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ABSTRACT 

 

Iron and copper are the two most abundant transition metals in humans and are 

mediators of many essential cellular processes. The entry of these metals into cells 

require controlled processes, including their reduction prior to uptake. A group of integral 

membrane enzymes, the six-transmembrane epithelial antigen of the prostate (Steap) 

family, are able to perform this function. Steap3, in particular, functions as the primary 

ferric reductase in the transferrin cycle, the dominant mode of erythrocyte iron uptake. 

How these enzymes perform these functions has remained ill-defined. Here, the 

biochemical underpinnings of Steap metalloreductase activity have been investigated. To 

elucidate these mechanisms, expression systems for Steap3 and Steap4 have been 

developed in bacterial, insect, and human cell lines and purified to varying degrees. By 

analyzing the truncated cytoplasmic oxidoreductase domain of Steap4, it was found that 

NADPH is oxidized by transferring a pair of electrons to a flavin. With this truncation, 

however, flavin only binds weakly and the construct shows no ability to preferentially 

bind one type of flavin. In contrast, when the full length Steap3 was partially purified, it 

exhibits high-affinity FAD-binding, indicating that the transmembrane region of the 

protein contains the major structural features of the FAD binding site. Further, it was 

found that the cytoplasm-oriented loops between transmembrane helices formed the site. 

The next cofactor in the electron transport chain is a single b-type heme. Two strictly 

conserved histidines were identified that coordinate the heme and both are required for 

heme incorporation. The metal binding site at the extracellular face of the membrane was 

also characterized. Here, it was found that Steap3 and Steap4 share a conserved high-

affinity iron binding site. Additionally, iron and copper both bind with similar affinities 

to Steap4. Two critical residues of the metal binding site were determined and their 

predicted proximity to the heme cofactor suggests that the electron is transfer is direct 

between cofactor and metal. Finally, it was found that Steap’s are able to dimerize in the 

cells, forming homo- and heterodimers Together, the enzymatic mechanism has been 

characterized in-depth for the first time for these physiologically-significant enzymes. 
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CHAPTER ONE 

 
INTRODUCTION 

 
 

Vertebrate Iron Homeostasis 

 
Iron is the most abundant transition metal in the human body. The chemistry of 

the atom allows for life to access reactions otherwise unworkable. The capacity for 

electron transfer makes the metal ideal for use by enzymes in catalyzing oxidation-

reduction reactions. At the same time, this property makes iron potentially dangerous for 

the cell, as it is capable of reacting with oxygen compounds, molecular oxygen or 

peroxides to generate an array of reactive oxygen species (ROS). ROS can then damage 

cellular proteins, DNA, and lipids. To prevent this harmful chemistry, the body must 

maintain tight control of its  stores of this metal, leading to highly regulated processes for 

transport as well as use in catalysis. Due to the critical nature of iron transport to human 

health understanding the underlying mechanisms are of high importance.  

Healthy US males typically contain approximately 10 mg of iron per kg of body 

weight, while healthy females contain around 5 mg of iron per kg of body weight [2]. The 

majority of iron (~70%) is dedicated to red blood cell hemoglobin and excesses are stored 

in the liver [4]. The body has no direct mode to excrete iron and iron is only lost through 

the loss of cells (skin, intestinal, blood, etc.). To maintain iron stores, a diet requires ~2 

mg of iron daily. Ingested iron is primarily absorbed in the duodenum and upper jejunum 

of the intestine [5]. Heme-bound iron and inorganic iron are absorbed through 

independent pathways. Heme iron is transported into intestinal enterocytes in a poorly-
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characterized process.  It was originally thought this process was mediated by heme 

carrier-protein (HCP-1) [6], however, subsequent work showed this protein is actually a 

folate transporter. Thus the identity of the heme transporter is currently unresolved [7]. 

However, the situation is somewhat clearer with regard to inorganic iron, where 

primarily iron primarily in the ferric (Fe3+) state, is thought to be reduced at the cell 

surface by duodenal cytochrome b (Dcytb) [8]. However, mice lacking Dcytb still show 

normal iron uptake, thus it seems there are additional proteins that serve this function in 

the absence of Dcytb, leading to redundancy in the system [9]. Dcytb is an integral 

membrane protein that transfers electrons from cytoplasmic ascorbate across the 

membrane to reduce intestinal iron. Reduced iron is then transferred across the membrane 

via divalent metal transporter-1 (DMT1), which only transports ferrous (Fe2+) iron. 

Upon uptake from diet, ferrous iron is transported out of intestinal enterocytes by 

ferroportin and subsequently oxidized to Fe3+ by hephaestin or ceruloplasmin [10]. Fe3+ 

transport to tissues is mediated by transferrin, which is able to bind two ferric ions with 

extremely high affinity (KD of 10-23 M-1 at pH 7.4) [11]. At the plasma membrane of a 

cell, iron-loaded transferrin binds the transferrin receptor (TfR). TfR forms a homodimer 

at the cell surface, with each subunit binding a diferric transferrin molecule. Upon Tf 

binding, clathrin-mediated endocytosis internalizes the complex. As in the import of 

dietary iron, endosomal iron is transported by DMT1, which is only capable of 

transporting ferrous iron into the cytoplasm, thus making Fe3+ reduction a prerequisite for 

entry into the cell [12]. To facilitate iron reduction and subsequent transport, the 

endosome is acidified by a V-type ATPase to a pH around 5-6 [13]. The acidification  
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results in the protonation of a number of histidine residues at the interface of Tf and TfR 

and a subsequent conformational change that destabilizes the iron binding sites of Tf 

[14]. The released Fe3+ is then reduced by the endosomal ferric reductase to Fe2+ and is 

subsequently transported to the cytoplasm by DMT1.  

 
Steap3 as the Transferrin Cycle Ferric Reductase 

 
The identity of the transferrin cycle ferric reductase was discovered through the 

Figure 1.1. Overview of the transferrin cycle. The transferrin cycle is initiated by the 
binding of two Fe3+ (closed circles)-loaded transferrin molecules to the transferrin 
receptor dimer (A). The transferrin-transferrin receptor complex then undergoes clathrin-
mediated endocytosis (B). The endosome is then acidified by an ATPase to a pH of ~5.5 
and the Fe3+ is released from transferrin (C). The lumenal Fe3+ is then reduced by a ferric 
reductase, Steap3, to Fe2+ (open circles; D). The reduced iron is then transported into the 
cytoplasm by DMT-1 (E). Finally, the endosome is recycled to the cell surface (F) where 
holo-transferrin displaces apo-transferrin from transferrin receptor.  
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work of Ohgami et al. who identified a mouse line, nm1054, that exhibited microcytic, 

hypochromic anemia that was indicative of a defect in erythrocytic iron uptake [15]. 

Upon investigating the genetic basis of the phenotype, a six-gene deletion in chromosome 

1 was discovered [1]. The gene responsible for the phenotype was revealed to be Steap3, 

or six-transmembrane epithelial antigen of the prostate family member 3, as Steap3-/- 

mouse line resulted in the same phenotype and, conversely, retrovirally-transduced 

expression of the Steap3 gene rescued the anemia [1].  

Prior to its identification as a ferric reductase, Steap3 was described as a tumor 

suppressing protein. In rat tumor models, adenovirus-mediated Steap3 expression led to 

elevated apoptosis and p53 expression [16]. Additionally, it was found that the Steap3  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2.  Steap3 knockout mice exhibit hypochromic, microcytic anemia. Blood 
smears from Steap3+/+ mice (A), Steap3nm1054/nm1054 mice (B), Steap3nm1054/- mice, and 
Steap3-/- mice. Figure is from [1].  
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gene promoter contains a p53 response element. In the cell, p53 serves to maintain 

genomic integrity through control of a wide-range of transcriptional targets [14]. The 

mechanism of Steap3-mediated apoptosis is believed to occur through its association with 

Nix, a mitochondrial protein that can increase membrane permeability and induce 

apoptosis [17]. Subsequent observations included a role in tumor reversion through non-

classical secretion of exosomes, notably the secretion of translationally controlled tumor 

protein (TCTP) [17, 18]. TCTP is a multi-functional protein that has antiapoptotic as well 

as cell-signaling functions. It remains unclear how, or even if, the enzymatic function of 

Steap3 is related to its tumor suppressing capabilities. 

While a connection between Steap3’s p53-associated tumor suppression and 

transferrin cycle roles is lacking, an analysis of the amino acid sequence by Ohgami et al. 

strengthened the identification of Steap3 as the ferric reductase in the erythrocyte 

transferrin cycle [1]. Steap3 was predicted to be a multi-pass integral membrane protein 

with an N-terminal domain (~200 residues) predicted to lie in the cytoplasm. The 

transmembrane domain of Steap3 is predicted to contain 6 alpha helices. The sequence is 

distantly homologous to other integral membrane electron transfer enzymes, such as the 

yeast ferric reductase, FRE1, and the human NADPH oxidase (NOX) [3]. These proteins 

transfer electrons originating from NADPH in the cytoplasm across the plasma 

membrane via a FAD and two bis-histidine-coordinated heme cofactors in the 

transmembrane region. One pair of heme-coordinating histidine residues is conserved in 

Steap3, but the other pair corresponding to the cytoplasmic proximal heme are not 
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present. As a result, Ohgami et al. predicted Steap3 binds a single heme cofactor in the 

transmembrane domain [3].   

However, the cytoplasmic NAPDH-binding domains of these distant 

transmembrane electron transfer homologs significant sequence similarity to Steap3. 

Furthermore, the NADPH binding domains of these distant homologs lie at the C-

terminus, as opposed to the N-terminal organization in Steap3. Interestingly, Steap3’s N-

terminal cytoplasmic domain does share sequence similarity with an archaeal and 

bacterial enzyme, F420:NADP+ Oxidoreductase (FNO). FNO is able to catalyze the 

transfer of electrons from NADPH to the flavin analog F420. It contains a characteristic 

consensus sequence motif (Gly-X-Gly-XX-Gly/Ala) for binding a dinucelotide, such as 

NADP+.  And indeed, the crystal structure for FNO found that the F420 bound adjacent to 

NADP+, with the isoalloxazine ring positioned proximal to the nicotinamide ring of the 

NADP+ for efficient electron transfer [19].  

Experiments by Ohgami et al. demonstrated that Steap3 was capable of reducing 

not only iron at the cell surface of transiently-transfected cells, but copper as well [1, 20]. 

Moreover, by mutating residues predicted to interact with either NADPH or a 

transmembrane heme, they found a complete loss of activity. Together, these findings 

strongly indicated that Steap3 filled the role as ferric reductase in the transferrin cycle 

and pointed to an initial model for the Steap3 transmembrane electron transport process.  

Specifically, they proposed that from NADPH move to a flavin cofactor in the 

cytoplasmic domain, and then to transmembrane domain-bound heme before reduction of 

the terminal acceptor, Fe3+, on the lumenal side of the membrane. 
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There are three other Steap family members: Steap1, Steap2 and Steap4, and each 

of these Steap family members are candidates for the redundancy seen in intestinal iron 

uptake in the absence of Dcytb.  They are similar to one another at the amino acid 

sequence level (>60% similarity) and Steap2 and Steap4 have been shown to exhibit 

ferric-reductase activities [20], but their involvement in the transferrin cycle remains 

largely unclear, though it may be tissue-specific as Steap4 has been implicated as the 

reductase of the transferrin cycle in osteoclasts [21]. 

Steap1, however, has not been shown to function as a reductase in vitro, perhaps 

because it is the only family member to lack an N-terminal FNO-like NADPH-binding 

oxidoreductase domain and thus lacks a source of electrons for reduction. The function of 

Figure 1.3. Structural organization of Steap3 and its homolog, NADPH oxidase. 
Transmembrane topology prediction algorithm, TMHMM, predicts a C-terminal 
transmembrane domain containing 6 transmembrane alpha helices. In contrast to NADPH 
Oxidase, Steap3 was predicted to contain only a single heme cofactor. Steap3 also differs 
from NADPH oxidase by having an N-terminal oxidoreductase domain as opposed to a 
C-terminal domain.  
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Steap1 remains unknown, although expression is elevated in prostate cancer cells and is 

associated with a poor prognosis for the disease [22].  

Steap2 also has an ill-defined cellular role and, similar to Steap1, shows 

significantly increased expression in prostate cancer cells [23]. Its expression is 

associated with both the proliferative and antiapoptotic pathways in prostate cancer cells 

[24]. Conversely, an in vitro shRNA knockdown of Steap2 inhibits growth of those 

prostate cancer cells [24].  

Steap4 is also overexpressed in prostate cancer cells, but connections to it 

mediating inflammatory responses in visceral adipose tissue have also been made. Both 

obesity and type-II diabetes are related to chronic inflammation in adipose tissue and, 

indeed, if Steap4 is knocked-out in mice, they exhibit insulin resistance and reportedly 

develop metabolic syndrome as a result of increased inflammation. However, its role in 

metabolic syndrome remains controversial (M. Fleming, personal communication, 

October 2013), [25]. As a result, Steap4 has received significant interest for its putative 

anti-obesity/diabetes role.  

While Steap family members have varied physiological associations, other than 

Steap3 in the transferrin cycle, it remains unclear what biochemical function they are 

performing, for example, in prostate cancer cells or adipose cells. with the exception of 

Steap1, Steap family members are capable of non-transferrin-bound iron (NTBI) 

reduction [20]. Serum NTBI represents an exceedingly small fraction of the total body 

iron during normal conditions, but can reach micromolar levels during iron overload. As 

NTBI is susceptible to Fenton chemistry, Steap3 and the other family members could 
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function to alleviate this source of oxidative stress. In mouse models both Steap3 and 

Steap4 are highly expressed in the liver, a site of rapid clearance of NTBI primarily 

through the transporter Zip14, which is selective for Fe2+ [1, 26, 27]. As such an 

important secondary role for the Steap proteins outside of the transferrin cycle may be in 

reducing serum NTBI in concert with transport via Zip14. 

 
The Steap Family and Copper Homeostasis  

Copper is the third-most abundant transition metal in the body [28]. 

Physiologically, it is found in the Cu2+ as well as the Cu+ state. Much like iron, proteins 

are able to exploit copper’s redox chemistry to catalyze electron transfer reactions. Also 

similar to iron is copper’s capacity to form damaging ROS, thus requiring controlled 

transport and storage processes.  

Ohgami et al. discovered that Steap2, Steap3 and Steap4 also function as cupric 

reductases in vitro [20]. However, the role of the Steap family in copper homeostasis is 

not well-understood. Copper uptake in the cell is similar to iron as copper must be 

reduced prior to entry, though an endocytotic cycle is not employed for copper entry. The 

primary plasma membrane copper transporter, Ctr1, only transports the Cu+ oxidation 

state, with plasma copper present in the Cu2+ state [29]. As such, a cupric reductase is 

predicted to work in concert with Ctr1. The Steap family and duodenal cytochrome b 

(Dcytb) are the only reductases identified to date capable of carrying out this function. In 

vitro experiments have shown that Dcytb exhibits a Michaelis constant, KM, of 23.1 µM 

for Cu2+-histidine [30]. However, plasma levels of non-ceruloplasmin-bound, or “free”, 

copper in healthy individuals are generally below 1.6 µM [31], suggesting Dcytb may not  
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be the optimal enzyme for this role and instead a Steap family member could be the  
 
primary cupric reductase. 
 
 
The Crystal Structure of the Steap3 Oxidoreductase Domain  
 

In an effort to elucidate the structural basis for Steap3 electron transfer, 

Sendamarai et al. determined the crystal structure of the N-terminal oxidoreductase  

domain for Steap3 (residues 1-215) [3]. As expected, the structure was similar to the 

homolog FNO (backbone RMSD of 1.44Å). Like FNO, Steap3 is able to bind and co-

Figure 1.4. Human Steap3 oxidoreductase domain crystal structure with NAPDH bound 
(PDB ID: 2VQ3). Secondary structural elements are labeled. NADPH shown in green. 
The dinucleotide binding motif residues (Gly35-X-Gly37-X-X-Ala40) are shown in red.  



11 
 
crystallize with NADPH through a Rossman fold. Steap3, however, was not able to co-

crystallize with a flavin, and while inspection of the structure did reveal an open cleft 

immediately adjacent to the nicotinamide ring of NADPH that might accommodate the 

isoalloxazine ring of FAD, an obvious biding site for the adenine, ribose, diphosphate and 

ribitol moieties of FAD were not obvious In addition, flavin docking studies based upon 

the relative postion of the NADPH molecules,  revealed steric clash between the 

isoalloxazine ring of any flavin, andleucine-206 side chain (Figure 4).  It was suggested 

that truncation leading to expression of the N-terminal domain had allowed Leu-206 to 

fall into the isoalloxazine binding pocket, preventing recognition of the isoalloxazine  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Human Steap3 oxidoreductase domain flavin binding site superimposed 
with FNO crystal structure flavin, F420. (PDB ID: 2VQ3; figure featured in [3]. Steap3 
sidechains are shown in green, isoalloxazine ring from biliverdin IX reductase shown in 
teal and NADPH shown in yellow.  
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ring.   In contrast, in the full-length protein Leu-206 would instead reside in a polypeptide 

chain that transitioned up into the transmembrane domain. This is in contrast to FNO, 

which as a soluble protein has an extended C-terminal helix that completes its F420 

binding pocket.  Though flavin binding was not observed, it still seemed necessary for 

Steap3 to bind a flavin, as the intermediate isoalloxazine ring of flavin is needed to  

“throttle-down” from a two electron reduction by NADPH to a one electron reduction of 

copper. 

In studying the oxidoreductase domain, Sendamarai et al. also discovered the 

ability of the protein to form homodimers. When subjected to size exclusion 

Figure 1.6. Crystal structure of the human Steap3 oxidoreductase domain dimer with 
NADPH bound (PDB ID: 2VQ3). Structure is colored in “chainbows” convention with 
N-terminus as dark blue and C-terminus as red. The relative position of the 
transmembrane (TM) domains are indicated by dashed arrow.    

TM 
domains 
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chromatography, the truncated protein exhibited concentration-dependent dimerization. 

The crystallized protein also formed also formed two-fold symmetric dimers . The dimer 

interface was small, composing only 717 Å2 of the solvent-exposed surface area. In the 

full-length membrane-bound protein, additional interactions along with the 2-dimensional 

restriction of movement may strengthen the dimerization. Interestingly, the dimer 

interface was proximal to the NADPH-binding site. The location of the interface suggests 

that dimerization of the full-length protein may be important to NADPH binding and, as a 

result, ferric reductase activity.  

In the context of the transferrin cycle, the stoichiometry of a Steap3 dimer has an 

interesting parallel with the holo-transferrin:TfR complex. The Tf:TfR complex contains 

four Fe3+ atoms that must be reduced prior to cell entry and the Steap3 dimer carries a 

total of four reducing equivalents from the NADPH molecule bound to each protomer. 

Thus dimerization may serve as a regulatory mechanism, whereby electrons are 

transferred across the membrane only in the presence of endosomal iron from transferrin.  

 
Research Goals 

 
 

The importance ofSteap family proteins to human health has been firmly 

established. However many fundamental structure-function relationships remain 

unknown. For example; what is the enzymatic mechanism of Steap3-mediated Fe3+ 

reduction? What is the path of electrons that originate on NADPH and end on a reduced 

iron atom? To this end, a flavin is strongly implicated in electron transfer, but does not 

co-crystallize with the truncated oxidoreductase domain of Steap3. Does the protein 
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really bind a flavin, and if so, which flavin does it prefer? If it binds a flavin, what part of 

the protein composes the binding site since the oxidoreductase domain alone appears to 

be inadequate? With regard to the transmembrane domain, most homologs contain two 

heme cofactors, while Steap3 is only predicted to contain one. Does Steap3 only bind a 

single heme? What type of heme does Steap3 bind? How does Steap3 reduce iron/copper 

at the extracellular or lumenal face of the membrane? Does it prefer one metal over 

another? Does the metal drop into a binding pocket near the porphyrin ring of the heme 

for direct electron transfer or is there a distant metal binding site and electron-tunneling 

residues in the intervening space? The truncated Steap3 oxidoreductase domain can 

dimerize, but is the full-length protein able to form dimers and if so, is that dimer active? 

Furthermore, if homodimers exist, can Steap family heterodimers also form?  

 Prior work on Steap family members has relied mainly on mouse knockouts, 

small-scale cell-surface expression, or recombinant E. coli-expressed truncated protein. 

To answer many of the above questions, a biochemical study of the protein is required, 

ideally, on purified full-length protein. To our knowledge, a purification of any active 

Steap family member has not been reported. As such, expression platforms must be tested 

and purification conditions need to be empirically-determined, including lysis conditions, 

solubilizing detergent, and affinity fusion tag identity. Development of a ferric reductase 

activity assay for the full-length protein is also a necessary prerequisite before answering 

the above questions. The work by Ohgami et al. utilized a cell surface ferric and cupric 

reductase assay. Using this assay as a starting point, it will need to be modified for kinetic 

studies of solubilized or purified Steap3, which would require addition of NADPH and/or 
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a flavin. This assay would allow for structure-function studies of the full-length Steap 

family of protein in an effort to answer the fundamental questions outlined above. 
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CHAPTER TWO 
 
 

EXPRESSION AND SOLUBILIZATION OF 
  

HUMAN STEAP3 IN HEK-293T CELLS 
 
 

Introduction 
 

 
 Performing functional studies of an integral membrane protein involves 

optimization unique from soluble proteins. The expression system must be chosen 

carefully as those commonly employed have unique properties that may or may not 

impact the expression and folding of the protein of interest. Human embryonic kidney 

cells have been a popular choice in the expression of recombinant mammalian proteins 

since the cell line was generated in 1977 [1]. The cell line is easily maintained and 

robustly transfectable. The higher-order eukaryotic post-translational processing is 

especially important in the expression of integral membranes. In Escherichia coli cells, an 

overexpressed human integral membrane protein will commonly misfold, creating toxic 

inclusion bodies to the host cell. Additionally, prokaryotic and lower-order eukaryotic 

systems will either not include post-translational modifications or have altered 

modifications from their in vivo state. Furthermore, the lipid environment is an important 

factor to the stability to an integral membrane and non-mammalian systems will have 

different lipid compositions. These factors can play significant roles in the recombinant 

expression of mammalian proteins, making a human cell line like HEK 293 an attractive 

option.  Functional assays must be designed with the topology of the protein in the 

membrane and resulting accessibility of a site of interest for that assay.  
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As it is exceptionally useful to assay a protein of interest away from others, the 

methods for purification of an integral membrane protein must be carefully and, in most 

cases, empirically determined. Detergents are a primary concern in the purification of a 

membrane protein. For effective membrane extraction and purification, a range of 

detergents need to be assessed to identify the optimal one. A detergent may seemingly 

perform well as assessed by a method such as SDS-PAGE, but if the protein forms high-

order aggregates that are non-physiological, then subsequent analysis will be negatively 

affected. A means to screen detergents quickly and effectively is through the use of size-

exclusion chromatography in which a fluorescent protein-tagged protein of interest is 

used, a process called fluorescence size exclusion chromatography (FSEC; [2]).     

 

 

 

  

 

 

 

 

 

  

 
Figure 2.1. Overview of fluorescence size-exclusion chromatography (FSEC) detergent 
screen.  
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Homogeneity of the protein species can be easily assessed by surveying the fluorescence 

of the eluted material. Coupled with the measuring of fluorescence recovery after 

ultracentrifugation of the detergent-added material, an optimal detergent can be chosen. 

To examine the viability of transiently expressing recombinant Steap3 in the HEK 

cell line, HEK 293T (a variant containing the large T antigen from the SV-40 virus). An 

expression analysis with various constructs. As the activity of the enzyme is a focal point 

of analysis, expression constructs were assessed on the basis of cell surface ferric 

reductase activity. With active construct, the ability of detergents to solubilize them from 

the lipid bilayer was assessed with a fluorescence size exclusion chromatography screen.  

Solving the Steap3 cytoplasmic oxidoreductase domain crystal structure brought 

many interesting observations. One notable one was that the domain crystallized as a 

two-fold symmetrical dimer. Additionally, it was observed to migrate in size exclusion 

chromatography as a dimer. The dimer interface was small, composing only 8% of the 

solvent-exposed surface area, but was well-conserved. The oligomeric state of the full-

length has remained unknown, however. Dimerization may functionally critical as the 

interface in the oxidoreductase domain is adjacent to the NADPH binding site. 

Additionally, in the context of the transferrin cycle, a dimerized complex would be able 

to reduce four iron atoms from the two bound NADPH molecules and the Tf:Tfr complex 

binds four iron atoms. The stoichiometric symmetry not only produces the hypothesis of 

a Steap3 dimer, but a Steap3-Tf:TfR supercomplex as well.  

As no Steap family member has been purified, partially or otherwise, to date, the 

work described here seeks to provide important foundational details for Steap3 
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recombinant expression, activity, and purification. Can we measure the ferric reductase 

activity of Steap3 using the established assay and then adapt that assay to fit our larger-

scale needs? To seek to purify Steap3, the extraction from the lipid membrane is one of 

the most crucial steps. Can we solubilize Steap3 from the membrane with a detergent? If 

so, which detergent optimally solubilizes Steap3? Finally, with an established expression 

system for Steap3, can we use it to investigate an important attribute of Steap3? The 

oxidoreductase domain dimerizes, but is this an artefact of truncation or does the full-

length protein dimerize as well? These findings will serve as an important foundation for 

future studies of Steap3 or other Steap family members.  

 
Materials and Methods 

 
Steap3 Expression Construct Cloning  

Mus musculus Steap3 cloned in to the pCMV.tag4a expression plasmid was 

provided by Dr. Mark Fleming. To generate venus fluorescent protein (VFP)-tagged 

Steap3 fusions, the Steap3 gene was PCR-amplified to include attB transposition sites 

and subcloned into the pDONR201 donor vector using the BP clonase II enzyme of the 

Gateway system (Invitrogen) to create the entry vector pENTR.Steap3. A gateway 

destination vector encoding for a C-terminal VFP fusion tag (pDEST.Venus) was 

generously provided by Mensur Dlakic (Montana State University). The LR clonase II 

enzyme kit (Invitrogen) was used to transpose the Steap3 gene in pENTR.Steap3 to the 

pDEST.Venus destination vector to create the Steap3.Venus expression vector.  

 



23 
 
Adherent HEK-293 Cell  
Culture and Transfection                                                           

 For adherent cell experiments, HEK-293T cells from ATCC were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 100 U/ml Penicillin and 100 µg/mL Streptomycin at 37 °C in a humidified 

incubator with 5% CO2. On the day of transfection, cells were at ~70% confluence. Cells 

were transected with GenePorter2 (Genlantis) and 2 μg of plasmid DNA according to 

manufacturer’s instructions. The lipid-DNA solution was added to cells in DMEM media 

that did not contain FBS or antibiotics. Four hours post-transfection, the transfection 

media was replaced with fresh FBS- and antibiotic-containing media.  

 
Suspension-Adapted HEK-293 
 Cell Culture and Transfection 

HEK 293F cells (Invitrogen) were cultured in Freestyle 293 expression medium 

in spinner flasks rotating at 100 R.P.M. on a magnetic spinner plate in a 37 °C humidified 

incubator with 5% CO2 atmosphere. Cells were grown to log phase on the day of 

transfection and centrifuged at 1000 xG for 5 minutes. Conditioned media was removed 

and cells were resuspended in fresh media to 1x106 cells/ml. In 2 mL of PBS, pH 7.4, 20 

μg of plasmid DNA and 40 μg of linear polyethyleneimine (PEI; Polysciences) were 

added and the mixture was incubated at room temperature for 15 minutes. The DNA-PEI 

mixture was then added to 20 mL of cells in a spinner flask in a humidified 37 °C 

incubator with 5% CO2. The cells were then grown for 16-72 hours before harvesting.  
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Adherent HEK-293 Cell  
Surface Ferric Reductase Assay 

Steap3 Forty-eight hours after transfection, the cells were washed three times with 

phosphate-buffered, pH 7.4, and incubated in iron uptake buffer (IUB; 25 mM MES, 25 

mM MOPS, 140 mM NaCl, 5 mM glucose, 5.4 mM KCl, 1.8 mM CaCl2, 800 μM MgCl2) 

with 50 μM Fe3+-NTA and 200 μM ferrozine. After a one hour incubation at 37 °C, the 

supernatant was removed and the formation of Fe2+-ferrozine complexes was analyzed by 

a spectrophotometer at 562 nm (ε = 27,900 M-1cm-1). Cell number was determined by 

detaching cells from the well surface with trypsin-EDTA solution and addition of 10 μL 

of suspended cells to a hemacytometer with subsequent analysis with an inverted light 

microscope.  

 
Suspension-Adapted HEK-293  
Cell Surface Ferric Reductase Assay 

The ferric reductase assay was performed essentially as described above with the 

following changes. 16-72 hours after transfection, cells were centrifuged 1000 xG for 5 

minutes and the cell pellet was washed two times with PBS, pH 7.4. The cell pellet was 

then resuspended in IUB with Fe-NTA and ferrozine and transferred to a 6- or 24-well 

plate. After a one hour incubation at 37 °C, the reduction of Fe3+ was determined through 

the detection of Fe2+-ferrozine complexes by monitoring absorbance at 562 nm (ε = 

27,900 M-1cm-1). Data was analyzed by GraphPad Prism 5.0 (GraphPad Software). 
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Fluorescence Size Exclusion Chromatography  

Forty-eight hours after transfection, cells in 6-well plates were washed three times 

with PBS, pH 7.4. Cells were then detached by gentle pipetting and suspended in 5 mL of 

PBS, pH 7.4, detergent [20 mM n-dodecyl-β-D-maltopyranoside (Anatrace), 20 mM 

Triton X-100 (Alfa Aesar), 250 mM octyl-β-D-glucopyranoside (Calbiochem), 125 mM 

CHAPS (MP Biomedicals), 100 mM sodium dodecyl sulfate (SDS; Fisher), 0.6 mM 

Tween 80 (Sigma), 1 mM Brij-35 (Fisher], and 1X protease inhibitor cocktail III 

(Calbiochem). The suspended cells were rotated for one hour at 4 °C. After rotation, 

insoluble material was pelleted in a Beckman-Coulter Optima Max ultracentrifuge at 

66,000 xG for 40 minutes. The supernatant was then injected into a Superdex 200 (S-200) 

size-exclusion column equilibrated in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM 

EDTA, 1 mM n-dodecyl-β-D-maltopyranoside (Anatrace) at 4 °C with a flow rate of 0.4 

mL/min. Fluorescence chromatograms were recorded with an in-line Waters 470 

scanning fluorescence detector (515 nm excitation, 530 nm emission). Additionally, 

solubilized material before and after ultracentrifugation was analyzed fluorometrically 

with a Tecan Safire microplate fluorometer (515 nm excitation, 530 nm emission). 

Qualitative assessment of a detergent was through the magnitude of solubilized 

fluorescence after ultra-centrifugation alongside the peak mono-dispersity in the 

fluorescence chromatogram. 

 
Sample Preparation for Confocal Microscopy  

HEK-293T cells were grown and transfected as described above, with the 

exception that cells were grown on glass cover slips in a 6-well plate well. 24-hours post-
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transfection, cells were washed three times with PBS. Plasma membranes were labeled 

with wheat germ agglutinin conjugated to AlexaFluor-633 (Invitrogen) at 5 µg/mL in 

PBS was applied to the cells for 10 minutes at 37 °C. Cells were then washed three times 

with PBS. Cells were then fixed with 4% formaldehyde in PBS for 15 minutes at 37 °C, 

after which they were washed three times with PBS. Nuclei were then stained by 

incubation with 1 µg/mL DAPI in PBS for 5 minutes at room temperature protected from 

light, followed by three washes of PBS. Finally, the cell-containing coverslips were 

removed from the wells and placed on a cover slide, immersed in a single drop of 

Vectashield mounting medium, and sides were sealed with nail polish. The mounted cells 

were viewed on a Leica TCS-SP2 AOBS confocal scanning laser microscope with a UV 

laser for DAPI imaging, ArKr laser for venus fluorescent protein imaging, and He/Ne 

laser for wheat germ agglutinin imaging. Image analysis was performed with Imaris 

(Bitplane) and ImageJ (rsb.info.nih.gov/ij).      

 
Results 

 
Steap3 Cell-Surface Ferric  
Reductase Activity of Tagged Steap3 

In identifying Steap3 as the ferric reductase in the transferrin cycle, an in vitro 

transient-expression activity analysis was used to confirm its enzymatic activity [3]. This 

analysis utilized an Fe3+-NTA:ferrozine colorimetric assay to determine activity of 

protein at the surface of live HEK 293T cells. To assess the quality of our system, the 

experiment was partially repeated, but with the addition of a new Steap3 expression 

vector. The Steap3.Venus expression vector contains a venus fluorescent protein fusion at 
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the C-terminus. Fluorescent protein fusions have become popular for use in biochemical 

applications as a means of tracking the presence of a protein of interest. For use in further 

applications it was important to ensure Steap3 activity was not disrupted by the presence 

of a large fusion to the C-terminus. Similar to that found by Ohgami et al, mouse Steap3-

transfected HEK cells exhibit ferric reductase activity significantly above empty vector-

transfected cells (Figure 2.2) [3]. Furthermore, the cell-surface ferric reductase activity 

for the venus-fluorescent protein-tagged Steap3 was not significantly altered (Figure 2.2).  

 
Optimization of Cell-Surface  
Ferric Reductase Assay  

To use the cell surface ferric reductase assay for Michaelis-Menten kinetic 

studies, the assay required a larger scale format than that previously described. A spinner-

flask culture format was tested. In this format, a single transfected culture would be split 

into individual wells of a multi-well culture plate at the time of assaying and be subjected 

to a particular iron concentration.  To examine the optimal time to assay post-transfection 

a time-scale activity experiment was performed. At specific time points, a portion of cells 

from the transfected culture were taken and examined for cell-surface ferric reductase 

activity (Figure 2.3). The resulting highest activity-per-cell occurred at 24 hours post-

transfection with the activity declining with time. 
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This is likely due to the lack of selective pressure for cells carrying the expression 

plasmid. Future large-scale cell-surface reductase assays with performed with transfected 

cells 24 hours-post-transfection. 

 

 

 

 

 

Figure 2.2. Cell surface ferric reductase activity of transiently-transfected HEK 293T 
cells. Cells were assayed for ferric reductase activity 24 hours-post transfection. Data 
shown is mean with error bars representing standard deviation from three independent 
transfections.   
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Steap3 Detergent Screen via  
Fluorescence Size Exclusion Chromatography  

Solubilizing an integral membrane protein from the lipid bilayer requires the use 

of a detergent to form a micelle about the membrane-embedded portion of the protein. 

While there are many commercially-available detergents for this purpose, a particular 

integral membrane protein will likely only adequately solubilize in a small number of 

them. To determine an optimal solubilizing detergent for Steap3 from HEK-293T 

membranes, a detergent screen utilizing fluorescence size exclusion chromatography 

(FSEC) was performed with several detergents. FSEC relies on a fluorescent analyte to 

record its elution from the column. To this end, Mus musculus Steap3 was cloned into the 

pDEST.Venus vector. The gene product from this vector includes an N-terminal FLAG 

fusion and C-terminal venus fluorescent protein fusion. Transfected HEK-293T cells 

solubilized in a detergent were ultracentrifuged and the resulting supernatant was 

Figure 2.3. Steap3 cell surface ferric reductase assay time course experiment. HEK 293F 
cell surface ferric reductase assays were performed at time points from 0-72 hours. All 
assays were performed in triplicate. 
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subjected to FSEC using a Superdex S-200 column. Detergents were assessed on their 

ability to solubilize fluorescent-tagged Steap3 and the dispersity from chromatography.  

 
 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

 
Among the detergents tested, Triton X-100 and sodium dodecyl sulfate (SDS) 

exhibited the highest degree of both fluorescence recovery post-ultracentrifugation and 

monodispersity (Table 1). Triton X-100-solubilized Steap3 appeared to migrate primarily 

as a monomer on an S-200 column with an apparent molecular weight of 123 kDa 

Figure 2.4. Fluorescence signal chromatograms from Steap3 FSEC detergent screen. Two 
representative chromatograms for detergent-solubilized protein from Steap3.Venus-
transfected HEK 293T cells. Labeled molecular weight values are from a standard curve 
created with protein standard run in the respective detergent-containing running buffer. 
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(Figure 2.4). A VFP-fused Steap3 molecule has a molecular weight of 74 kDa and the 

remainder of the species weight is expected to be due to the detergent micelle. Triton X-

100 was chosen for use in future studies due to the incompatibility of SDS with various 

affinity purification media.  

 

 

  Fluorescence  units  Percent Chromatogram 
Detergent Lysate Solubilized Recovery Quality 
Brij-35 48450 15414 32 Polydisperse 
CHAPS 24753 16995 69 Polydisperse 
DDM 16850 19687 117 Polydisperse 
Octylglucopyranoside 43303 17195 40 Polydisperse 
SDS 16969 27207 160 Monodisperse 
Triton X-100 15209 21245 140 Monodisperse 
Tween-80 29906 2385 8 Low Fluorescence 

 
 
Detection of Steap3 Dimerization via a  
Bimolecular Fluorescence Complementation Assay 
 

The structural studies of the oxidoreductase domains of Steap3 and Steap4 

revealed the ability of the domain to form two-fold symmetrical dimers. Thus, we 

hypothesized that the full-length Steap3 protein is able to form dimers in the cell. 

Furthermore, the structures of Steap3 and Steap4 are very similar, with a backbone 

RMSD of 1Å [4, 5]. This, coupled with the significant sequence similarity of the four 

family members (>60%) led us to hypothesize that Steap family heterodimers are also 

able to form. To test these hypotheses, a bimolecular fluorescence complementation 

assay was performed, wherein interacting proteins of interest are each fused to the N- or 

C-terminal half of a fluorescent protein. Dimerization is then identified as a result in 

Table 2.1. Steap3 fluorescence size-exclusion chromatography detergent screen quantitative 
and qualitative values. “Solubilized” represents supernatant from lysate ultracentrifugation.     
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recombination of the fluorescent protein into a functional fluorophore. Steap3 fused to 

the C-terminal venus fluorescent protein (VFP) fragment was co-transfected in HEK-

293T cells along with other Steap family members fused to the N-terminal VFP fragment 

(Figure 2.5). Steap3 paired with each Steap family member, including Steap3, resulted in 

fluorescence as analyzed by confocal microscopy.  

In comparison to Steap3 fused to the full-length VFP, the BiFC pairings of Steap3 

with Steap2, Steap3 and Steap4 resulted in similar fluorescence distribution in the cells. 

Steap1 and Steap3, however, resulted in a unique perinuclear fluorescent pattern. Steap3 

was also co-transfected with CCR5 (row 2 in Figure 2.5), an unrelated integral membrane 

protein, to serve as a negative control. Fluorescence is present in these cells, but is in a 

unique localization with the majority of the fluorescence appearing in a large intracellular 

structure. This structure is similar to those found in negative controls in other membrane 

protein BiFC studies and is perhaps a cellular sequestration of an unnatural association of 

proteins [6].   
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Figure 2.5. Bimolecular fluorescence complementation (BiFC) assay of Steap3 and Steap 
family members. HEK-293T cells co-transfected with expression plasmids were analyzed 
with laser-scanning confocal microscopy. Expression plasmids used in the respective 
transfections are indicated on the left-side of the rows. “Venus” represents a fusion of the 
full-length venus fluorescent protein (VFP), “VN” represents a fusion of residues 1-173 
of VFP and “VC” represents a fusion of residues 155-238 of the VFP. The fluorescent 
signals for the respective fluorophores are indicated above the columns, with the merged 
signals in the right column. “WGA” is wheat germ agglutinin-AlexaFluor 633, a plasma 
membrane-binding fluorophore.  
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Discussion 

 
Though membrane protein expression and purification has developed greatly 

recently, there remains a dearth of structural and biochemical information in comparison 

to soluble proteins. Only recently was a structure determined for another membrane 

protein ferric reductase, duodenal cytochrome b [7]. Even still, methods utilized for one 

membrane protein likely will not directly apply to another. As a result, to perform 

detailed biochemical analyses of Steap3, methods had to be developed.  

 
Steap3 Ferric Reductase Activity 
 is Unaltered by VFP Fusion 

The enzymatic activity of Steap3 is an important parameter to establish. Not only 

are the ferric and cupric reductase kinetics unexplored and of high interest, being able to 

monitor activity as a purification progresses is highly valuable. A ferric reduction assay 

for Steap3 at the surface of transfected cells was utilized in the seminal Steap3 work to 

identify it as a reductase and a similar one was used to identify it as a cupric reductase. 

For our purposes in subsequent studies, it was necessary to employ this assay and, 

furthermore, to ensure that Steap3 carrying a venus fluorescent protein (VFP) fusion at 

the C-terminus did not impair activity. In our hands, untagged Steap3 displayed 

significant above background ferric reductase activity (Figure 2.2). This represents an 

important initial benchmark, indicating successful culture and transfection of HEK-293T 

cells as well as Steap3 expression. Additionally, no change in ferric reductase activity 

from un-tagged Steap3 was observed for the Steap3-VFP fusion.  Thus for FSEC work, it 

was assumed that Steap3-VFP was a viable enzyme valid for solubilization studies.  
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Steap3 is Most Active at Cell- 
Surface 24-Hours Post-Transfection 
 

In lieu of purified protein, the cell-surface ferric reductase assay can also be 

utilized for characterizing the activity in additional ways, such as kinetic analysis, 

mutational analysis or inhibitor studies. To perform such studies, the single well of a 6-

well plate employed above would not be sufficient. To increase the scale of the ferric 

reductase assay system, a suspension-adapted culture was utilized. In transfection of a 

single culture of cells and aliquoting into wells of a tray at a later time point, it could be 

ensured that each well had roughly identical conditions except for the variable being 

tested. To this end, HEK 293F cells were selected for culturing. The commercially 

available cell line is suspension-adapted and has been used previously for recombinant 

protein expression studies [8]. To determine the optimal time-point to partition the cells 

from the master transfection culture, a time-point study was performed (Figure 2.3). At 

select times, a portion of the culture was plated and assayed for ferric reductase activity. 

There, it was observed that the activity-per-cell increased until 24hours post-transfection 

and then gradually-decreased thereafter. This is likely due to the lack of selective 

pressure on the transiently-transfected cells, where untransfected cells likely grow faster, 

reducing the per-cell activity of the culture. In any case, for future activity work with 

Steap3 a 24-hour time point post-transfection was utilized to assay the cells.  

 
Triton X-100 is the Optimal  
Steap3 Solubilizing Detergent 

The extraction of Steap3 from the lipid bilayer in a functional state is a crucial 

step towards purifying the enzyme. Many commercially-available detergents have been 
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used successfully for this purpose [9], but is protein-dependent. To identify the optimal 

detergent for Steap3 solubilization, a fluorescence size exclusion chromatography 

(FSEC) screen was performed. Seven detergents were screened, with each of the three 

major classes of polar head groups represented: ionic, nonionic, and zwitterionic. The 

dispersity displayed on the fluorescence chromatogram paired with the amount of 

solubilized fluorescence provided the basis of assessment.  An optimal detergent should 

solubilize a high percentage of initial fluorescence and that solubilized protein should be 

monodisperse on the chromatogram, the peak elution volume depending of the 

oligomeric state. Triton X-100, sodium dodecyl sulfate (SDS), and DDM all exhibited 

greater than 100% fluorescence recoveries post-ultracentrifugation (Table 1). This is 

likely an effect of heterogeneity of the sample prior to clearing from ultra-centrifugation. 

The fluorescent chromatograms from Triton X-100 and SDS were both primarily 

monodisperse (Figure 2.4 and Table 1). SDS, while well-performing under these 

parameters, is considered a harsh detergent that is not often used in biochemical studies 

and is incompatible with many affinity purification techniques and functional assays. As 

a result, Triton X-100 was chosen as the optimal detergent for future work from the 

screen. Triton X-100 is a non-ionic detergent that is commonly used for solubilization of 

membrane proteins. As a target of purification of Steap3 would be solving its crystal 

structure, there are important considerations to be made concerning Triton X-100. It is 

not ideal for crystallography because it has a large alkyl tail that results in a large micelle. 

Typically, small, compact micelles are preferred in crystallography. Another property 

that makes Triton X-100 less desirable for crystallography is its chemical heterogeneity 
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resulting in irregular micelles. As a result, crystallographic studies would require 

purification and subsequent replacement of Triton X-100 with a small-chain detergent, 

such as octylglucoside.  

 
Steap3 is Able to Form Dimers 
 with Other Steap Family Members 

After establishing an HEK-293T expression system for Steap3 we sought to 

answer an important functional question formed from the previous crystallographic study 

of the truncated oxidoreductase domain. The oxidoreductase domain was migrated on a 

size-exclusion column as a dimer in a concentration-dependent fashion [4]. Furthermore, 

when crystallized, the protein forms a two-fold symmetrical dimer. The dimer interface is 

fairly small, composing only 8% of the solvent-exposed surface area. Thus, the study 

presented the question of whether the full-length integral membrane protein forms 

dimers. Additionally, the high degree of sequence similarity (>60%, [10]) between family 

members raises the possibility that two family members can form a heterodimer. To 

investigate this question, the bimolecular fluorescence complementation (BiFC) assay 

was employed. In the BiFC assay, fragments of the green fluorescent protein are fused to 

putative interacting partners. If the proteins do indeed interact, bringing the fusions 

together, they are able to recombine into a GFP beta barrel and subsequent fluorophore 

maturation. Thus, observed fluorescence (commonly with fluorescence microscopy) is as 

only as a result of two proteins of interest interacting. Confocal microscopy was utilized 

to analyze HEK-293T cells co-transfected with Steap3 and other family members (Figure 

2.5). Thus, not only could the presence of fluorescence be determined, but the cellular 
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distribution of that fluorescence as well. Steap3 paired with each Steap family member, 

including Steap3, produced BiFC-positive cells. Using cells transfected with Steap3 fused 

to the complete VFP for comparison, Steap3 paired with Steap2, Steap3, and Steap4 

produced a comparable subcellular distribution. This distribution is similar to that 

previously observed for Steap3 [3], where the enzyme is primarily localized to 

intracellular membranes.  

 
Steap1 and Steap3 Dimerization  
Induces Perinuclear Localization 

Interestingly, Steap3 paired with Steap1 produced a unique, primarily perinuclear 

fluorescence pattern. This may be as a result of a dimer pair that is incompatible with 

necessary trafficking mechanisms, but the pattern is unique from the negative control, 

Steap3 co-transfected with CCR5, an unrelated chemokine receptor. It is important to 

note the fact that Steap1 is the only family member that lacks the oxidoreductase domain. 

Dimerization of Steap3 with other Steap family members could modify or tune function. 

The proximity of the NADPH binding site to the dimer interface in the oxidoreductase 

domain crystal structure raises the hypothesis that dimerization is a prerequisite for 

reductase activity. If that is the case, dimerization with Steap1 would be a mode to 

sequester Steap3 from other active Steap dimer partners, preventing reductase activity.  

Together, this data provides an important establishment of the Steap3 expression 

system. An established enzymatic assay makes characterization of that activity possible 

and gives a signal to monitor during purification. Towards purification, identifying Triton 

X-100 as the optimal solubilization detergent is a key step. Finally, the utilization of the 
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expression system to identify the dimerization of Steap3 and its family members is an 

important confirmation of a previous hypothesis for Steap family function, but also an 

illustration of the utilization of this system.     
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CHAPTER THREE 
 
 

THE CRYSTAL STRUCTURE OF SIX-TRANSMEMBRANE EPITHELIAL 
ANTIGEN OF THE PROSTATE 4 (STEAP4), A FERRI/CUPRIREDUCTASE, 

SUGGESTS A NOVEL INTERDOMAIN FLAVIN-BINDING SITE. 
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CHAPTER FOUR 

 
EXPRESSION AND PARTIAL PURIFICATION OF  

HUMAN STEAP3 IN SF9 INSECT CELLS 
 
 

Introduction 

 
 To date, no Steap family member has been purified in the full-length 

enzymatically active form. Activity studies have been limited to in vitro cell-surface 

systems or truncated oxidoreductase domain variants [1-3]. A purified, active protein 

would allow for numerous structure-function studies including, but not limited to, 

characterizing ferric and cupric reductase kinetics, identifying and characterizing protein-

protein interactions, and the three-dimensional protein structure through crystallographic 

studies.  

 Expression and purification of recombinant integral membrane proteins is an area 

of that has received much interest as researchers seek to understand the processes at the 

membrane interface [4]. Recombinant protein expression is generally performed in 

Escherichia coli strains due to their ubiquity and ease of handling. Mammalian integral 

membrane proteins are generally poor candidates for overexpression in E. coli cells, 

however, due to issues with folding and that their expression can be toxic to the cell [4]. 

Additionally, the prokaryotic system is not capable of processing post-translational 

modifications, which in some cases is a prerequisite for proper folding and function. For 

these reasons, mammalian integral membrane proteins are normally expressed in 
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eukaryotic systems like yeast (e. g. Pichia pastoris), insect (e.g. Sf9 or Hi-Five), or 

human (e.g. HEK 293F) cell lines [4].  

  Baculovirus-mediated gene expression in insect cells is a robust, simple, and 

inexpensive system for large scale membrane protein overexpression [5]. Importantly, the 

baculoviruses have a limited host range to invertebrates, thus are noninfectious to humans 

and are safe to handle. The most common baculovirus used is the Autographica 

californica nuclear polyhedrosis virus (AcNPV). AcNPV has a two-stage life cycle, the 

early and late phase. In the late phase, a number of genes are abundantly expressed for 

propagation. In the baculovirus expression vector system (BEVS), a gene of interest is 

commonly transposed with that of a non-essential late-phase gene, though some systems 

use replacement of early-phase genes [5]. After isolation of virus carrying the 

transposition, scaling up to the liter scale of growth, infection and expression is time-

efficient and simple. Limitations to the system include both insect-specific composition 

of membrane lipids and glycosylation.  

 Since no one has attempted a purification of any Steap family members to date, 

we chose to investigate the use of the Spodoptera frugiperda (Sf9) BEVS system. Can we 

use this platform to express significant amounts of recombinant Steap3? Furthermore, can 

a purification scheme be developed that yields pure, active enzyme? To these ends, the 

first expression of Steap3 in the Spodoptera frugiperda (Sf9) BEVS system is described. 

Furthermore, detergent solubilization from membranes was optimized and an activity 

assay developed. Finally, a purification of Steap3 was attempted, analyzing multiple 

affinity tags and their localizations.       
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Materials and Methods 

 
Cloning and Baculovirus  
Bacmid Preparation  

Homo sapiens Steap3 cDNA was PCR amplified with primers that incorporated 

attB recombination sites at 5’ and 3’ ends of the product. Primers also incorporated either 

Strep-II or hexahistidine affinity tags at the 5’ or 3’ ends of the gene (Table 1). The PCR 

product was gel-purified and incorporated into the pDONR201 donor vector using the 

Gateway BP clonase II system (Invitrogen). The resulting entry clone was sequence-

verified and subsequently cloned into the pDEST8 destination vector using the Gateway 

LR clonase II system (Invitrogen).  The resulting pDEST8.Steap3 vector has Steap3 

incorporated into the attR recombination sites. The pDEST8.Steap3 vector was 

transformed into DH10Bac E. coli cells (Invitrogen). Transformed cells that transposed 

Steap3 into the AcNPV bacmid were selected by blue/white screening on Luria Agar 

plates containing 50 µg/ml kanamycin, 7 µg/ml gentamicin, 10 µg/ml tetracycline, 100 

µg/ml Bluo-gal, 40 µg/ml IPTG. Bacmid DNA was purified from candidate colonies by 

common procedures.     

 
Sf9 Cell Culture and  
Baculovirus Generation  

Spodoptera frugiperda cells were grown in CCM3 media (Thermo) supplemented 

with 50 units/ml penicillin and 50 µg/ml streptomycin (Gibco). Cells were cultured in 

spinner flasks at 100-rpm in a 28°C incubator. Sf9 cells were transfected with Steap3-

incorporated AcNPV bacmid using Cellfectin-II transfection reagent (Invitrogen) 
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according to manufacturer’s protocols. Briefly, 8x105 Sf9 cells were plated per-well in a 

6-well plate and allowed to attach to the surface at room temperature. 3 µg of purified 

bacmid were mixed with diluted Cellfectin II reagent and incubated for 30 minutes at 

room temperature. The mixture was then added drop-wise to the plated cells, and was 

then incubated at room temperature for 3 hours. After incubation, the transfection media 

was removed and replaced by fresh growth medium. Transfected cells were then grown at 

28°C for ~72 hours at which point baculovirus-containing supernatant was collected. 

Viral titer was determined via plaque assay as follows. Cells were plated in 6-well plates 

at a density of 1x106 cells per well and allowed to attach to the plate surface. Baculovirus 

stock was serially diluted to produce dilutions from 10-2 to 10-8 and was added to a 

respective well and incubated at room temperature for 1 hour. The supernatant was then 

removed and replaced with plaquing medium (1% low-melting temperature agarose in 

CCM3 medium). Plates were observed for plaques approximately 7 days post-infection. 

Titer was determined from the following calculation: 

Titer (plaque forming units/ml) = (1/dilution factor) x (number of plaques) x 1/(ml of 

inoculum) 

Baculovirus stocks were amplified by infecting cultures at a multiplicity of infection 

(MOI) of 0.1 and harvesting supernatant ~48 hours post-infection. Virus used for 

expression studies was amplified at least twice after transfection (third generation).  

 
Expression and Purification of Steap3  

On the day of infection, Sf9 cells were diluted to a density of 1x106 cells/ml and 

Steap3-containing baculovirus was added to the culture at an MOI of 5. After ~20 hours, 
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the culture was supplemented with 0.3 mM δ-aminolevulinic acid. 72-hours post-

infection, cells were harvested by centrifugation of 5,000xG for 10 minutes and the pellet 

was stored at -80 °C until use in purification.  

 On the day of purification, cells were resuspended in lysis buffer (20 mM HEPES, 

pH 7.4, 150 mM NaCl) supplemented with Protease Inhibitor Cocktail III (Roche) at 80 

mL/L of culture. All steps were performed at 4 °C. Cells were dounce-homogenized for 

thirty strokes and sonicated for 5 sessions of 10x1s pulses at 50% output. Debris and 

unlysed cells were pelleted by centrifugation at 1,000xG for 20 minutes. The supernatant 

was collected and the crude membranes were pelleted by a Beckman Optima Max 

ultracentrifuge at 125,000xG for 1 hour. The supernatant was removed and crude 

membrane fraction was resuspended in lysis buffer with Protease Inhibitor Cocktail III at 

8 mL/L of starting culture. The membranes were completely resuspended by 20 strokes 

with a dounce homogenizer. To solubilize membrane proteins, Triton X-100 was added 

drop-wise to a final concentration of 1% and rotated for one hour. Insoluble material was 

pelleted by ultracentrifugation at 125,000xG for 1 hour. The supernatant was collected 

and applied to either Streptactin of Ni-NTA affinity resins (each in gravity column-

mode), according to the incorporated affinity tag of the expressed protein. For Strep-II-

tagged proteins, after applying the solubilized protein fraction, the resin was washed with 

5 volumes of solubilization buffer (lysis buffer with 1% triton X-100). Bound protein was 

eluted with 5 volumes of Streptactin elution buffer (solubilization buffer with 2.5 mM 

desthiobiotin). For hexahistidine-tagged proteins, after applying the solubilized protein 

fraction to the Ni-NTA resin, the resin was washed with five volumes of wash buffer 
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(solubilization buffer with 20 mM imidazole). Bound protein was then eluted by five 

volumes of Ni-NTA elution buffer (solubilization buffer with 300 mM imidazole. 

 
Ferric Reductase Activity Assay  

Cell surface assays were performed in reaction buffer (25 mM MES, 25 mM 

MOPS, 140 mM NaCl, 5.4 mM KCl, 5 mM glucose, 1.8 mM CaCl2, 800 µM MgCl2, pH 

7.0) with Fe3+-NTA and chromogenic indicator , ferrozine. Cells were incubated in the 

dark at 37 ºC.  The absorbance of the supernatant was measured after 35 minutes to 

determine the amount of reduced metal.  Iron(II)-ferrozine complexes were assayed at 

562 nm.  Standard curves for the metal-indicator complex were used to determine 

picomoles of reduced metal.  Activities were calculated as picomoles of reduced iron per 

minute divided by total cellular protein per well.  Total cell protein content was 

determined by the Bradford method (Bio-Rad) using cells lysed by thirty minute 

incubation in 1% Triton X-100 at 4 ºC.  Fe3+-NTA was prepared by addition of NTA to 

an FeCl3 solution dissolved in 0.1 M HCl at a 1:1 Fe:NTA molar ratio.  Fe3+-citrate was 

prepared by dissolving Fe3+-citrate in H2O.  To correct for endogenous ferric reductase 

activities, the cell surface activity of uninfected cells was subtracted in each experiment. 

For assaying fractions from the above purification, the assay was performed identically, 

except for the addition of 5 µM FAD and 200 µM NADPH. 

 
Western Blotting  

Samples were applied to 12 % acrylamide gels and processed by SDS-PAGE 

according to the Laemmli method at 200 V for 45 minutes. The gel was then incubated in 
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transfer buffer (25 mM Tris base, 192 mM glycine, 1% SDS, 20% methanol) for five 

minutes. Proteins were then transferred to a nitrocellulose membrane by electrophoresis 

at 15 V for 2 hours at 4 °C in transfer buffer. Membranes were blocked overnight with 

blocking buffer (5% nonfat dry milk in PBS with 0.1% Tween 20). Primary antibodies 

were bound to the membrane for 1 hour. Primary antibodies used were anti-Strep-II 

(IBA; operating dilution of 1:5000 in blocking buffer) and anti-Steap3 H-64 (Santa Cruz 

Biotechnology; operating dilution of 1:200 in blocking buffer). Unbound antibody was 

washed with three five-minutes washes with PBST. Secondary antibody was then applied 

to the membrane and incubated for one hour at room temperature. Secondary antibody 

used were anti-mouse IgG-horseradish peroxidase-conjugate (Thermo; operating dilution 

of 1:10,000 in blocking buffer) for anti-Strep-II-applied membranes and anti-rabbit IgG-

horseradish peroxidase-conjugate (Thermo; operating dilution of 1:500 in blocking 

buffer) for anti-Steap3-applied membranes. Immunoreactivity was determined through a 

chemiluminescent product from the SuperSignal West Pico substrate kit (Thermo) 

according to manufacturer’s protocols.  

 
Results 

 
Effect of ALA Addition to Baculovirus- 
Mediated Expression of Steap3 in Sf9 Cells  

The functional state of purified Steap3 is of paramount importance. As a result, 

the heme incorporation of recombinant Steap3 must be taken into account. Previous 

expression studies of integral membrane hemoproteins have found issues with poor heme 

incorporation that could be remedied by supplementation with protoporphyrin precursors 
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[6, 7]. To examine the effect of the precursor δ-aminolevulinic acid (ALA), an infected 

culture was split in half 20 hours post-infection. To one half, the culture was 

supplemented with ALA to 0.3 µM and to the other half, the culture was supplemented 

with an equal volume of PBS. An identically-treated uninfected Sf9 culture was also 

utilized as negative control. A cell surface reductase assay was performed on cells 48 

hours post-infection. Cells supplemented with ALA exhibited an over 5-fold increase in  

  

Figure 4.1. Effect of aminolevulinic acid (ALA) supplementation on Steap3 expression. 
(A) ALA supplementation has no significant impact on cell surface ferric reductase 
activity of uninfected Sf9 cells, but significantly higher activity is observed in 
supplemented Steap3-infected cells. (B) The expression level of Steap3 between 
supplemented and unsupplemented cells is not significantly altered as assessed by an α-
Steap3 western blot. (C) The absorbance difference spectrum of ALA-supplemented 
Steap3-expressing Sf9 cell crude membranes shows spectral peaks indicating 
significantly elevated heme incorporation.  
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activity from unsupplemented cells. The uninfected cultures exhibited no significant 

change in activity. Additionally, when analyzing the reduced-minus-oxidized difference 

spectra of the crude membranes fraction, there was a significant increase in the ALA-

supplemented membranes soret gamma peak (max at 429 nm) from unsupplemented 

cultures. Western blots of the fractions did show an increase in Steap3 expression from 

ALA supplementation but only to an estimated two- to three-fold increase. These 

findings show that ALA supplementation is an important factor in the overexpression of 

recombinant Steap3 in the BEVS system. All subsequent infections were paired with 

ALA-supplementation. 

 
Effect of Affinity-Tag  
Location on Steap3 Expression  

An additional parameter to be resolved in Steap3 expression is the affinity tag 

location. Proteins may be sensitive to addition of residues on either terminus from an 

expression standpoint. To examine if such a sensitivity exists with Steap3, baculovirus 

containing N-terminally-tagged StrepII and C-terminally-tagged StrepII was generated 

and developed to high titer. Expression levels of each construct were comparable, though 

slightly higher in C-terminally-tagged Steap3-infected cells (Figure 4.2).  There are 

additional low-molecular weight immunoreactive species that appear, but this is likely a 

result of unnatural proteolysis. In any case, C-terminally StrepII-tagged Steap3 was 

further used as a default expression virus.   
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Time-Course Expression  
Analysis of Steap-Infected Sf9 Cells  

Determining the optimal harvest time post-infection is an important factor to be 

determined as the baculovirus infection cycle has defined points where expression is 

maximal before eventual lysis of the infected cells reaches near complete levels. C-

terminally StrepII-tagged Steap3 baculovirus was added to cells and at times post-

Figure 4.2. Expression analysis of Steap3 in the BEVS system. (A) Western blot of 
RIPA lysates of Sf9 cells infected with either an N-terminal StrepII-affinity tag fusion 
or a C-terminal affinity tag fusion. (B) Western blot of a time-course expression 
analysis of C-terminally StrepII-tagged Steap3. Cells from a master expression culture 
were removed and RIPA lysates obtained at defined time points. Lanes for each gel 
were loaded with 20 µg of total protein. Each blot was probed with an anti-Steap3 
primary antibody.  
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infection, aliquots were removed and for subsequent analysis by western blot (Figure 

4.2). Resulting RIPA lysates reveal that expression is very low at the 20-hour time-point 

when ALA was added to cells. Expression reached a maximal level at the 45-hour time-

point, before trailing off at 69-hours and being almost non-existent at 99-hours. From this 

analysis, future expression cultures were harvested between 45-48 hours.  

 
Development of Full-Length  
Steap3 Ferrireductase Assay  

While the cell surface ferric reductase assay has been utilized to monitor activity, 

an altered assay needs to be developed for the fractions during purification. Specifically, 

in contrast to Steap3 at the plasma membrane of intact cells, post-lysis fractions will 

likely require additional supplementation such as NADPH and perhaps a flavin for the 

cytoplasmic oxidoreductase domain as those components would be diluted away. The 

effect of various cofactors on ferric reductase activity was assessed (Figure 4.3 panel A). 

It was found that NADPH supplementation increased activity of the Steap3-infected cell 

cleared lysate fraction from unsupplemented. Activity was increased over three-fold 

further when FAD was added along with NADPH. The other physiological flavin, FMN 

actually showed an inhibitory effect when added with NADPH, displaying activity 

similar to unsupplemented lysate. The temperature-dependence of ferric reductase 

activity was analyzed to determine the optimal temperature for future assays (Figure 4.3 

panel B). Steap3-infected cell lysates showed a clear preference for physiological 

temperatures, with a nearly three-fold increased activity at 37 °C over 23 °C and even 

larger affect over activity at 4 °C or 65 °C.  
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 Purification of Steap3  

In an effort to purify active Steap3 from insect cells, expression virus for Steap3 

with a Strep-II at the C-terminus was utilized. Cellular membranes were isolated and 

solubilized with Triton X-100 (See chapter 2 for rationalization of Triton X-100 use). 

Solubilized membranes were applied to a Streptactin affinity resin and eluted with 

desthiobiotin. Steap3 could be observed in the elution fractions via SDS-PAGE and 

absorbance analysis of the heme cofactor (Figure 4.4). 

Figure 4.3. Ferric reductase activity assay development for full-length Steap3 expressed 
in Sf9 cells. Cleared lysate fractions from Steap3-infected Sf9 cells were assayed for 
ability to reduce Fe3+ as detected by the Fe2+-ferrozine colorimetric complex. (A) Steap3 
requires both NADPH and FAD for maximal activity. (B) Steap3 exhibits maximal 
NADPH- and FAD-dependent activity around 37 °C. Values represent the mean ± 
standard deviation.    
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Ferric reductase activity, however, was almost completely absent in the elution 

fractions. After applying solubilized membranes to the affinity resin, most activity was 

lost with only around a third of activity appearing the resin flowthrough or washes. 

Figure 4.4. Sf9-expressed Steap3 observed in elution fractions from Streptactin affinity 
chromatography. Triton X-100-solubilized membranes were added to a volume of 
Streptactin resin, washed, and eluted according to manufacturer’s instructions. 
(A)Coomassie-stained SDS-PAGE gel of Streptactin resin affinity purification of 
StrepII-tag-fused Steap3 from Sf9 cells. (B) Western blot of purification fractions 
probing with α-StrepII primary antibody. For both gels, protein standard molecular 
weights are shown on the right edge of the image. (C) Difference spectra from 
dithionite-reduced-minus-air-oxidized absorbance spectra of Strep-tactin purification 
fractions. Samples were normalized to 1 mg/ml total protein concentration. 
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Furthermore, a recombination of eluent with unbound material was not able to 

reconstitute activity. The loss of activity in eluted protein was a repeated effect regardless 

of tag location or identity, with N-terminally-StrepII-tagged Steap3 and C-terminally 

hexahistidine-tagged Steap3 also being tested.  

 

 

 

 

 

 

 

    

 

Liposome Incorporation of Purified Steap3  

Purified Steap3 did not exhibit significant levels of ferric reductase activity. One 

possible cause of the loss of activity is the displacement of structurally essential 

membrane phospholipids with detergent molecules. To test this hypothesis, a Steap3 

liposome incorporation via dialysis was performed. For this purpose, a different detergent 

must be selected. Triton X-100, the detergent used for normally used solubilization has a 

very low critical micelle concentration (CMC) of 0.0155% (w/v) which indicates a stable 

micelle. Detergent molecules in such a micelle will not be displaced by lipid molecules in 

a dialysis experiment. Instead, Steap3-containing membranes were solubilized with 

Table 4.1. Purification table for a representative Streptactin purification of baculovirus-
mediated Steap3 expression in Sf9 cells.  
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CHAPS (CMC of ~0.6 %), a dialyzable detergent. CHAPS-solubilized Steap3 was 

purified via Ni-NTA chromatography and dialyzed in a solution containing soybean 

phosphatidylcholine. The resulting dialysate showed an improved specific heme spectra 

from the eluent (Figure 3), indicating a small loss of non-heme containing protein. The 

ferric reductase activity of the dialysate was not elevated, however. As a result, 

incorporation of Steap3 into phosphatidylcholine liposomes will not “re-activate” the 

enzyme.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Liposome incorporation via dialysis does not activate purified Steap3. His-
tagged Steap3 purified via Ni-NTA chromatography was incorporated into L-α-
phosphatidylcholine liposomes. The spectral signature of the dialysate has higher 
specific Soret absorbance than the Ni-NTA elution fraction (A). Fractions were all 
analyzed at 1 mg/mL concentration. The ferrireductase activity of the dialysate is not 
improved from the elution fraction, however (B).     
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Discussion 

 
 While Steap3 plays a central role in a crucial cellular process, the acquisition of 

iron, there remains many unanswered questions to its biology. Purifying Steap3 would 

allow for a wide array of fundamental biochemical analyses. Additionally, since they 

exhibit significant similarity at the amino acid sequence level (>60%) [2], these analyses 

would have the added benefit of providing insight into the entire Steap family. To date, 

no study has attempted a purification of any Steap family member. Purification of an 

integral membrane protein such as Steap3, however, is a challenging process that can 

require much optimization. The efforts described here represent the first attempt at 

purifying Steap3 as well as the establishment of the development of a ferric reductase 

assay for the full-length protein.   

 While previous and future work (chapter two and five) analyzed the ability of 

utilizing mammalian HEK-293 cells for Steap3 expression, here the Sf9 baculovirus-

mediated expression system was selected for optimizing due to its ease of use and its 

higher eukaryote processing capabilities that are key for mammalian integral membrane 

proteins. A first step towards the goal of purifying active Steap3 was to establish 

expression conditions.   

 
Expression of Functional Holo- 
Steap3 Requires ALA Supplementation  

Though the BEVS system has many advantages, for hemoproteins, it is not able to 

keep heme production in line with recombinant protein expression [6]. Delta-

aminolevulinic acid supplementation is an established strategy to increase heme 
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biosynthesis, as ALA is a heme precursor. When Steap3-virus-infected Sf9 cells were 

treated with ALA or PBS, cell surface ferric reductase activity was over 5-fold higher in 

ALA-treated Sf9 cells (Figure 4.1). Uninfected cells displayed no significant change in 

activity upon supplementation, thus the effect was Steap3-specific. The increase in 

activity could not be attributed to increased expression, thus is due to increased heme-

incorporated Steap3. Correspondingly, crude membrane absorbance difference spectra 

displayed almost no heme spectral signatures in unsupplemented, Steap3-infected cells, 

producing a spectrum nearly identical to uninfected cells. When supplemented with ALA, 

a spectral signature indicative of a heme b is observed in crude membranes of Steap3-

infected cells. Notably, to my knowledge, this represents the first observance of a Steap 

family member heme spectra. Together, it can be concluded that ALA supplementation 

not only improves heme incorporation, but is strictly necessary for the recombinant 

expression of functional Steap3 in Sf9 cells. 

 
Steap3 Expression is Unaltered by  
Affinity Tag Fusion at Either Terminus  

Another expression parameter analyzed was affinity tag location. The termini of 

Steap3 are all predicted to be disordered and relatively long. The first 28 residues do not 

appear in the Steap3 oxidoreductase domain crystal structure due to high flexibility. After 

the final transmembrane helix, the final ~40 residues in Steap3 compose the C-terminal 

tail. There is not a clear functional role for either termini, but as proteins can display an 

intolerance for fusions, the effect of an affinity tag at each terminus was investigated. The 

Strep-II affinity was fused to either N- or C-terminus of Steap3 and mature expression 
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virus was obtained. Western blots of RIPA lysates indicated no significant difference in 

expression levels between fused termini, though C-terminally-tagged Steap3 appeared to 

be slightly higher (Figure 4.3, Panel A). Regardless, Steap3 expression in Sf9 cells 

tolerates fusions at either terminus.   

 
Steap3 Expression in Sf9 Cells is  
Optimal at 45 Hours Post-Infection  

Due to the viral life cycle and variances in protein maturation time, the optimal 

time to harvest cells is an important parameter to determine. The proper harvest time was 

determined through a time-course expression experiment (Figure 4.3, Panel B). The 45 

hour time-point was found to have the highest specific Steap3 expression as determined 

by western blot. Expression was also high at 69 hours, but by 99 hours expression was 

almost non-existent. This declining expression is likely due to an increasing degree of 

host-cell lysis by baculovirus, which results in a high concentration of proteases in the 

culture medium. Subsequent expression studies were performed with a 45-48 hour 

harvest-point.  

 
Ferric Reductase Activity of Steap3  
Expressed in Sf9 Cells  is NADPH-,  
FAD-, and Temperature-Dependent  
 

As the purification of functional Steap3 was desired, a functional assay for Steap3 

in lysed cells was needed. In contrast to the cell-surface ferric reductase assay, in lysed 

cells and further purified fractions have the cytoplasmic oxidoreductase domain of Steap3 

“exposed” to the assay components. Thus, any necessary cofactors that are endogenous in 

the cytoplasm must be identified and provided in the assay. As the crystal structure of the 
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Steap3 oxidoreductase domain identified an NADPH binding site and a putative flavin 

binding site, it was expected that the each cofactor would be necessary for ferric 

reductase function. NADPH is indeed strictly required for Steap3 ferric reductase activity 

and, interestingly, there was a clear preference for the flavin FAD over the other common 

physiological flavin FMN (Figure 4.3, panel A). The activity is increased over three-fold 

when FAD is added along with NADPH. This suggests that a small fraction is bound to 

endogenous and that Steap3 will not completely co-purify with a flavin. This represents 

the first biochemical evidence that Steap3 is an FAD-dependent ferric reductase. 

 Another important property to consider is the temperature-dependence of the 

enzyme. As the Steap3 expressed in Sf9 cells is a human gene, an optimal temperature is 

predicted to be at or near the body temperature for humans. Indeed, Steap3 is a highly 

temperature-dependent enzyme with a maximal activity at 37 °C (Figure 4.3, panel B). 

For future enzymatic assays of Steap3, this temperature will be considered an essential 

parameter.   

 
Steap3 is Unable to be Purified from Sf9  
Cells in its Enzymatically-Active Form  
 

Steap3 was purified from Sf9 membranes utilizing a process including detergent 

solubilization from membranes and subsequent affinity chromatography purification. 

Steap3 could be identified in Strep-tactin eluents via both western blotting and 

absorbance spectrophotometry of the heme cofactor. Though not in substantial amounts 

(<0.1 mg from 100 mg of crude lysate), the eluent is relatively pure as assessed by 

coomassie stain (Figure 4.4, panel A).The eluent, however, lacked any considerable ferric 
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reductase activity (Table 4.1). The flowthrough from the Strep-tactin column contained a 

portion of the initial activity (~1/3), but the activity of the solubilized membranes fraction 

is largely lost after application to the resin. Efforts to reconstitute the activity have to date 

been unsuccessful. This loss of activity suggests that a critical component of ferric 

reductase activity is lost during affinity chromatography and is not able be successfully 

re-integrated upon recombination of flowthrough and eluent. Because Steap3 is being 

expressed in a recombinant manner in cells that do not contain the Steap family, it is 

unlikely that the lost component is another protein from a complex such as that found in 

NADPH oxidase. As protein-lipid interactions can be central to function of membrane 

proteins, it is possible that delipidation during solubilization and purification inactivates 

the protein.  

 
Reconstitution of Steap3 into  
Phosphatidylcholine Liposomes  is not  
Sufficient to Rescue Enzymatic Functionality  
 

To examine the possibility of lipid requirements in Steap3 functionality, a 

liposome reconstitution experiment was performed. After purification of Steap3 

following my established detergent solubilization procedures, Steap3 was integrated into 

phosphatidylcholine liposomes via dialysis. This dialysate, while still heme-bound, 

exhibited barely-detectable NADPH- and FAD-dependent ferric reductase activity 

(Figure 4.5). Future work should examine additional classes of lipids and lipid 

combinations.    
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Abstract 

 
Six Transmembrane Epithelial Antigen of the Prostate 3, or Steap3, is the major 

ferric reductase in developing erythrocytes.  Steap family proteins are defined by a shared 

transmembrane domain that in Steap3 has been shown to function as a transmembrane 

electron shuttle, moving cytoplasmic electrons derived from NADPH across the lipid 

bilayer to the extracellular face where they are used to reduce Fe3+ to Fe2+, and 

potentially Cu2+ to Cu1+.  While the cytoplasmic N-terminal oxidoreductase domain of 

Steap3 and Steap4 are relatively well characterized, little work has been done to 

characterize the transmembrane domain of any member of the Steap family.  Here we 

identify and characterize high affinity FAD, iron and single, b-type heme binding sites 

within the Steap3 transmembrane domain.  Further, we show that Steap3 is functional as 

a homodimer and that it utilizes an intra-subunit electron transfer pathway through a 

single heme moiety, rather than an intersubunit electron pathway through a potential 

domain swapped dimer.  Importantly, the sequence motifs in the transmembrane domain 

that are associated with the FAD and metal binding sites are not only present in Steap2 
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and Steap4, but are also present in Steap1, which lacks the N-terminal oxidoreductase 

domain.  This strongly suggests that Steap1 harbors latent oxidoreductase activity. 

 
Introduction 

 
The daily production of 200 billion erythrocytes accounts for nearly 80% of the 

total iron demand in humans [1].  To meet this need, developing erythrocytes utilize the 

transferrin cycle to import iron into the cell.  In this process, iron loaded transferrin is 

bound at the cell surface by the transferrin receptor.  This is followed by endocytosis and 

acidification of the endosomal compartment, which promotes release of Fe3+.  The Fe3+ is 

then reduced to Fe2+ by Six Transmembrane Epithelial Antigen of the Prostate 3 (Steap3), 

the major ferric reductase of the erythroid transferrin cycle [2].  Finally, Fe2+ is 

transported across the endosomal membrane by Divalent Metal Transporter 1 (DMT-1), 

where it supports the synthesis of hemoglobin and other cellular needs, or in iron-replete 

cells is sequestered within the iron storage protein ferritin. 

Among proteins comprising the transferrin cycle, Steap3 was the last to be 

identified [2, 3].  Seminal work on Steap3 by Ohgami et al. included an amino acid 

sequence analysis that provided initial clues to its function and mechanism [2].  Steap3 

and its homologs Steap2 and Steap4 were predicted to be composed of two distinct 

domains; an N-terminal cytoplasmic domain and a C-terminal transmembrane domain [2, 

4-6].  Surprisingly, the closest homolog for the N-terminal cytoplasmic domain is a 

prokaryotic enzyme known as F420:NADP+ Oxidoreductase, or FNO.  FNO utilizes an 

elaborated Rossmann or dinucleotide binding domain to bind NADPH and the flavin-

derivative F420 [7].  In methanogens, FNO reduces F420 to F420H2, which is subsequently 
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used to reduce CO2 to methane. Because the flavin analog F420 is not known in mammals, 

the homology suggested that the N-terminal domain of Steap3 would instead bind 

NAD(P)H and a flavin such as FAD or FMN. 

The C-terminal domain was predicted to contain six transmembrane alpha helices 

with distant homology to the yeast ferric reductases (FRE) and to mammalian NADPH 

oxidase (NOX), among others [2]. Thus, collectively, the transmembrane domains of the 

Steap, FRE and NOX protein families place each of these within the “Ferric Reductase 

Domain” or FRD superfamily [8].  In this light, members of the FRE and NOX families 

utilize cytosolic domains or subunits to transfer electrons from NADPH to FAD.  The 

reduced FADH2 then transfers its electrons to the transmembrane domain of these 

proteins, which utilizes two embedded heme cofactors to move the electrons across the 

membrane to the extracellular or luminal face of the protein for the reduction of iron or 

O2, respectively.  For FRE and NOX, the two heme moieties are coordinated by four 

histidine residues in their transmembrane segments.  Interestingly, in Steap3 and its 

mammalian homologs, only two of these histidine residues are conserved, thus predicting 

only a single transmembrane heme [2]. 

The crystal structures of the truncated cytoplasmic oxidoreductase domains have 

subsequently been determined for Steap3 and Steap4 [9, 10]. Their structures are quite 

similar, with a backbone root-mean-square-deviation of 1 Å [10]. Interestingly, in each 

case these oxidoreductase domains crystallized as two-fold symmetric dimers.  Further, 

the N-terminal Steap3 oxidoreductase domain was found to dimerize at low millimolar 

concentrations in solution.  Collectively, these observations suggests that full-length 

Steap3 may be present in cellular membranes as a homodimer. 
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As expected, FNO is indeed a structural homolog to the Steap oxidoreductase 

domain (Steap3 backbone RMSD of 1.44 Å) [9].  Further, like FNO, both Steap3 and 

Steap4 were co-crystallized with NADPH. Unlike FNO, however, neither could be co-

crystallized with a flavin.  And in contrast to FNO, the crystal structures of the isolated 

oxidoreductase domains of Steap3 and Steap4 show that the nicotinamide ring of 

NADPH lies in an open, solvent exposed pocket.  

Though structural studies of the isolated Steap3 and Steap4 oxidoreductase 

domains failed to identify a flavin binding site, flavin-dependent NADPH oxidase 

activity was observed for the truncated Steap4 domain [10]. However, the truncated 

construct exhibited extremely high Km values (>100 µM) indicating extremely low, 

nonphysiological affinity for each of the flavins examined (FAD, FMN and riboflavin).  

These observations suggest that contrary to initial expectations, the oxidoreductase 

domain does not contain a high affinity flavin binding site.  Further, by process of 

elimination, it also suggests that structural elements within the C-terminal transmembrane 

domain could play a major role in flavin recognition. 

Thus, while biochemical and structural studies have provided valuable insights 

into Steap structure-function relationships in the N-terminal oxidoreductase domain, 

many questions remain regarding the C-terminal transmembrane domain and the full-

length protein. For example, while sequence analysis identifies one pair of heme 

coordinating residues, does the transmembrane domain indeed contain only a single heme 

cofactor?  Or is there a second, cryptic heme present; and if so, how is it bound and what 

type of heme is utilized (heme a, b or c)?  Does the full length protein form a homodimer, 

and if so, what is the functional impact of dimerization?  Does the full length protein bind 
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a specific flavin with high affinity?  If so, does the transmembrane domain play a pivotal 

role in flavin recogniton, and if so, which elements in the transmembrane domain are 

responsible for high affinity flavin recognition?  Finally, where is the iron binding site?  

Does the iron bind proximal to the heme, or are electrons transferred from the heme to an 

iron bound at a more distant binding site? 

 
Experimental Procedures 

 
Cloning and Mutagenesis of  
Steap3 Expression Constructs 

Homo sapiens Steap3 cDNA was PCR-amplified with primers that generate a 

HindIII restriction site on the 5’ end of the transcript and a KpnI restriction site on the 3’ 

end (HindIII.Steap3 and Steap3.KpnI, respectively; Table 1). The gene was cloned into 

the pCDNA3.1 (Invitrogen) expression plasmid utilizing HindIII and KpnI restriction 

sites in the multiple cloning site. To generate fluorescent protein-tagged gene products 

the Invitrogen Gateway cloning system was utilized in the following fashion: Homo 

sapiens Steap3 cDNA was PCR-amplified to add complete attB sites at each termini in 

two subsequent reactions, the first with attB1.Steap3 and Steap3.attB2 primers and the 

second with Universal.attB1 and Universal.attB2 primers. The product was cloned into 

pDONR201 using BP Clonase II (Invitrogen). An expression clone was then generated 

by LR Clonase II enzyme mix (Invitrogen)-mediated recombination between the Steap3 

entry clone and the destination vector pDEST.Venus, kindly provided by Dr. Mensur 

Dlakic (Montana State University). The resulting expression clone, Steap3.Venus, 

encodes a Steap3 fusion with an N-terminal FLAG-tag and C-terminal venus fluorescent 
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protein. Subsequent mutations were introduced into the Steap3 gene using the 

QuikChange Lightning site directed mutagenesis kit (Stratagene) with primers designed 

to manufacturer’s protocols. All mutations were verified by sequencing prior to use. 

For bimolecular fluorescence complementation (BiFC) studies, Steap3.VN173, 

which encodes a truncation of the venus fluorescent protein containing residues 1-173 at 

the Steap3 C-terminus, was PCR amplified with primers adding a NheI restriction site 

and StrepII tag on the 5’ end and an EcoRI restriction sites on the 3’ end of the 

Steap3.VN173 product (NheI.StrepII, StrepII.Steap3, and Steap3.EcoRI, respectively). 

Steap3.VC155, which encodes a truncation of the venus fluorescent protein containing 

residues 155-238 at the Steap3 C-terminus, was PCR amplified with primers adding a 

SalI restriction site and hexahistidine tag on the 5’ end and NotI restriction site on the 3’ 

end of the Steap3.VC155 product (SalI-His_tag, His_tag-Steap3, and Steap3-NotI, 

respectively). Each amplified PCR product was cloned into the pIRES bicistronic vector 

(Clontech) into the first (Steap3.VN173) and second (Steap3.VC155) multiple cloning 

sites to yield pIRES.Steap3VN.Steap3VC.  
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Table 1. Primers used in Steap3 cloning. 
Cloning Primers   
HindIII.StrepII 5’-AAG CTT GCC GCC ATG TGG AGC CAC CCG CAG 

     Steap3.KpnI 5’-GGT CTC GGT ACC TCA TAC GTG GCT CGT CTT 
 attB1.hSteap3 5′-GTA CAA AAA AGC AGG CTC CAT GCC AGA AGA 

    hSteap3.attB2 5′-GTA CAA GAA AGC TGG GTC CTA CGT GGC TCG 
   Universal.attB1 5′-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTC 
 Universal.attB2 5′-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC 
 NheI-StrepII 5’-GGT CTC GCT AGC ATG TGG AGC CAC CCG CAG 

 StrepII-Steap3 5’-ACC CGC AGT TCG AAA AAT CGG CGC CAG AAG 
    Steap3-EcoRI 5’-GCG CAC GAA TTC CTA CTC GAT GTT GTG GCG 
  SalI-His_tag 5’-GGT CTC GTC GAC ATG CAT CAC CAT CAC CAT 
    His_tag-Steap3 5’-CAT CAC CAT CAC CAT CAC ATG CCA GAA GAG 
    Steap3-NotI 5’-GAG ACC GCG GCC GCT TAC TTG TAC AGC TCG 
    

 
Expression and Solubilization of Steap3 

HEK-293F cells (Invitrogen) were maintained in Freestyle 293 Expression 

Medium (Invitrogen) in spinner flasks at 37 ºC and 5% CO2. For transfection, cells were 

resuspended in fresh media at a density of 2.5 x 106 cells/ml. The expression plasmid was 

added to cells at a concentration of 3 µg per mL of culture volume and allowed to mix for 

5 minutes. Linear polyethyleneimine (MW of 25,000; Polysciences, Inc.) was then added 

to the cultures at a concentration of 9 µg/mL of culture. After 8 hours, the expression 

cultures were supplemented with 2.2 mM valproic acid, 0.5 mM 5-aminolevulinic acid 

and the culture volume was doubled by addition of fresh medium. Cells were harvested 

48-hours post-transfection by centrifugation (1,000 xg for 10 minutes) and resuspended 

in hypotonic buffer (20 mM HEPES, pH 7.5, 4 °C) at a density of 4 mL of buffer per 

gram of cell pellet. All subsequent steps were performed at 4 °C. Cells were lysed by 

dounce homogenization followed by passage through a 24-gauge needle three times and 

sonication for 10 seconds. The lysate was centrifuged for 20 minutes at 1,000 xg to 
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remove unlysed cells and debris. The supernatant was recovered, followed by isolation of 

membranes by ultracentrifugation (125,000 xg for 1 hour). The pelleted membranes were 

resuspended by Dounce homogenization in resuspension buffer (20 mM HEPES, pH 7.5, 

150 mM NaCl) at a concentration of 2-3 mg/ml. Detergent activated membranes were 

then prepared by addition of 1% Triton X-100 followed by rotation for 1 hour. 

 
Steap3 Ferric Reductase Assay 

Triton X-100-activated membranes were assayed for ferric reductase activity 

using the following standard conditions. Membranes were added to reaction buffer (25 

mM MES, 25 mM MOPS, 140 mM NaCl, 5.4 mM KCl, 5 mM glucose, 1.8 mM CaCl2, 

800 µM MgCl2, pH 7.0, 37 °C) containing 200 µM Fe-NTA, 400 µM ferrozine and 5 µM 

FAD. The reaction was initiated by addition of 100 µM NADPH. Ferric ion reduction at 

37 °C and formation of the Fe2+-ferrozine complex was monitored at 562 nm using a 

thermostated Varian Cary 50 spectrophotometer using an extinction coefficient for the 

complex of 27,886 M-1cm-1 [10]. Titration data was fit to a Michaelis-Menten model with 

GraphPad Prism 5.0 software to determine the Michaelis constant, Km, and maximum 

reaction velocity, Vmax. 

 
Fluorescence Microscopy  

HEK-293F cells were maintained in DMEM supplemented with 10% FBS in T-75 

flasks at 37 °C and 5% CO2. Twenty-four hours prior to transfection, cells were plated 

onto glass cover slips in a 6-well dish. Transfections were performed with Lipofectamine 

2000 (Invitrogen) according to the manufacturer’s protocol. Twenty-four hours post-

transfection, cells were washed three times with PBS and then fixed in 4% formaldehyde-
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PBS for 15 minutes. After washing the cells with PBS, membranes were permeabilized 

by addition of PBS with 0.1% Triton X-100. Cells were then washed three times with 

PBS and blocked with 1% BSA in PBS. Samples were then washed three times with PBS 

and incubated with rabbit anti-transferrin receptor antibody (H-300, Santa Cruz 

Biotechnology) for one hour at room temperature. Unbound antibody was washed away 

by three PBS washes before incubation with anti-rabbit IgG-Alexa Fluor 555-conjugate 

(Invitrogen) for one hour at room temperature. Cells were then washed three times with 

PBS, stained with DAPI for 5 min, and mounted on glass cover slides with Vectashield 

mounting medium (Vector Laboratories). Samples were visualized with a Nikon Eclipse 

E800 fluorescence microscope. Fluorophores were visualized at the following excitation 

and emission wavelengths: venus fluorescent protein (excitation: 480 nm/emission: 

525nm - 560nm); DAPI (excitation: 405 nm/emission: 450 nm – 470 nm); Alexa Fluor-

555 (excitation: 540 nm/emission: 605 nm - 660 nm). Images were processed with 

Metamorph and ImageJ software. 

 
Heme Absorbance Analysis 

Triton X-100 activated membranes were analyzed for heme content by 

absorbance spectroscopy on a Varian Cary 50 spectrophotometer. To obtain oxidized 

spectra, air-oxidized membranes (1 mg/ml) had their absorbance spectra recorded from 

300-700 nm. To obtain reduced spectra, a few grains of sodium dithionite were added to 

the same sample used for the air-oxidized spectrum, followed by an immediate spectral 

analysis from 300-700 nm. Finally, difference spectra were obtained by subtracting the 

oxidized from the reduced spectra.   
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Results 

 
Ferric Reductase Activity of Steap3 

Expression of exogenous human Steap3 was performed in the Freestyle 293F 

system, an HEK-293-derived cell line that is easily-transfectable and can grow to high-

densities in suspension cultures.  To characterize the enzymatic activity of full-length 

Steap3, we first developed a ferric reductase activity assay for the intact protein in 

isolated membranes. Previous enzymatic assays monitored either cell surface ferric 

reductase activity [2, 3] or flavin dependent NADPH oxidase activity in a truncated 

protein [10]. This assay follows the formation of the Fe2+-ferrozine complex (λmax=562 

nm) and allows the determination of kinetic constants for the full length protein upon the 

addition of cytoplasmic (NADPH, FAD) and extracellular substrates (Fe3+). 

We then attempted to purify Steap3 to homogeneity.  To this end, we screened a 

variety of commonly used detergents, from which Triton X-100 was selected for its 

ability to solubilize Steap3 ferric reductase activity.  However, while Steap3 in detergent 

activated membranes retained activity for an extended period of time (days), all attempts 

to affinity purify Steap3 activity from the detergent activated membranes, including the 

use of anti-FLAG, strep-tactin, and Ni-NTA resins, each resulted in near total loss of 

enzyme activity.  It is not clear whether some critical lipid or cofactor is lost during the 

on-column immobilization, or if the solubilized protein is simply unstable, but add-back 

experiments, reconstitution of eluted Steap3 into lipid vesicles, and the use of alternative 

detergents each failed to preserve or restore activity. 
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Table 2. Fractionation of ferric reductase activity in Steap3-VFP transfected cells. 

Fraction 
Specific Activity 

(pmol Fe3+ reduced/ 
min/fl.unit) 

Total 
Fluorescence 

Total 
Activity 

(pmol  Fe3+ 
reduced/min) 

Lysate 2.8 2,463 6,896 
Ultracentrifugation 
Supernatant 0 395 0 
Crude Membranes 2.3 2,080 4,784 
Crude Membranes + TX-
100 4.6 2,059 9,472 
Insoluble Membranes 1.4 1,507 2,110 
Solubilized Membranes 1.8 664 2,435 

 

However, during the course of this work, it became clear that His6, FLAG and 

Strep-II fusions at the C-terminus of Steap3 did not adversely impact enzymatic activity 

in detergent activated membranes.  This suggested we could potentially quantitate the 

amount of Steap3 present in the detergent activated membranes by fusing venus 

fluorescent protein to the C-terminus of Steap3 (Steap3-VFP). Indeed, the fusion did not 

impact activity (Fig. 1A) and thus allowed the measurement of specific activity based 

upon the fluorescent content of the sample (Table 2). For these reasons, the Triton X-100-

activated fraction (“Crude Membranes+TX-100”) of the Steap3-VFP fusion expressed in 

the presence of δ-aminolevulinic acid (see below) was used for subsequent enzymatic 

analysis because it contained the highest level of Steap3 specific activity (Table 2).  

Further, we found that Steap3 expression was enhanced when valproic acid (VPA) was 

added to the transfection medium. VPA is a histone deacetylase inhibitor that has 

previously been shown to enhance transient gene expression in HEK-293 cells [11].  The 
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presence of VPA in the 293F transfection medium resulted in a ~1.6-fold increase in 

expression of Steap3-VFP over an unsupplemented expression. 

 
FAD is the Preferred Flavin for Steap3  

As described above, Steap3 detergent activated membranes exhibit NADPH and 

FAD dependent ferric reductase activity.  Importantly, however, the addition of other 

exogenous flavins, specifically FMN and riboflavin, does not contribute to increased 

ferric reductase activity above that seen for detergent activated membranes in the absence 

of exogenous flavin (Fig.1C).  This strongly suggests that full-length Steap3 does not 

utilize FMN or riboflavin as a substrate, and that FAD is the physiologically relevant 

flavin. 
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Steap3 is a b-Type Cytochrome 

δ-aminolevulinic acid (ALA) is a protoporphyrin precursor that is generated in 

vivo by δ-aminolevulinic acid synthase, the rate-limiting reaction in heme biosynthesis.  

ALA supplementation has thus been utilized in a variety of expression systems to 

improve heme incorporation in exogenously-expressed hemoproteins [12, 13].  We found 

that supplementation with 0.5 µM ALA resulted in greater than 2-fold increase in the 

difference spectrum Soret band at 429-nm in Steap3-containing membranes and also an 

Figure 1. Triton X-100-activated Steap3 is an NADPH- and FAD-dependent ferric 
reductase. (A) Steap3-containing Triton X-100-activated membranes that exhibit 
maximal ferric reductase activity in the presence of both NADPH and FAD. The increase 
in activity observed when NADPH is added alone indicates that some endogenous FAD 
is present in the membranes. (B) Steap3 is not able to utilize flavins FMN or riboflavin 
for ferric reductase activity, but is specific to FAD. This is in contrast to the NADPH 
oxidase activity exhibited by the isolated Steap4 oxidoreductase domain, which was not 
specific for either of the three flavins [3]. Thus, a full-length Steap protein is able to 
differentiate flavins to specifically bind FAD. (C) Venus fluorescent protein fusion to 
Steap3’s C-terminus does not alter ferric reductase activity, thus could be utilized for 
subsequent activity studies. Activities represented are empty vector-subtracted.  
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~80% increase in membrane ferric reductase activity.  Further, the reduced-minus-

oxidized difference spectra obtained for Triton X-100-treated membranes of wild-type 

Steap3-expressing cells indicates alpha, beta, and gamma Soret peaks at 560 nm, 531 nm, 

and 428 nm, respectively (Fig. 2A), indicative of the binding of a b-type heme cofactor. 

 
Steap3 Contains a Single B-Type Heme Cofactor 

Sequence homology predicted that Steap3 utilizes bis-histidine coordination via 

His316 and His409 to bind a heme cofactor in the transmembrane domain [2].  However, 

other model systems for transmembrane ferric reduction, including yeast Fre1, 

mammalian DcytB and mammalian NADPH oxidase (NOX) all utilize two heme groups 

to move electrons across the membrane. Thus, it has not been clear whether a second, 

cryptic, heme binding site is present in Steap family proteins, or if Steap family 

metalloreductases differ significantly from these other systems in utilizing a single heme 

cofactor.  For this reason, we utilized site directed mutagenesis to reexamine heme 

incorporation in the His316Ala and His409Ala variant proteins. As expected, and 

consistent with previous work by Ohgami, et al [2], mutating either conserved histidine to 

alanine resulted in complete loss of ferric reductase activity (Fig. 2C).  More interesting, 

however, the Steap3-specific heme signal is completely eliminated in each of these 

histidine variants (Fig. 2B).  This strongly suggests that Steap family metalloreductases 

utilize only a single heme cofactor to shuttle electrons across the transmembrane domain, 

and that mechanistically, they are fundamentally different from yeast Fre1, and 

mammalian proteins Dcytb and NOX. 
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Figure 2. Steap3 transmembrane domain binds a single b-type heme with coordination 
through His-316 and His-409. (A) The reduced-minus-oxidized difference spectra for 
Triton X-100-activated membranes of HEK 293 cells transfected with either empty 
vector or Steap3.Venus. The transfection medium was either unsupplemented or 
supplemented with 0.5 µM δ-aminolevulinic acid (ALA). Supplementation with ALA 
results in a significant increase in heme incorporation. Additionally, the resulting 
alpha, beta and gamma Soret peaks, are indicative of a b-type heme. (B) The strictly-
conserved histidine residues, H316 and H409, are also each strictly required for ferric 
reductase activity, as mutation of either to alanine results in an inactive construct. (C) 
The reduced-minus-oxidized difference spectra of each histidine mutant reveals a 
complete deficiency in Steap3-specific heme binding, with only endogenous heme 
signal present. This strongly suggests that Steap3 binds only a single heme cofactor in 
the transmembrane domain. 
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Steap3 Forms an Active Homodimer 

The isolated Steap3 N-terminal oxidoreductase domain has been reported to 

dimerize at low millimolar concentrations in solution and in the crystal, suggesting that 

full length Steap3 may function as a homodimer in cellular membranes [9]. However, a 

co-precipitation experiment utilizing FLAG-tagged Steap3 as bait and StrepII-tagged 

Steap3 as prey with Strep-tactin affinity resin did not produce evidence of an interaction 

(data not shown). Thus, dimerization may be transient or incompatible with co-

precipitation conditions.  

To characterize a potential homodimer in vivo, a bimolecular fluorescence 

complementation assay (BiFC) was performed, which is able to “capture” transiently-

interacting protein partners [14].  In the BiFC assay, proteins of interest are tagged with 

two complimentary fragments of split green fluorescent protein (GFP).  If the proteins 

oligomerize, the complementary GFP fragments are brought together.  This facilitates 

folding and “maturation” of active GFP, resulting in a fluorescent readout.  For the 

Steap3 BiFC assay, HEK 293 cells were co-transfected with Steap3 fused to N- terminal 

(Steap3.VN173) and C-terminal (Steap3.VC155) fragments of venus fluorescent protein 

(VFP). Transfected cells visualized at VFP emission wavelengths exhibited a distribution 

of cellular fluorescence similar to that seen in cells transfected with Steap3 fused to full-

length VFP (Fig. 3).  This strongly suggests that a Steap3 oligomer does indeed form in 

vivo. 
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Figure 3. Steap3 is able to form homodimers in a bimolecular fluorescence 
complementation (BiFC) assay. HEK 293F cells were transfected with one or two of the 
following expression plasmids: Steap3.Venus (Steap3 C-terminally fused to venus 
fluorescent protein (VFP; residues 1-238)), Steap3.VN173 (C-terminal fusion of 
residues 1-173 of VFP), Steap3.VC155 (C-terminal fusion of residues 155-238 of VFP). 
Plasma membranes were stained with wheat germ agglutinin-Alexa Fluor 633 conjugate 
(WGA) and nuclei were stained with DAPI. Cellular distribution in the Steap3 BiFC 
pair (Steap3.VN173+Steap3.VC155) resembled that observed in the non-BiFC 
construct, Steap3.Venus. The distribution in intracellular membranes is consistent with 
previous microscopy studies of Steap3 [1, 2]. This indicates that Steap3 is able to form 
homodimers in vitro. White bars indicate 10 µm. 

 
 



99 
 

We also wished to analyze the ferric reductase activity of the BiFC dimer, thus 

the Steap3.VN173 and Steap3.VC155 fusions were cloned into the pIRES dual 

expression vector (pIRES.Steap3VN.Steap3VC). This ensured the presence of both 

constructs in each transfected cell. Using this dual expression vector, we found that the 

specific activity of pIRES.Steap3VN.Steap3VC-transfected cells was 9.9 pmol Fe3+ 

reduced/ min/fluorescent unit, which is actually greater than the specific activity of cells 

transfected with Steap3.Venus.  The increased specific activity was due primarily to 

decreased fluorescence, which is expected due to the presence of, at most, a single mature 

VFP per Steap3 dimer.  Interestingly, it is believed that once the split GFP has matured, 

the split protein is stable and the N- and C-terminal fragments do not dissociate, leading 

to a constitutive oligomer [14].  Thus, not only is Steap3 able to form homodimers in the 

relevant cellular compartments, it is also enzymatically active in the dimeric state.  

 
Steap3 Electron Transfer  
Follows an Intra-Subunit Pathway 

Steap3 is composed of two linked domains, the transmembrane and cytoplasmic 

oxidoreductase domains. Upon dimerization, protomers may thus be capable of 

performing inter-subunit electron transfer wherein the oxidoreductase domain of one 

protomer transfers electrons to the transmembrane domain of the other (Fig. 4A). To 

examine the possibility of such “domain swapping”, cells were again transfected with the 

BiFC dual expression vector containing two Steap3 genes (pIRES.Steap3VN.Steap3VC). 

In this case, the two Steap3 constructs were either both wild-type or contained two 

different Steap3 variants that inactivated either the N- or C-terminal domain, respectively 
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(Fig. 4B).  Specifically, one variant contained an inactivated oxidoreductase domain 

(S58I; defective NADPH binding [2]) and the other an inactivated transmembrane 

  

Figure 4. Investigating Steap3 electron transfer pathway. (A) A Steap3 dimer could 
potentially transfer electrons in an intra- or inter-subunit manner. In intrasubunit electron 
transfer (left side of Panel A), electrons from the NADPH-binding oxidoreductase 
domain would be transferred to the subunits own transmembrane domain. In 
intersubunit electron transfer (right side of Panel A), a domain-swapped dimer would 
result in the electrons from on oxidoreductase domain transferred to the transmembrane 
domain of the other subunit. (B) To differentiate between these two alternatives, 
mutations were introduced to inactivate the cytoplasmic NADPH oxidase domain of one 
subunit (S58I.VN173) and the transmembrane domain of the other subunit 
(H409A.VC155). Cells were transfected with a dual expression vector containing the 
S58I.VN173 and H409A.VC155 constructs (pIRES.S58I_VN. H409A.VC). If the 
Steap3 dimer undergoes intrasubunit electron transfer, the mutational lesions in the 
respective subunits would prohibit electron transfer in both subunits (red arrow). In 
inter-subunit electron transfer, the BiFC heterodimers would complement one another, 
restoring one of the two electron transfer pathways (green arrow). Thus, the presence of 
an inter-subunit electron transfer pathway would be indicated by the partial restoration 
of ferric reductase activity. (C) In contrast to cells expressing the wild-type BiFC pair 
(pIRES.Steap3VN.Steap3VC), ferric reductase activity of was not detectable (N.D.) in 
cells expressing the mutant BiFC pair (pIRES.S58I_VN.H409A_VC).  
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domain (H409A; heme-deficient variant). The ferric-reductase activity in cells expressing 

the wild-type pair and the mutant pair were then tested.  In the case of intra-subunit 

electron transfer, lesions in the electron transfer pathway in each subunit of the 

heterodimer should result in the ablation of all activity (Fig. 4B, left).  In contrast, for 

inter-subunit electron transfer, one path is expected to suffer from lesions in both the 

oxidoreductase and transmembrane domains, while the second pathway would be 

expected to utilize the “healthy” oxidoreductase domain from one subunit and the 

“healthy” transmembrane domain of the second, resulting in measurable activity (Fig. 4B, 

right).  However, while activity was observed for the wild type Steap3 pair, the variant 

pair did not exhibit ferric reductase activity above that of the empty vector controls (Fig. 

4C). This suggests that Steap3 does not form a domain swapped dimer, and that Steap3 

utilizes an intra-subunit rather than inter-subunit electron transfer pathway. 

 
FAD Binding Site 

To our knowledge, the identification and characterization of a flavin-binding site 

for any full-length Steap family member has not been reported, and the development of 

the enzymatic assay described above is the first indication that FAD is the preferred 

flavin for Steap3 (Fig. 1C).  To this end, we measured Fe3+-reductase activity as a 

function of FAD concentration.  When fit to the Michaelis-Menten model, we find a Km 

of 0.9 µM for FAD, indicating the presence of a physiologically relevant FAD binding 

site. Relative to the isolated N-terminal oxidoreductase domain, the Km value for full-

length Steap3 is lower by more than two orders of magnitude, indicating that the 

transmembrane domain plays a critical role in the recognition of FAD. 
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Multiple sequence alignments are frequently used to identify residues critical to 

protein function. For Steap3, specifically, the utility of this approach can be assessed by 

mapping strictly conserved residues to the surface of the Steap3 oxidoreductase domain, 

for which crystal structures have been determined [9]. Towards this goal, the NCBI non-

redundant (nr) protein sequence database was utilized to obtain a total of 507 Steap2, 

Steap3, and Steap4 sequences (Steap1 lacks the oxidoreductase domain), which were 

then aligned with Clustal Omega [15]. We found that ten residues in the oxidoreductase 

domain are strictly conserved, 7 of which are surface-exposed. Importantly, 5 of the 7 are 

found in the NADPH binding pocket of the Steap3 crystal structure (Fig. 5A). We can 

thus conclude that sequence conservation is a valuable tool for identifying Steap3 

residues involved in substrate recognition.  

We thus undertook a similar analysis, but with the inclusion of Steap1 sequences, 

to identify the FAD binding site residues in the transmembrane domain. 652 Steap family 

sequences were aligned and strictly conserved amino acids were assigned approximate 

positions within the membrane bilayer as predicted by the membrane topology program 

Toppred (Fig. 5B) [16]. Of the sixteen strictly conserved residues in the transmembrane 

domain, nine are predicted to lie on cytoplasmic loops between transmembrane helices 2 

and 3 (the α2/α3 loop), or helices 4 and 5 (the α4/α5 loop).  As these residues lie in 

between the N-terminal oxidoreductase domain and histidine residues implicated in heme 

binding, we considered these as potential residues involved in recognition of FAD. 
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Figure 5. Amino acid conservation of Steap family oxidoreductase and transmembrane 
domains. Amino acid sequences from Steap family members in the NCBI non-redundant 
database were aligned with Clustal Omega [15]. (A) Strictly conserved residues(magenta) 
from all Steap2, Steap3, and Steap4 sequences are mapped on the surface of the crystal 
structure for the Steap3 oxidoreductase domain (PDB: 2VQ3). The NADPH binding site 
includes 5 of the 10 strictly conserved residues in the oxidoreductase domain. (B) A 
second alignment with all Steap1-4 sequences was generated to identify putative ligand 
binding site residues in the transmembrane domain. The alignment was transposed with 
the topology prediction program Toppred [16] to determine approximate locations for 
strictly conserved residues in the Steap3 transmembrane domain. Heme coordination by 
His-316 and His-409 is represented by a connecting line. Tyr319 is not strictly conserved 
(>98%), but was targeted for mutagenesis studies due to its proximity to His-316. 
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Table 3. FAD kinetic characterization of Steap3 Fe3+-reductase activity. Values are 
represented as mean ± the standard deviation. Means from n ≥ 3 independent 
experiments. N.D. = not determinable. *P<0.05 from one-way ANOVA and Dunnett’s 
multiple comparison test with Wild-Type as control group. The transmembrane topology 
prediction was generated by the Toppred program [4]. 
 

Variant 
Topology 

Prediction of 
Mutant 

Vmax  (pmoles Fe3+ 
reduced/ 

min/fluorescent unit) 

Km (µM 
FAD) Vmax/Km 

Wild-Type - 3.7 ± 1.9 0.9 ± 0.4 4.4 ± 2.5 
Q281A αII-αIII loop N.D. N.D. - 
K287A αII-αIII loop N.D. N.D. - 
L295A αII-αIII loop N.D. N.D. - 
W298A αII-αIII loop 2.8 ± 0.3 2.2 ± 0.4 1.3 ± 0.3* 
R302A αII-αIII loop 1.4 ± 0.8 2.8 ± 1.4 0.6 ± 0.4* 
R302E αII-αIII loop N.D. N.D. - 
K303A αII-αIII loop 2.5 ± 1.2 2.8 ± 0.6 0.9 ± 0.4* 
K303E αII-αIII loop 2.7 ± 1.7 4.6 ± 2.9* 0.6 ± 0.4* 

R302A/K303A αII-αIII loop 1.4 ± 0.9 4.0 ± 2.2* 0.5 ± 0.5* 
W388A αIV-αV loop 2.3 ± 1.5 3.0 ± 0.6 0.7 ± 0.4* 
E390A αIV-αV loop 3.0 ± 1.2 4.5 ± 1.0* 0.6 ± 0.1* 
Q395A αIV-αV loop 4.4 ± 1.8 17.7 ± 4.4* 0.3 ± 0.2* 

 

 
The nine strictly conserved residues in the α2/α3 and α4/α5 loops of the 

transmembrane domain were individually mutated to alanine and the kinetic parameters 

for FAD dependent ferric reductase activity were determined (Table 3).  With an increase 

in the Km from the wild type value of 0.9 µM to 17.7 µM, the Glu395Ala variant showed 

the most significant decrease in affinity for FAD, while at the same time, the Vmax was 

essentially unchanged.  While not as large, we also find a significant increase (p < 0.05) 

in the FAD Km value for the Glu390Ala variant (Km = 4.5 µM), which is also in the α4/α5 

loop.  Because the hallmark of residues involved predominately in substrate recognition 
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are an increase in Km with little or no change in Vmax, these data strongly implicate 

Glu390, Gln395 and the α4/α5 loop in formation of the FAD binding site. 

The exact role of residues in the α2/α3 loop was more difficult to assess.  Simple 

alanine substitution for Gln281, Lys287 and Leu295 all resulted in complete loss of 

activity.  We cannot say whether this was because the variants were unable to bind FAD 

or because these are instead key catalytic or structural residues; dead enzymes tell no 

tales.  However, it does clearly indicate a critical role for the α2/α3 loop.  Measurable 

activity was, however, found for the Trp298Ala, Arg302Ala and Lys303Ala variants.  

And in each case, we did find increased Km values for FAD.  However, compared to wild 

type, the differences were not statistically significant (p > 0.05).  We thus considered the 

possibility that Arg302 and Lys303 might utilize their positive charge to interact with 

hydroxyl groups or negative charge on FAD.  When we substituted a negatively charged 

glutamate at each position, the Lys303Glu variant did indeed show a significantly 

increased Km (4.6 µM) with a minimally disturbed Vmax.  The Arg302Glu mutation 

however, showed a complete loss of activity, confounding interpretation of the results.   

Finally, we also investigated the Arg302Ala/Lys303Ala double mutant and found 

a slightly increased Km relative to each individual alanine mutant indicative of an 

additive effect for these residues.  More importantly, the double mutant also showed a 

statistically significant increase in Km (4.0 µM) over wild type Steap3.  Collectively, our 

mutational analysis thus also implicates Arg302, Lys303 and the α2/α3 loop in general in 

FAD binding.  In conjunction with previous work on the Steap4 oxidoreductase domain 

demonstrating the lack of a high affinity flavin binding site in the oxidoreductase domain, 

we conclude that major elements of the high affinity FAD binding site lie in the 
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transmembrane domain of Steap3, and that conserved residues within the α2/α3 and 

α4/α5 loops are of particular importance. 

 
Fe3+ Binding Site of Steap3 

Ferric and cupric reductase activities have been reported for Steap2, Steap3 and 

Steap4 [2, 3].  More recently, Km values for both Fe3+ and Cu2+ have been determined for 

rat Steap4 using the cell surface metalloreductase assay [10].  Collectively, this work 

suggested that Steap proteins contain high affinity binding sites for both Fe3+ and Cu2+, 

and that Steap family members are likely to be physiologically relevant cupric and ferric 

reductases involved in homeostasis of these metals.  However, to date, metal Km values 

have not been reported for Steap3.  For this reason, using Fe3+-NTA as the substrate we 

determined that the Km for Fe3+ was 5.0 µM (Table 4), which is nearly identical to that 

found for Steap4 using the cell surface assay.  Unfortunately, Cu2+ was spontaneously 

reduced to Cu1+ under these assay conditions due to the presence of NADPH, precluding 

measurement of a Km value for Cu2+. 

Similarly, residues involved in metal recognition have not been reported for any 

member of the Steap family.  However, our success in identifying residues involved in 

FAD recognition suggested that conserved residues in the luminal or extracellular half of 

the transmembrane domain, i.e., residues above the heme coordinating histidines in Fig. 

5B, might participate in iron recognition.  Two strictly conserved residues, Tyr229 and 

Trp355, are predicted by Toppred to lie on the extracellular/lumenal side of the heme 

coordinating histidine residues (Fig. 5B). Due to its non-polar side chain, Trp355 was not 

chosen for mutation. In addition, a third residue, Tyr319, was also selected for mutation 
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due to its high-degree of conservation (>98%) and proximity to the heme cofactor. 

Specifically, Tyr319 is predicted to lie approximately one helical turn nearer to the 

lumenal face than the heme-binding His316 and could thus be well positioned to 

participate in iron binding and reduction. Indeed, when these tyrosine residues were 

individually mutated to alanine or phenylalanine, impaired iron reduction was observed.  

For the conservative Tyr319Phe substitution, the Km for Fe3+ increased by more than 

three-fold from 5 to 17 µM, while Vmax was essentially unchanged.  Similarly, the 

Tyr229Phe variant showed an inflated Km of 15 µM, suggesting that each of these 

residues play significant roles in recognition of Fe3+.  The double mutation, 

Tyr229Phe/Tyr319Phe was also examined, and the Km increased to 24 µM, with only an 

insignificantly small decrease in Vmax.   

Table 4. Fe3+ kinetic characterization of Steap3 Fe3+-reductase activity. Values are 
represented as mean ± the standard deviation. Means from n ≥ 3 independent 
experiments. N.D. = not determinable. *P<0.05 from one-way ANOVA and Dunnett’s 
multiple comparison test with Wild-Type as control group. 
 

Variant 
Vmax                              

(pmoles Fe3+ reduced/ 
min/fluorescent unit) 

Km (µM Fe3+) Vmax/Km 

Wild-Type 3.0 ± 1.6 5.0 ± 1.4 0.60 
Y229A 2.7 ± 2.0 12.9 ± 3.9* 0.21 
Y229F 1.9 ± 1.2 14.8 ± 2.9* 0.13* 
Y271A N.D. N.D. - 
Y271F 2.6 ± 0.4 5.7 ± 0.2 0.45 
Y319A 3.5 ± 1.3 9.9 ± 1.6 0.35 
Y319F 2.7 ± 0.7 17.6 ± 4.5* 0.15* 

Y229F/Y319F 1.7 ± 0.7 24.2 ± 2.8* 0.07* 
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While additional residues are likely to participate in iron binding and reduction, 

the characterization of these conserved tyrosine residues provides significant insight into 

the nature of the iron binding site.   First, the location of Tyr319 approximately one 

helical turn past heme coordinating His316 suggests the iron biding site lies near the 

“top” edge of the heme cofactor in the transmembrane domain.  Second, that the 

topological arrangement of the transmembrane helices will bring Tyr229 and Tyr319 in 

close proximity to each other, allowing them to work in concert to form a recessed iron 

binding site adjacent to the heme. 

Discussion 

Steap1 Shares the Steap Family  
FAD and Iron Binding Motifs  

Steap1 is highly expressed in multiple cancers and has received interest as an 

immunotherapeutic target [17, 18]. However, Steap1 lacks the N-terminal oxidoreductase 

domain found in Steap2, Steap3 and Steap4 and instead substitutes a 70-residue N-

terminal tail.  Further, attempts to demonstrate Steap1 ferric or cupric reductase activities 

have been unsuccessful [3].  Thus, it has been unclear whether Steap1 is a functional 

transmembrane oxidoreductase.  However, because the FAD and iron binding motifs that 

we have identified here in Steap3 are also present in Steap1, it seems that Steap1 might 

indeed harbor latent transmembrane oxidoreductase activity.  If so, this would obviously 

require a cytosolic source of FAD(H2).  In addition, it remains possible that Steap1 might 

oxidize or reduce an alternative extracellular or luminal substrate. 
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Steap3 Homodimer 

In conjunction with the crystallographic structures of the isolated oxidoreductase 

domains of Steap3 and Steap4, the BiFC study presented here suggest that Steap3 is 

indeed active as a homodimer.  One potential explanation for dimer formation was that 

Steap3 might utilize an intersubunit electron transfer pathway through a domain swapped 

dimer.  However, the inability of the Ser58Ile and His409Ala mutants to complement 

each other suggests otherwise.  Thus, the functional or regulatory significance of the 

homodimer remains unclear.  However, transferrin receptor is also a dimer [19], and a 

Steap3 dimer and its cargo of 4 electrons is stoichiometrically matched to the transferrin 

receptor – transferrin complex that carries 4 iron atoms [9]. 

 
Steap3 Transmembrane Domain  
Binds a Single, b-Type Heme  

Ohgami et al. proposed a model for iron reduction by Steap3 in which a heme 

cofactor acts as a key intermediary in the transfers of electrons from NADPH and flavin 

bound in the N-terminal oxidoreductase domain to iron bound at the extracellular or 

luminal face of the transmembrane domain [2]. Here we confirm their prediction that 

Steap3 binds a single heme in a bis-histidine fashion (His316 and His409), and show 

spectroscopically that it is a b-type heme.  These histidine residues lie in transmembrane 

helices 3 and 5 and the topology prediction server Toppred [16] predicts a location 

slightly above the center of the bilayer towards the extracellular or lumenal space (Fig. 

6). These residues are a core feature of the ferric reductase domain (FRD) superfamily, 

which includes such members as yeast ferric reductase (Fre1) and human NADPH 

oxidase (NOX) [8]. However, in contrast to a single transmembrane heme in the Steap 
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proteins, other members of the FRD superfamily contain a second heme cofactor 

localized near the cytoplasmic face of the membrane [8].  In this context the 

transmembrane domain of Steap family proteins appears unique.  In fact, to our 

knowledge, there exists no functional evidence for mono-heme cytochromes that perform 

transmembrane electron transport beyond the Steap family metalloreductases and their 

bacterial YedZ homologs [20], for which sulfite oxidase activity has been demonstrated 

[21].  

 
Steap3 Iron Binding Residues  
Adjacent to the Heme Cofactor 

In our mutational analysis, Tyr229 and Tyr319 were found to participate in iron 

binding. Tyr229 is predicted to reside in the first transmembrane helix at approximately 

the same “height” as Tyr319, which is located one α-helical turn above His316, (Fig. 6). 

The Tyr319 side chain is thus expected to lie near the “top” of the porphyrin ring.  This in 

turn suggests that the iron binding site is also near the top edge of the heme cofactor, as 

opposed to a more distant site composed of the extracellular loops. This raises the 

possibility that one or both of the propionate arms of the heme cofactor might serve to 

coordinate iron in a manner similar to the manganese coordination observed in man-

ganese peroxidase [22]. This would require the heme to be oriented with the propionate 

arms pointed towards the extracellular space. Such an orientation is indeed observed in 

structures of integral membrane cytochromes such as the ascorbate dependent ferric 

reductase DcytB [23] and the cytochrome b subunit of the bc complex [24]. 
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The Transmembrane Domain Contains  
a High-Affinity FAD Binding Site  
 

We have shown for the first time that Steap family proteins do indeed utilize a 

flavin in the reduction of Fe3+.  In addition, we find that Steap3 exhibits a clear 

preference for FAD, as the addition of exogenous FMN or riboflavin does not increase 

activity above the flavin free control.  For this reason, we assume that at least some of the 

activity in the flavin free control is due to low levels of endogenous FAD present in the 

membrane preparations.   

We measure a Km for FAD in full length Steap3 of approximately 1 μM, greater 

than two orders of magnitude lower than the non-physiological flavin Km values (> 100 

μM) measured for the isolated N-terminal oxidoreductase domains of Steap3 and Steap4 

[10].  Indeed, the structural and kinetic work on these isolated domains previously 

suggested that the N-terminal oxidoreductase has only a weak interaction with FAD and 

other flavins, at that this low affinity recognition is primarily via the isoalloxazine ring.  

We can now conclude that the elements necessary for high-affinity FAD binding reside 

primarily within the Steap transmembrane domain.  

 
The αII/αIII and αIV/αV Loops  
Form the FAD Binding Site 

Among the fifteen strictly-conserved residues in the transmembrane domain (Fig. 

5B), nine are predicted to lie within loops connecting helix αII to αIII and helix αIV to 

αV.  Our mutational analysis clearly shows these loops are critical for Steap3 activity, 

where they contribute to FAD binding.  Thus, while these loops are distant within the 

linear sequence, they are expected to lie close to each other in the folded protein 
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structure, working together to bind FAD (Fig. 6).  Interestingly, the αII/αIII loop also 

contains the endosomal targeting motif for AP-2 [Y288-X-X-Φ (bulky hydrophobic, 

F291)] [25]. Whether AP-2 might alter the activity of Steap3 during clathrin-mediated 

endocytosis remains an open question.  

 
The Transmembrane Domain FAD Binding 
 Site Replaces the Cytoplasm Proximal Heme 

As shown above, Steap proteins contain the surface proximal heme common to all 

members of the FRD superfamily [8], but lack the second, cytoplasm-proximal heme. 

Interestingly, a bioinformatics analysis of the FRD superfamily shows that YedZ and 

Steap family proteins are differentiated from other members of the FRD superfamily by 

replacement of the heme coordinating histidines of the cytoplasm proximal heme with 

conserved arginine and glutamine residues.  Importantly, in Steap3 the arginine and 

glutamine residues in this superfamily sequence alignment correspond to Arg302 and 

Gln395.  Here we have shown that these residues contribute to the FAD binding pocket in 

the transmembrane domain.  Thus, with regard to the proposed evolutionary pathway of 

the FRD superfamily [8], we can now conclude that the Steap and YedZ family proteins 

have lost their cytoplasm proximal heme binding site and replaced it with a cytoplasm 

proximal FAD binding site. 

 
Predicted Structure for  
the Transmembrane Domain 

The recently solved crystal structure of DcytB reveals an FRD-like structure in 

which the cytoplasm and surface proximal hemes are surrounded by six transmembrane 

helices [23].  Interestingly, the helices follow one another in succession as they work 
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their way around the heme cofactors.  If a similar helical arrangement is considered for 

the transmembrane domain of Steap3 (Fig. 6), several observations consistent with the 

biochemical data can be made.  First, the arrangement results in placement of the heme 

coordinating histidine residues on opposite sides of the heme cofactor.  Second, it brings 

the αII/αIII loop in close proximity to the αIV/αV loop so they might collectively work to 

bind FAD.  Third, it could bring the tyrosine residues implicated in iron binding (Tyr229 

and Tyr319) into close proximity.  For these reasons, we propose the structure shown in 

Fig. 6 for the Steap3 transmembrane domain, as it is consistent with the structures of 

integral membrane cytochromes in general, and with the unique structural and 

biochemical properties of the Steap family elucidated here, namely the location of the 

iron, single b-type heme and FAD binding sites.  Further, it is expected that this structure 

is shared by all members of the Steap family, including Steap1, as well as the related 

YedZ family of bacterial transmembrane electron transfer domains.  
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Figure 6. Structural model of the Steap3 transmembrane domain. Strictly-conserved 
residues key to Fe3+, heme, or FAD binding are shown. Residues are oriented based on 
predictions by the Toppred topology server [16]. The electron source, NADPH, is 
oriented approximately according to that found in the Steap3 oxidoreductase domain 
crystal structure, with “H” representing the hydride-containing nicotinamide moiety. The 
hydride is transferred to FAD, which is bound by transmembrane loops αII/αIII and 
αIV/αV, including interactions with strictly conserved residues Arg-302, Lys-303, Glu-
390, and Gln-395. Single electrons are transferred to a single b-type heme, bound in a bis-
histidine fashion via His-316 and His-409. Tyr-229 and Tyr-319 are implicated in binding 
an Fe3+ atom adjacent to the heme cofactor. Foreground segments are represented by 
dashed boundaries and Tyr-229 is positioned on the backside of helix I in close proximity 
to Tyr-319 and Fe3+. Transmembrane α-helices are numbered by roman numerals.   
Though the transmembrane helices are represented as partially encircling the heme 
cofactor, it is expected that the cofactor is completely encircled through analogy of other 
transmembrane cytochromes. 
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CHAPTER SIX 

 
CONCLUDING REMARKS 

 
The Steap family has been identified as performing key cellular functions, but the 

underlying mechanisms of that function had not been well-understood. Here, the 

biochemical foundations of the Steap family of metalloreductases have been examined. 

Through the described work, we now can construct a more complete picture of their 

function, including the identification of cofactors and their binding sites, substrate 

binding sites, and protein-protein interactions.  

Prior to these studies, the roles of Steap enzymes had been examined in a number 

of platforms (in vivo tissue, mouse knockout, recombinantly-expressed truncations). For 

functional studies, the cell-surface ferric reductase assay system developed by Ohgami et 

al. [1] was utilized here, but a system for the in-depth functional analysis of the 

enzymatic mechanism, particularly the protein regions on the cytoplasmic face of the 

membrane, had not been developed. Thus, a particular goal of my work has been on 

developing systems that allow me to address the unanswered questions of Steap family 

enzymatic function. To that end bacterial, insect, and mammalian expression systems 

were developed.  

While bacterial expression systems are ill-suited for the recombinant expression 

of mammalian membrane proteins, they are exceedingly useful for soluble proteins. Thus, 

E. coli cells were utilized for the expression and the purification of the oxidoreductase 

domain of rat Steap4 (Chapter 3). Unlike the same domain of human Steap3, which 
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exhibits almost no NADPH oxidase activity, the purified Steap4 truncation was able to be 

kinetically characterized. There, we were able to determine that, while the oxidoreductase 

domain alone exhibits flavin-dependent NADPH oxidase activity, the flavin-binding 

capacity is non-physiologically weak (KM > 100 µM) and it shows no preference for a 

particular flavin (FMN, FAD, or riboflavin). Thus, in the cytoplasmic oxidoreductase 

domain the flavin binding site is largely incomplete and likely is only capable of 

interacting with the isoalloxazine ring of the flavin. 

Studying a full-length Steap protein would allow for a comprehensive 

examination of the flavin binding site as well as additional attributes including the 

substrate (iron or copper) binding site and the predicted binding of a heme cofactor in the 

transmembrane region. Baculovirus-mediated gene expression in Sf9 insect cells was 

utilized in an attempt to purify full-length human Steap3 for structure-function studies 

(Chapter 4).  Though Steap3 was unable to be purified in the functional state, valuable 

information was obtained in the process. The heme spectra for any Steap family was 

shown for the first time here, indicating the binding of a b-type heme. The requirement 

for FAD in Steap3 ferric reductase activity and intolerance of FMN was first shown in 

the assays developed here. Finally, the work gave evidence for an as-yet unidentified 

critical factor to activity that is able to lost during purification, such as lipids or 

interacting protein partners.  

Ohgami et al, initially characterized Steap3 as a ferric reductase in transiently-

transfected human HEK-293 cells [1], a well-characterized model human cell line that 

has recently been utilized as a platform of large-scale recombinant protein expression [2, 
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3]. This system has the advantage of having human protein expression mechanisms for 

transfected human genes. As Sf9 cells may be improper for functional Steap3 expression 

and subsequent purification, this system was chosen due to these advantages. However, 

there are few examples of these cells used for a similar integral membrane protein 

expression application [4]. Furthermore, to my knowledge, this described work represents 

the first use of a HEK-293 line for the recombinant expression of an integral membrane 

hemoprotein for purification (Chapter 2 and 5). As such it was necessary to determine 

several parameters for optimal expression. The identification of aminolevulinic acid as a 

necessary supplement in the Sf9 platform was able to be applied to HEK cells to greatly 

increase the incorporation of heme into Steap3 and may be applied to future HEK 

expression studies with hemoproteins.  As with Sf9 cells, functional Steap3 was unable to 

be purified from HEK membranes, but the enzymatic mechanism was able to be 

characterized in the partially-purified state. This characterization included an analysis of 

the FAD binding site and the specific residues that compose it. In confirmation of the 

hypothesis produced from the study of the Steap4 oxidoreductase domain, Steap3 binds 

FAD with high affinity in the transmembrane domain. By mutating strictly-conserved 

residues of the transmembrane domain, we were able to show that the binding site is 

primarily composed of the two intracellular loops between transmembrane helices. 

Similarly, we were able to show that the extracellular metal ion substrate binds adjacent 

to the heme cofactor via two strictly-conserved tyrosine residues. Though heme-binding 

was initially identified in the Sf9 studies, we were also able to confirm that Steap3 bind a 

single b-type heme in a bis-histidine fashion through two strictly-conserved histidines. 
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Because these residues are not only conserved amongst all Steap3 sequences in the NCBI 

nr database, but also the three other Steap family members as well. Notably, this includes 

Steap1, is highly expressed in prostate cancer cells and has an unknown function as it 

lacks the oxidoreductase domain. As Steap1 contains these crucial mechanistic residues, 

it may also function in an electron transfer capacity. Lastly, this system allowed us to 

examine the propensity of Steap3 to form homodimers, a hypothesis generated from the 

crystal structure of the Steap3 oxidoreductase domain [5]. Through a bimolecular 

fluorescence complementation assay, we observed an ability for Steap3 to dimerize in a 

subcellular distribution comparable to that previously observed for wild-type Steap3 [1]. 

Additionally, by utilizing select cofactor-binding mutants, we were able to show that a 

Steap3 dimer performs intra-subunit electron transfer. Together this work provides key 

fundamental details of Steap family function as well as providing platforms for future 

study of them.  

Future work should address several unanswered questions from this work. In the 

cell, what impact does dimerization have on ferric reductase activity? The NADPH 

binding site is adjacent to the dimer interface, thus, is dimerization a necessary to 

stabilize the NADPH binding pocket? Furthermore, can this dimer form a greater 

complex with other transferrin cycle proteins, such as TFR or DMT1? If Steap3 is able to 

complex with the transferrin:TFR complex, how do the four transferrin-bound iron atoms 

process to the binding site on Steap3? Relatedly, due to the stoichiometric symmetry of 

four reducing equivalents in a Steap3 dimer and the four iron atoms, is there a regulated 

mechanism that allows both iron transfer between components and their reduction?  
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The Steap family’s copper reduction role remains ill-defined. Do the iron binding 

site residues also bind copper? As the primary copper transporter Ctr1 requires the 

reduction of the metal prior to transport, does Steap3 interact in a controlled process? If 

so, is this process in a conserved coupled reduction-transport mechanism also found with 

DMT1 or Zip14 for iron transport?  

Several proteomic studies have determined that several Steap family members 

have post-translational modifications, including glycosylation, phosphorylation and 

ubiquitylation as found at the modification database, Phosphosite [6]. What effect do 

these modifications have on their function? Do they contribute to the differences in Steap 

family tissue distribution?  
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Figure A.1. Sequence alignment of metazoan (multi-cellular) Steap proteins. 
Secondary structure elements of the human Steap3 and rat Steap4 
oxidoreductase domain structure are at the bottom of the alignment. 
Transmembrane-spanning segments for rat Steap4 predicted by TMHMM 
[1] are also shown. Disordered residues at the N-termini of the Steap3 and 
Steap4 structures are enclosed in dashed boxes. A red box encloses residues 
196-203 of rat Steap4; truncation of these residues reduces the NADPH 
oxidase activity of the purified oxidoreductase domain. Putative heme-
coordinating histidine residues (His304 and His397) are in red. All other 
strictly conserved residues are highlighted in black. Asterisks below the rat 
Steap4 sequence denote residues that contact NADPH in the crystal 
structure, many of these are strictly conserved. The ability of the sequence 
alignment to discriminate residues involved in substrate recognition suggests 
that strictly conserved residues in the first (residues 269-292) or second 
(residues 372-383) cytoplasmic loops of the transmembrane domain might 
participate in flavin recognition (see text for details). Tyr276 of the 
endosomal targeting motif [2] is also found in loop1 (violet). Additional 
Steap oxidoreductase domain residues highlighted in gray include Met110 
(hydrophobic interaction with Leu194), Thr136 (putative isoalloxazine ring 
interaction), Pro193 and Pro198 (C-terminal helix). Potential Steap4 
ubiquitination sites at the N-terminus are highlighted in orange (Lys3 and 
Lys18). In the mammalian Steap3 sequences, residues Gln120 and the 
His122-Leu123 pair in helix α5 are shown in light brown (human Steap3 
numbering), while putative phosphorylation sites are highlighted in green 
(Ser17 and Ser20). Sequences from the NCBI non-redundant database were 
aligned with T-Coffee [3] and processed with ALINE [4]. 
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