NADPH, but with carbons in cyan.

Proximity of Substrate Binding Sites to the Membrane
The relative locations of the membrane proximal face of Steap3 and the location
of the NADPH binding site provides additional insight into the structural differences
between Steap3 and FNO. Specifically, Steap3 utilizes Pro205 to truncate the C-terminal
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α-helix (α9). Our model places this helix on the membrane proximal face of Steap3,
where it extends at an oblique angle toward the membrane. Similarly, the β-hairpin
extension in FNO is replaced by the more compact α5 helix in Steap3 (Fig. 3-4).

Figure 3-10. Electrostatic potential map for Steap3 dimer.
Stereo figure of the electrostatic potential mapped to the surface of the Steap3 dimer. Positive potentials are
in blue, negative potentials in red (±25 kT/e). NADPH and the docked FMN molecule from BVR-B are
also shown. The orientation of the dimer and colors for NADPH are as in Figure 3-5A. FMN is similarly
colored, but carbons are in cyan. Note the cleft running up the front side and across the top of the dimer
interface. Because of the symmetry of the dimer, the cleft continues along the interface down the back side
of the dimer.

These differences allow the nicotinamide ring of Steap3 to more closely approach
the membrane surface. In the absence of these structural changes the oxidoreductase
domain would not be able to get in the proximity of the transmembrane heme to transfer
electrons. So although the active site can still bind and oxidize NAD(P)H molecule the
electron will not reach the ferric ions awaiting reduction on the other side of the
membrane, thereby interfering with the Tf cycle. Hence the critical structural differences
between Steap3 oxidoreductase domain and the FNO allows for the electron transfer to
the intramembrane heme, presumably via the isoalloxazine ring of the flavin.
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DISCUSSION
A sequence alignment of all available Steap 2, Steap3 and Steap4 show that the
first ~30 residues at the N-terminus of these proteins are the least conserved region of the
Steap family (Figure 4-1). In addition, these residues are not present in archael FNO
sequence and are disordered in the structure of the Steap3 oxidoreductase domain. This
suggests that these residues are not essential for the ferrireductase activity of the protein.
However, Steap2-4 proteins are expected to participate in different biochemical
pathways, and the variable N-terminal region might be critical for their specific roles.
One possibility is that the unique N-terminal sequence may allow the protein to interact
with other proteins involved in the specific pathway. For instance, residues 1-29 of
Steap3 might target or promote an interaction with other proteins involved in the Tf
cycle, for example, DMT1 or TfR.
The data described in Table 3-1 shows a correlation between the C-terminus of
the protein and its solubility. Analysis using TMHMM server [72] predicts that the first
transmembrane helix in the C-terminal domain of hu-Steap3 starts at residue 214 (Figure
2-1). Accordingly, Steap3-7 containing residues 1-213 corresponding to the
oxidoreductase domain and an N-terminal His tag (Figure 4-2) was found to be the most
soluble protein and also had the highest level of expression among all seven clones
expressed in E.coli. In comparison Steap3-1 with residues 1-215 and an N-terminal His
tag was found to have much lower solubility in glycerol free buffer, indicating that the
slightly longer C-terminal might cause the aggregation of the protein. Interestingly
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Steap3-2, which is identical to the Steap3-1 construct except for the position of the His
tag (Figure 4-2), is soluble even at 10mg/ml. This suggests the possibility that the His tag
might block the aggregation of the protein by capping its C-terminus. This is supported
by Steap3-6 which also has a longer C-terminus (19-225) with an N-terminal His tag,
although however this could also be a result of a truncated N-terminus.

Figure 4-1. Sequence alignment of Steap family of proteins.
Secondary structural elements in Steap3 are indicated above the sequence. Residues interacting with
NADPH are highlighted in white on black background, whereas residues at the putative dimer interface are
highlighted in black on gray background. Asp38 and Ala151 (asterisks) serve dual roles; while present at
the dimer interface, they also interact with NADPH. The Steap2, Steap3, and Steap4 sequences were
aligned with ClustalW [95]. The FNO sequence represents a structural alignment to Steap3, using SSM
[91].

Sequence alignment of the yeast-FRE transmembrane region with Steap family
proteins show that only two of the four histidines implicated in heme binding are
conserved across the family. Unlike yeast-FRE that has two heme groups, the conserved
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pair of histidines will bind only one heme in the Steap3 transmembrane region. This
along with the unique configuration of the bound NAD(P)H with its solvent exposed
amide group, similar to that seen in FNO, suggests that Steap3 might have a slightly
altered mechanism for electron transfer that requires only one transmembrane heme.

Figure 4-2. Select Steap3 constructs with His tag positions.
The red squares indicate the position of the His tags.

Data from size exclusion chromatography clearly indicate two different
concentration dependent oligomeric forms of the Steap3 oxidoreductase domain, most
likely an equilibrium mixture of monomer and dimer. Approximately equal
concentrations of the two species are resolved on the sizing column when Steap3 is
applied at concentrations of 100–200 µM. This provides an approximate value for the
dissociation constant if a negligible off rate over the time course of the chromatography
experiment is assumed. In addition, the dimerization of the Steap3 oxidoreductase
domain is reversible. However, this observation is for the oxidoreductase domain and not
full-length protein; the C-terminal transmembrane region that has been truncated for this
study may also participate in dimer formation. Moreover in the membrane, the full-length
protein will lose rotational and translational degrees of freedom. This loss of entropy
should add to the strength of the interaction between the monomers and strengthen the
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dimer, provided the C-terminal domain by itself does not inhibit the interaction. The
oligomeric state of Steap3 might play a role in the regulation of its ferrireductase activity.
The core of the Steap3 dimer interface is made up of 18 residues, of which 13
residues are conserved in at least two of the three proteins or show conservative
substitutions throughout the family (Figure 3-5). Such conservation of the dimer interface
across the Steap family of proteins suggests the possibility of heterodimer formation. The
formation of heterodimers may also regulate Steap3 activity. One particular example is
the possible Steap1-Steap3 heterodimer. Steap1 lacks an oxidoreductase domain and its
association with Steap3 in the membrane might decrease Steap3 activity. Alternatively,
Steap3 may provide the reduced flavin to Steap1, activating the Steap1 metalloreductase
activity.
The active site of Steap3 as seen in the structure of the oxidoreductase domain
might be incomplete. After six passes across the membrane, the Steap3 C-terminal tail
falls on the cytoplasmic side of the endosomal membrane. The association of the residues
453-488 with the oxidoreductase domain (1-213) may complete the active site allowing a
flavin molecule to bind. Alternately, the association of the residues on the cytosolic face
of the transmembrane region may affect the active site structure of Steap3. These
elements may also have a role in the electron transfer from the flavin to the
transmembrane heme.
Logically, the flow of electrons across the endosomal membrane should be a
gated process. In this regard, the structure of the oxidoreductase domain suggests that a
conformational change might be required for the enzyme to become active. A possible
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gating mechanism is based on the proximity of the active site of Steap3 to its dimer
interface. Some of the residues that form the dimer interface of the protein (Asp38 and
Ala151) are also implicated in NAD(P)H binding and are part of the active site (Figure 32). Hence, the oligomeric state of the enzyme might profoundly affect the structure of the
catalytic site, changing the binding interaction of NAD(P)H or the flavin molecule and
thereby regulating Steap3 activity.
Conformational changes in the oxidoreductase domain for the oxidation of
NAD(P)H followed by the transfer of electrons into the endosome should happen as a
direct response to ferric ions awaiting reduction. One possibility is that a physical
interaction between the Steap3 transmembrane region and endosomal ferric ions might
induce a conformational change within Steap3 that permits the flow of electrons across
the membrane. However, the structure of the Steap3 oxidoreductase domain also suggests
some additional possibilities.
One such possibility is that Steap3 might function within a larger protein
complex. For example, interaction with other proteins involved in the Tf cycle might
regulate its ferrireductase activity. The most obvious candidates for protein binding
partners are divalent metal ion transporter 1 (DMT1) and the transferrin:transferrin
receptor complex (Tf2:TfR2) which are also present within the endosome.
We note with interest that, like Steap3 the transferrin-transferrin receptor complex
is twofold symmetric. In addition, a potential Steap3 homodimer bound to two NAD(P)H
molecules is loaded with four electrons. This nicely complements the 4 Fe3+ ions carried
by each Tf2:TfR2 complex. An interaction between dimeric Steap3 and the Tf2:TfR2
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complex could serve the dual purpose of regulating Steap3 and also ensure that Steap3 is
recruited only into endosomes containing the Tf2:TfR2 complex.
An unanswered question in Tf cycle is whether the reduction of Fe3+ takes place
while it bound to Tf or after it release. An interaction of the Tf2:TfR2 complex and Steap3
might be critical to the actual reduction and release of iron from Tf. The reduction
potential of the Fe3+ in unbound Tf at endosomal pH (~5.6) is below -500mV, which is
much lower than the reduction potential for most intracellular reductants, for example
FRE1 has a reduction potential of -250mV. However, Tf binding to TfR increases the
reduction potential of the iron in Tf by at least 200mV, which is range for reduction by
intracellular reductants [96]. Since Tf’s affinity for Fe2+ is much lower than that for Fe3+
(by at least 14 orders of magnitude), the reduction of iron while it is still bound to Tf can
help its release from Tf [96]. This model argues in favor of interactions between Steap3
and Tf2:TfR2 complex to promote the transfer of electrons from the bound NAD(P)H to
the Fe3+, and this along with the conformational changes in the TfR2:Tf2 complex induced
by low pH might release the now reduced Fe2+ from Tf. Alternately, the conformational
changes in TfR2:Tf2 complex might allow the release of Fe3+ from Tf. Once released Fe3+
could bind to Steap3 in the membrane and is subsequently reduced to Fe2+.
Within the Steap3 active site the nicotinamide ring is bound with a solvent
exposed amide group, a rather uncommon orientation. In addition, the pocket harboring
the nicotinamide ring opens upon a wider cleft that runs along the dimer interface (Figure
3-10). The nature of the active site, combined with its proximity to the dimer interface,
appear to be unique features of Steap3 that may be shared with other members of the
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Steap family of metalloreductases. These features including the solvent exposed amide
group might be exploited for structure based inhibitor design that could allow targeted
pharmacological intervention in processes that specifically involve Steap proteins.
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CONCLUSIONS
The N-terminal domain of human Steap3 reveals a unique oxidoreductase domain
that is found only in the other members of the Steap family. Structural analysis of the
active site of the oxidoreductase domain of Steap3 shows a NADPH molecule bound in
an unusual configuration. Interestingly, such a configuration for the bound NADPH is
seen only in the case of an archaeal enzyme, FNO. Moreover, sequence alignments
between Steap 2, Steap3 and Steap4 along with biochemical data from Ohgami et. al.
[64] show that similar oxidoreductase domains exist in Steap2 and Steap4.
The structure of the Steap3 oxidoreductase domain suggests a few possibilities for
its regulation. The superposition of a flavin molecule required for ferrireductase activity
shows a clash suggesting that the current configuration of the Steap3 active site might be
inactive. Thus, a conformation change might be required for the activation of the protein.
Some of the factors that might affect Steap3 activity include oligomeric state of Steap3,
binding to Tf-TfR complex or direct Fe3+ binding. Analysis of the dimer interface in the
structure of the oxidoreductase domain also suggests the possibility of Steap family
heterodimers that might regulate the activity of Steap proteins.
The proximity of the Steap3 active site to the dimer interface and the unusual
configuration of the bound NAD(P)H makes the Steap3 active site unique. These features
of the oxidoreductase domain are expected to be found in the Steap2 and Steap4 proteins
as well. Inhibitors designed to exploit this unique active site configuration could be used
for pharmacological intervention into processes involving Steap metalloreductase, and

82
might conceivably be used to treat iron overload/hemochromatosis, prostate cancer and
human metabolic syndrome.
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STRUCTURAL CHARACTERIZATION OF A223, A STRUCTURAL PROTEIN
FROM SULFOLOBUS TURRETED ICOSAHEDRAL VIRUS (STIV)
Introduction
Archaea the Third Domain of Life
Archaea represents the third domain of life. Since their discovery in 1977 by Carl
Woese and George Fox [97], analyses of ribosomal sequences show that eukaryotes
could have evolved from Archaea [98]. However, subsequent analyses have suggested
the possibility that the evolution of eukaryotes could have been as a result of a fusion
event of bacteria and archaea [99]. Understanding archaeal systems can help understand
the evolutionary history and the connection between three domains of life. Moreover,
Archaea are ubiquitous and are found in many environments, including some that are
found in extreme conditions like high temperature and low pH. The study of archaeal can
also help our understanding of the processes that allow these organisms to survive in
these harsh environments. Moreover, understanding the similarities and differences at the
phenotypic and genetic level between the representatives from the three domains life can
provide insights into the origin of the three primary lines of descent, and the nature of
their most recent universal ancestor [100].
The domain Archaea is divided into five phyla: Korarchaeota, Nanoarchaeota,

Thaumarchaeota, Euryarchaeota and Crenarchaeota [101-103]. The Crenarchaeota include
many species that survive in very high temperature and low pH conditions [104]. Such

crenarchaeal organisms have been isolated from acidic pools in Yellowstone national
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park, thriving at acidic pH range of 2-4 and temperatures of 72-92oC. Hyperthermophilic
viruses that infect these crenarchaeal hosts have also been isolated. Sulfolobus turreted
icosahedral virus (STIV) is a crenarchaeal virus that infects Sulfolobus species resident in
the acidic hot springs in Yellowstone national park [105].
Sulfolobus Turreted Icosahedral Virus (STIV)
In addition to providing a greater understanding of the virus itself, the study of
viruses like STIV can be expected to provide genetic, biochemical, and evolutionary
insight into their crenarchaeal hosts [106]. The characterization of STIV revealed a
circular, double stranded DNA genome of 17,663 bp encoding 36 open reading frames.
Sequence based searches using the predicted gene products showed a lack of similarity to
sequences in the public databases. Cyro-electron microscopic reconstruction of the
purified STIV virus revealed a pseudo-T-31 icosahedral capsid with large turretlike
projections extending from the vertices and an apparent internal membrane (Figure 6-1)
[105].
Structural Studies of STIV Proteins
As previously mentioned, the lack of sequence similarity between STIV proteins
and proteins in the public databases prevent the sequence based functional annotation of
the viral proteins. However, it is highly unlikely that most of the STIV proteome consists
of proteins with unique protein folds. The general lack of sequence similarity might be
attributed to the unique and extreme environment in which these viruses and their hosts
survive. Furthermore, the evolutionary distance of the Archaea from Eukaryotes and
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Bacteria may be another reason for the uniqueness of the proteome [106].

Figure 6-1. Cryo-electron microscopic reconstruction of STIV [107].
Shown is a cutaway view of the T-31 icosahedral capsid of STIV based on cryo-EM reconstruction [108].
Extending from each of the fivefold vertices are turret-like projections. The protein shell is blue and has
been removed from one quarter of the particle to reveal the inner lipid layers (yellow). The capsid diameter
is ~70 nm, and the turrets extend 13 nm above the surface.

Structural analysis of proteins can provide a more powerful evolutionary link than
sequence information alone. Protein structure are usually indicative of the function of the
protein [109] and with respect to protein evolution, structural similarity between proteins
can persist longer than their corresponding amino acid sequence [106]. Hence, structural
information on novel protein sequences like those found in STIV can be used for the
detection of more remote relationships and can provide a means for functional
annotation. Therefore, a systematic structure based functional annotation approach can be
used to understand the proteome of STIV. An example is the structure of major capsid
protein from STIV which, inspite of the lack of sequence similatiry, has suggested a
possible evolutionary relationship between viruses from the three domains of life.
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The capsid architecture of STIV is reminiscent of mammalian adenovirus,
bacteriophage PRD1, and Paramecium bursaria Chlorella virus (PBCV-1) [108]. The
structural and sequence comparisons between STIV major capsid protein and that of
PRD1 support the idea that their capsids share a common ancestor [108]. Additionally,
the viral capsids of adenovirus, PRD1, and PBCV-1 are believed to have descended from
a common ancestor [110]. Together, the structure of the major capsid protein, its
quaternary arrangement/interactions and the genome packaging seen in STIV, PRD1 and
adenovirus point to the possibility that these viruses may have evolved from a common
ancestoral virus, that predated the split of the three domains of life [111].
In addition to the structural characterization of the major capsid protein [108],
Larson et al. have carried out structural studies of A197, B116 and F93 proteins from the
STIV genome [106, 112, 113]. The structural studies of these proteins have shown A197
to be a glycosyltransferase [106], while B116 was shown to be a novel DNA binding
protein [112] and F93 was found to be a winged-helix DNA binding protein [113].
A223, a Structural Protein from STIV
A223 is a protein that belongs to the ‘A’ reading frame in STIV and contains 223
amino acid residues. Sequence analysis of A223 does not provide any information about
the function of the protein. However, fold recognition algorithms [114, 115] predict a fold
similar to P5 protein from PRD1 and B345 the major capsid protein from STIV.
Using a proteomics based approach, A223 has been shown to be viral particle associated
[107]. Further, A223 was also shown to be associated with C381 to form a protein
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complex. The complex has an apparent molecular weight of ~200 kda on a 1D gel,
although the molecular weight of A223 and C381 is only 24 kDa and 42 kDa
respectively, suggesting a higher order protein complex (Figure 6-2). However, under the
conditions used for 2D gel analysis, the proteins were detected close to their expected
masses (Fig. 6-2B), lending support to the presence of highly stable noncovalent
multimers [107].

Figure 6-2. Analysis of STIV capsid proteins by SDS-PAGE [107].
Purified virus was denatured and separated (A) on a 4 to 20% SDS-PAGE gel or (B) on isoelectric
focusing (3 to 10 nonlinear) gel strips and then separated in the second dimension on an 8 to 18% SDSPAGE gel. Gels stained with Coomassie brilliant blue and individual protein spots and bands were then
identified using mass spectrometry on their tryptic digests. Bands 7 contained the A223-C381 complex,
whereas band 4 and spots 17, 18, 19, and 20 contained C381 protein. Spot 24 contains A223 after it was
resolved using 2D electrophoresis.

It has been suggested that A223 and C381 can form a pentameric protein
complex, which along with the structural protein C557, could be involved in the
formation of the vertex complex or turrets that exist on the five-fold symmetry axis found
on the icosahedral capsid (Figure 6-3) [107]. It has been speculated that these turrets may
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be involved in host recognition and/or attachment. The vertex complex may also be
involved in the packaging of DNA during viral particle assembly and viral DNA entry
into the host cell during infection [105]. These suggested roles for the proteins involved
in turret formation including A223 are further supported by the predictions of the fold
recognition algorithms.

Figure 6-3. Difference density map showing the vertex complex of STIV [108].
The right shows the zoom up of the difference density map of the turrets on STIV (left). Surrounding the
vertex are the peripentonal capsomers (major capsid protein trimer near the five-fold axis), shown in cyan.
The viral membrane is colored in red, and the minor capsid proteins at the base of the vertex are blue. The
map is contoured at 100% MCP mass content. A higher order complex of A223 and C381 protein along
with C557 protein is believed to constitute the vertex complex.

Fold recognition algorithms predict similar structures for C381 and A223
proteins. This is consistent with the complex formation of the proteins to constitute the
turrets of STIV. Hence, structural characterization of A223 can provide more details on
the structure and arrangement of the STIV turrets and thereby provide more information
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on their likely functions. Further, since the turrets are predicted to be involved in host
recognition and entry, the structure A223/C381 can provide more information on the
actual processes involved as STIV infects a Sulfolobus cell. Perhaps more importantly,
the structural similarity between A223/C381 and P5 protein in PRD1 will further
strengthen the evolutionary relationship between the two viruses and provide more
evidence that these viruses may share a common ancestor that predates the split in the
three domains of life.
Method and Materials
Cloning and Expression
The full 17,663 base pair genome of STIV was obtained from George Rice in Mark
Young’s laboratory at Montana State University. A223 is encoded by the 10th open reading
frame in the STIV genome that corresponds to nucleotide bases 5260-5931 in the viral
genome. The A223 gene has 671 nucleotides that code for a 24,424 Da protein.

A223 with a C-terminal 6X-His tag was cloned using Gateway cloning system
(Invitrogen) by Eric T. Larson. The 6X-His tag and the Att sites required for Gateway
cloning were added using PCR primers to A223 by nested PCR. A schematic of the
desired PCR product is as follows:
attB1Kozak/Shine-DalgarnoStart A223 6X His tagStop attB2
The primers used for nested PCR were:
Internal primers:
Forward - 5’ TTCGAAGGAGATAGAACCATGGGAGAAGTTTTTAAAGAA
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Reverse - 5’ GTGATGGTGATGGTGATGTATCACCTCTTCATATATTAAT

Universal primers:
Forward - 5' GGGG ACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG
Reverse - 5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGTGATGGTGATGGTGATG

The PCR reaction was carried out as described in Chapter 2 (Page 41).
Following the PCR reaction, the product was purified for cloning. Entry clone and
expression vectors (Gateway technology, Invitrogen) were generated as described in
Chapter 2 (Page 43). The expression clones were transformed into BL21-CodonPlus
(DE3)-RIL E.coli cells for expression as described in Chapter 2 (Page 45).
Crystallization of A223
Purification: The cell pellet from the expression trial with A223 expression clone
was re-suspended in 5-6 mL of lysis buffer (20 mM TRIS-HCl pH 8.0 and 400 mM
NaCl) per gm of wet cell pellet. The suspension was then lysed using a French press. The
lysate was heat shocked at 65oC for 25 min to denature most of the E. coli. proteins.
Following the heat shock, the lysate was clarified by hi-speed centrifugation at 25,000 X
g for 20 min. The cleared lysate was applied to a HIS-Select Nickel affinity gel (Qiagen
Inc.) and washed 10X using wash buffer (lysis buffer with 20 mM imidazole pH 8.0). The
protein was then eluted with 20 mM TRIS-HCl pH 8.0, 50 mM NaCl and 200 mM
imidazole. The purified protein was further purified using a Superdex 75 size exclusion
column with 10 mM TRIS-HCl pH 8.0 and 50 mM NaCl as the column buffer. The
protein eluted with a calculated molecular weight of ~27.5 kDa corresponding to one
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protomer of A223. All fractions were analyzed for purity using 15% SDS-PAGE gel
electrophoresis.
Crystallization: The protein eluted from the size exclusion column was
concentrated to 5 mg/ml using an Amicon spin concentrator with 10 kDa molecular
weight cutoff. The concentrated protein solution was used to screen for crystallization
conditions using the crystallization robot. A223 was found to crystallize in 0.1 M trisodium citrate dihydrate pH 5.6 and 35% t-butanol. The initial crystallization conditions
for A223 were obtained by Björn Tränkle and Caleb Marceau. The crystals were
reproduced in hanging drops to obtain diffraction quality crystals. Crystals quick soaked
in mother liquor with 22.5% glycerol were flash frozen in liquid nitrogen. X-ray
diffraction data up to 3.6Å was collected on these crystals at the Stanford Synchrotronous
Radiation Laboratory (SSRL), CA, USA.
A close examination of the crystallization experiment where t-butanol
concentration was titrated across the plate revealed that at lower t-butanol concentrations
the protein precipitated, and at higher concentrations the drop was clear. This trend
suggests that t-butanol may serve to solubilize the protein instead of acting as a
precipitating agent. Subsequently, 25% t-butanol was added to the protein prior to
crystallization leading to the production of better diffracting crystals (Figure 6-3A).
Site-directed mutation of A223
A223 contains 223 residues with only one endogenous methionine residue,
excluding the N-terminal methionine. Multi-wavelength anomalous diffraction (MAD)
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using seleno-methionine incorporation to solve the phase problem for A223 would
require at least one selenomethione position for every 150 residues [116]. In order to
increase the methionine content of A223, additional positions were introduced into the
native sequence by mutating selected leucine residues to methionine. Three such leucine
positions were chosen based on the predicted secondary structural elements using JPRED
[117], so that the resulting incorporated seleno-methionine positions would be well
ordered in the mutant protein.
The expression clones to express A223 mutants were generated by site-directed
mutation using the quikChange site-directed mutagenesis kit (Stratagene, USA) with the
primers described in Table 6-1. The PCR was setup as described by the quikChange sitedirected mutagenesis kit manual. The original DNA strand with the unmutated sequence
was digested using Dpn1, an enzyme that degrades methylated DNA, whereas the new
mutated DNA strand is not methylated and is thus not get degraded. The purified,
mutated and nicked plasmid was transformed into 10G E. cloni Electrocompetent Cells
for propagation of the mutant plasmid. Purified plasmids were sequenced to confirm the
mutations.
The expression clone for mutants 2 and 3 of A223 were transformed into E. coli
strain B834(DE3)pLysS (Novagen), a methionine auxotroph. Methionine auxotrophy was
confirmed for a single colony, which was then used to inoculate 5 ml of medium,
prepared essentially as described previously [Vogel-Bonner minimal medium,
supplemented per L with 1 mg thiamine, 2 g glucose, a heavy metal mix (10 mg
MoNa2O4, 2 mg CoCl2, 2 mg CuSO4·5H2O, 10 mg MnCl2·4H2O, 10 mg ZnCl2, 5 mg
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FeSO4·7H2O, 50 mg CaCl2·2H2O, 10 mg H3BO3), and an amino acid mix (50 mg each
of tryptophan, tyrosine, valine, isoleucine, leucine, serine, cysteine, aspartate, glutamate,
lysine, arginine, histidine, alanine, and threonine)], supplemented with 1 µg/L biotin, 50
µg/L L-(+)-selenomethionine, and 100 μg/ml ampicillin [76]. This starter culture was
used to inoculate 10 X 1 L cultures in 2.8L Erlenmeyer flasks. After growth to an OD600
of 0.6 to 0.8, protein expression was induced using 0.5 mM isopropyl-beta-Dthiogalactopyranoside (IPTG). The culture was induced for 4-6 hrs and then cells were
pelleted by centrifugation at 5,000 X g for 10 min. Cell lysis and protein purification
waere carried out as described above for the native protein.
Table 6-1. A223 Leucine to Methionine mutants
Mutant Residue Mutant
ID
number name
1
33
L33M
2

87

L87M

3

208

L208M

Primer used for site directed mutagenesis
(mismatch highlighted)
ATCCAGTTTCTTCTAATAATATGAACGTTTTTTTTGAAATAGG
AATTAAGCGCCGGACAGATTATGAAGTTCTATAACGTACCAAT
CGGGAACACAAATAACGAATATGACTTTAACAAGCTCGTCAGC

The eluate from the HIS-select Ni column was further purified using a Superdex
75 column and concentrated to 5 mg/ml. The non Se-Met and Se-Met incorporated
variant proteins were crystallized in the same condition as the native protein described
previously (Figure 5-3B). The non Se-Met L208M variant yielded 500 µm X 70 µm
crystals that diffracted up to 2.25Å (Table 5-2, Figure 5-3C). Crystals were frozen as
described above and X-ray diffraction data was collected at SSRL (Table 5-2). Three
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wavelength data collected from L208M and L87M Se incorporated protein was used to
try to solve the phase problem by multi-wavelength anomalous diffraction (MAD)
method. The phases calculated for the A223 Se variants using SOLVE [78] were not of
sufficient quality for further automated or manual structure building. Further analysis of
the data using the Twinning web server [118] showed that the crystals may be
merohedrally twinned.
Molecular replacement
Following the data analysis showing that the A223 crystals described above may
be perfectly twinned, a molecular replacement approach was undertaken to solve the
structure of A223. The model chosen was P5 protein from PRD1 (PDB ID: 1YQ8) that
has 12% sequence identity and 20% sequence similarity with A223. The sequence
alignment between P5 and A223 was done using ClustalX [95] and the alignment was
used as input into CHAINSAW [119] which truncates side chains in the model to the
nearest common atom and deletes nonaligned residues. The truncated model was used for
molecular replacement using MOLREP [120].
N-terminally His tagged protein
Apart from the molecular replacement approach to phase data collected on
twinned crystals, a cloning approach was initiated to make a different construct of A223
that might yield un-twinned crystals. The following N-terminally His-tagged construct
was designed:
attB1Kozak/Shine-DalgarnoStart 6X His tag A223 Stop attB2
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The following primers were used for the PCR reaction:
Internal primers:
Forward - 5’ GGCTTCGAAGGAGATAGAACCATGCATCATCACCATCACCATATGGGAGAAGTTTTTAAA
Reverse - 5’ GTACAAGAAAGCTGGGTCTCATATCACCTCTTCATATAT

Universal primers:
Forward- 5’ GGGG ACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATGCATCACCATCACCATCAC
Reverse- 5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCCTA

Cloning and expression of the N-His A223 construct was done as described in Chapter 2
(Page 43). Purification and crystallization of the protein were done as described above for
the native C-terminal 6X-His tagged A223 protein.
Results and Discussion
Crystallization of A223
High throughput screening for crystallization conditions of C-terminally 6X-His
tagged A223 yielded an initial crystallization condition that was reproduced in hanging
drops (Figure 6-4A). Titration of the t-butanol concentration (0-29%) in crystallization
screens showed that the protein precipitated at lower t-butanol concentrations, suggesting
that t-butanol might be increasing the solubility of the protein. In subsequent screens,
25% t-butanol or isopropanol ware added to the protein solutions to improve protein
solubility. The addition of 25% t-butanol improved the crystal quality especially in the
case of the Se-Met incorporated variant protein (Figure 6-4B). The biggest and best
diffracting crystals were obtained for native L208M A223 non Se-Met variant protein
(Figure 6-4C).
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Figure 6-4. Crystals of C-terminally 6X-His tagged A223.
Crystal were grown using hanging drop vapour diffusion with 2 μL of 0.1 M tri-sodium citrate dihydrate
pH 5.6 and 35% t-butanol and 2 μL of 5 mg/ml A223 (C-terminal 6X-His tag).
(A) A223 native protein in buffer with no t-butanol. (B) A223 L208M mutant se-met protein in 25% tbutanol containing buffer (C) A223 L208M native protein in 25% t-butanol containing buffer

The crystals obtained were exposed to X-rays at SSRL. Single and three
wavelength data sets were collected for native protein crystals and Se-Met protein
(L208M and L87M) crystals respectively (Table 6-2). The data were reduced in
spacegroups P3121, P6222 and P6422. The phases calculated by multi-wavelength
anomalous diffraction (MAD) using three wavelength data from Se-Met mutant protein
crystals were not of sufficient quality to be used for building the A223 structure. Efforts
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to incorporate platinum, mercury, gold, iodine and bromine ions into the native crystals
for phasing did not produce any usable phases. The resolution dependent figure of merit
distribution for the calculated phases for the MAD experiment using Se-Met incorporated
variant protein (both 2 and 3) are as follows:
A223 variant 3:
DMIN:
MEAN FIG MERIT:

TOTAL 9.20 5.79 4.53 3.84 3.39 3.07 2.82 2.63
0.49
0.82 0.80 0.76 0.70 0.56 0.41 0.28 0.17

A223 variant 2:
DMIN:
MEAN FIG MERIT:

TOTAL 10.62 6.70 5.24 4.44 3.93 3.55 3.27 3.05
0.40
0.65 0.69 0.61 0.48 0.45 0.36 0.25 0.17

Table 6-2. Data Collection Statistics for A223a,b
Data Set

A223-native

Wavelength (Å)

0.97944

A223-L208M
variant
0.95369

Se-A223-L87M
variant, peak
0.97922

Se-A223-L208M
variant , peak
0.97925

Space Group

P6222

Cell Constants
(a,b,c; Å)
α=β=90o, γ=120°

56.775
56.775
274.753

56.897
56.897
273.264

56.884
56.884
275.576

P3121
56.895
56.895
273.857

Resolution Range
(Å)

50-3.60
(3.73-3.60)

50-2.25
(2.33-2.25)

50-2.65
(2.74-2.65)

50-2.70
(2.80-2.70)

Unique
Reflections
Average
Redundancy

3,488
(249)

25,337
(2,425)

13,884
(1,415)

15,070
(1,433)

14.0 (11.2)

5.9 (5.5)

6.8 (6.6)

11.7 (11.6)

I/σ

11.3

17.7

15.6

16.1

Completeness (%)

97.5 (76.1)

98.9 (98.9)

86.3 (89.4)

99.8 (100.0)

Rsymc (%)

9.5
(20.9)

4.0
(28.9)

5.8
(28.2)

5.7
(28.8)

a

Data were integrated, scaled, and reduced using the HKL-2000 software package.

b

Numbers in parenthesis refer to the highest resolution shell.

c

th

Rsym=100*ΣhΣi|Ii(h)-<I(h)>|/ΣhI(h) where Ii(h) is the i measurement of reflection h and <I(h)> is
the average value of the reflection intensity.
d
Mersalyl Acid = HOHgCH2CH(OCH3)CH2NHCOC6H4OCH2CO2H
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A233 crystals are twinned
The data from A223 crystals (both native and variant) was reduced in at least
three different spacegroups, namely P3121, P6222 and P6422. Spacegroup P3121 has a
possible twinning function where if the crystals were twinned Ih,k,l = I-h,-k,l (Ihkl denotes
intensity of the reflection in the collected data at any given indices h,k,l). Twinning is a
special condition in crystallography where the constituting molecules, the A223
polypeptide chain in this case, pack in 2 or more different domains within the crystal
(Figure 6-5). Twins can be merohedral where the lattices from the different domain
overlap and hence cannot be resolve during data reduction. The analysis using the
Twinning web server shows that A223 appears to be merohedrally twinned with two
equivalent domains (hemihedral) (Figure 6-5). Further, the twin fractions which define
the relative distribution of the two domains involved is 0.487587 for A223, suggesting
that the data may be almost perfectly twinned and hence cannot be detwinned without a
model. The poor quality of the MAD phases further supports the possibility of twinning
in this crystal form.
Since the crystals of the C-terminally his tagged protein and all its variants may
also produce twinned crystals, N-terminally his tagged versions of the native and mutant
proteins were cloned, expressed and screened for crystallization conditions. Although a
few initial hits were identified and reproduced in hanging drops, the crystals were not big
enough to be used in X-ray diffraction experiments.
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A

B

Regular lattice arrangement

Twinned lattice arrangement

Figure 6-5. Merohedral twinning.
A. The left panel shows the output plot from the Twinning web server [118]. The right panel shows the key
with possible plots in order to interpret the results. The plot for A223 shows that the crystals may be
partially twinned.
B. The left panel shows a regular arrangement of the jigsaw pieces that represent each protein polypeptide
chain in a crystal is a repetitive array. In the case of a merohedrally (hemihedral) crystal, shown in the
right panel, the crystal contains domains where protein molecules (show here as jigsaw pieces) pack in a
different orientation. However, the lattices coincide making merohedral twinning hard to detect and
detwin. (Jigsaw cartoon illustration of merohedral twinning by Dr. Thomas Schneider FIRC Institute of
Molecular Oncology, Milan, Italy)
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Molecular replacement
Molecular replacement using MOLREP with truncated P5 protein from PRD1
(PDB ID: 1YQ8) as the input model yielded a solution with a contrast of 1.589,
indicating that it may be a possible solution. The model was refined to 2 Å against the
variant 3 native dataset using REFMAC [82] to obtain an Rfactor/Rfree of 48.9/49.6%
without using TWIN refinement and 43.1/41.5% using TWIN refinement. The phases
calculated by REFMAC are currently being used to generate maps to be used for further
manual building.
Conclusions and Future Directions
The gene for A223 from STIV has been cloned and expressed with a C-terminal
and an N-terminal 6X-His tag. These proteins have been screened for crystallization
conditions and the indentified conditions for both constructs have been reproduced in
hanging drops. However, the crystals formed by the N-terminally His-tagged protein are
not big enough to be used in X-diffraction experiments. The crystals of the C-terminal
His-tagged proteins are of diffraction quality but analysis of the collected data showed
that the crystals were twinned. While attempts to phase the A223 structure using
Molecular replacement with P5 protein from PRD1 as the model are underway,
identification of different crystallization conditions that produce lower twinning fractions,
or better yet, untwined crystals may be required to solve the structure of A223.
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Appendix A. The prevalence of anemia worldwide.
A) Anaemia as a public health problem by country: Preschool-age children
B) Anaemia as a public health problem by country: Pregnant women

