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Abstract

Iron is an essential micronutrient to all animals, but it is highly toxic if it is not properly
managed. Insects have processes to maintain iron homeostasis through iron absorption, transport,
and storage; moreover, as part of their innate immunity, insects produce iron sequestering
proteins to protect against iron-scavenging pathogens. Transferrins are a family of iron-binding
proteins found in animals. In mammals, secreted transferrins reversibly bind two ferric ions and
function in iron transport and immune-related iron sequestration. Insect iron homeostasis is
poorly understood, and the role of insect transferrin in iron homeostasis is not well-studied. This
dissertation explores the biochemical and structural characteristics and in vivo localization of
secreted insect transferrin-1 (Tsf1) using two model insect species, Drosophila melanogaster and
Manduca sexta.

Biochemical characterization of Tsfl was performed to test the hypotheses that the
protein binds iron with high affinity and releases the iron as a function of pH decrease.
Experiments revealed that Tsf1 binds a single ferric ion with high affinity at neutral pH (log K> =
18), and releases iron over a moderately acidic pH range (6.2 to 5.0). These results indicated that
Tsfl may have physiological functions similar to some mammalian transferrins: binding and
sequestering iron in extracellular fluids and releasing iron in the acidic environment of
endosomes for uptake into cells. Structural characterization of Tsfl revealed a novel mechanism
of iron coordination, where iron was ligated by two tyrosine residues and two carbonate anions.
Mutational analysis of Tsfl explored the importance of the two tyrosines and a highly conserved
carbonate-binding asparagine to the properties of high-affinity iron binding and pH-mediated
iron release. In vivo studies of Tsf1 localization in D. melanogaster tissues were performed to

test the hypothesis that Tsf1 is endocytosed into cells as a possible mechanism for iron transport.



Except for two specialized cell types, Tsfl did not localize in the endosomes of insect cells,
which indicated that uptake of Tsfl is not an essential mechanism for iron transport in healthy
insects. This work furthers our understanding of Tsf1 function in iron sequestration and transport
in insects, and it provides insight regarding the similarities and differences in iron homeostasis

between insects and humans.
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Chapter 1 - Literature Review

Introduction to Iron Homeostasis

Iron is an essential micronutrient for nearly all organisms. It is involved in several critical
cellular processes, such as electron transport, cell differentiation, DNA and RNA synthesis,
enzymatic cofactors, and gene expression (Lieu et al., 2001). Iron is an abundant element on
earth, but it is problematic for organisms to absorb (Frey and Reed, 2012). The difficulty of iron
absorption comes from its tendency to form insoluble precipitates in its ferric form (Fe**) (Spiro
and Saltman, 1969). Its soluble form, ferrous iron (Fe?*), will readily react with oxygen species
to create toxic free radicals (Meneghini, 1997). These free radicals can damage DNA, proteins,
carbohydrates, and lipids, leading to a condition known as oxidative stress (Meneghini, 1997).
Animals primarily obtain iron through dietary intake and subsequent intestinal absorption, while
prokaryotic organisms obtain iron from their surrounding environment using various scavenging
techniques (Anderson and Frazer, 2017; Cassat and Skaar, 2013). Consequently, an animal’s
ability to sequester iron in extracellular fluids and withhold it from invading pathogens is a major
part of their innate immunity (Cassat and Skaar, 2013).

Iron’s involvement in biological processes, its potential toxicity, and its role in immunity
have led animals to evolve efficient and regulated processes to maintain iron homeostasis. The
major processes of iron homeostasis are iron absorption, transport, storage, and sequestration
(Anderson and Frazer, 2017; Cassat and Skaar, 2013; Kosman, 2020, 2010). The mechanisms
underlying these homeostatic processes have been well-studied only in mammals.

Due to their success as the largest group of animals on earth, it is obvious that insects
have evolved effective processes for managing iron; however, very little is understood about

insect iron homeostasis. Our interest in studying insect iron homeostasis resides in the following



reasons: (1) insects are used as model organisms for studying human disease and biology
(Adamski et al., 2019; Calap-Quintana et al., 2017; Cheng et al., 2018; Kanost et al., 2016;
Pandey and Nichols, 2011), thus understanding the similarities and differences of fundamental
processes between the organisms is important; (2) insects may elucidate evolutionarily ancient or
poorly understood mechanisms of iron homeostasis (Tang and Zhou, 2013); and, (3) the
mechanisms underlying iron homeostasis in insect biology may be targets of insect control
strategies that could target insects that are pests or vectors of disease (Nichol et al., 2002; Pham
and Winzerling, 2010; Tang and Zhou, 2013).

This literature review will first compare what is known about the processes of iron
homeostasis in mammals and insects, followed by an in-depth look at the involvement of the

transferrin family of proteins in iron homeostasis.

Overview of mammalian iron homeostasis

In the mammalian intestine, iron absorption occurs when duodenal cytochrome b (Dcytb)
reduces Fe*" to Fe?*, followed by transport of Fe?" across the apical membrane by divalent metal
transporter-1 (DMT1) (Han, 2011). Once inside the enterocyte, Fe?* can either be utilized by the
cell, stored as Fe*" in ferritin, or exported into the serum. Export of Fe?* occurs via a ferrous
permease, ferroportin, followed by oxidation of Fe?* to Fe3* by a multi-copper oxidase (Donovan
et al., 2005; Vulpe et al., 1999). Fe*" in the serum is rapidly bound by transferrin for transport.
Transferrin can bind two Fe®* ions. The process of iron uptake from the serum is initiated when
transferrin binds to its receptor, transferrin receptor-1 (TfR1), on the surface of a cell (Kawabata,
2019). Iron release from the transferrin-TfR1 complex occurs via two possible paths: 1) the

transferrin-TfR1 complex is endocytosed, the acidification of the endosome leads to iron release,



followed by reduction by a ferric reductase (STEAP2 or STEAP3), and transport from the
endosome into the cytoplasm by DMT1; or, 2) the iron in the transferrin-TfR1 complex is
reduced by a ferric reductase at the cell surface, and the iron is transported across the cellular
membrane by Zip8 or Zip14 (Kosman, 2020). The pathways of iron absorption, export, transport,
and delivery described in this paragraph are modeled in Figure 1-1A.

Iron is stored throughout the body’s organs, but the primary location is in the hepatocytes
of the liver (Anderson and Frazer, 2017; Garrick and Garrick, 2009). The iron storage protein,
ferritin, is primarily found in the cytoplasm and can store thousands of iron atoms (Theil, 2004).
Some iron-poor ferritin is in the serum; moreover, extracellular ferritin receptors have been
identified (Chen et al., 2005; Li et al., 2009). Thus, ferritin may also have a role in iron transport
(Hentze et al., 2010).

Iron homeostasis is regulated systemically and at the cellular level. Systemic regulation
of iron levels is primarily controlled by a peptide, hepcidin, which is produced and secreted by
the liver (Anderson and Frazer, 2017; Ganz, 2013). Hepcidin binds to ferroportin, leading to its
internalization and subsequent degradation (Anderson and Frazer, 2017). Expression of hepcidin
is dependent on the levels iron-saturated (holo) transferrin and its interaction with a low-affinity
receptor, transferrin receptor-2 (TfR2) (Kawabata, 2019). High levels of holo-transferrin bound
to TfR2 induces signals that lead to an increase in the expression of hepcidin. Thus, when iron is
fully supplied in the body and serum levels of holo-transferrin are high, hepcidin expression will
increase and lead to a decrease of iron export into the serum; conversely, when iron is in demand
and holo-transferrin levels in the serum are low, hepcidin levels decrease to promote iron export

into the serum.



Regulation of iron uptake and storage in the cell occurs at the mRNA level to modulate
the expression of various proteins. Two of these regulated proteins are ferritin and TfR1
(Anderson and Frazer, 2017). The mRNAs of these proteins have iron-responsive elements
(IREs) in their untranslated region, and these IREs can be bound by iron regulatory proteins
(IRPs) (Volz, 2008). IRPs change their conformation depending on the amount of available iron
in the cytoplasm, and in low iron environments the IRPs will bind to the IREs of ferritin and
TfR1 (Anderson and Frazer, 2017; Volz, 2008). In the case of ferritin mMRNA, the binding of an
IRP will inhibit its translation, leading to a decrease in expression and less storage of iron
(Wilkinson and Pantopoulos, 2014). In the case of TFR1 mRNA, the binding of an IRP will
inhibit its degradation, leading to an increase in the level of the receptor and more iron transport
into the cell (Wilkinson and Pantopoulos, 2014).

Despite the tightly regulated pathways for absorbing, trafficking, and storing iron in
mammals, infectious pathogens have developed several ways to scavenge iron from intracellular
and extracellular locations within their hosts (Cassat and Skaar, 2013). To defend against these
pathogens, the mammalian innate immune system responds in part with an iron sequestration
process that involves the modulation of iron regulatory proteins and expression of high-affinity
iron-binding proteins. An immune response that decreases the amount of circulating iron is
called a hypoferremic response. Once a pathogen has infected the host, Toll-like receptor
activation and proinflammatory cytokines elicit the immune system to respond by modulating
iron distribution through increased levels of hepcidin systemically and locally (Armitage et al.,
2011; Drakesmith and Prentice, 2012; Peyssonnaux et al., 2006). Iron availability during
infections is also modulated by several cytokines that act independently of hepcidin expression

to modulate levels of proteins involved in iron homeostasis (Weiss, 2005). One of the first lines



of defense against iron-scavenging pathogens, is the protein lactoferrin (Cassat and Skaar, 2013;
Legrand et al., 2005). Even in the absence of infection, lactoferrin is secreted into bodily fluids
and mucosal layers at high concentrations and binds iron with high affinity (Baker and Baker,
2012; Legrand et al., 2005). Lactoferrin is also released by neutrophils at areas of infection

(Cassat and Skaar, 2013).
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Figure 1-1. Comparison of the main pathways of iron homeostasis in (A) mammals and (B)
insects (unknown mechanisms in insects are shown in red).



Overview of insect iron homeostasis

Iron absorption from the insect gut is thought to involve a similar mechanism as the one
in mammals (Figure 1-1B) (Folwell et al., 2006; Tang and Zhou, 2013). A DMT1 orthologue has
been identified and studied for metal transport properties in Drosophila melanogaster and
Anopheles albimanus (Bettedi et al., 2011; Martinez-Barnetche et al., 2007). In D. melanogaster,
this divalent metal transporter gene is known as Malvolio, and its expression occurs highly in the
anterior and posterior midgut, Malpighian tubules, nervous system, and testis. Malvolio mutants
show iron-depleted midguts and whole body iron deficiencies, but under a high iron diet, the
whole body iron levels are restored (Bettedi et al., 2011). After a blood feeding in A. albimanus,
DMT1 expression is down regulated in the midgut and upregulated in the Malpighian tubules,
indicating that DMT1 may be involved in regulating iron absorption in these insects (Martinez-
Barnetche et al., 2007). There is no verified insect DcytB protein involved in reducing Fe®* to
Fe?* during iron absorption, but two predicted ferric reductase genes have been identified in D.
melanogaster (Mandilaras et al., 2013), and one in Anopheles gambiae (Winzerling and Pham,
2006). The salivary glands of D. melanogster have also been implicated in the uptake of iron via
basal endosomal trafficking during the prepupal development stage (Farkas et al., 2018).

Intracellular trafficking and export of iron in the insect enterocytes seems to differ from
that of mammals. Unlike mammalian ferritin, which is typically cytosolic, insect ferritin is
predominantly a secreted form of ferritin, and its subcellular localization is mostly in the ER and
Golgi apparatus (Figure 1-1B) (Geiser et al., 2006; Mehta et al., 2009; Missirlis et al., 2007;
Pham and Winzerling, 2010; Winzerling et al., 1995). In D. melanogaster, it has been shown that
a zinc/iron permease, dZIP13, transports iron from the cytosol to the secretory pathway, where

the iron is loaded onto ferritin (Xiao et al., 2014). Because insect ferritin is secreted and there is



no identified ferroportin homologue in insects, the export of iron from the enterocytes is believed
to occur primarily through the secretion of iron-loaded ferritin into the hemolymph (Geiser et al.,
2006; Missirlis et al., 2007; Pham and Winzerling, 2010; Tang and Zhou, 2013). RNAI of ferritin
in the midgut of D. melanogaster on a normal diet led to iron accumulation in the gut, a decrease
in systemic iron levels, and a decreased survival (Tang and Zhou, 2012). Aside from secreted
ferritin, the following models have also been proposed for iron export from insect enterocytes:
(1) an unidentified ferrous iron permease coupled with a multicopper oxidase (MCQO) with
ferroxidase activity; and, (2) the export of iron-bound transferrin through the secretory pathway
(Xiao et al., 2019).

Trafficking of iron in insect hemolymph (circulatory fluid) is most likely occurring
through the secreted iron-binding proteins, ferritin and transferrin-1 (Figure 1-1B). The majority
of iron in the hemolymph is bound to ferritin, with a smaller amount bound to transferrin-1,
which is opposite of protein-bound iron in the serum of mammals (Huebers et al., 1988). In D.
melanogaster, ferritin has been clearly linked to systemic iron distribution and is an essential
gene, whereas transferrin-1 has only been clearly linked to trafficking iron from the midgut to the
fat body and is not an essential gene (latsenko et al., 2020; Pham and Winzerling, 2010; Xiao et
al., 2019). When radioactively labeled iron is loaded onto ferritin and transferrin-1 and injected
into the hemolymph of Manduca sexta larvae, the radioactive iron is transported and delivered
into tissues (Huebers et al., 1988). While it is clear ferritin and transferrin-1 are involved in
transporting iron in hemolymph and delivering it to tissues, neither protein has an identified
receptor in insects and their delivery mechanism is unknown (Figure 1-1B) (Tang and Zhou,

2013).



Insects do not have a single organ equivalent to the liver of mammals, but instead the
functions of the mammalian liver are found in separate tissues in insects: oenocytes, fat body,
and iron cells (Mehta et al., 2009). In D. melanogaster, a large amount of the stored iron in
insects is found in ferritin accumulated in specialized midgut enterocytes called “iron cells”
(Mandilaras et al., 2013; Mehta et al., 2009).

The mechanisms underlying systemic regulation of iron in insects are not known and no
homologue of hepcidin, ferroportin, or TfR have been reported. However, some aspects of iron
regulation at the cellular level in insects have been discovered. IRP homologues with IRE
binding ability have been identified in D. melanogaster, M. sexta, Aedes aegypti, and A. gambiae
(Lind et al., 2006; Zhang et al., 2001a; Zhang et al., 2001b; Zhang et al., 2002). Only three genes
containing IREs have been identified in insects: two genes that encode ferritin (ferritin 1 and
ferritin 2) and one that encodes succinate dehydrogenase B. Succinate dehydrogenase is a key
enzyme in the citric acid cycle and is therefore intrinsically tied to oxidative phosphorylation. It
has been hypothesized that regulating these genes with the IRE/IRP system during iron deficient
conditions in insects would lead to the following: suppression of ferritin 1 and ferritin 2
expression, resulting in decreased iron storage and increased availability of iron; and suppression
of succinate dehydrogenase B expression, which would slow down the citric acid cycle and lead
to less iron needed for the numerous iron-sulfur containing proteins in the electron transport
chain (Kohler et al., 1995; Mandilaras et al., 2013). Interestingly, ferritin expression in the
midgut “iron cells” of D. melanogaster is not affected by a decrease in iron concentration (Mehta
et al., 2009). The lack of ferritin regulation in the “iron cells” could be due to tissue-specific
alternative splicing of ferritin-1 pre-mRNA that removes the IRE, or a tissue-specific lack of IRP

expression (Mehta et al., 2009; Nichol et al., 2002).



Intracellular regulation of iron in insects also occurs independently of the IRP/IRE
system through the direct interaction of iron with dZIP13 (Xu et al., 2019). When iron binds to
dZIP13, the protein is stabilized and protected from degradation; therefore, when iron levels are
high in the enterocyte, more dZIP13 is available to transport iron from the cytosol to the
secretory pathway where it can be loaded into ferritin and secreted (Xu et al., 2019).

Like mammals, insects limit the availability of free iron to reduce oxidative stress and to
protect against invading pathogens using secreted iron-binding proteins. In insects this process of
iron sequestration is believed to be primarily performed by ferritin and transferrin-1 (Geiser and
Winzerling, 2012; Pham and Winzerling, 2010).

A further detailed review of transferrin-1’s function in insect iron homeostasis will be

discussed in a later section of this review (see section entitiled: Insect Transferrins)

Transferrins

The transferrin family of proteins are monomeric glycoproteins that were originally
identified in vertebrates and characterized based on their iron binding properties and their
functional role in transporting and sequestering iron (Johansson, 1958; Masson et al., 1966;
Surgenor et al., 1949). Today, however, it is known that the transferrin family members are
found in nearly all metazoans and have evolved various functions, not all of which are related to
binding iron (Lambert, 2012). This review will focus on the iron-binding transferrins with

identified functions in iron homeostasis.



Biological functions of transferrins

The well-studied vertebrate transferrins involved in iron homeostasis are serum
transferrin (STY), lactoferrin (LTf), and ovotransferrin (OTf). These secreted bilobal proteins are
typically 70-80 kDa. Their function in iron homeostasis is dependent on their expression patterns
and ability to reversibly bind two ferric ions.

STt is largely expressed and secreted into the blood by the liver, where it functions by
binding two ferric ions with high affinity in the serum and delivering the iron into cells. The
method of iron delivery by STf is a regulated process and involves binding to its receptors,
release of iron and recycling back into the serum (Kosman, 2020). In fact, STf has been shown to
complete over 100 cycles of iron binding, transport and delivery to cells during its time in
circulation (Dhungana et al., 2004). Mutations of STf in mice and humans can lead to anemia,
iron overload in tissues, and can be lethal unless treated (Anderson and Vulpe, 2009; Trenor et
al., 2000). Mice with a severe deficiency of STf die shortly after birth (Anderson and Vulpe,
2009; Bernstein, 1987). Under normal conditions, STf is only ~30% saturated with iron, thus any
“free” iron is quickly bound up by unsaturated (apo) STf, which makes the risk of iron-induced
free radical formation and oxidative stress low (Anderson and Frazer, 2017).

LTf has high affinity for two ferric ions and the unique ability amongst its transferrin
family members to retain its bound ferric ions in highly acidic conditions (Baker and Baker,
2012). LTf is secreted into bodily fluids and at sites of infection as a potent iron-withholding
immune protein to defend against fungal, bacterial, viral, and parasitic pathogens (Fernandes and
Carter, 2017; Jenssen and Hancock, 2009). Expression of LTf occurs early in development and
continues into adulthood, with highest protein level expression occurring in respiratory epithelial

cells, tonsil epithelial cells, and several types of glandular cells (salivary, stomach, epididymis,
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prostate, and mammary) (Teng, 2002). LTf is also expressed and stored in the secondary
granules of neutrophils until it is secreted during times of infection (Gutteberg et al., 1989;
Zarember et al., 2007). Mutations of LTf in mice and humans have led to increased susceptibility
to several types of pathogenic infections (Fujihara and Hayashi, 1995; Keijser et al., 2008;
Mohamed et al., 2007; Velusamy et al., 2013). During times of infection and the resulting
inflammation, LTf is critical to sequestering free iron, alleviating the inflammatory response, and
restoring iron homeostasis (Cutone et al., 2017; Rosa et al., 2017); moreover, during infection
the concentration of LTf in the blood can rise 200 fold (Farnaud and Evans, 2003). Unlike STT,
LTf is not essential to regulated iron transport, as mice with a null mutation in LTf have
apparently normal iron homeostasis (Ward et al., 2003); however, LTf has been implicated in
absorbing iron from the gut through receptor mediated endocytosis, internalization, and
subsequent degradation (Akiyama et al., 2013; Ashida et al., 2004; Mikogami et al., 1994).
While LTf’s iron-withholding properties are well established, several alternative functions have
been investigated: iron absorption, bacteriocidal, anti-inflammatory, anti-oxidant, anti-tumor,
immunomodulator, protease, protease inhibitor, ribonuclease, procoagulant, promicrobial, and
transcription factor (Actor et al., 2009; Akiyama et al., 2013; Conneely, 2001; Farnaud and
Evans, 2003; Ogasawara et al., 2014).

OTf is a transferrin family member found in birds, and it makes up 12% of the protein
content of bird egg white (Superti et al., 2007). Like STf and LTf in mammals, OTf is secreted,
binds two ferric ions, and is expressed in the liver and glandular cells of several tissues, most
notably the oviduct (Giansanti et al., 2012; Lambert et al., 2005a; Rathnapala et al., 2021). With
its similarities to STf and LTT, it is no surprise that OTf has both an iron transport and immune

role in birds (Giansanti et al., 2012). OTf that is expressed by the liver and secreted into the
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blood, also referred to as serum OTf, functions in iron transport, while OTf that is expressed by

the oviduct and other glandular cells has antimicrobial and anti-inflammatory functions (Cooper
et al., 2019; Giansanti et al., 2012; Shimazaki and Takahashi, 2018; Superti et al., 2007; Valenti
etal., 1982, 1981, 1980; Wellman-Labadie et al., 2008; Xie et al., 2002; Zhu et al., 2019). When
comparing OTf expressed for iron transport to the OTf expressed for immune purposes, the only
difference is their glycosylation pattern at a single residue (Iwase and Hotta, 1977; Williams,

1968).

Structure and iron coordination of transferrins

The first crystal structures of STf, LTf, and OTf revealed that these transferrins have
similar structures (Anderson et al., 1989; Bailey et al., 1988; Kurokawa et al., 1995), which was
not surprising given their high (~50 to 80%) amino acid sequence similarities (Baker, 1994).
Since these initial structures were solved, several structures of each transferrin have been solved
in various species and in various conformational states (Mizutani et al., 2012). All three
transferrins adopt a bilobal fold, with a globular amino-terminal lobe (N-lobe) and a globular
carboxyl-terminal lobe (C-lobe) (Figure 1-2A — F). The N- and C-lobes are homologous and are
thought to have arisen from a gene duplication event more than 580 million years ago (Lambert
et al., 2005a). The two lobes are connected by a short linker peptide of 10 to 12 residues. Each
lobe is divided into two domains: the N1 and N2 domains of the N-lobe and the C1 and C2
domains of the C-lobe (Figure 1-2A — F). The two domains of each lobe are separated by a cleft,
and only come together at a hinge-like region (Mizutani et al., 2012). The cleft formed between

the domains of each lobe is where the iron binding sites are found.
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When the transferrins are in their iron-bound (holo) form, their lobes are typically found
in a closed conformation (Figure 1-2D — F), while in their unbound (apo) form, their lobes are
found in an open conformation (Figure 1-2A — C). The conformational change from an open to
closed state arises when the proteins bind iron and the domains of each lobe rotate to clamp
down on the iron. The degree of rotational change appears to be highest in the N-lobe, with
values around 50° of rotation reported for LTf and OTf, whereas the C-lobe only rotates 35° in
OTf (Mizutani et al., 2001).

The folding pattern of the N- and C-lobes are nearly superimposable; an RMSD of 1.2 A
was reported for a structural alignment of the N- and C-lobes of LTf. Moreover, each domain is
composed of a B-sheet surrounded by a-helices on both sides (Baker, 1994). The hinge-like
region connecting the two domains is composed of two B-strands. The overall structure is
stabilized by several disulfide bonds in each lobe. These structural aspects allow each domain to
act as single rigid unit as conformational changes occur during the iron binding and release
process (Mizutani et al., 2012).

The crystal structures of the holo-form of STf, LTf, and OTf have demonstrated that not
only do these proteins have remarkably similar overall structures, but they also have similar
methods of iron coordination (Anderson et al., 1989; Bailey et al., 1988; Kurokawa et al., 1995).
At each lobe’s iron binding site, the ferric (Fe®") ion is in a distorted octahedral coordination
sphere with six ligating atoms. Four residues provide iron-coordinating bonds, one from
aspartate, one from histidine, and one bond from each of two tyrosines, and the remaining two
iron coordinating bonds are provided by a synergistically bound bidentate anion (Figure 1-2G —
). The anion in physiological conditions is typically carbonate (CO3?) (Harris, 2012; Masson

and Heremans, 1968; Schade et al., 1949; Warner and Weber, 1953). The iron coordinating
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ovotransferrin

human serum transferrin human lactoferrin

holo-form apo-form

Fe*" coordination

COs* coordination

Figure 1-2. Common structural aspects of vertebrate transferrins.

(A — C) Overall apo-structures of human STf (PDB: 2HAV), human LTf (PDB: 1CB6), and
chicken OTf (PDB: 1AIV). (D — F) Overall holo-structures of human STf (PDB: 3QYT), human
LTf (PDB: 1LFG), and chicken OTf (PDB: 10VT). (A — F) The domains are colored as follows:
N1 domain as magenta, N2 domain as Cyan, C1 domain as green, and C2 as blue. The linker
peptide between the N- and C-lobe is colored in grey. (D — F) The iron ion is represented as an
orange sphere in each lobe. (G — 1) Iron coordination and (J — L) COs? binding in human STf
(PDB: 1D3K), human LTf (PDB: 1LFG), and chicken OTf (PDB: 10VT). The coordinating
amino acid residues and CO3? are shown in grey stick models. The iron coordinating bonds are
shown as solid lines and the hydrogen bonds with CO3? are shown as dashed lines.
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aspartate and histidine are found in domain 1 (N1 and C1), while the two tyrosines are found in
domain 2 (N2 and C2). The four iron-coordinating residues are completely conserved in both
lobes of STf, LTf, and OTf sequences (Baker, 1994; Lambert et al., 2005a; Mizutani et al.,
2012); moreover, their importance to iron coordination has been extensively studied through
mutational analysis (H. R. Faber et al., 1996; R. H. Faber et al., 1996; Grady et al., 1995;
Grossmann et al., 1998, 1993; He et al., 2000a, 2000b, 1998; Q Y He et al., 1997; Q. Y. He et al.,
1997b, 1997a; Lin et al., 1993; MacGillivray et al., 2000; Mason and He, 2002; Mason et al.,
2005; Mecklenburg et al., 1997; Nicholson et al., 1997; Ward et al., 1996; Woodworth et al.,
1991; Zak et al., 1995). While mutations of any of the four residues do cause perturbations of
iron coordination, only mutations of the tyrosines cause complete loss of iron binding (Q. Y. He
et al., 1997a; Mason and He, 2002; Mason et al., 2005; Ward et al., 1996).

Binding of the synergistic COs? at the iron binding site occurs in domain 2 of each lobe
through the side chains of a threonine and an arginine, and the backbone amide groups of two N-
terminal helix residues (Figure 1-2J — L) (Anderson et al., 1989; Bailey et al., 1988; Kurokawa et
al., 1995). The binding of COs? at the site is considered synergistic because it is crucial for the
formation of a stable Fe*- COs?-transferrin complex (Harris, 2012). Mutagenesis studies of the
CO3? binding residues, arginine and threonine, found that mutating either of these residues
diminishes the iron binding affinity (H. R. Faber et al., 1996; Grossmann et al., 1998; Harris et
al., 1999; He et al., 2000a; Li et al., 1998; Mason and He, 2002; Zak et al., 2002, 1995);
moreover, a double mutation of both residues causes a complete loss of iron binding (Zak et al.,

2002).
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Mechanism of iron binding

The first step in the mechanism of iron binding was elucidated when NMR and kinetic
studies of apo-STf provided evidence that the carbonate binds to the protein first to form a CO3*-
transferrin binary complex, followed by the iron binding to form the Fe®*- COz?-transferrin
complex (Kojima and Bates, 1981; Zweier et al., 1981). Since these findings, the remaining steps
of the process have been explored, but are not fully understood (Mizutani et al., 2012).

Structures of the apo-transferrins show that the cleft between domain 1 and 2 is in an
open conformation, and the iron binding site and anion coordinating residues are exposed. The
one exception is the C-lobe of apo-LTf, which is in the closed conformation (Anderson et al.,
1989). It is likely that an electrostatic attraction of the negatively charged COs? to the positively
charged ligating arginine is what promotes COs? binding before the positively charged iron ion
(Baker, 1994). Once the carbonate is bound in place, a ferric-chelator complex (a chelator is
likely present in vivo to prevent precipitation of the iron) binds to the two tyrosines in domain 2
and the chelator is replaced by the carbonate. This intermediate step in the iron-binding process
has been supported by two OTTf crystal structures (Kuser et al., 2002; Mizutani et al., 1999);
however, it not clear if this intermediated Fe3*- COs*-transferrin complex is in the open or
closed conformation prior to replacement of the chelator (Mizutani et al., 1999). The last step
includes the rotation of the domains so that the last two coordinating residues in domain 1,
aspartate and histidine, can close down on the iron and complete the iron binding process with
the lobe in the closed conformation (Baker, 1994; Mizutani et al., 2012).

The iron binding mechanism of these transferrins results in an extremely high iron

affinity measurements. The association constant of LTf for iron is measured in the range of 10?
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—10%, and for STf it is in the range of 10%° — 102! (Aisen et al., 1978; Aisen and Leibman, 1972;

Pakdaman et al., 1998).

Mechanism of iron release

The difference in physiological function between STf, OTf, and LTf is facilitated in part
by how these proteins release iron. Many in vitro studies of iron release remove the iron by
simply using iron chelators while simultaneously decreasing the pH of solution, which leads to
protonation of residues involved in iron coordination. STf and OTf release iron in buffers over
the pH range of 6.0 to 4.0 (Day et al., 1992; Dewan et al., 1993). In contrast, LTf is much more
acid-stable and retains iron until the pH drops to 4.0 to 2.5 (Day et al., 1992). In vivo studies
have discovered that STf and OTT release iron for delivery into the cell through a series of events
which involves their receptor, while the only mechanism of releasing iron from LTf is believed
to be through degradation (Akiyama et al., 2013; Baker and Baker, 2012). The difficulty of
removing of iron from LTf is part of what gives the protein its potent bacteriostatic function.

TfR1 is a homodimer that binds two STfs on the cell surface, and it has a higher affinity
for iron saturated holo-STf than it does for apo-STf (Aisen, 2001; Eckenroth et al., 2011;
Kawabata, 2019). When holo-STf binds to TfR1, STf undergoes a conformational change that
weakens iron binding and increases the ferric ion’s reduction potential to a point where
physiological molecules could readily reduce it to Fe?* (Dhungana et al., 2004; Kosman, 2020).
At this point, the iron in the STf-TfR1 complex can be reduced at the surface by a ferric
reductase and transported in the cytosol by a ferrous iron transporter, or the STf-TfR1 complex

can be endocytosed (Kosman, 2020). When the STf-TfR1 complex is endocytosed, the
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acidification of the endosome, conformational changes, and iron chelators are likely to all play a
part in the release of iron from STf (Baker, 1994).

One factor in the release of iron from STf is a conformational change in the position of
the COs? binding arginine (Adams et al., 2003; Harris, 2012; MacGillivray et al., 1998). This
change is believed to occur because of the protonation of the synergistic COs% and is the initial
step toward larger domain movements as iron is released (Adams et al., 2003).

Another major structural change that occurs in STf and OTf as the pH decreases, is the
protonation of two basic amino acid residues that are found in the cleft between the N1 and N2
domains. At neutral pH, the side chains of these residues form a hydrogen bond and help to hold
the protein in the closed conformation; however, in acidic conditions, these basic residues are
readily protonated, leading to a charge repulsion. This repulsion helps to drive the domains apart
and into the open conformation, leading to iron release (Baker and Lindley, 1992; Dewan et al.,
1993; MacGillivray et al., 1998; Mizutani et al., 2012). Such a mechanism for iron release does
not exist between the domains 1 and 2 of LTf (Anderson et al., 1989; Peterson et al., 2000);
moreover, in LTf, there are cooperative interactions between the N- and C-lobes that help to

stabilize the protein’s iron binding sites (Peterson et al., 2000).

Insect Transferrins
Compared to LTf, STf, and OTf, much less is understood about insect transferrin
structure, iron binding properties, and function. Phylogenic studies of insect transferrins have
shown there are four orthologous groups: transferrin-1 (Tsf1), transferrin-2 (Tsf2), transferrin-3
(Tsf3), and transferrin-4 (Tsf4) (Bai et al., 2016; Najera et al., 2021). Tsf2 is a membrane-

associated protein that has been studied in D. melanogaster, where it was shown to bind one iron
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ion and function in the formation of septate junctions (Hall et al., 2014; Tiklova et al., 2010). The
function of Tsf3 and Tsf4 have not been studied, but their sequences indicate that they are
membrane bound and are not predicted to bind iron (Najera et al., 2021). Tsf1 is the only group
thought to have an important role in insect iron homeostasis because Tsf1 sequences and
experimental evidence consistently indicate the protein is both secreted and binds iron (Bonilla et
al., 2015; Brummett et al., 2017; Geiser and Winzerling, 2012; Hattori et al., 2015; latsenko et
al., 2020; Najera et al., 2021; Qu et al., 2014; Simmons et al., 2013; Xiao et al., 2019; Zhang et
al., 2014). While Tsf1 may have a role in iron homeostasis, it is not orthologous to serum
transferrin (Bai et al., 2016). This section on insect transferrins will focus primarily on Tsfl and

the evidence linking it to iron homeostasis in insects.

Tsfl structure and biochemical reactivity

Most Tsf1 sequences are only 20 to 30% identical to human STf and human LTT;
moreover, low percent identity is seen even amongst Tsfl sequences from different orders of
insects (Table 1-1). Further analysis of Tsfl sequences show they contain a N-terminal signal
peptide, which is typical for secreted proteins, and typically range in size from 70 to 80 KDa
(Geiser and Winzerling, 2012; Najera et al., 2021).

As previously discussed, vertebrate transferrins utilize four highly conserved residues,
two tyrosines, one aspartate, and one histidine, to bind and release iron in both the N-lobe and
the C-lobe; moreover, the iron-coordinating synergistic anion is held in place by a conserved
arginine and threonine. The two tyrosines and two anion-binding residues are essential to iron
binding (Ward et al., 1996; Zak et al., 2002). While the histidine and aspartate are important to

iron affinity and the iron release mechanism in vertebrate transferrins, they are not essential to
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the binding of iron. Several sequence-based studies of Tsf1 from more than 20 insect species
have found that only the two iron-coordinating tyrosines and the two anion-binding residues are
fully conserved, and there is a complete of lack conservation of the histidine and in some cases
the aspartate (Baker, 1994; Geiser and Winzerling, 2012; Lambert et al., 2005a; Najera et al.,
2021). Moreover, in most Tsfl sequences, these essential residues are only conserved in the N-
lobe, and the C-lobe is believed to lack iron-binding capabilities. Of the sequences analyzed in
published studies, only sequences from Blaberus discoidalis, Mastotermes darwiniensis,
Apriona.germari, Protaetia brevitarsis, and Romalea microptera show conservation of the iron
coordinating residues in both the N-lobe and C-lobe (Geiser and Winzerling, 2012; Lambert et
al., 2005a; Najera et al., 2021).

Table 1-1. Percent identity matrix of vertebrate transferrins and insect transferrin-1s

Protein® | STf LTf OTf Bdsfl TcTsfl AaTsfl DmTsfl RpTsfl BiTsfl MsTsfl RmTsfl

STf -
LTf 62 -
oTf 52 52 -
BdTsfl | 32 32 31 -
TcTsfl | 35 33 32 59 -
AaTsfl | 23 22 22 40 39 -

DmTsfl | 25 25 23 35 38 45 -

RpTsfl | 28 26 25 49 49 38 37 -

BiTsfl1 | 27 27 27 47 46 38 35 45 -

MsTsfl | 28 26 25 46 49 38 36 43 44 -

RmTsfl | 33 32 32 59 58 38 35 50 48 45 -

apercent identity values were obtained using Clustal Omega and the output format “Clustalw”
(https://www.ebi.ac.uk/Tools/msa/clustalo/). The protein sequences (not including signal peptides)
were gathered from UniprotKB. Protein abbreviation information is as follows: STf, Homo sapien,
P02787 (abbreviation, species, accession number); LTf, Homo sapien, P02788; OTf, Gallus gallus,
P02789; BdTsf1, Blaberus discoidalis, Q02942; TcTsfl, Tribolium castaneum, AOA139WAX1; AaTsf1,
Aedes aegypti, Q16894; DmTsf1l, Drosophila melanogaster, QAVWV6; RpTsfl, Rhodnius prolixus,
B8LJ43; BiTsf1, Bombus ignitus, ABD919; MsTsfl, Manduca sexta, P22297; RmTsfl, Romalea
microptera, Q6USR2.
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The capability to bind iron has been experimentally demonstrated in Tsf1 from three
species: M. sexta (MsTsf1), B. discoidalis (BdTsf1), and Sarcophaga peregrina (SpTsfl)
(Bartfeld and Law, 1990; Brummett et al., 2017; Gasdaska et al., 1996; Kurama et al., 1995).
BdTsf1 is one of the few Tsf1 sequences that has predicted iron binding in both lobes, while
MsTsf1 and SpTsfl are predicted to bind iron only in the N-lobe (Geiser and Winzerling, 2012).
Biochemical analysis of BdTsf1 verified that it does bind two iron ions, and it has spectral and
pH-mediated iron release properties that are similar to those of serum transferrin (Gasdaska et
al., 1996). Biochemical analysis of MsTsfl and SpTsf1 verified they bind only one iron ion, and
MsTsf1 displayed similar spectral properties to vertebrate transferrins (Bartfeld and Law, 1990;
Brummett et al., 2017; Kurama et al., 1995).

Unlike the glycosylated vertebrate transferrins, some Tsfls are not glycosylated. The lack
of glycosylation in A. aegypti Tsfl was proven through digestion experiments (Yoshiga et al.,
1997). In a study of 34 Tsf1 sequences from seven orders of insects, it was found that putative
O- and N-linked glycosylation sites were lacking from a number of species: A. aegypti, Culex
quinuefasciatus, Glossina morsitans morsitans, Sarcophaga peregrina, and Rhodinius prolixu
(Geiser and Winzerling, 2012). Interestingly, the Tsfls that appear to lack glycosylation are all
from insects that are blood feeding disease vectors. It has been hypothesized that these Tsfls
evolved, under selective pressure from pathogens, to lack glycosylation as a method to prevent

targeting and scavenging of the insect’s iron (Geiser and Winzerling, 2012).

Tsfl in iron transport

Evidence from studies of Tsf1 suggest it has a role in iron transport, but the information

and importance of the findings are limited. Similar to serum transferrin in the blood, Tsf1 is
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secreted into the hemolymph where it can be distributed throughout the open circulatory system
of insects (Brummett et al., 2017; Huebers et al., 1988; Winzerling et al., 1995). The fat body,
which has similar functions to the mammalian liver, is a major source of Tsfl expression in
several insects: A. aegypti, Apriona germari, Bombus ignites, Choristoneura fumiferana, D.
melanogaster, M. sexta, and Romelea microptera (Ampasala et al., 2004; Ding et al. et al., 2004;
Harizanova et al., 2005; He et al., 2015; Kim et al., 2009; Lee et al., 2006; Xiao et al., 2019;
Zhou et al., 2009). Tissue specific knockdown of Tsfl in the D. melanogaster larval fat body
resulted in iron accumulation in the gut, and decreased iron levels in the fat body (Xiao et al.,
2019). The functional importance behind Tsf1 trafficking iron from the gut to the fat body is not
clear because iron-loaded ferritin is believed to be the major source of iron export from
enterocytes, but it is possible that Tsf1 and ferritin both have a part in iron transport (Geiser and
Winzerling, 2012; Xiao et al., 2019).

Radioactive iron loaded onto Tsf1 (**Fe-Tsf1) and injected into the hemolymph of M.
sexta larvae was found to be transported from the hemolymph into the fat body, and S. peregrina
adult females inject with >°Fe-Tsf1 delivered the iron to eggs (Bartfeld and Law, 1990; Kurama
et al., 1995). In both studies, the radioactive iron ended up bound to ferritin. There is no

identified Tsf1 receptor, so the mechanism of iron delivery to these tissues in unknown.

Tsfl in immunity
Evidence from studies of Tsfl show a clear role as an immune protein, with iron
sequestration and iron relocation being the likely mechanism of defense against pathogens.
Similar to LTf, Tsfl is secreted into saliva, molting fluid, seminal fluid and several other

bodily fluids (Bonilla et al., 2015; Brummett et al., 2017; Geiser and Winzerling, 2012; Hattori et
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al., 2015; Qu et al., 2014; Simmons et al., 2013; Zhang et al., 2014). Studies from several species
of insects at many different stages of development, have shown that challenging the insect to
various bacteria, parasites, and fungi results in an up-regulation of Tsfl. Moreover, the dSRNA
mediated suppression of Tsfl in Plutella xylostella larvae resulted in increased susceptibility to
the bacteria Bacillus thuringiensis (Kim and Kim, 2010).

Aside from being found in secreted fluids and hemolymph, Tsf1 has also been shown to
be loaded into developing oocytes (Hirai et al., 2000; Kurama et al., 1995; Nichol et al., 2002).
Moreover, the Tsfl in the developing eggs transferred their iron to ferritin and the apo-Tsfl was
retained in the egg (Kurama et al., 1995). Like OTf in birds, it has been hypothesized that this
apo-Tsfl may function as an iron with-holding agent for the egg’s defense from pathogens
(Geiser and Winzerling, 2012; Nichol et al., 2002). Purified Tsf1 from S. bullata showed an
ability to inhibit cultured bacteria, Staphylococcus aureus and Escherichia coli, in a dose
responsive manner (Ciencialova et al., 2008). Purified holo-Tsf1 from M. sexta did not inhibit E.
coli growth, while the apo-MsTsf1 did inhibit (Brummett et al., 2017). These studies strongly
suggest that Tsf1 has a bacteriostatic function, likely mediated by its ability to withhold iron
from pathogens.

While sequestering iron through high-affinity iron binding is one mechanism Tsf1 can
defend insects from pathogens, another immune response that Tsfl functions in is the
hypoferremic response (latsenko et al., 2020). A study of D. melanogaster Tsfl showed that in
response to several bacterial and fungal challenges, Tsf1 is upregulated by the Imd and Toll
pathways and is essential to relocating iron from hemolymph to the fat body (latsenko et al.,
2020). The 5’ upstream region of many Tsfl genes has one or more Nuclear factor kB (NF-kB)

binding sites (Geiser and Winzerling, 2012). NF-kB plays a major role in the insect and
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mammalian immune response to pathogens, and it is activated by the IMD and Toll pathways

(Hetru and Hoffmann, 2009).

Tsfl in reducing oxidative stress

In animals, free iron can lead to oxidative stress through the formation of free radicals via
the Fenton reaction (Meneghini, 1997). Because insects have an open circulatory system, which
bathes the tissues in hemolymph, it would be essential to keep free iron levels low in the
hemolymph to limit potential damage to tissues. Analysis of hemolymph from healthy M. sexta
larvae showed no measurable amount of non-protein bound iron (Adamo et al., 2007).

Tsf1 appears to function in the process of limiting oxidative stress through its ability to
sequester iron in the hemolymph. A study of the beetle P. brevitarsis found that challenging the
beetle with various stressors (wounding, pathogenic infection, and iron injection) caused an
increase in PbTsf1 mRNA levels (Kim et al., 2008a). In a follow-up study, the same group found
that reducing PbTsf1 mRNA levels through RNAI followed by challenging the beetle with
stressors (heat shock, fungal infection, and H20- injection) caused an increase of iron and
reactive oxygen species in the hemolymph and ultimately increased the amounts of apoptosis in
tissues (Kim et al., 2008b).

Inducing iron overload in hemolymph through iron injections also causes an up-
regulation of Tsf1 mRNA in B. ignitus worker bees and A. germari (Lee et al., 2006; Wang et al.,
2009). In contrast, when insects are fed an iron rich diet, the whole-body Tsf1 mRNA levels tend
to decrease (Ampasala et al., 2004; Bartfeld and Law, 1990; Harizanova et al., 2005; Huebers et
al., 1988; Lee et al., 2006; Yoshiga et al., 1999). Taken together, these studies indicate that in

order to reduce oxidative stress, Tsf1 responds to free iron levels in different locations by being
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differentially expressed. For example: a decrease in Tsfl and its trafficking of iron from the gut
to other tissues would be beneficial during times of high dietary iron intake so that other tissues
would not be iron-overloaded, whereas an increase in Tsfl presence during high levels of free
iron in the hemolymph would also help to protect tissues from free radical-induced oxidative
stress.

Goals of Current Research

The mechanisms behind Tsf1’s role in iron transport, immunity, and reducing oxidative
stress is tied to its presumed ability to bind iron with high affinity in hemolymph and secreted
fluids and to release the iron for delivery into cells. However, sequence analysis studies of
putative iron binding residues in Tsfls have highlighted the possibility that iron coordination of
many Tsfls may differ from vertebrate transferrins. These predicted changes at the iron binding
site could greatly affect Tsf1’s iron affinity and iron release. The contradiction between Tsfl’s
biological functions and predicted biochemical properties had not been adequately addressed.
Also, the importance of the non-iron-binding C-lobe in many Tsfls had not been adequately
studied. Therefore, my first project aimed to address these issues by biochemically characterizing
Tsfl from two model insects, M. sexta (MsTsfl) and D. melanogaster (DmTsf1). My specific
aims were as follows:

(1) Evaluate the putative iron-coordinating and anion-binding residues in an updated

collection of Tsfl sequences by performing sequence alignments.

(2) Purify recombinantly expressed full-length DmTsf1 and native MsTsf1.

(3) Characterize MsTsf1l and DmTsf1’s iron coordination, affinity for iron, and iron

release.
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(4) Purify an N-lobe mutant of recombinant DmTsf1 and compare its biochemical

properties to full-length DMTsfL1.

When beginning my research, no structure of an insect transferrin had been solved.
Similar to the reasoning behind my first project, the Tsf1 structural information and mechanism
of iron coordination was based mostly on predictions from sequence-based analysis comparing
Tsf1 to vertebrate transferrins. With the low percent identity of Tsfls to vertebrate transferrin
sequences (20-30%) and the putative iron coordinating residues of Tsfls being different from
vertebrate transferrins, | wanted to determine more information on the overall structure and the
residues involved in iron coordination of Tsfl. Therefore, my second project focused on
determining the crystal structure of holo-MsTsf1. My specific aims for this project were as
follows:

(1) Purify native MsTsfl1 from the hemolymph of larvae.

(2) Determine if the purified MsTsf1 is saturated with iron.

(3) Through collaboration with the Protein Structure Laboratory at Kansas University,

solve the crystal structure of holo-MsTsf1.

(4) Analyze the overall crystal structure and iron coordination of MsTsf1.

(5) Use computational docking to predict whether alternative anions found in insect

hemolymph could participate in the iron coordination of MsTsf1.

The structural results of MsTsfl from my second project elucidated a number of novel

characteristics. One finding was that the iron at the MsTsf1 binding site was coordinated by two

tyrosines (Tyr90 and Tyr204) and two carbonate anions. One carbonate is in a position similar to
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the position of the synergistic carbonate in vertebrate transferrin iron coordination sites, while
the second carbonate was in a novel position. Binding of this second carbonate occurred through
a single amino acid residue, Asn121, which is highly conserved in insect sequences. Therefore,
for my third project | wanted to probe the importance of specific amino acid residues involved in
iron coordination and anion binding in MsTsf1. My specific aims were as follows:

(1) Produce several MsTsfl mutant forms of Asn121 through site-directed mutagenesis.

(2) Produce a MsTsf1 double mutant of both Tyr90 and Tyr204 through multisite-

directed mutagenesis.

(3) Express and purify the wild-type and mutant forms of recombinant MsTsf1.

(4) Characterize the WT and mutant MsTsfls’ iron coordination, affinity for iron, and

iron release.

(5) Determine if the mutations cause any secondary structural changes by using circular

dichroism.

(6) Determine if iron binding causes any secondary structural changes by using circular

dichroism.

Tsfl’s role in iron transport is not clear. While Tsf1 is involved in trafficking iron from
the gut and hemolymph into the fat body (latsenko et al., 2020; Xiao et al., 2019), the mechanism
of iron delivery into cells is not known. In mammals, one pathway for iron delivery into cells
occurs when holo-STf binds to its receptors, the transferrin-receptor complex is endocytosed, and
iron release from STf occurs in the endosome. Despite the lack of an identified receptor of Tsf1,
| was interested in testing whether insect cells take up Tsfl via endocytosis as a possible iron

delivery pathway. Thus, my fourth project involved the following specific aims:
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(1) Dissect tissues from D. melanogaster larvae and adult flies and perform
immunostaining for Tsf1.

(2) Determine which tissues, if any, show uptake of Tsfl through confocal imaging.

(3) For tissues that show staining and uptake of Tsf1, determine if Tsfl colocalizes with

the early endosomal marker, Rab5, by using immunostaining and confocal imaging.
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Chapter 2 - Iron binding and release properties of transferrin-1
from Drosophila melanogaster and Manduca sexta: implications for

insect iron homeostasis!

Abstract

Transferrins belong to an ancient family of extracellular proteins. The best-characterized
transferrins are mammalian proteins that function in iron sequestration or iron transport; they
accomplish these functions by having a high-affinity Fe3*-binding site in each of their two
homologous lobes. Insect hemolymph transferrins (Tsfls) also function in iron sequestration and
transport; however, sequence-based predictions of their Fe**-binding residues have suggested
that most Tsfls have a single, lower-affinity Fe3*-binding site. To reconcile the apparent
contradiction between the known physiological functions and predicted biochemical properties
of Tsf1s, we purified and characterized the iron-binding properties of Drosophila melanogaster
Tsfl (DmTsf1), Manduca sexta Tsfl (MsTsf1), and the N-lobe of DmTsf1l (DmTsfly). Using
UV-Vis spectroscopy, we found that these proteins bind Fe3*, but they exhibit shifts in their
spectra compared to mammalian transferrins. Through equilibrium dialysis experiments, we
determined that DmTsf1 and MsTsf1 bind only one Fe®*; their affinity for Fe®* is high (log K’ =
18), but less than that of the well-characterized mammalian transferrins (log K’ ~ 20); and they
release Fe®" under moderately acidic conditions (pHso = 5.5). Fe3* release analysis of DmTsf1y
suggested that Fe* binding in the N-lobe is stabilized by the C-lobe. Our findings will be critical
for elucidating the mechanisms of Tsf1 function in iron sequestration and transport in insects.

! This chapter was published as follows: Weber, J.J., Kanost, M.R., Gorman, M.J., 2020.

Iron binding and release properties of transferrin-1 from Drosophila melanogaster and Manduca
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sexta: implications for insect iron homeostasis. Insect Biochemistry and Molecular Biology 125,
103438.

Key words: transferrin, insect, iron binding, iron homeostasis, insect immunity,
hemolymph

Abbreviations: BdTsf1, Tsfl from Blaberus discoidalis; cDNA; complementary DNA;
CO032-, carbonate; DEAE, diethylaminoethyl; DmTsf1, Tsfl from Drosophila melanogaster;
DmTSsf1N, recombinant amino-lobe of DmTsf1; HCO3-, bicarbonate; LfN, lactoferrin amino-
lobe mutant; LMCT, ligand-to-metal charge transfer; MOI, multiplicity of infection; MsTsf1,
Tsfl from Manduca sexta; pH50, pH at 50% iron saturation; r, specific binding constant; Sf9,
cell line from Spodoptera frugiperda; sTfN, serum transferrin amino-lobe mutant; Tsf1, insect

transferrin-1; UV-Vis, ultraviolet-visible

Introduction

Iron in animals is a double-edged sword: it is essential to critical cellular processes, yet
dangerous due to potential interactions that create reactive oxygen species (Kosman, 2010). Iron
is also an important factor in the immune system, as it is often the sought-after prize between a
host and invading pathogens (Barber and Elde, 2015). Therefore, animals have a set of proteins
that are involved in regulation, storage, transport, and sequestration of iron. Members of the
transferrin superfamily are involved in carrying out a number of these functions (Baker, 1994).
These secreted proteins are typically 70-80 kDa and structurally comprise two homologous
lobes, an amino- and carboxyl-lobe, connected by a short linker sequence. Many have a high
affinity ferric (Fe*) ion binding site in each lobe, thus, these proteins can protect cells by

keeping free iron levels extremely low in extracellular environments (Aisen et al., 1978; Baldwin
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et al., 1984). The best-understood transferrins are those in mammals, including serum transferrin
and lactoferrin. Serum transferrin binds and transports iron in the serum and delivers it into cells
through a receptor-mediated endocytic pathway (Octave et al., 1983). Lactoferrin functions as an
innate immune protein by sequestering iron in secreted fluids and blood (Farnaud and Evans,
2003; Jenssen and Hancock, 2009). A transferrin found in birds, ovotransferrin, has dual
functions; it binds iron in the serum like serum transferrin and it sequesters iron in eggs like
lactoferrin (Giansanti et al., 2012).

Crystal structures of serum transferrin, lactoferrin, and ovotransferrin have provided
evidence for three common features of the Fe** binding sites: 1) four highly conserved amino
acid ligands (an aspartate, a histidine and two tyrosines) whose side chains directly interact with
the Fe3* at the binding sites, 2) a synergistic anion cofactor, typically carbonate (CO3?), and 3)
two amino acid residues (threonine and arginine) that coordinate and hold the anion cofactor at
the site (Anderson et al., 1989; Bailey et al., 1988; Kurokawa et al., 1995). A mutation of any of
these six residues leads to accelerated release of iron, and mutations of the tyrosines can lead to a
loss of iron binding (He et al., 1997b; Lambert et al., 2005; Mason and He, 2002; Mason et al.,
2005; Ward et al., 1996).

The difference in physiological function between serum transferrin and lactoferrin is
facilitated by a difference in iron binding ability at low pH. Serum transferrin binds to iron at
neutral pH in serum, and, after it delivers iron into cells via endocytosis, the acidification of the
endosome leads to release of iron over the pH range of 6.0 to 4.0 (Day et al., 1992). In contrast,
lactoferrin retains iron unless the pH drops to 4.0 to 2.5 (Day et al., 1992). The difference in pH-
mediated release comes from two factors: 1) in lactoferrin, cooperative interactions between the

amino- and carboxyl-lobes help to stabilize the protein’s iron binding sites, and 2) in serum
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transferrin, two lysine residues in the amino-lobe form a hydrogen-bond, but, upon acidification

in the endosome, the lysines are protonated, leading to a charge repulsion that opens the lobe and
releases the iron (Baker and Lindley, 1992; Day et al., 1992; Jameson et al., 1998; MacGillivray

et al., 1998; Peterson et al., 2000; Ward et al., 1996).

Compared with the well-studied vertebrate transferrins, little is known about the
biochemical properties of insect transferrins. The focus of this study is insect transferrin-1
(Tsf1). Similar to serum transferrin, Tsf1 is found in high concentrations in hemolymph; and,
similar to lactoferrin, it is found in many secreted fluids (Bonilla et al., 2015; Brummett et al.,
2017; Geiser and Winzerling, 2012; Hattori et al., 2015; Qu et al., 2014; Simmons et al., 2013;
Zhang et al., 2014). Tsf1 appears to have a non-essential role in iron transport (Huebers et al.,
1988; Kurama et al., 1995; Xiao et al., 2019), and it also protects insects from infection and
oxidative stress by sequestering iron (Brummett et al., 2017; Geiser and Winzerling, 2012; Kim
et al., 2008; Lee et al., 2006; Yoshiga et al., 1997). A puzzling aspect of Tsf1 comes from
bioinformatic analyses. All Tsf1 amino-lobes have a predicted substitution, relative to the well-
studied vertebrate transferrins, of at least one of the four iron-binding residues; moreover,
carboxyl-lobe substitutions in many Tsfl sequences indicate that those lobes do not bind iron
(Geiser and Winzerling, 2012; Lambert et al., 2005). These observations suggest that most Tsfls
have a single lower-affinity iron binding site, but this prediction seems to be at odds with the
known physiological functions of Tsfls, which are all thought to involve high affinity iron
binding.

Previous biochemical analyses of Tsfl have not addressed this apparent contradiction
between predicted biochemical properties and known biological functions. To date, biochemical

analyses of Tsfls have been limited to Tsfl from the cockroach Blaberus discoidalis (BdTsf1)
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and Tsfl from the moth Manduca sexta (MsTsfl). BdTsf1 has spectral and pH-mediated release
properties that are similar to those of serum transferrin, but its affinity for iron is unknown
(Gasdaska et al., 1996). It is not a very representative Tsfl because, unlike most Tsf1s, it has
residues for iron binding in both the amino- and carboxyl-lobes (Gasdaska et al., 1996; Lambert,
2012; Lambert et al., 2005). MsTsf1, which has a more representative sequence, also has spectral
properties similar to those of the mammalian transferrins, but it binds only one ferric ion with
unknown affinity (Bartfeld and Law, 1990; Huebers et al., 1988). No analyses of Tsf1 structure
have been reported.

The goals of this study were to evaluate the iron binding and release properties of Tsfls
and to assess the functional role of a non-iron binding carboxyl-lobe. After evaluating the
putative iron binding residues of 98 Tsf1 sequences, we decided to focus our biochemical studies
on two representative Tsfls: Drosophila melanogaster Tsf1 (DmTsfl) and MsTsf1. By using
spectroscopic characterization and equilibrium dialysis, we analyzed the iron binding and release
properties of purified DmTsf1 and MsTsf1, and the amino-lobe of DmTsfl (DmTsfln). We
found that DmTsf1 and MsTsf1 have one metal binding site and a high affinity for Fe**, and that
they released their iron in a pH-mediated manner that is comparable to serum transferrin’s
release of iron in the endosome. We also found that DmTsf1n coordinates and releases iron
differently than the full-length DmTsf1, indicating that the carboxyl-lobe influences iron binding
in the amino-lobe. This work furthers our understanding of the underlying mechanisms of iron

homeostasis in insects.
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Materials and Methods

Sequence alignment for binding residue determination

Serum transferrin, lactoferrin, ovotransferrin and Tsf1 sequences were collected through
the UniProt data base (UniProt Consortium, 2019). Redundant or partial sequences were
removed. The orthology of the putative Tsfl sequences was verified by phylogenetic analysis
(not shown). A sequence alignment was created with Clustal Omega using the EMBL-EBI server
(Madeira et al., 2019) and can be found in Appendix A. Information (including order, species,
and accession number) about each sequence used in the alignment is listed in supplementary

Table 2-3.

Recombinant baculovirus production

A full length DmTsf1 cDNA (LP08340) was obtained from the Drosophila Genomics
Resource Center. For full-length DmTsf1 expression, the cDNA was amplified by PCR with the
use of forward (5’-GGATCCATGATGTCGCCGCAT-3’) and reverse (5’-GCGGCCGCTCACT
GCTTGGCAATC-3’) primers, digested with BamHI and Notl, and inserted into the pOET3
transfer plasmid. The flashBAC Gold system (Oxford Expression Technologies) was used to
generate a recombinant baculovirus. For the DmTsfly mutant, the amino-lobe amino acid
sequence was predicted by analyzing alignments with structurally known transferrins using
Clustal Omega at the EMBL-EBI server (Madeira et al., 2019). We used forward (5°-
GTTGTTGGATCCATGAT GTCGCCGCAT-3’) and reverse (5°-
GAGCGTGATGGCAGTTGAGCGGCCGCGTTGTTT-3’) primers to amplify the DmTsfly
cDNA, which encodes amino acid residues 1-379 followed by a stop codon, and then generated a

recombinant baculovirus with the procedure we used for full-length DmTsf1.
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Protein expression and purification

For DmTsf1 and DmTsf1y, recombinant baculovirus was used to infect ~3 liters of Sf9
cells (at 2 x 10° cells/ml in Sf900111 serum free medium) using an MOI of 1. After 48 h, cells
were separated from the culture medium by centrifugation at 500 x g. Ammonium sulfate was
added to the culture medium to 100% saturation, and protein precipitation was allowed to occur
at 4°C for two days. The floating precipitate was collected with a pipet and dialyzed three times
against 20 mM Tris, pH 8.3 (4°C). The dialyzed sample was applied to a Q-Sepharose Fast Flow
column (1.5 x 10 cm), and proteins were eluted with a linear gradient of 0-1 M NaCl in 20 mM
Tris, pH 8.4 (4°C). Fractions containing transferrin were pooled and concentrated with Amicon
Ultracel centrifugal filters with a 30 kDa molecular weight cut-off and then applied to a HiLoad
16/60 Superdex 200 column (GE Healthcare) equilibrated in 20 mM Tris, 150 mM NacCl, pH 7.4.
DmTsf1n required an extra purification step. After the Superdex 200 column, fractions
containing DmTsf1n were pooled and concentrated as described above. The sample was applied
to an UnoQ column (Bio-Rad), and proteins were eluted using a linear gradient of 10-500 mM
NaCl in 20 mM Tris, pH 8.3. Following this method, 35.0 mg of DmTsf1 was purified from 3.2
liters of infected cells, and 22.3 mg of DmTsf1n was purified from 3.0 liters of infected cells.

MsTsf1 was purified from hemolymph following a procedure previously described
(Brummett et al., 2017) with minor modifications. Briefly, 96 larvae were reared to day two of
the fifth instar larval stage. From the larvae, 120 mL of hemolymph was collected at 4°C into
saturated ammonium sulfate and adjusted to a final saturation of 55%. The solution was stirred
for 30 minutes to allow proteins to precipitate, followed by centrifugation at 12000 x g to
remove precipitants. The remaining supernatant was dialyzed three times against 4 liters of 20

mM Tris, pH 8.3 (4°C). The sample was loaded onto a DEAE Sephacel column (2.5 x 22 cm),
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and proteins were eluted with a linear gradient of 0-120 mM NaCl in 20 mM Tris, pH 8.3 (4°C).
Fractions were analyzed by western blot, pooled and concentrated with Amicon Ultracel
centrifugal filters with a 30 kDa molecular weight cut-off. The concentrated sample was divided
into two parts (~ 4 mL each), and each was applied to a HiLoad 16/60 Superdex 200 column (GE
Healthcare) equilibrated in 20 mM Tris, 150 mM NacCl, pH 7.4. Fractions containing transferrin
were pooled and concentrated, and the buffer was adjusted to 0.5 M NaCl. The sample was
applied to a series of two 1 mL HiTrap ConA 4B columns (GE Healthcare), and bound proteins
were eluted with buffer containing 20 mM Tris, 0.5 M NaCl, 1 mM MnCI2, 1 mM CaCl2, 0.5 M
methyl-a-D-mannopyranoside, pH 7.4. Fractions containing transferrin were pooled,
concentrated and dialyzed against 20 mM Tris, 10 mM NaCl, pH 8.3. The sample was applied to
an UnoQ column (Bio-Rad), and proteins were eluted using a linear gradient of 10-500 mM
NaCl in 20 mM Tris, pH 8.3. Following this method, 9.2 mg of MsTsfl was purified from 120

mL of hemolymph.

Production of the apo- and holo-forms of MsTsfl, DmTsfl and DmTsfly
It was previously reported that after purification of MsTsf1 the protein was already iron
saturated (Brummett et al., 2017). To ensure this was true of the purified Tsfls used for this
study, an absorbance spectrum (from 250-700 nm) of each Tsfl at ~ 5 mg/mL in 10 mM HEPES,
20 mM sodium bicarbonate, pH 7.4, was measured, then 0.1 molar equivalent of ferric-
nitrilotriacetic acid was added and allowed to equilibrate for 5-10 minutes, and finally a
spectrum was collected. We concluded that each Tsf1l sample was saturated after purification

because their absorbance spectra (specifically the LMCT peak) did not change (data not shown).
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The apo-form of the purified Tsfls was made as previously described (Brummett et al.,
2017) by dialyzing purified protein samples against two exchanges of 1 liter of 0.1 M sodium
acetate, 10 mM EDTA, pH 5, and then removing the EDTA by dialysis against two exchanges of
1 liter of 10 mM HEPES, pH 7.4. The Tsfl samples changed from a yellowish-orange color in

their holo-form to colorless in their apo-form.

Equilibrium dialysis

Experimental conditions were adapted from previous studies on transferrins using
equilibrium dialysis to measure Fe** affinity (Aisen et al., 1978; Tinoco et al., 2008).
Measurements were made using microdialyzers composed of two cells separated by a 5 kDa
molecular weight cut-off membrane (Nest Group Company). Apo-Tsfls produced as described
in the previous section were used. Dialysis buffer was composed of 1.5 mM citrate, 0.1 M
sodium nitrate, 10 mM HEPES and 20 mM sodium bicarbonate, pH 7.4. Citrate keeps the Fe3*
from precipitating and does not compete with carbonate anion at the binding site of the proteins
(Aisen et al., 1978). Sodium nitrate was added to the dialysis buffer so that we could use
previously calculated equilibrium constants for ferric-citrate complexes (Spiro et al., 1967,
Warner and Weber, 1953). Known concentrations of either apo-DmTsf1 or apo-MsTsf1 in
dialysis buffer were added to one cell of the dialyzer, while various concentrations of Fe®*-citrate
were added to both cells. Refer to supplementary Tables 2-4 and 2-5 for details on concentrations
of apo-Tsfl and Fe**-citrate used in each experiment and Figure 2-6 for a diagram of equilibrium
dialysis experimental setup. Experiments were carried out at 25 + 1°C, with gentle agitation over
2 days. Knowing the amount of apo-Tsf1, citrate and Fe** added allowed for the measurement of

non-transferrin bound iron after dialysis via the FerroZine assay (see the proceeding section) and
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the determination of the concentration Tsf1 bound iron, specific binding factor (r) and affinity

constants.

Ferrozine-based assay
In order to measure the amount of non-transferrin bound iron after equilibrium dialysis,
we used a Ferrozine-based assay (Stookey, 1970.). Ferrozine was added to FeCls standards and
samples, and the solutions were acidified and incubated at 25 + 1°C with mild agitation for 18
hours to increase sensitivity (Jeitner, 2014). The amount of iron-Ferrozine complex was
measured at 562 nm for each standard and sample. Standards were made in duplicates, and the
resultant standard curve was used to determine the concentration of non-transferrin bound iron in

solution from the equilibrium dialysis experiments.

Binding equations
Equations used for past studies of human transferrin’s affinity for iron in a competitive
environment with citrate (Aasa et al., 1963; Aisen et al., 1978) were modified to account for the
single iron binding site of DmTsf1 and MsTsf1. Equation 1 (see below) is the overall reaction of
free iron ([Fe**]see), protein ([Tsf1]), the bicarbonate anion ([HCO3]), their complex formation
([Fe** - Tsfl - COs*]) along with the release of three protons at pH 7.4:
Equation1) Fe3* + Tsfl+ HCO; — (Fe3'-Tsf1-C03")+3H"

__ [Fe3*Tsf1-co037][H']3
~ [Fe3*]free [Tsf1][HCO3]

The complex [Fe®" - Tsfl - CO3?] in this situation is equal to the concentration of Tsf1 bound
iron ([Fe®*rstbound) calculated from an equilibrium dialysis experiment ([Fe®*]rst bouna Values are

found in supplementary Tables 2-4 and 2-5). Because Fe3* in this situation is chelated by citrate,
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the four known equilibrium equations for Fe**-citrate complexes were used to determine
[Fe3*]fee (Spiro et al., 1967; Warner and Weber, 1953) and are as follows:
(Equation 2a) HCit(OH)?>™ + Fe3t <—=FeCit0™ + 2H*

[Fecito~][H*]?

Ker = [Fe3+] [HCit(0H)? ]

(Equation 2b) Cit(OH)3~ + Fe3* <—FeCit0O~ + H*

[FeCitO™][H™]

Kez = [Fe3+] [Cit(0H)3~]

(Equation 2¢) HCit(OH)*~ €= Cit(OH)*” + H*

[Cit(OH)*7][H™]

Kes = [HCit(OH)?~]

(Equation 2d) FeCitO~ + Cit(OH)3>~ <—= Fe(Cit0);” + H*

[Fe(Cit0)3™][H]
[Fecito~] [Cit(OH)3~]

Kes =

Adhering to past procedures (Aisen et al., 1978), we used the following values for the Fe**-
citrate equilibrium constants: log K¢1 = 3.64; log Kc2 = 9.46; log K¢z = -5.82; log Kcesa = -6.17.
Taken together with the known concentrations of citrate ([Cit]ada) and Fe3* ([Fe*]aqq) added to
the equilibrium dialysis experiment, these equations provided us with enough information to

determine citrate’s effect on the concentration of [Fe**]see by Equation 3:

. (Ceq)(([H+]2)(Kc2)+ ([H+])(Kc1)+(Ceq)(Kcl)(Kc4))
Equation 3) [Fe3* =
(Eq ) [Fe™ free (Kc1) (Ke2)([Citlgaa—[Fe3*t]aaa)

—y+(y%-4axz)1/?

where Ceq = =

and X= (Kc3)(Kc4)
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y = ([H1)(Kea) + [HT? + ([Citlaaa) (Kes) (Kes) — (2)([Fe* Jado) (Kes) (Kea)
= — (([Fe* Jaaa) ([H]) (Kes) + ([Fe* Taao) ([H'T?))
Because the reactions took place at a constant pH and [HCOz3], the overall affinity constant (K)
can be corrected to give an effective affinity constant (K’) using Equation 4 (Aasa et al., 1963,

Aisen et al., 1978):

. , HCO3
(Equation 4) K’ = ([[H+]33])(K)

Using these equations and the equilibrium dialysis results in supplementary Tables 2-4 and 2-5,
the average K’ (M) was calculated and is reported as log K’ for DmTsfl and MsTsf1 in Table 2.

An example calculation using these equations can be found in supplementary Table 2-6.

Ultraviolet-visible spectroscopy

To characterize and analyze the LMCT Amax caused by iron binding to serum transferrin,
MsTsfl, DmTsfl and DmTsf1n, we followed previous procedures for generating difference
spectra for transferrins complexed with metals (Gasdaska et al., 1996; Harris and Pecoraro,
1983). Apo-Tsfls were prepared as described above in buffer containing 100 mM HEPES and 15
mM sodium bicarbonate at pH 7.4. Human apo-serum transferrin was purchased from Sigma and
prepared in the same buffer. Apo-transferrin solutions at ~4 mg/mL were added to both a sample
and reference well. Sufficient ferric-nitrilotriacetate was added to the sample to saturate iron
binding, and an equal volume of buffer was added to the reference well. Nitrilotriacetate is both
an Fe3* chelator and can act as the synergistic anion bound to transferrins (Aisen et al., 1978).
When it is bound to transferrin at the anion binding site, it can cause shifts in the LMCT Amax
compared to the carbonate—which is the typical anion in physiological conditions (He et al.,

2000b). To avoid this artifact and to get a true comparison of LMCT peaks, the sodium
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bicarbonate concentration in the buffer was kept significantly higher than that of nitrilotriacetate.
UV-Vis spectra from 280 to 900 nm were obtained, and saturation of the iron binding site was
signified by no change in the LMCT Amax for each transferrin. The difference spectrum for each
transferrin was determined by subtracting the absorbance spectrum of the reference from the

absorbance spectrum of the sample.

pH mediated iron release assay

Previous methods for iron release from transferrins as a function of pH were followed
(Baker et al., 2003; Day et al., 1992; Nicholson et al., 1997). Human holo-lactoferrin was
purchased from Sigma, and human holo-serum transferrin was made as previously described (see
material and methods section: Production of the apo- and holo-forms of MsTsfl, DmTsf1 and
DmTsfln). The iron-saturated transferrin samples (~ 5 mg/mL) were extensively dialyzed for 24
to 48 hours against various buffers over the pH range of 2.0 to 8.0. The buffers used were as
follows: 50 mM HEPES, 50 mM MES, 50 mM sodium acetate and 100 mM glycine-HCI. The
Tsfls were not dialyzed below a pH of 4 because they precipitated at low pH. The ratio of the
absorbance of the LMCT Amax for each sample before and after dialysis gave the percent
saturation at each pH unit. The data was plotted and fit with a sigmoidal dose response curve

using GraphPad Prism Software.

Results

Conservation of iron binding residues in Tsfls
Insect Tsfl1s' iron binding residues have been previously predicted based on alignments

with serum transferrins and lactoferrins (Baker, 1994; Geiser and Winzerling, 2012; Lambert et
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al., 2005). To enable us to choose representative Tsfls for our study, we wanted a more
comprehensive list of the substitutions in Tsfls from many different orders of insects. By using a
sequence alignment of 98 insect Tsf1s, two lactoferrins, two serum transferrins and two
ovotransferrins, we were able to gather a comprehensive collection of the predicted residues
involved in iron binding (Table 2-1). (Note that the numbering of iron-coordinating residues in
Table 2-1 and in the rest of this paper are based on the position in the human serum transferrin
sequence.)

Table 2-1. Tsfl residues predicted to be involved in iron and anion binding.

Amino-lobe Carboxyl-lobe
Iron Anion Iron Anion
D? Y Y H T R D Y Y H T R
63° 95 188 249 120 124 392 426 517 585 452 456
Blattodea
(59 + + + Q + + + + + + + +
Coleoptera
(3) + + + Q + + + + + + + +
(2) + + + Q + +
Diptera
(21) + + + Q + +
(13) E + + S + +
(12) E + + T + +
(1) + + + P + +
(1) E + + M + +
Hemiptera
(5) + + + Q + +
(4) E + + P + +
Hymenoptera
(16) + + + Q +
(1) + + + Q + L
Lepidoptera
(13) + + + Q + +
Orthoptera
(1) + + + Q + + + + + + + +

2Consensus iron and anion binding residues of serum transferrin, lactoferrin and ovotransferrin
sequences are shown.

PPosition numbers are based on human serum transferrin.

‘The number in parentheses is the number of species within an order to have the particular sequence
shown. Species and accession numbers are listed in supplementary Table 2-3.

dPlus signs indicate conservation of consensus residues; empty spaces indicate a lack of conservation.

58



Several consistencies in the alignments are worth describing. First, in the amino-lobe of
Tsfls, the iron-coordinating tyrosines (Tyr-95 and Tyr-188) are conserved in all 98 insects. Site-
directed mutagenesis studies of these tyrosines in lactoferrin have shown that each is vital to the
stability of the binding site (Ward et al., 1996). Also, in the Tsf1 amino-lobes, 97 out of the 98
sequences show conservation of the anion coordinating residues, Thr-120 and Arg-124. The
anion and the residues that coordinate it are crucial to iron binding (Zak et al., 2002).
Conservation of the two tyrosines and the two anion residues suggest that Tsf1s bind iron in their
amino-lobe. Another consistent result is that none of the 98 Tsf1 amino-lobe sequences have the
His-249. There are five different residues that are present in this position: GIn (68), Ser (13), Thr
(12), Pro (5) and Met (1). (The number in parenthesis indicates the number of times it was
found.) Previous studies have probed the importance of the His-249 residue in serum
transferrin’s and lactoferrin’s iron binding and release properties (Grady et al., 1995; He et al.,
2000a; He et al., 2000b; MacGillivray et al., 2000; Mason and He, 2002; Nicholson et al., 1997).
All of the His-249 mutants could bind iron, but most of them more readily released iron in
response to a decrease in pH.

Less consistently seen in the alignments is the substitution of Asp-63 with glutamate,
which occurs in 30 of the 98 Tsfl sequences. The D63E change, which extends this iron
coordinating sidechain by one methyl group, has been studied by site-directed mutagenesis in the
human serum transferrin amino-lobe (Baker et al., 2003; He et al., 1997a; He et al., 1997c). The
D63E mutant had similar iron coordinating characteristics as the wild type amino-lobe, but it

more readily released its iron in the presence of a chelator, and it released iron at a higher pH.
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Only nine Tsfls show conservation of iron-binding residues in their carboxyl-lobe. One
of these, BdTsf1, has been analyzed biochemically and was found to bind two equivalents of iron
and to release iron in a similar pH-mediated manner as serum transferrin (Gasdaska et al., 1996).

From the data provided in Table 2-1, we decided to study the binding properties of
MsTsf1, because it would give insight into the effect of the common H249Q substitution, and
DmTsf1 because it would provide insight into the combined effect of D63E and H249S

substitutions.

Production of MsTsfl, DmTsf1, and DmTsf1y

In order to analyze the biochemical properties of MsTsfl, DmTsf1, and DmTsf1ln, we
needed to obtain pure forms of each protein. MsTsflwas purified from M. sexta larval
hemolymph as previously described (Brummett et al., 2017) through a number of steps:
ammonium sulfate precipitation, anion exchange chromatography, gel filtration and high
resolution ion exchange chromatography. From 96 larvae, 120 ml of hemolymph was collected,
and 9.2 mg of MsTsfl (~ 67 kDa) was purified (Figure 2-1 A). Recombinant full length DmTsf1
and DmTsf1n (residues 1-379) were expressed in an insect cell line using a baculovirus
expression system. We used similar purification steps for these proteins: ammonium sulfate
precipitation, anion exchange chromatography and gel filtration. DmTsf1ln required an extra high
resolution ion exchange chromatography step at the end of the process. From 3.2 liters of
infected cells, 35.0 mg of DmTsf1 (~ 66 kDa) was purified, and from 3.0 liters of infected cells,

22.3 mg of DmTsf1n (~ 39.5 kDa) was purified (Figure 2-1 A).
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Figure 2-1. Analysis and domain architecture of purified Tsfls.

(A) Tsfl purified from the M. sexta larval hemolymph (Ms) and recombinantly expressed and
purified D. melanogaster full-length (Dm) and amino-terminal lobe of Tsf1 (DmN) were
analyzed by reducing SDS-PAGE followed by Coomassie staining. The positions of molecular
mass standards are shown on the left and were used to estimate the size of the proteins. (B) The
domain architecture of the purified Tsfls based on alignment information. Represented here by
their position in the amino acid sequence is the signal peptide (SP), the amino-lobe (N-lobe)

colored in blue and carboxyl-lobe (C-lobe) in green.

DmTsf1 and MsTsf1 spectroscopic characterization for the binding of Fe3*
Holo-serum transferrin and holo-lactoferrin have a red-orange color that results from a
ligand-to-metal charge transfer (LMCT) band caused by the excitation of a pi orbital electron,
believed to be from the phenol group of one tyrosine ligand, into a dpi* orbital of the iron
(Baker, 1994; Patch and Carrano, 1981). It was evident after purification of DmTsf1 and MsTsf1
that they bind iron, because the concentrated protein solutions had a yellow-orange color. After

removal of the iron by dialysis of the proteins in buffer at pH 5 in the presence of the iron
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chelator EDTA, the color of the apo-protein solutions was clear. This visible characteristic of
holo-Tsf1 is similar to that of holo-serum transferrin and holo-lactoferrin but less red.

In diferric serum transferrin and lactoferrin the LMCT band typically gives a pronounced
Amax OF ~470 nm, but the peak can shift if the binding site is altered by substitution of the iron
coordinating residues or a loss of one of the lobes (Day et al., 1992; He et al., 2000b; Nicholson
et al., 1997; Peterson et al., 2000). The binding of metals at the site also perturbs pi-pi*
transitions in the phenolic ring of the ligating tyrosines. This gives rise to characteristic
absorption peaks in the UV region at ~295 and ~245 nm (Baker, 1994). The UV-Vis spectra for
iron-bound DmTsf1 and MsTsf1 shows the characteristic absorption peaks in the UV region at ~
295 nm (supplementary Figure 2-5). Thus, it is likely that the two iron coordinating tyrosine
residues are conserved in the amino-lobe, as suggested by the alignment data in Table 2-1.
However, the Amax Of the LMCT band in the visible region for both proteins is blue-shifted
considerably from the 470 nm we observe for serum transferrin and lactoferrin (Figure 2-2). The
Amax 1S ~434 nm for DmTsf1 and ~420 nm for MsTsfl (Table 2-2). We expected to see shifts in
the LMCT bands because of the substitutions of D63E and H249S in DmTsf1 and H249Q in
MsTsf1. These shifts of the LCMT band resemble those of His-249 and Asp-63 amino-lobe
mutants of lactoferrin and serum transferrin, which exhibited blue-shifts in the range of 6 to 30
nm (He et al., 1997c; Nicholson et al., 1997). Like the alignment data, these results suggest that

these Tsfls coordinate iron binding differently than serum transferrin and lactoferrin.
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Figure 2-2. Visible difference spectra of the LMCT peak for the Fe3*-transferrin
complexes.

Serum transferrin (STF) is indicated by a blue line, MsTsfl (Ms) by a green line, DmTsfl (Dm)
by a solid red line, and DmTsfln (Dmn) by a dashed red line. Proteins were at a concentration of
approximately 4 mg/ml. The absorbance spectrum from the reference well containing the apo-
protein was subtracted from the sample well containing fully iron-saturated holo-protein at the
same concentration. A more complete spectrum showing the large 295 nm peak of each

transferrin can be seen in supplementary Figure 2-5.

In the case of DmTsf1n, the Amax Was shifted even further, to ~408 nm, and is more of a
shoulder of the large 295 nm peak. This result demonstrates that the amino-lobe can bind iron
without the presence of the carboxyl-lobe. However, binding in the amino-lobe is different from

that of the full-length DmTsf1, suggesting altered iron coordination and the possibility of

63



decreased stability of iron binding—similar to other transferrin amino-lobe mutants (Day et al.,

1992; Tinoco et al., 2008).

Fe3* affinity of DmTsf1 and MsTsf1

With the putative substitutions at the iron binding site in both DmTsf1 and MsTsf1, we
questioned if these proteins have a strong affinity for Fe®*. We also wanted to quantitatively test
whether they bind only one Fe®* ion. We employed an equilibrium dialysis technique to measure
the affinity of DmTsf1 and MsTsf1 for Fe3* in the presence of citrate and HCO3™ at 25+1°C at pH
7.4. The specific binding (r) values derived from binding isotherms (Figure 2-3) show iron
saturation of the Tsfls occurring at an rmax of 1.11 for DmTsf1 and an rmax of 1.08 for MsTsf1
(Table 2-2). These results support the hypothesis, based on our alignment data, that many Tsf1s
have only one Fe** binding site, and are consistent with the observation that iron makes up
0.05% of the weight of holo-MsTsf1 (Huebers, et al., 1988). These results, combined with the
spectral evidence that DmTsf1n binds iron, demonstrate that binding occurs in the amino-lobe
only. Moreover, these results quantitatively support our use of a single binding site model in

determining affinity constants.
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Figure 2-3. Binding isotherms of DmTsf1 and MsTsf1.

The DmTsf1 results are represented by dots and a solid line and MsTsf1 results by triangles and
a dashed line. After equilibrium was reached in each experiment, the contents of the dialyzer
were analyzed for the amount non-transferrin bound iron ([Fe* Jnon-Tsfbound) USiNg a ferrozine-
based assay. From this assay the specific binding factor (r) for each experiment was determined
by calculating the ratio of the concentration of transferrin bound iron ([Fe*]rst bound) to the total
Tsfl concentration added [Tsf1] in the dialyzer. The r value at which saturation has occurred
indicates the number of binding sites. Curve fitting and analysis of the rmax values (reported in

Table 2-2) was performed using GraphPad Prism Software.

We used our equilibrium dialysis data (supplementary Tables 2-4 and 2-5) and binding
equations (see Materials and Methods section) to calculate the Fe** affinity of DmTsf1 and

MsTsf1. The known binding constants of Fe3*-citrate complexes (Equation 2a-c) (Spiro et al.,
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1967; Warner and Weber, 1953) were used to calculate the effective concentration of free Fe3* in
Equation 3. Under the assumption that three protons are being released from a single binding site
upon binding of Fe** (Aisen et al., 1978; Tinoco et al., 2008), we calculated overall equilibrium
constants (K) of the Fe®*-Tsf1 complexes at pH 7.4 using Equation 1. Using Equation 4, the K
values were then corrected for an environment with constant pH and HCOs™ to get the effective
dissociation constant (K”) (an example calculation is provided in supplementary Table 2-6). The
average log K’ for DmTsfl was 18.2, and the average log K’ for MsTsfl was 18.4. These values
are less than those of human serum transferrin (amino-lobe log K’ of 20.7 and carboxyl-lobe log
K’ of 19.4) under similar conditions (Aisen et al., 1978), although they indicate that both Tsfls

have a very high affinity for Fe3* despite iron binding site substitutions.

pH-mediated iron release from DmTsf1l, DmTsfln and MsTsf1

Iron retention as a function of pH is a major difference between lactoferrin and serum
transferrin, and this difference is important to their function in either immunity, in the case of
lactoferrin, or iron transport, in the case of serum transferrin (Baker, 1994; Day et al., 1992). A
previous study demonstrated that BdTsf1 releases iron in a manner similar to that of serum
transferrin in response to lowered pH (Gasdaska et al., 1996). We decided to examine the iron
release profiles of the more representative DmTsf1 and MsTsf1 to provide more information
about possible mechanisms of Tsfl function in immunity and iron transport. We also tested
DmTsfln’s iron release properties, for insight into the possible role of the non-iron binding
carboxyl-lobe in stabilizing iron coordination. Iron-saturated Tsfl was dialyzed against buffers
with a pH range of 2.0-8.0, and then percent iron-saturation was measured. Dialysis results

indicate that both MsTsfl and DmTsf1 behave similarly to serum transferrin, with an estimated

66



pHso of 5.5 for both proteins (Figure 2-4, Table 2-2). Nearly identical to the pH release profile of
serum transferrin (Day et al., 1992), DmTsf1 starts to release its iron at pH 6.25, while MsTsfl
does not start release until pH 5.75. Interestingly, neither Tsf1 is as stable as serum transferrin or
lactoferrin at a pH of less than 4, which causes DmTsf1 and MsTsf1 to precipitate. In contrast to
the full length Tsf1, DmTsfln begins to release iron at ~pH 7 and has a pHso of 6.0, indicating

that iron release in the amino-lobe is affected by the presence of the carboxyl-lobe.
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Figure 2-4. The pH-mediated release of iron from transferrins.

Serum transferrin is indicated by a blue line and triangles, lactoferrin by a black line and filled
dots, MsTsf1 by a green line and asterisks, DmTsf1 by a solid red line and open dots, and
DmTsfln by a dashed red line and diamonds. Iron saturated protein samples, at ~5 mg/mL
concentration, were dialyzed to equilibrium against various buffers at each indicated pH. The
percent Fe**-saturation of the protein sample after dialysis was calculated by comparing the
absorbance of the LMCT Amax for each protein before and after dialysis. A sigmoidal dose

response curve was used for curve fitting and analysis of the pHso values (reported in Table 2-2).
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Table 2-2. Summary of the iron binding and release properties of MsTsfl, DmTsf1,
DmTsfln, serum transferrin and lactoferrin.

Fe** coordinating  LMCT Amax

Protein residues (nm) Average Log K’ Fmax pHso®
MsTsfl DYYQ® 420 18.4 1.08 5.5
DmTsf1l EYYS? 434 18.2 1.11 5.5
DmTsfly EYYS? 408 - - 6.0
serum transferrin DYYH 470 20.7/19.4° - 5.4
amino-/carboxyl-lobe
Lactoferrin DYYH 470 - - 3.0

3putative residues determined through sequence alignments.
®Calculated from values of K1’ and K2’ from Aisen et al. (1978) (Aisen et al., 1978).
‘pH at 50% iron saturation.

Discussion

Comparison of Tsfls to serum transferrin and lactoferrin

We found that the LMCT peak for DmTsf1 and MsTsf1 is blue-shifted relative to serum
transferrin and lactoferrin. This is consistent with mutation studies of the amino-lobe of human
serum transferrin, where a D63E mutation showed a LMCT Amax shift from 472 nm to 450 nm
(He et al., 1997c). To our knowledge there have been no studies of the effects of a H249S
substitution; however, studies of mutants with substitutions of His-249 with other polar and
uncharged resides in the amino-lobe of lactoferrin showed a LMCT Amax shift from 450 nm to
428 nm for H249Q and 426 nm for H249T (Nicholson et al., 1997). The spectral characteristics
of DmTsf1 and MsTsf1 support the alignment data in suggesting that these two Tsf1s differ in
some residues that coordinate iron compared with serum transferrin and lactoferrin.

The effective binding affinity (expressed as log K’) of DmTsfl and MsTsf1 for Fe®" is
lower than that of serum transferrin under similar conditions. Lower affinity is likely due to the
predicted differences in iron coordinating residues. Although the Tsfls have lower Fe®* affinity
than serum transferrin and lactoferrin, their affinity (log K’ of 17) is extremely high and

functionally comparable to those of serum transferrin and lactoferrin. It is likely that DmTsf1
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and MsTsf1 have an affinity for iron that is suitable for a physiological role in iron scavenging—
a similar assumption made for other transferrins with lower affinity (Tinoco et al., 2008).

Like serum transferrin and lactoferrin, Tsfls release iron at lowered pH. Both DmTsf1
and MsTsf1 have a pHso of 5.5. This value is somewhat surprising given the His-249 substitution
in both Tsfls. A mutation of this histidine in the amino-lobe of lactoferrin has a dramatic effect
on pH stability, such that H253Q/G/P mutants release all iron at pH 7.1 or higher (Nicholson et
al., 1997). Despite changes in their iron coordination, Tsfls had profiles of pH mediated iron
release that are nearly identical to that of serum transferrin. The fact that serum transferrin has an
amino-lobe with a pHsg of 5.7 and a carboxyl-lobe with a pHso of 4.7, enables it to release iron in
the acidifying environment of the endosome (a property necessary for its role in iron transport)
(Baker, 1994; Peterson et al., 2000). Localization of Tsfl within endosomes has not been
demonstrated, and a Tsf1-receptor has not been identified in insects; however, the iron release
properties of DmTsf1 and MsTsf1 support the possibility that Tsfls could release iron in an

endosomal environment.

Role of the DmTSsf1 carboxyl-lobe
It appears that many Tsfls have lost the ability to bind iron in their carboxyl-lobe. This
conclusion is based on our finding that only nine out of 98 species have conserved iron-binding
residues in their carboxyl-lobe, and also based on our demonstration that DmTsf1 and MsTsfl
have an rmax value of ~1, and, thus, must bind only one ferric ion. With these results in mind, we
questioned the functional role of the carboxyl-lobe. One interesting hypothesis is that the
carboxyl-lobe may act as a decoy for certain pathogens that have developed specific receptors to

steal iron specifically from this lobe of transferrins (Yoshiga et al., 1997). Another possibility is
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that the carboxyl-lobe is needed for receptor recognition. When holo-serum transferrin is
recognized by the transferrin receptor, there is a large surface interaction between the C1 domain
of the carboxyl-lobe and the transferrin receptor (Cheng et al., 2004).

While the above hypotheses have yet to be tested, our results indicate that the carboxyl-
lobe stabilizes iron binding in the amino-lobe of DmTsf1l. DmTsfln, which lacks the entire
carboxyl-lobe, has spectral characteristics that clearly show it is capable of binding iron;
however, there is a blue-shift of the LMCT peak relative to the full-length DmTsf1. In addition,
DmTsf1n released iron at a higher pH than full-length DmTsf1. (It is important to note that
attempts to perform Fe3* affinity experiments with DmTsfly in a competitive environment with
citrate failed. This failure is probably due to an inability of DmTsf1ln to compete effectively with
citrate for Fe**.) DmTsf1n had properties similar to an amino-lobe mutant of lactoferrin (Lf)
but not an amino-lobe mutant of serum transferrin (sTfn) (Day et al., 1992; Peterson et al., 2000).
Lfn has a noticeable blue-shift of its LMCT peak from 465 nm to 454 nm and an increase in its
pHso compared with full-length lactoferrin, whereas the sTfn counterpart has a red-shift and no
change in pHso. The difference between Lfn and sTfn pH stability has been explained in part by
inter-lobe interactions that occur in lactoferrin but not in serum transferrin. Therefore, we
suggest a similar hypothesis for Tsfls: the carboxyl-lobe has a functional role in stabilizing iron

coordination and in mediating proper release of iron as a function of pH.

Implications for insect immunity and iron homeostasis
Previous physiological studies have shown that Tsf1 functions in immunity, iron
transport, and the prevention of oxidative stress; however, the biochemical mechanisms

underlying these physiological roles are still poorly understood (Brummett et al., 2017; Geiser
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and Winzerling, 2012; Huebers et al., 1988; Kim et al., 2008; Kurama et al., 1995; Lee et al.,
2006; Xiao et al., 2019; Yoshiga et al., 1997). Our study provides important information for
understanding these mechanisms.

Our results support the model that Tsf1 protects against infection by sequestering iron
(Geiser and Winzerling, 2012; Brummett et al., 2017). We found that DmTsf1 and MsTsf1 bind
iron with high affinity despite a difference in iron coordination properties compared with
mammalian lactoferrin. In acidic conditions, the insect transferrins would not be as efficient at
withholding iron as lactoferrin; however, the ability of lactoferrin to withhold iron at low pH
may have evolved specifically for secretion into mammalian milk, which ends up in the acidic
digestive tract of infants (Baker, 1994).

Though there is no known Tsf1 receptor in insects, iron from Tsfl can be transported into
cells (Huebers et al., 1988). This observation and the high concentration of Tsf1l in the
hemolymph suggest that Tsf1 has a role in iron transport. Our results demonstrating that Tsfl has
a high affinity for iron and the ability to release iron over a physiologically relevant pH range are
particularly interesting regarding its proposed role in iron transport (Huebers et al., 1988; Xiao et
al., 2019). Two recent models of how Tsf1 may function in iron transport include the following
scenarios for iron-binding: 1) Tsfl binds iron in the secretory pathway of the midgut cells and is
secreted into the hemolymph as holo-Tsf1, and 2) apo-Tsfl in the hemolymph binds to iron that
has been exported out of the midgut cells by an unknown mechanism (Xiao et al., 2019). Our
results are compatible with both proposed pathways. Although there is mild acidification of some
compartments of the secretory pathway, including the Golgi complex (Schapiro and Grinstein,
2000), release of iron from Tsfl does not occur until the pH drops below 6; therefore, Tsf1 could

potentially be loaded with iron in the secretory system of midgut cells as the first model
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suggests. With high iron affinity of DmTsf1 and MsTsf1 at pH 7.4, apo-Tsf1 should bind iron in
the hemolymph, as suggested by the second model. Future work is required to determine how
holo-Tsf1 delivers iron into cells, but we have shown that Tsf1 would be capable of releasing
iron in endosomes in a manner similar to that of serum transferrin.

Compared with the immune and iron transport functions of Tsf1, less is known about its
ability to protect insects against oxidative stress. However, studies of two species of beetles have
shown that Tsf1 is upregulated in response to various types of stress and that a lack of Tsf1 leads
to increased oxidative stress (Kim et al., 2008; Lee et al., 2006). Our study supports the model
that high concentrations of Tsfl in hemolymph and other extracellular fluids would keep free

iron levels exceedingly low and, thus, protect the insect from iron-induced oxidative stress.

Future Directions

The analysis of DmTsf1, DmTsfln, and MsTsf1’s iron binding and release characteristics
leads to three major topics for future work:

(1) Despite sequence analysis results, which indicated that a histidine is not conserved at
the iron coordination site in DmTsf1 and MsTsf1, the iron binding and release characteristics are
not vastly different from vertebrate transferrins. This contradiction led to the following question:
is there an alternative method of iron coordination in Tsfls, or possibly different structural folds
of Tsfls that bring an alternative histidine into the coordination sphere? Based on this question,
future work (covered in Chapters 3 and 4) was aimed toward elucidating the structure and iron
coordinating residues of a Tsfl protein and probing the importance of certain residues to iron

binding and release in Tsfls.
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(2) Tsf1’s method of iron delivery into cells is unknown, but here we show the release of
iron from DmTsf1 and MsTsf1 is at nearly the same pH as serum transferrin. This result suggests
that Tsf1 could be delivering iron to cells via endocytosis, like serum transferrin. Future work
presented in Chapter 5 was aimed toward testing this hypothesis.

(3) Though the carboxyl-lobe of DmTsf1 does not bind iron, it seems to aid in stabilizing
iron binding and release in the amino-lobe. A future structure of Tsf1 could explain this
stabilizing effect of the carboxyl-lobe. Also, to get a better sense of the functional importance of
the carboxyl-lobe, a future study could be to compare the ability of DmTsfn and wild-type

DmTsf1 to withhold iron from bacteria growing in culture media.
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Table 2-3. Transferrin sequences used in alignment.

Order Species Accession #
Blattodea Blaberus discoidalis Q02942
Blattodea Cryptotermes secundus AOA2J7RCH3
Blattodea Mastotermes darwiniensis Q8MUB0
Blattodea Periplaneta americana H2F490
Blattodea Zootermopsis nevadensis AOA067R8G2

Coleoptera Agrilus planipennis AOA1W4WDUG6
Coleoptera Apriona germari Q5FX34
Coleoptera Monochamus alternatus AOA172WCD8
Coleoptera Protaetia brevitarsis Q0GB80
Coleoptera Tribolium castaneum AOA139WAX1
Diptera Aedes aegypti Q16894
Diptera Aedes albopictus AOA182HAB5
Diptera Anopheles dirus AOA182N8I6
Diptera Anopheles epiroticus AOA182PR24
Diptera Anopheles minimus AOA182W5Q6
Diptera Anopheles christyi AO0A240PK04
Diptera Anopheles gambiae Q7QF98
Diptera Anopheles culicifacies A0A182MQL1
Diptera Anopheles arabiensis AOA182IAYO0
Diptera Anopheles funestus AOA182RHN9
Diptera Anopheles farauti A0A182Q8L3
Diptera Anopheles merus AOA182UU15
Diptera Anopheles atroparvus AOA182I1KA9
Diptera Anopheles stephensi AOA182YCV1
Diptera Anopheles melas AOA182TUO6
Diptera Anopheles albimanus AOA182FAJ2
Diptera Anopheles quadriannulatus AO0A182XK00
Diptera Anopheles maculatus AOA182TBMS8
Diptera Bactrocera dorsalis AOA034VS68
Diptera Corethrella appendiculata USEVY8
Diptera Culex tarsalis AOA1Q3FQK8
Diptera Culex quinquefasciatus BOX886
Diptera Drosophila persimilis B4H7J)4
Diptera Drosophila virilis B4MD52
Diptera Drosophila grimshawi B4J)24
Diptera Drosophila erecta B3NTD3
Diptera Drosophila ananassae B3IMWK3
Diptera Drosophila mojavensis B4L3P8
Diptera Drosophila sechellia B416R8
Diptera Drosophila willistoni BANEK?7
Diptera Drosophila melanogaster Q9VWV6
Diptera Drosophila silvestris 097356
Diptera Drosophila pseudoobscura pseudoobscura B5DNNO
Diptera Drosophila ficusphila AOA1W4UDD6
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Diptera Drosophila busckii AOAOM4EU20
Diptera Drosophila yakuba B4Q2X7
Diptera Glossina brevipalpis AOA1A9W323
Diptera Glossina pallidipes AOA1BOA3D5
Diptera Glossina fuscipes fuscipes AOA1A9YDI2
Diptera Glossina austeni AOA1A9VBV2
Diptera Glossina palpalis gambiensis AOA1BOBX64
Diptera Glossina morsitans morsitans Q8MX87
Diptera Lucilia cuprina AOAOLOCOK4
Diptera Lutzomyia longipalpis AOA1BOCHE7
Diptera Musca domestica AOA118M1D8
Diptera Sarcophaga peregrina Q26643
Diptera Stomoxys calcitrans AOA1I8PR12
Diptera Zeugodacus cucurbitae AOAOA1X109
Hemiptera Diaphorina citri AOA1S3CYMS8
Hemiptera Lygus hesperus AOA146LNB5
Hemiptera Nephotettix cincticeps AOAOE4AVN5
Hemiptera Panstrongylus lignarius AOA224XL75
Hemiptera Pristhesancus plagipennis AOA1Q1INPJ1
Hemiptera Pyrrhocoris apterus M4WMH6
Hemiptera Rhodnius prolixus B8LJ43
Hemiptera Riptortus clavatus 096418
Hemiptera Riptortus pedestris R4WJB4
Hymenoptera Acromyrmex echinatior FAW957
Hymenoptera Apis cerana cerana J7F1T1
Hymenoptera Apis mellifera AOAO88AFH7
Hymenoptera Atta cephalotes AOA158P0A5
Hymenoptera Atta colombica AOA195B5L1
Hymenoptera Bombus ignitus A8D919
Hymenoptera Cyphomyrmex costatus AOA151ID51
Hymenoptera Fopius arisanus AOAOC9RQZ4
Hymenoptera Habropoda laboriosa AOAOL7QKR3
Hymenoptera Harpegnathos saltator E2B326
Hymenoptera Melipona quadrifasciata AOAOM9A935
Hymenoptera Nasonia vitripennis K7J4P3
Hymenoptera Ooceraea biroi AOA026WB04
Hymenoptera Solenopsis invicta Q3MIL5
Hymenoptera Trachymyrmex cornetzi AOA195EDU2
Hymenoptera Trachymyrmex septentrionalis AOA195F369
Hymenoptera Trachymyrmex zeteki AOA151WUG63
Lepidoptera Bombyx mori 097158
Lepidoptera Asiatic rice borer moth Q6F4J2
Lepidoptera Choristoneura fumiferana Q6Q272
Lepidoptera Danaus plexippus plexippus AOA212FLE3
Lepidoptera Ephestia kuehniella D5M9Y5
Lepidoptera Galleria mellonella Q6UQ29
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Lepidoptera Helicoverpa armigera AOAOB5H6AS8
Lepidoptera Manduca sexta P22297

Lepidoptera Papilio machaon AOA194RH67

Lepidoptera Papilio xuthus A0A194PSJ1
Lepidoptera Pararge aegeria SANYGO
Lepidoptera Plutella xylostella A0JCKO
Lepidoptera Spodoptera litura A71T76
Orthoptera Romalea microptera Q6USR2
Artiodactyla Bos Taurus (bovine) P24627
Artiodactyla Bos Taurus (bovine) Q29443
Primates Homo sapien (human) P02787
Primates Homo sapien (human) P02788
Anseriformes Anas platyrhynchos (mallard) P56410
Galliformes Gallus gallus (chicken) P02789
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Table 2-4. Equilibrium dialysis results for DmTsf1.

Pre-dialysis Post-Dialysis " Log K
[DmTsf1]? [Fes+]addb [Fe3+]Tsf bound" [Fe3+]non—Tsf boundd &

UM UM trial UM

1 2.3 14 0.1 18.2

40 3.6 2 2.8 0.9 0.1 18.3

3 2.8 0.9 0.1 18.3

1 6.5 3.5 0.2 18.2

40 10 2 6.9 3.1 0.2 18.3

3 6.4 3.6 0.2 18.2

1 17.2 2.8 04 18.4

40 20 2 17.9 2.1 04 18.4

3 17.4 2.6 04 18.4

1 23.9 6.1 0.6 18.3

40 30 2 23.9 6.1 0.6 18.3

3 22.9 7.1 0.6 18.3

1 35.2 9.8 0.9 18.3

40 45 2 354 9.6 0.9 18.3

3 35.9 9.1 0.9 18.3

1 29.2 30.9 0.7 18.1

40 60 2 32.2 27.8 0.8 18.1

3 32.2 27.9 0.8 18.1

1 42.9 57.1 1.1 18.0

40 100 2 44.9 55.1 1.1 18.1

3 47.4 52.6 1.2 18.1

1 41.3 83.7 1.0 18.0

40 115 2 35.0 72.6 0.9 17.9

3 37.1 74.9 0.9 17.9

18.2 +0.2f

aTotal concentration of DmTsf1 after addition to dialyzer; used in Equation 1 as [Tsf1].
®Total concentration of Fe3* in solution after addition to dialyzer (added in the form of Fe3*-citrate).
“Transferrin bound iron; [Fe**Irstbound = [F€3*]add - [F€* 1non-Tsf bound; Used in Equation 1 as [Fe®" - Tsfl -

CO32>] .

dConcentration of non-transferrin bound iron measure by the Ferrozine assay (see in material and

methods section)

eSpecific binding factor of DmTsf1; r = [Fe**]1stbound / [DMTsF1].
fLog K’ average * standard deviation.
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Table 2-5. Equilibrium dialysis results for MsTsf1.

Pre-dialysis Post-Dialysis . ,

[MsTSF1J?  [Fe™Jaud” [FeTrstbound®  [Fe*Toonstbound® Logk
UM UM trial UM

1 7.0 3.4 0.3 18.6

21.9 9.7 2 5.0 4.3 0.2 184

3 6.2 3.1 0.3 18.5

1 23.1 8.1 1.1 18.6

21.9 29.0 2 18.4 9.5 0.8 18.5

3 18.2 9.7 0.8 18.5

18.0 1 20.5 26.1 1.1 18.4

18.0 46.5 2 19.9 26.6 1.1 18.4

15.0 3 16.0 30.5 1.1 18.4

1 19.9 84.3 0.9 18.0

21.9 96.7 2 23.8 69.2 1.1 18.1

3 21.0 72.0 1.0 18.0

18.4 +0.2f

aTotal concentration of MsTsf1 after addition to dialyzer; used in Equation 1 as [Tsf1].
bTotal concentration of Fe3* in solution after addition to dialyzer (added in the form of Fe3*citrate).
“Transferrin bound iron; [Fe**Irstbound = [F€3*]add - [F€* Tnon-Tsbouna; Used in Equation 1 as [Fe®" - Tsfl -

CO32-] .

dConcentration of non-transferrin bound iron measure by the Ferrozine assay (see in material and

methods section).

eSpecific binding factor of MsTsf1; r = [Fe**]rstbound / [MsTsf1].
fLog K’ average * standard deviation.
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Table 2-6. Example calculation of equilibrium dialysis results from 40 uM [DmTsf1]
incubated with 100 uM [Fe3*]add (trial 1) applied to binding equations.

Constants: Value Derivation

[Tsf1] 40x10°M experimentally added (see [DmTsf1].4qin Table S2)

[H+] 1074 M experimentally added (see material and methods)

[Cit]add 1.5x 103 M experimentally added (see material and methods)

[HCO3] 2.0x10%M experimentally added (see material and methods)

Ket 10364 Equation 2a (Warner and Weber, 1953)

Kez 10°46 Equation 2b (Warner and Weber, 1953)

Kes 108 Equation 2c (Warner and Weber, 1953)

Kea 1017 Equation 2d (Spiro et al., 1967)

Variables:

[Fe**]agd 1.0x10* M experimentally added (see Table S2)

[Fe3* - Tsfl - COs*] | 4.3x10°M | experimentally determined; equal to [Fe3+]Tsf bound in Table S2

Calculations:

X 1.0x 102 Eq. 3: (Kes)(Kea)

Y 6.3x10™ Eq. 3: ([H'])(Kes) + [H*]? + ([Cit]aga) (K3) (Kea) = (2)([Fe*Tada) (Kes) (Kea)

z -6.2x10" Eq. 3: — (([Fe>*]aaa)([H*])(Kc3) + ([Fe>*]aaa)([H*]*))

Ceq 9.8x10° Eq. 3: %;4"2)1/2

[Fe*]free 9910 q. 3: (Ceq)(((H12) (Kez)+ (1H*]) (Ken)+(Ceq) (Ker) (Kea))

< (Kcl)[l(:;gz_'—);[g}?%%dzig?;i;;add)
34x103M Eq. 1: FeT ] [Tsf31][Hco3—]

K’ 1.1x10%®M* Eq. 4: ([1[4:;33])(10
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Chapter 3 - Structural insight into the novel iron-coordination and
domain interactions of transferrin-1 from a model insect, Manduca

sexta1

Abstract

Transferrins function in iron sequestration and iron transport by binding iron tightly and
reversibly. Vertebrate transferrins coordinate iron through interactions with two tyrosines, an
aspartate, a histidine, and a carbonate anion (COs%), and conformational changes that occur upon
iron binding and release have been described. Much less is known about the structure and
functions of insect transferrin-1 (Tsf1), which is present in hemolymph and influences iron
homeostasis mostly by unknown mechanisms. Amino acid sequence and biochemical analyses
have suggested that iron coordination by Tsf1 differs from that of the vertebrate transferrins.
Here we report the first crystal structure (2.05 A resolution) of an insect transferrin. Manduca
sexta (MsTsf1) in the holo form exhibits a bilobal fold similar to that of vertebrate transferrins,
but its carboxyl-lobe adopts a novel orientation and contacts with the amino-lobe. The structure
revealed coordination of a single Fe** ion in the amino-lobe through Tyr90, Tyr204, and two
CO3? anions. One CO3? is buried near the ferric ion and is coordinated by four residues, whereas
the other COs? is solvent exposed and coordinated by Asn121. Notably, these residues are highly
conserved in Tsf1 orthologs. Docking analysis suggested that the solvent exposed CO3?* position
is capable of binding alternative anions. These findings provide a structural basis for
understanding Tsf1 function in iron sequestration and transport in insects as well as insight

regarding the similarities and differences in iron homeostasis between insects and humans.
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This chapter was published as follows: Weber, J.J., Kashipathy, M.M., Battaile, K.P.,
Go, E., Desaire, H., Kanost, M.R., Lovell, S., Gorman, M.J., 2021. Structural insight into the
novel iron-coordination and domain interactions of transferrin-1 from a model insect, Manduca
sexta. Protein Science 30(2), 408 — 422.

Key words: transferrin, insect, iron homeostasis, metal binding, protein structure,
hemolymph, iron coordination

Significance: This first structural analysis of an insect transferrin demonstrates that
insect and human transferrins have important differences in iron coordination and other structural
features, including domain interactions. These dissimilarities likely reflect mechanistic
differences in biochemical function; therefore, model insect studies of iron-related diseases
should be interpreted within this new framework. The novel aspects of the structure of MsTsf1
provides a basis for deeper understanding of iron homeostasis in insects, the largest class of

animals.

Introduction

Members of the transferrin protein superfamily are known for their roles in the iron
homeostasis of animals (Baker, 1994). Their functions are mediated by the ability to bind iron
tightly and, in some cases, reversibly (Baker, 1994; Mizutani et al., 2012; Sun et al., 1999). The
well-understood transferrins are those found in vertebrates and include mammalian serum
transferrin, which sequesters iron in the blood and delivers it into cells via receptor mediated
endocytosis (Octave et al., 1983); mammalian lactoferrin, which sequesters iron in secreted
fluids as an iron withholding mechanism of innate immunity (Farnaud and Evans, 2003; Jenssen

and Hancock, 2009); and avian ovotransferrin that has both an iron transport and immune
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function (Giansanti et al., 2012). These proteins are typically 70-80 kDa monomeric
glycoproteins that form two distinct lobes, an amino-lobe and carboxyl-lobe (N-lobe and C-lobe,
respectively) (Baker, 1994; Mizutani et al., 2012; Sun et al., 1999). Each lobe has the ability to
bind a ferric (Fe*) ion with high affinity at neutral pH (Aisen et al., 1978; Brandts and Lin,
1990; Pakdaman et al., 1998), and to release the Fe*" ion as a function of pH decrease (Day et al.,
1992).

High resolution crystal structures of lactoferrin (Anderson et al., 1987) and serum
transferrin (Bailey et al., 1988) have demonstrated that these mammalian transferrins have
remarkably similar iron binding sites and several common structural features that facilitate iron
binding. The iron binding site in each of the N- and C- lobes is in a deep cleft that separates each
lobe into two domains: the N1 and N2 domains of the N-lobe and the C1 and C2 domains of the
C-lobe (Harris, 2012). Each iron binding site contains an aspartate, a histidine and two tyrosines,
which, along with an anion, typically carbonate (CO3?), coordinate a ferric ion (Baker, 1994;
Harris, 2012; Mizutani et al., 2012; Sun et al., 1999). Coordination of the CO3?* occurs through
the side chains of a threonine and an arginine, and the amide groups of two N-terminal helix
residues (Harris, 2012). The binding of COs? at the site is considered synergistic because it is
crucial for the formation of a stable Fe**- COs?-transferrin complex (Harris, 2012; Schlabach
and Bates, 1975). Domain 1 (N1 or C1) contains the ligating aspartate, domain 2 (N2 or C2)
contains one of the tyrosines, and a hinge region between domains 1 and 2 contains the histidine
and second tyrosine (Mizutani et al., 2001). With the four ligating side chains from the protein
and two from the synergistic anion, the site has a distorted octahedral coordination sphere. The
iron release characteristic of vertebrate serum transferrins arises from conformational changes

that occur during binding of transferrin to its receptor and protonation of residues in the intralobe
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binding cleft (Eckenroth et al., 2011; Mizutani et al., 2012). As domains 1 and 2 begin to
separate and as the coordination of iron at the binding site is abolished, the tertiary structure of
the protein changes from a “closed” conformation in the holo-form to an “open” conformation in
the apo-form (Yang et al., 2012) (supplementary Figure 3-8).

The roles of insect transferrin-1 (Tsf1) in iron homeostasis are functionally similar to
those of lactoferrin and serum transferrin (Brummett et al., 2017; Geiser and Winzerling, 2012;
Huebers et al., 1988; latsenko et al., 2020; Kim et al., 2008; Kurama et al., 1995; Lee et al.,
2006; Xiao et al., 2019; Yoshiga et al., 1997). Recent in vivo studies in Drosophila melanogaster
have provided strong evidence for the function of Tsfl in iron transport and immunity (latsenko
et al., 2020; Xiao et al., 2019). Xiao et al. (Xiao et al., 2019) showed that Tsf1 functions in the
transportation of iron from the gut to the fat body (insect liver and adipose equivalent). latsenko
et al. (latsenko et al., 2020) demonstrated that after infection, Tsf1 functions in relocating iron
from the hemolymph to the fat body. However, unlike vertebrates, insects have no known Tsfl
receptor, and the mechanism by which iron bound to Tsfl enters the cell remains elusive. In
addition, Tsf1’s iron binding and release mechanisms appear to differ from the well-studied
vertebrate transferrins (Weber et al., 2020). Bioinformatic studies have suggested that most Tsfls
have only a single iron binding site, in their N-lobe, and that this site lacks an iron coordinating
histidine (Geiser and Winzerling, 2012; Lambert et al., 2005; Najera et al., 2021; Weber et al.,
2020). Spectroscopic analysis of the ligand-to-metal charge transfer (LMCT) peak, which occurs
when transferrins bind iron (Sun et al., 1999), was done for Tsfls from Manduca sexta (MsTsf1)
and D. melanogaster (DmTsf1). Both iron saturated MsTsfl and DmTsf1 showed large LMCT
peak shifts compared to the 470 nm peak for serum transferrin and lactoferrin, with MsTsfl

having a peak at 420 nm and DmTsf1 at 434 nm. These results indicate that Tsfls coordinate
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iron differently than the two mammalian transferrins (Weber et al., 2020). Despite their
spectroscopic differences, biochemical analysis of MsTsfl and DmTsf1 showed that both bind a
single Fe*" with high affinity (log K’ = 18 at pH 7.4), and release Fe** under moderately acidic
conditions, similar to iron release by serum transferrin.

The goal of this study was to further our understanding of iron coordination in Tsfls
through structural analysis. To this end, the first crystal structure of a Tsf1 (MsTsf1) was
obtained using protein purified from M. sexta larval hemolymph in an iron bound and
glycosylated form. The structure of MsTsf1 revealed a single Fe** binding site in the N-lobe that
surprisingly is coordinated by two tyrosine ligands, Tyr90 and Tyr204, and two CO3? anions.
Moreover, the positioning of the C-lobe suggests that it acts as wedge between the N1 and N2
domains leaving the iron bound N-lobe in a relatively open conformation. These novel findings
provide a structural explanation for the differences in the biochemical properties of Tsfls

compared to vertebrate transferrins.

Materials and Methods

Crystallization and data collection (performed in collaboration with Scott Lovell
and Maithri Kashipathy)

MsTsf1 was purified from larval hemolymph following a procedure previously described
(Weber et al., 2020). Purified MsTsf1 was extensively dialyzed in 50 mM NaCl, 20 mM Tris pH
7.4, 5 mM sodium bicarbonate and concentrated to 9.2 mg/mL for crystallization screening. All
crystallization experiments were setup using an NT8 drop setting robot (Formulatrix Inc.) and
UVXPO MRC (Molecular Dimensions) sitting drop vapor diffusion plates at 18 °C. 100 nL of

protein and 100 nL crystallization solution were dispensed and equilibrated against 50 uL of the
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latter. Initial crystals that formed needle clusters were obtained from the Index HT screen
(Hampton Research) condition D10 (20% (w/v) PEG 5,000 MME, 100 mM Bis-Tris pH 6.5).
These crystals were reproduced in a new crystallization plate in order to generate a crystal seed
stock and 20 nL of seeds were added to each drop of new crystallization experiments dispensed
with the NT8 robot as described above. Crystals that displayed a needle morphology were
obtained in 2 weeks from the Proplex HT screen (Molecular Dimensions) condition F6 (15%
(w/v) PEG 20,000, 100 mM Hepes pH 7.5). These crystals could be reproducibly obtained
overnight by streak seeding new crystallization drops in a sitting drop plate. Heavy atom
derivatized crystals were obtained by transferring native crystals to a solution containing
crystallant supplemented with 10 mM K2PtCl4 and incubating for 18 hours. Crystals were
transferred to a cryoprotectant solution composed of 80% crystallization solution and 20% PEG
200 before storing in liquid nitrogen. X-ray diffraction data were collected at the Advanced

Photon Source beamline 17-1D using a Dectris Pilatus 6M pixel array detector.

Structure solution and refinement (performed by Scott Lovell and Maithri
Kashipathy)

Intensities were integrated using XDS (Kabsch, 2010, 1988) via Autoproc (Vonrhein et
al., 2011) and the Laue class analysis and data scaling were performed with Aimless (Evans,
2011). Structure solution, using two data sets that were scaled together from Pt-derivatized
crystals, was conducted by SAD phasing with Crank2 (Skubak and Pannu, 2013) using the Shelx
(Sheldrick, 2010), Refmac (Murshudov et al., 1997), Solomon (Abrahams and Leslie, 1996),
Parrot (Zhang et al., 1997) and Buccaneer (Cowtan, 2006) pipeline via the CCP4 (Winn et al.,

2011) interface. Eleven Pt sites were located with occupancies greater than 0.25 and
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phasing/density modification resulted in a mean figure of merit of 0.44 in the space group
P21212:. Subsequent model building utilizing density modification and phased refinement
yielded R/Rfree = 0.352/0.425 for the initial model. This model was used for molecular
replacement with Phaser (McCoy et al., 2007) against the higher resolution native data set and
the top solution was obtained for two molecules of MsTsf1 in the asymmetric unit in the space
group P212121 (TFZ=51.5, LLG=2,945). The model was further improved by automated model
building with Phenix and additional refinement and manual model building were conducted with
Phenix and Coot (Emsley et al., 2010) respectively. Disordered side chains were truncated to the
point for which electron density could be observed. Structure validation was conducted with
Molprobity (Chen et al., 2010) and figures were prepared using the CCP4MG package (Potterton
et al., 2004) and Pymol (The PyMOL Molecular Graphics System, Version 2.3.2 Schrodinger,
LLC). Surface electrostatics were determined using APBS (Jurrus et al., 2018). Crystallographic
data are provided in Table 3-1. The coordinates and structure factors were deposited in the
Protein Data Bank with the code 6WB6.

Table 3-1. Crystallographic data for MsTsf1.

MsTsfl (K2PtCly) MsTsfl (Native)
Data Collection
Unit-cell parameters (A, °) 0=65.61, b=141.42, c=150.40 0=64.49, b=139.06, c=146.70
Space group P2,2,2, P212124
Resolution (A)* 49.44-2.85 (2.99-2.85) 47.28-2.05 (2.09-2.05)
Wavelength (A) 1.0000 1.0000
Temperature (K) 100 100
Observed reflections 545,842 544,369
Unique reflections 33,530 83,612
<l/o (1)>* 10.8 (2.1) 7.6(2.2)
Completeness (%)* 99.9 (99.6) 100 (100)
Multiplicity! 16.3(17.1) 6.5 (6.6)
Rmerge (%) 2 24.1(187.2) 16.2 (82.7)
Rrmeas (%)** 24.9 (193.0) 17.6 (89.8)
Roim (%)% * 6.2 (46.6) 6.9 (34.8)
CCyp° 0.997 (0.777) 0.991 (0.697)
DelAnom CC® 0.481 (0.039) -
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Refinement

Resolution (A)? 40.00-2.05
Reflections (working/test)! 79,455/4,065
Riactor / Ritree (%)™ 20.9/27.2
No. of atoms
(Protein/Fe3*/COs/water) 9,925/2/16/422
Model Quality
R.m.s deviations

Bond lengths (A) 0.008

Bond angles (°) 0.964
Average B-factor (A?)

All Atoms 334

Protein 335

Fe3* 18.7

COs 22.6

Water 49.3

Coordinate error

(maximum likelihood) 0.30

(A)
Ramachandran Plot

Most favored (%) 94.8

Additionally allowed (%) 4.6

values in parenthesis are for the highest resolution shell.

2Rmerge = ZniiZi | I{hkl) - <I(hkl)>| / ZnuZi l{hkl), where I(hkl) is the intensity measured for the ith
reflection and </(hkl)> is the average intensity of all reflections with indices hkl.

3Rtactor = Zhit | | Fobs (hkI) | - | Feaic (hkI) || / Zhii | Fobs (hkl)|; Reree is calculated in an identical manner using
5% of randomly selected reflections that were not included in the refinement.

*Rmeas = redundancy-independent (multiplicity-weighted) Rmerge (Evans, 2006, 2011). Rpim = precision-
indicating (multiplicity-weighted) Rmerge (Diederichs and Karplus, 1997; Weiss, 2001).

5CCy, is the correlation coefficient of the mean intensities between two random half-sets of data
(Evans, 2012; Karplus and Diederichs, 2012).

®DelAnom CC is the correlation coefficient between the Bijvoet differences (/jnk) — I-n-k-)) from two
random half-sets of data (Evans, 2011) and is used to estimate the anomalous signal strength.

Mass spectrometry and chromatography (performed by Eden Go and Heather
Desaire)

A 25 pg aliquot of MsTsf1 sample at a concentration of 9.25 mg/mL was denatured with
7 M urea in 100 mM Tris buffer (pH 8.5), then reduced with 5 mM TCEP at room temperature
for one hour, followed by alkylation with 20 mM iodoacetamide for an additional hour in the

dark. The reduced and alkylated sample was buffer exchanged with 50 mM ammonium
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bicarbonate (pH 8) using a 30-kDa MWCO filter (Millipore) prior to trypsin digestion. The
sample was digested with trypsin at a 30:1 protein:enzyme ratio and was incubated overnight at
37°C for 18 hours.

High-resolution LC/MS experiment was performed using an Orbitrap Fusion Lumos
Tribrid (Thermo Scientific) mass spectrometer equipped with ETD that is coupled to an Acquity
UPLC M-Class system (Waters). Mobile phases consisted of solvent A: 99.9% deionized H20 +
0.1% formic acid and solvent B: 99.9 % CH3CN + 0.1% formic acid. Three microliters of the
sample were injected onto C18 PepMap™ 300 column (300 pm i.d. x 15 cm, 300 A, Thermo
Fisher Scientific) at a flow rate of 3 pL/min. The CH3CN/H20 gradient ramping from 3% to
40% B in 45 min was used to separate the MsTsfl digest. All mass spectrometric analysis was
performed in the positive ion mode using data-dependent acquisition with the instrument set to
run in 3-sec cycles for the survey and two consecutive MS/MS scans with CID and ETD. Mass
spectrometry data acquisition parameters include: a survey scan in the mass range, 350-1800 m/z
at a resolution of 60000 at m/z 200 with an AGC target of 4 x10° and a maximum injection time
of 50 ms, CID collision energy of 30%, and ETD was performed using the calibrated charge
dependent reaction time. Data dependent acquisition was carried out by dynamic selection of
ions with intensity greater than 5000. Resulting fragments were detected using rapid scan rate in
the ion trap. Glycopeptide compositions were manually identified in the LC/MS data file and

were confirmed by a combination of high-resolution MS data, CID, and ETD data.

Structure preparation and molecular docking

Water molecules and ligands were removed from the MsTsf1 PDB file and the structure

was subjected to the fpocket online server (Le Guilloux et al., 2009). Pockets located in the N-
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lobe cleft were identified and grouped as one pocket. The size (x = 15.0 A, y=285A, andz =
15.0 A) and center (x = -16.2 A, y =-7.4 A and z = 4.2 A) coordinates of this grouped pocket
were determined. The structures of the candidate anions were drawn using MolView
(molview.org) and converted to MOLZ2 files using the program OpenBabel (O’Boyle et al.,
2011). The anions and MsTsf1 structures were prepared for docking in AutoDockTools version
1.5.6 (Sanner, 1999) and structural files in PDBQT format were generated for use in AutoDock
Vina (Trott and Olson, 2010).

AutoDock Vina 1.1.2 was used to carry out the docking simulations of the organic anions
in the identified pocket of MsTsfl. The parameters of experiments were carried out under default
conditions except that the searchable area was set to the size and center of the pocket in the N-
lobe cleft and the exhaustiveness was set to 100. Four independent trials were conducted. This
program predicted the global minimum binding energy (kcal/mol) of the anions in the given
pocket dimensions and reported the top nine poses for each trial. The poses that had an RMSD of
4 A or less from CO3?-1 were further analyzed to determine if they would sterically clash with
the Fe3* in the original structure. The average RMSD from CO3?-1 and the average binding
energy of these sterically acceptable poses were then calculated. A carbonate anion structure was
generated and used as positive control for the study. It had poses at both the CO3?-1 and CO3%-2
positions; therefore, the average energy and average RMSD from each position was analyzed and
reported. A phosphonium cation was generated as a negative control and we analyzed its
predicted binding poses. Pockets, coordinates, and poses were analyzed using Pymol (The

PyMOL Molecular Graphics System, Version 2.3.2 Schrédinger, LLC).
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Alignment analysis

To identify possible anion-binding residues in transferrin sequences, we analyzed
sequence alignments of 107 Tsfl and Tsf1-like sequences and 14 non-insect hexapod transferrin
sequences (Najera et al., 2021; Weber et al., 2020). We evaluated whether these sequences had
the five anion-binding residues identified in the MsTsf1 crystal structure. To identify transferrins
from other types of animals that may also have these anion-binding residues, we used BLASTP
at NCBI to search non-redundant protein databases for Crustacea, Arachnida, Myriapoda,
Xiphosura, Mollusca, Annelida, Nematoda and Deuterostomia.

The sequence alignment of MsTsf1, human lactoferrin and human serum transferrin was
created by collecting sequences through the UniProt data base (“UniProt,” 2019). The signal
peptide sequences were removed. A sequence alignment was generated with Clustal Omega
using the EMBL-EBI server (Madeira et al., 2019). The accession numbers used in the alignment
are as follows: P22297 for MsTsf1, P02788 for human lactoferrin and P02787 for human serum

transferrin.

Results

Overall structure of MsTsfl

The final MsTsf1 model contained two molecules in the asymmetric unit and included
residues spanning Ser3-Leu662 (subunit A) and Tyr5-Gly661 (subunit B). Residues Alal-Lys2,
Pro508-Pro514 and Ala663 in subunit A as well as Alal-Ser4, Gly445, Asn511-Ser513 and
Leu662-Ala663 in subunit B could not be modeled due to disorder. Crystallographic data are
provided in Table 3-1 (see in Material and Methods sections). The overall structure of MsTsf1

subunit A along with the non-crystallographic dimer is shown in Figure 3-1 A and B
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respectively. Each subunit contains an Fe3* ion and a single N-glycosylation site, and MsTsf1
adopts an overall bilobal fold. The amino- and carboxyl-lobes are labeled N-lobe (Ser3-Glu343)
and C- lobe (Val352-Leu662), respectively, and are covalently connected by a short linker

peptide (Arg344-Leu351). Furthermore, each lobe contains two domains delineated by residues

Figure 3-1. Structure of MsTsf1.

A) Individual domains of subunit A with N1 in magenta, N2 in cyan, C1 in green and C2 in blue.
Also shown are the interlobe linker peptide in wheat and the intralobe “hinge” segments in grey.
B) Non-crystallographic dimer showing subunit A (yellow-green) and B (light blue). The Fe3*

ions (brown) and NAG molecules are modeled as spheres.

Ser3-Arg79 and Gly275-Glu343 (domain N1), Arg89-Arg271 (domain N2), Val352-Tyr429 and
Thr587-Leu662 (domain C1) and Tyr437-Met582 (domain C2). The topology of the secondary
structure elements for each domain is depicted in supplementary Figure 3-9. The MsTsfl

structure is composed of 20 a-helices, 26 B-strands and twelve disulfide bonds (Figure 3-2). The
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structure of MsTsf1 was subjected to a DALI (Holm and Laakso, 2016; Holm and Rosenstrom,
2010) search in an effort to identify structures that display a similar fold, and the top 100 hits are
listed in supplementary Table 3-4. Not surprisingly, the top hits consisted of various transferrin
type proteins. However, one interesting observation was that only a small number of residues
were aligned (lali). The average number of aligned residues was 269 amongst the top 100 hits
even though the MsTsf1 protein contains 663 amino acids and most transferrin proteins are of
similar length, which is evident in supplementary Table 3-4 (nres). It should be noted that the
hits in supplementary Table 3-4 that contain “nres” in the 300 amino acid range are structures of
individual N- or C-lobes of transferrins. To compare MsTsf1 further with other transferrin
proteins, superposition of apo-human serum transferrin in the glycosylated form (PDB 2HAV)
was conducted, which yielded an RMSD deviation of 2.46 A between Ca atoms (282 residues
aligned). The N-lobe domains had the highest sequence similarity and comparatively displayed a
similar spatial arrangement of the secondary structure elements (Figure 3-3A). However, the C-
lobe domains were in completely different orientations relative to the N-lobe core and would
need to rotate approximately 180° about the linker peptide that connects the N1 and C1 domains
in order to superimpose (Figure 3-3B). Superposition of the individual C-lobe domains of 2HAV
and MsTsf1 yielded an RMSD deviation of 3.38 A between Co. atoms (258 residues aligned,
supplementary Figure 3-10A). Although the secondary structure elements in the C-terminus were
similar, their overall spatial arrangements differ, which accounts for the high RMSD deviation.
The N- and C-lobes of transferrins are believed to have arisen from a gene duplication
event from a single lobed ancestral gene (Lambert, 2012). The N1 and C1 domains and the N2
and C2 domains of MsTsf1 were subjected to a pairwise structure comparison using the DALI

server (Holm, 2020) to assess their sequence and structure similarity. Superposition of the N1

99



B20
C-domain ‘! ‘\ | /

. als

N-domain pI13
C C488/C660 |
& C501/C524
SOV
CS61/C578. 3 4 .,
v C460/C533
P
¢ C356/C393
g
N )-C366/C384
C186/C195
( A
C163/C189 ¢, C8/C42
C114/C210 7 WA v G
€7/C33
4‘ ‘_2 W
C253/C266

AKSSYKLCVPAAY EVPTKSKVALECVPARD QRQ
p1 al B2 o2
60 70 80 90 100
covelevislevvaleoval v Lowos Lowos | vaee loose Lowael|
ADFVPVD KIPNQDFVVFQEYRTDEEPDAPFRYEAVIVVHKDL
B3 a3
110 120 130 40 150
ISR IS EPTPOS RISt [RRTPIP IS PP (PN IO IS |
PINNLDQLKGLRSCHTGVNRNVGY MKRAVFPKMNDHSIS
p6 ad
160 170 180 190 200
s saver] e asilbe snsad snsrsanl e svean Deeves Pomsen [eense s |
FAKSCIVGKWSPD YSHLCSMCEHPERCDYPDN
a5 p7 b
210 220 230 240 250
PP IS IPTRPO] S [RSRTPIP IS [P (IR IS I |
YS NNGEVAFTK FGLPVGTTPASPSNENPEEFR
? o7 a8
260 270 280 290 300
o sl sl aaa] svesleses Lo Pamves e Pavenss Poses |
YLCVDGSKAPITGKACSWAARPWQGLIGHNDVLAK
0 p11 p12 a9
310 320 330 l 340 350
s s enslieensaeeealaren e | | Do [avivee |
AADKP VLGLSEKIHHVADNIPIK KAN ERGHGAPE
o all al2
360 370 380 390 400
T T T ISrurrss EpIpu [PUPIP [RSRURT IR IRUOOPY [P |
LVVRLCVTS RDIRPILDCVQENS N
p14 al3 p15 «ld
410 420 430 440 450
o s snsron]sererasie ] e [anaess [swress |[ormase [asovns Paesinzs |
GSDLASVDDM NLHPVFHEVYGELKTPNYAVAVVKKGTAYNK
p16 als p17 p18
460 470 480 490 500
FSRSTTSN ETRUSSs [PUPSPUPS RIS [RORIPUTT IR [RNRUeY PO IR e |
IDDLRGKKSCHSSYSTFSGL KRAIQSDH FSGGS
19 al6 al? p20
510 520 530 540 550
PP ISPISY ISR PGPSl [RSPIRITTN ISR PSP [P PSSR RS |
CLPGVDKPENNPSGDDVSKLKKQCGSDSS EDRGDVI}’EX SSADLS
al
560 570 580 590 600
i el ssslsasaleweniloense e [awes [smmee [ |smms |
HFDANQYELLCLNRDAGGRDVLSSFATCNVAMAPSRTWVAAKDFLS
p22 p23 p24 p25
610 620 630 640 650
PSS IPUTSY IPSPPO [PPSR IRSTIRT [PUY [PSP [PPSR IRSTree |
ATRPDLFNIYGEFLKNNNVIFNNAAKGLATTE
al9 «20
660
o s | wwzei]ie o
CGLA

Figure 3-2. Secondary structure elements relative to the MsTsfl sequence.
A) MsTsf1 structure showing the secondary structure elements and B) secondary structure

annotation relative to the amino acid sequence. The red arrow and black arrows indicate the

glycosylation site and residues that coordinate the Fe3* ion, respectively. C) Locations of the

disulfide bonds.
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and C1 domains yielded an RMSD deviation of 2.8 A between Co atoms (135 out of 154
residues aligned). Superposition of the N2 and C2 domains yielded an RMSD deviation of 2.3 A
between Ca atoms (134 out of 139 residues aligned). The structural alignments show that despite

having low amino acid sequence identity (24%) and no metal binding ability by the C-lobe, the

lobes do have homologous folding patterns (supplementary Figure 3-10B).

Figure 3-3. Comparison of MsTsfl with human serum transferrin 2HAV.

A) The domains are colored as follows. MsTsf1: magenta (N1), cyan (N2), green (C1) and blue
(C2); 2HAV: orange (N1), red (N2), purple (C1) and yellow (C2) B) Same as panel A
highlighting the differences in the orientation of the C1 and C2 domains. The linker peptides that

connect the N1 and C1 domains are indicated by the arrows and colored as grey.
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The solvent exposed surface of MsTsf1 does not contain patches of positive charge on the
surface as was observed for lactoferrin (Baker and Baker, 2012). However, one notable area in
the intralobe cleft of the N-lobe contains a large mass of positive charge. This positive patch
surrounds the Fe** binding site (supplementary Figure 3-11) and is formed by residues Arg89,

Arg120, Lys125, Lys222, and Arg271.

Structure of the Fe3* and COs* binding sites

The MsTsf1 structure showed difference electron density consistent with the Fe** in each
subunit and displayed appreciable peak heights (8.6 and 7.4 o) in the phased anomalous
difference maps using diffraction data collected at a wavelength of 1.0000 A. Additionally,
electron density for two COs% anions was observed at each Fe** ion site. It should be noted that
at this resolution it is not clear whether these resonance stabilized anions are carbonate or
bicarbonate; however, for simplicity and to adhere to past nomenclature in transferrin research,
we have used the term carbonate (CO3?) for both anions. The Fe®" ion is positioned in the N2
domain and adopts an octahedral coordination from six coordinating oxygens: two phenolic
oxygens of residues Tyr90 and Tyr204, which are located in strand B5 and helix a7 respectively,
and two oxygen atoms from each of the carbonate ions (CO3z*-1 and CO3%*-2) (Figure 3-4A).
Tyr90 and Tyr204 are highly conserved in all iron binding transferrins, including human serum
transferrin and lactoferrin (supplementary Figure 3-12), and have been predicted to be involved
in iron coordination in Tsfls (Geiser and Winzerling, 2012; Lambert et al., 2005; Najera et al.,
2021; Weber et al., 2020). However, the presence of two CO3? ions in the coordination of iron is
a novel observation amongst all transferrin structures. The bond lengths of the six coordinating

ligands to the Fe3* are within the range of 1.9-2.3 A, and the bond angles of the octahedral
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coordination are distorted from their ideal geometry (supplementary Figure 3-13A and Table 3-
2).

The carbonate ions are coordinated by residues Thr116, Arg120, Asn121, Val122 and
Gly123, which are located in the loop connecting strand p6 and helix o4 in the N2 domain. CO3*
-2 forms hydrogen bonds with the O,; atom of Thr116, the N atom of Arg120 and the backbone
nitrogen group of Val122 and Gly123. COs*-1 forms hydrogen bonds with the backbone
nitrogen group and the N2 atom of Asn121 (Figure 3-4B and Table 3-2). A surface
representation of the iron binding site shows that one carbonate ion (CO3?-2) is deeply buried at
the site, while the other carbonate ion (CO3?-1) is solvent exposed (supplementary Figure 3-
13B). Superposition of the MsTsfl and human serum transferrin (PDB 1D3K) iron binding site
shows that the position of CO3?-1 around the Fe** in MsTsf1 is similar to the position of the
iron-coordinating histidine and aspartate in human serum transferrin (supplementary Figure 3-
13C). Moreover, CO3>-2 is very similar in its position and hydrogen bonding network to the
carbonate anion bound to serum transferrin (supplementary Figure 3-13D).

By performing an analysis of amino acid sequence alignments of Tsfl sequences (Najera
et al., 2021; Weber et al., 2020), we found that all five carbonate binding residues are highly
conserved (supplementary Table 3-5); therefore, anion coordination appears to be conserved in
Tsfl orthologs. To predict whether any non-insect transferrins have an N-lobe that binds two
anions, we analyzed transferrin sequences from non-insect species. We identified sequences that
have the conserved carbonate-binding residues in four non-insect arthropod species
(supplementary Table 3-5), but we did not find this consensus in other types of animals,
including molluscs, annelids, nematodes, and deuterostomes; therefore, the binding of a solvent

exposed anion by Asn121 is likely to be specific to arthropods.
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Figure 3-4. The coordination of Fe3* and two CO3? ions in MsTsf1.

A) The site of Fe3* coordination. The ligating tyrosines, Tyr90 and Tyr204, and two COs% ions
are in cyan, and the Fe®" is shown as a brown sphere. The blue anomalous difference map and
yellow Fo-Fc are contoured at 3.0 ¢ and the grey 2Fo-Fc map is contoured at 1.0 6. B) Hydrogen
bond interactions (dashed lines) between MsTsf1 residues (cyan) and the COs? ions (grey).
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Table 3-2. Bonds lengths (A) of Fe3*, CO3?-1, and COs?-2 to coordinating residues and
bond angles (°) of Fe** to coordinating residues.

bond length bonds angle
Fe—O0O, (Y90) 2.1 Oy (Y90)---Fe---O (Y204) 101.9
Fe—0, (Y204) 1.9 O, (Y90)---Fe---0; (CO5*-2) 89.9
Fe—0s (COs*-2) 2.0 0, (Y90)---Fe---0; (CO3*-2) 157.6
Fe—O0; (COs*-2) 2.1 0, (Y90)---Fe---03 (CO3*-1) 92.6
Fe—O0s (COs*-1) 2.2 0, (Y90)---Fe---0; (CO3*-1) 111.6
Fe—O0; (COs*-1) 2.3 O, (Y204)---Fe---05 (CO3*-2) 102.2
Oy1 (T116)---0,(COs*-2) 2.8 O, (Y204)---Fe---0; (CO3*-2) 85.9
Ne (R120)---0; (CO3%-2) 2.7 0, (Y204)---Fe---O3 (COs*-1) 157.9
N (G123)---0, (COs*-2) 3.1 O, (Y204)---Fe---0; (CO3*-1)) 95.9
N (V122)---0, (CO32>-2) 3.1 O3 (CO32>-2)---FG“-01 (C032>-2) 67.8
N (V122)---0; (CO3*-2) 3.0 03 (CO3*-2)---Fe---03 (CO3*-1) 94.3
Naz (N121)---03 (COs%-1) 3.0 0; (CO32-2)---Fe-—-0; (COs*-1)  148.4

01 (CO;3*-2)---Fe---O3 (CO5*-1) 86.9
(o] (CO32--2)---FG---01 (COaz--l) 88.1
05 (CO3*-1)---Fe---O; (CO5*-1) 63.0

Domain interactions
The N- and C-lobe of the MsTsf1 structure are connected by a linker peptide (Arg344-

Leu351) between the N1 and C1 domains (Figure 3-1). The MsTsf1 linker peptide adopts a loop
conformation, similar to the linker peptides in serum transferrin (Yang et al., 2012), which is
different from lactoferrin linker peptides, that form an a-helical structure (Wally and Buchanan,
2007). The linker peptide further connects the two lobes through several of its residues forming
bonds with the N1, N2 and C1 domains (supplementary Figure 3-14). One residue of the linker
peptide, Arg344, interacts with all three domains. The N,1 and N,,» atoms of Arg344 form a salt
bridge with the O, atom of Glu151 as well as the Os, atom of Asp377. The backbone nitrogen of
Arg344 forms hydrogen bonds with the backbone oxygen of VVal341 and Glu340 while the
backbone oxygen of Arg344 forms hydrogen bonds with the N, and N.> atoms of Arg379 (Figure

3-5A).
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Non-covalent interlobe contact in the form of direct hydrogen bonds and salt bridges
comes solely from the N1 and C1 domains. The Ny and N,z atoms of Arg376 form a salt bridge
with Os> of Asp57. The N;,» atom of Arg376 also engages in hydrogen bonds with the Os; and
Os2 atoms of Asp60. Atom Ny, of Arg379 forms a hydrogen bond with the backbone oxygen of
[le342. The N-terminal end of helix 02 in the N1 domain, three hydrogen bonds are formed with
a disordered region of the C1-domain. The Oz atom of Asp38 bonds with the backbone nitrogen
of Asn619, the backbone nitrogen of Arg39 with the backbone oxygen of Asp616 and the
backbone nitrogen of Val40 with the backbone oxygen of Leu617 (Figure 3-5B). While there is
no direct interaction of the C-lobe with the N2-domain, there is a notable hydrogen bond network
mediated by several water molecules located in the space between the N2 and C1 domain. This
network is composed of side chain and backbone groups of residues from the C1 domain
(Asp377, Arg379, GIn609 and Thr641) and the N2 domain (Asn119, Lys148, Lys167, Pro170
and Aspl171) (supplementary Figure 3-15).

Despite the N1 domain having no direct interaction with the bound Fe®* or anions, it
does make several intralobe contacts with the N2 domain. Two peptide segments covalently
connect the two lobes (Thr80-Phe88 and Pro272-GIn274). These two segments help to form the
back of the cleft between the two lobes (Figures 3-1A and 3-2A), similar in position to the hinge
regions in the N- and C-lobes of serum transferrin and lactoferrin (Mizutani et al., 2012, 2001;
Sun et al., 1999). Because these two covalent segments adopt loop structures, they may provide
flexibility to the two domains to facilitate any conformational changes. There are also several
non-covalent contacts that occur between the N1 and N2 domain. A salt bridge is formed
between the N¢ atom of Lys133 and the O, atom of Glu340. Two residues, Ala336 and Asn337

(Asn337 is also the site of glycosylation), between helix al1 and a12 form hydrogen bonds with
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Figure 3-5. Interactions between the domains of MsTsf1.
A) The interaction of the linker peptide residue, Arg344, with residues of the N1, N2 and C1

domains. B) The non-covalent interlobe contacts between the N1 and C1 domains. C) The non-

covalent intralobe contacts in the N-lobe. For clarity, the NAGs were removed from Asn337. All
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the N2 domain residues Trp268 and Ala270. The most interesting contact comes from a
hydrogen bond formed between the O, atom of Tyr338 and the Os; atom of the COz%*-1
coordinating Asn121 (Figure 3-5C). This 2.5 A interaction between Tyr338 and Asn121 is not
only an intralobe contact connecting the N1 domain to the N2 domain, but also closely links the
N1 domain to anion coordination and likely also to iron binding.

The C2 domain of MsTsf1 makes no contact with the N-lobe. Besides the two covalent
peptide linkages made with the C1 domain (Gly430-Asn436 and Ala583-Arg586), the C2
domain’s only other direct contact comes through a disulfide linkage between its Cys488 and the

Cys660 very near to the C-terminal end in the C1 domain.

Glycosylation site
Characteristic of the transferrin family, MsTsf1 is glycosylated. MsTsf1 has three

potential glycosylation sites at Asn200, Asn337 and Asn400, as predicted from the N-GlyDE
server (Pitti et al., 2019). However, electron density consistent with glycosylation was only
observed at Asn337 in each subunit (Figure 3-6 A-B), which is located in the N1 domain within
the loop connecting al1 and al12. Two N-Acetylglucosamine (NAG) glycans could be modeled
at each Asn337 residue, although there was weaker electron density present that suggested that
more extensive glycan branching was present. Therefore, the glycosylated MsTsf1 was analyzed
by mass spectrometry, using a site-specific glycosylation analysis, in an effort to identify the
glycans on each potential N-glycosylation site. The mass spectrometry results (Figure 3-6C)
confirmed the observations from the crystal structure that glycosylation was only present at
Asn337. Additionally, heterogeneous glycosylation of high mannose variants was observed at

Asn337 which explains why only the NAG-NAG glycans could only be modeled to the electron
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density, as the mannose occupancies presumably varied and/or were disordered. This level of
glycosylation of MsTsf1 is consistent with previous reports of mannose and NAG being at a 5:1
ratio in MsTsf1 (Bartfeld and Law, 1990).

Studies of vertebrate transferrins have revealed highly variable sites of N-glycosylation;
however, these post-translational modifications have mostly been found on the protein surface
and are not believed to alter iron binding and release (Baker, 1994; Baker and Baker, 2009). The
glycosylation of Asn337 in the N-lobe of MsTsf1 is unique because of its location at the
intralobe contact points (Figure 3-5C) and near the hinge-like region. In vertebrate transferrins,
this region would normally be buried in the interlobe interface, but it is exposed due to the
difference in the orientation of the MsTsf1 C-lobe. The positioning of glycosylation at the hinge-
like region of MsTsf1’s N-lobe could influence the flexibility of the domains to form open or

closed conformations.
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Figure 3-6. Glycosylation in MsTsf1.

Fo-Fc Polder omit electron density map (green mesh) contoured at 3¢ showing the modeled

glycans in A) subunit A and B) subunit B. C) Mass spectrometry results showing the most

abundant glycoforms present at residue Asn337.

110



Molecular docking of organic anions

Substitutes for carbonate as the synergistic anion bound to vertebrate transferrins have
been previously studied (Dubach et al., 1991; Harris, 2012; Schlabach and Bates, 1975). While
many organic anions can form weak Fe**-anion-transferrin complexes, oxalate is the only
substitute that forms a relatively similar stable complex to that of carbonate (Halbrooks et al.,
2004; Schlabach and Bates, 1975). In the case of MsTsf1, CO3?-2 has a similar coordination as
the carbonate in vertebrate transferrins, but CO3?-1 is solvent exposed and has less steric
restrictions. The concentration of carbonate in insect hemolymph (Jungreis, 1978) is similar to
many other organic acids (Wyatt, 1961). Thus, our hypothesis is that the CO3>-1 binding site is
susceptible to the binding of alternative anions that could form a stable Fe**-anion-MsTsf1
complex. As an initial probe of this hypothesis, we performed a molecular docking study.
Candidate anions were selected from reported organic anions and acids found in insect
hemolymph (Phalaraksh et al., 2008; Wyatt, 1961): acetoacetate, a-ketoglutarate, ascorbate,
fumarate, glycine, glyoxylate, lactate, malate, oxaloacetate, pyruvate and succinate. Searchable
pockets in the cleft between the N1 and N2 domains were identified (Figure 3-16A) and docking
experiments were performed using AutoDock Vina (Trott and Olson, 2010). Nearly all of the
candidate anions had poses within an RMSD of 4 A of CO3?-1; however, not all positions were
sterically possible with respect to where the iron is located in the pocket. Analysis of the
sterically acceptable docking poses at the iron binding site are found in Table 3-3. Figure 3-16 B-
L shows the sterically acceptable poses for each anion with the Fe3* ion and CO3?-2 replaced in
the MsTsf1 structure. Citrate was the exception, as no poses were found near the site, which
explains its high average RMSD from the COs%-1 position, >11 A. The binding of the

dicarboxylic acid candidates, a-ketoglutarate, fumarate, malate, oxaloacetate and succinate, were
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consistently more energetically favorable because one carboxyl group becomes the oxygen
ligands for the iron and the other carboxyl group can interact with nearby positively charged
residues Lys125 and Arg271 that protrude into the cleft. Figure 3-7 shows an example of a-
ketoglutarate’s predicted interactions at the iron binding site.

Table 3-3. Analysis of sterically acceptable organic anions docked at the iron binding site of
MsTsf1.

Average RMSD deviation Average energy

Anion Structure from carbonate (A) (kcal/mol)

acetoacetate 1.52 -4.0

a-ketoglutarate OW 1.40 -4.8
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€]
oxaloacetate O-Mo 1.21 -4.6

pyruvate O% 1.74 -3.8

succinate O_NO 2.30 -4.3

The docked carbonate results have two values, the first being the measurements of the docking
result at the COs>-1 position (solvent exposed carbonate) and the second being the COs*-2 position
(buried carbonate).

Figure 3-7. Docking poses of a-ketoglutarate and the possible interaction in MsTsfl N-lobe.
A surface representation of the predicted interactions of a-ketoglutarate (gold stick) with iron
and residues Asn121, Lys125, and Arg271 (cyan). Predicted bonds are shown as dashed lines
and are within 3.5 A. The Fe®* ion (brown sphere) and known coordinating ligands, Tyr90 and
Tyr204, and CO3z*-2 are also shown.
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To assess the robustness of the search area and docking parameters, two controls were
applied to the study. As a positive control, carbonate was redocked in the structure. This proved
to be a good control, as it was the only anion that had poses at the CO3?-1 and CO3z%-2 positions
(Figure 3-16M); moreover, carbonate had low RMSD values for both positions (COz*-1 = 1.16
A and COs?-2 = 0.27 A). The cation phosphonium was used as a negative control because of its
positive charge. The average energy of the phosphonium binding poses was considerably higher

(-0.5 kcal/mol) than all the anions and had no poses near the iron binding site.

Discussion

Previous studies have provided bioinformatic and biochemical evidence that that Tsfls
have different iron binding properties than the well-characterized vertebrate transferrins (Geiser
and Winzerling, 2012; Lambert et al., 2005; Najera et al., 2021; Weber et al., 2020). Most Tsfls
have only one iron-binding site, and it is found in the N-lobe (Geiser and Winzerling, 2012;
Lambert et al., 2005; Najera et al., 2021; Weber et al., 2020). Moreover, while Tsfls are
predicted to have two tyrosines at the iron binding site, the histidine and, in many species, the
aspartate are substituted with other amino acid residues. In addition, Tsfl and vertebrate
transferrins differ in their spectroscopic properties (Weber et al., 2020). Despite these differences
between Tsfls and vertebrate transferrins, DmTsfl and MsTsfl bind iron tightly and reversibly
(Weber et al., 2020).

This structural analysis of MsTsf1 verifies that one iron binding site is present in the N-
lobe but not the C-lobe. It also demonstrates that the iron binding site differs from other
transferrin structures. The distorted octahedral coordination of the Fe** is mediated by two N2

domain residues, Tyr90 and Tyr204, and two carbonate anions. These two tyrosine ligands and
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the residues that hydrogen bond with the two carbonates, Thr116, Arg120, Asnl121, Val122 and
Gly123, are highly conserved in all available Tsfl sequences, leading us to believe that similar
coordination is likely to occur in other species of insects. The use of a second carbonate instead
of histidine and aspartate in iron coordination explains the differences in the spectroscopic
characteristics of Tsfls compared to serum transferrin and lactoferrin (Weber et al., 2020). One
of the carbonate anions, CO3?-2, is buried behind the Fe3* in a pocket within the N1 domain and
adopts a similar position observed for the structures of other transferrins (Anderson et al., 1989,
1987; Bailey et al., 1988; Kurokawa et al., 1995). The other carbonate, CO3>-1, is more solvent
exposed and held in place through hydrogen bounds with Asn121 which is also involved in
intralobe contacts within the N-lobe. The intralobe contacts suggest that Asn121 influences the
integrity of the iron binding site during expected conformational changes.

The overall structure of MsTsf1 is bilobal, with each lobe separated into two domains,
forming folds similar to those of vertebrate transferrin structures (Anderson et al., 1989, 1987;
Bailey et al., 1988; Kurokawa et al., 1995). However, the orientation of the MsTsf1 C-lobe
differs from other transferrin structures in that it is rotated approximately 180° from the core of
the N-lobe. Thus, the interaction of the C1 domain with the N1 and N2 domains is at the opening
of the N-lobe cleft. The C1 domain appears to act as a wedge between the N1 and N2 domains,
hindering further closing of the N-lobe around the iron binding site. This most likely explains
why the first several hits of the DALI search were vertebrate transferrin structures in the open
conformation. The glycosylation site of MsTsf1 at Asn337 makes it unlikely that the C-lobe
orientation is induced by crystal contacts, because the glycosylation at Asn337 is positioned on
the backside of the N-lobe cleft, near the hinge-like region, thereby sterically inhibiting the C-

lobe from the positioning itself like the vertebrate transferrin structures.
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The finding of iron-bound MsTsf1 in an open conformation was surprising. However, our
docking study provides evidence that this conformation results in a solvent exposed anion
binding site that is accessible to several different organic anions found in insect hemolymph. The
concentration of carbonate (10 mM) in Manduca sexta hemolymph (Jungreis, 1978) is similar to
other organic anions, many of which fall within the 3-7 mM range in similar lepidopteran insects
(Wyatt, 1961). With the numerous organic anions found in insect hemolymph and their
fluctuating concentrations during development (Jungreis, 1978; Phalaraksh et al., 2008; Wyatt,
1961), this flexibility to bind alternative anions could be functionally significant.

The functional role of the C-lobe in Tsfls is still unknown. In the MsTsf1 structure, the
C-lobe is in a novel orientation that makes contacts with the N-lobe domains and likely stabilizes
the tertiary structure. However, why the C-lobe adopts a secondary structure similar to vertebrate
transferrins but does not bind iron, remains unknown. One hypothesis is that the C-lobe could act
as a decoy for receptors of iron scavenging pathogens (Noinaj et al., 2012; Yoshiga et al., 1997).
Future work is needed to elucidate the conformational changes and interplay between domains
that takes place in MsTsf1.

In summary, this paper describes the first structure of an insect transferrin and details
several novel structural features, including iron coordination, domain interactions, C-lobe
orientation, and glycosylation position. Two tyrosines from the N2 domain and two carbonate
anions coordinate iron binding. The C1 domain is wedged at the cleft opening between the N1
and N2 domains. The unique properties of this transferrin structure illustrate the important fact
that insect and vertebrate transferrins have evolved different structural features, and suggest that

Tsfls have different mechanisms for carrying out their proposed roles in iron homeostasis. It will
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be important to consider these differences when evaluating model insect studies of iron

homeostasis and iron-related diseases of humans.

Future Directions

The investigation of the first Tsf1 structure was exciting and provided several
explanations to previous questions about iron coordination in Tsfls, but the findings in this
chapter also brought about a series of new questions for future studies:

(1) In the vertebrate transferrin structures, there are large tertiary movements of the
domains when the proteins change conformations from their apo- to holo-form. So, what does
the apo-structure of MsTsf1 look like? Towards answering this question, we have sent apo-
MsTsf1 to our collaborators to see if we can obtain its crystal structure. Also, following this
study, a qualitative study of apo-MsTsf1 secondary structure was performed utilizing circular
dichroism and compared to holo-MsTsf1 (discussed in Chapter 4).

(2) This study showed that the solvent exposed carbonate is hydrogen bonded with
Asnl121, and that this Asn121 is conserved in most Tsfl sequences. Based on these findings,
future work focused on determining the importance of Asn121 in anion binding and iron
coordination (discussed in Chapter 4).

(3) The docking analysis of various other anions found in insect hemolymph showed that
they could potentially bind at the solvent-exposed anion position. Future work could focus on in
vitro experiments to test this hypothesis. The difficulty in these experiments would be to make
carbonate free-conditions in which the binding of anion could be read by UV-Vis spectroscopy,
but this can be done following previous methods used for studies of vertebrate transferrins

(Schlabach and Bates, 1975; Dubach et al., 1991).
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Supplementary Material

N-lobe
holo / apo

Figure 3-8. Comparison of human serum transferrin (hSTF) in the holo- and apo-form.
Proteins used in alignment are as follows: apo form is PDB 2HAU; holo N-lobe, PDB 1D3K;
holo C-lobe, PDB 3QYT. The domains are colored as follows. Holo-hSTF: magenta (N-lobe)
and cyan (C-lobe); apo-hSTF: blue (N-lobe) and green (C-lobe).
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c1

N2
c2

L LS

Figure 3-9. Topology diagram of MsTsf1 showing the helices (tubes) and strands (arrows)
for each of the domains.
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B

Figure 3-10. Structural alignments of transferrin lobes.
A) Comparison of the C-lobe of MsTsf1 with human serum transferrin (apo, PDB 2HAV). The

domains are colored as follows. MsTsf1: green (C1) and blue (C2); 2HAV: purple (C1) and
yellow (C2). B) Comparison of the N1- and C1 domains and the N2 and C2 domains of MsTsf1.
The domains are colored as follows: magenta (N1), cyan (N2), green (C1) and blue (C2).
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Figure 3-11. Electrostatic surface charge of MsTsf1.
A yellow box highlights the positive patch surrounding the Fe** binding site in the N-lobe. At the

center of the yellow box is the bound Fe* (modeled as a tan sphere) and the solvent exposed

COs? (shown in licorice). Electrostatic surface coloring ranges from -3 KpT/ec to +3 KpT/ec.
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Figure 3-12. Sequence alignment of MsTsf1, human lactoferrin and human serum

transferrin.
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The iron binding residues are highlighted in yellow.
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Figure 3-13. Characteristics of Fe** and carbonate coordination in MsTsf1.

A) Bond lengths (A) of ligating residues and carbonates (green) to Fe®* (tan sphere) showing the
distorted octahedral coordination of Fe**. B) A surface representation of the Fe3* site
highlighting the difference in solvent exposure of the two ligating carbonate anions, CO3?-1 and
CO3%-2. C) Superposition relative to the position of the Fe** in the binding site of MsTsf1 and in
the N-lobe of human serum transferrin (PDB 1D3K). The Fe** coordinating residues of MsTsf1
are represented in cyan (licorice) and carbonates in green, while those of 1D3K are in grey
(licorice). D) Superposition relative to the position of Fe** of the buried carbonate (CO3%-2)
(green) of MsTsf1 and the iron coordinating COs> (grey) of 1D3K. The COs* coordinating
residues of MsTsf1 are represented in cyan (licorice) and those of 1D3K in grey (licorice).
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Figure 3-14. Non-covalent interactions between the linker peptide (wheat) and the N1
(magenta), N2 (cyan) and C1 (green) domains.

K167

N119

D377 o’

R379

T641

Figure 3-15. The mediated contacts between the C1 and N2 domains.

In the space between the two domains, side chain and backbone groups of residues from the C1-
domain (Asp377, Arg379, GIn609 and Thr641) and the N2-domain (Asn119, Lys148, Lys167,
Prol170 and Aspl171) engage in hydrogen bonds with water molecules. Water molecules are

rendered as red spheres and residues as licorice colored according to their domain.
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»& S lcarbonate

Figure 3-16. Results from docking study of organic anions in the N-lobe cleft of MsTsf1.
A) Structure of MsTsf1 (grey cartoon and surface) and the identified searchable pockets in the
cleft (cyan spheres). B-L) Poses of organic anions docked at the iron binding site of MsTsf1.
Docked anions are modeled as green sticks, the ligating molecules, Tyr 90, Tyr204 and CO3%-2,
are modeled as grey licorice and the iron as a tan sphere. M) Poses of carbonate (green sticks)
docked at both the solvent exposed (CO3?-1) and buried position (CO3*-2).
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Table 3-4. Top 100 hits from the DAL search.

No: Chain®* 2* rmsd lalic nres< %ide® Description

1: 1bp5-A 29.8 3.5 294 328 29 PROTEIN (SERUM TRANSFERRIN) ;
2: 6bcte-A 29.7 3.8 296 673 29 SEROTRANSFERRIN;

3: 5dyh-B 29.7 3.2 293 677 29 SEROTRANSFERRIN;

4: 1bp5-B 29.7 3.6 294 328 29 PROTEIN (SERUM TRANSFERRIN) ;
5 Sx5p-A 29.6 3.6 295 649 29 SEROTRANSFERRIN;

6: 6jas-A 29.5 3.6 295 656 29 SEROTRANSFERRIN;

7: Z2hav-B 29.4 3.2 292 676 30 SEROTRANSFERRIN;

8: 2hau-B 29.4 3.3 292 676 29 SEROTRANSFERRIN;

9: 5h52-A 29.4 3.6 295 650 29 SEROTRANSFERRIN;

10: 1btj-B 29.3 3.6 294 333 29 PROTEIN (SERUM TRANSFERRIN) ;
11: 1bp5-C 29.3 3.5 294 334 30 PROTEIN (SERUM TRANSFERRIN) ;
12: Z2hav-A 29.3 3.3 292 676 29 SEROTRANSFERRIN;

13: 1dtz-A 29.3 24.1 366 689 22 APO LACTOFERRIN;

14: 5dyh-A 29.2 3.4 293 677 29 SEROTRANSFERRIN;

15: 1btj-A 29.2 3.6 293 333 29 PROTEIN (SERUM TRANSFERRIN) ;
1l6: 4xlb-A 29.2 3.6 293 650 29 SEROTRANSFERRIN;

17: 1bp5-D 29.2 3.6 294 334 30 PROTEIN (SERUM TRANSFERRIN) ;
18: 115t-A 29.1 3.1 305 329 24 LACTOFERRIN;

19: 1cbé-A 29.1 23.4 365 691 22 LACTOTRANSFERRIN;

20: 115t-B 29.1 3.1 306 329 24 LACTOFERRIN;

21l: 1nft-A 29.0 4.0 305 329 24 PROTEIN (OVOTRANSFERRIN) ;
22: ltfa-A 28.9 3.9 303 329 24 PROTEIN (OVOTRANSFERRIN) ;
23: 6soy-C 28.7 3.4 295 652 29 ESAG6, SUBUNIT OF HETERODIMERIC TRAENSFERRIN RECEP
24: 3vBx-B 28.4 3.6 292 676 29 TRANSFERRIN-BINDING PROTEIN 1;
25: 4hOw-A 28.2 22.7 348 679 22 SEROTRANSFERRIN;

26: 2hau-A 27.5 3.5 294 676 30 SEROTRANSFERRIN;

27: 2d3i-A 26.7 6.2 284 670 32 OVOTRANSFERRIN;

28: 1lhse-A 26.2 5.8 279 317 28 LACTOFERRIN;

29: 3skp-A 26.2 3.8 299 338 26 SEROTRANSFERRIN;

30: 1biy-A 26.1 6.2 288 689 28 LACTOFERRIN;

31: laov-A 26.0 3.5 296 686 33 APO-OVOTRANSFERRIN;

32: 1n04-A 26.0 6.2 285 683 31 SERUM TRANSFERRIN;

33: 4ogo-A 26.0 4.0 278 348 28 LACTOTRANSFERRIN;

34: 207u-I 25.9 6.4 286 329 30 SEROTRANSFERRIN;

35: 207u-E 25.8 6.4 286 329 30 SEROTRANSFERRIN;

36: 4ogo-B 25.7 3.9 279 348 28 LACTOTRANSFERRIN;

37: 6o0e-B 25.3 19.5 317 815 24 SAXTPHILIN;

38: 600d-B 25.2 13.7 301 817 24 SAXIPHILIN;

39: 1ieg-A 25.1 3.2 296 689 24 LACTOFERRIN;

40: 1ig7-A 25.0 5.0 294 341 25 OVOTRANSFERRIN;

41: 2pms-B 24.8 6.9 303 331 24 LACTOTRANSFERRIN;

42: 1bka-A 24.1 20.7 344 688 22 LACTOFERRIN;

43: 11fi-A 24.0 19.4 343 691 22 LACTOFERRIN;

44: 11fg-A 23.9 13.5 335 691 22 LACTOFERRIN;

45: 1lcf-A 23.9 20.0 337 691 22 LACTOFERRIN;

46: 600f-B 23.9 19.0 310 8l6 25 SAXIPHILIN;

47: 3v89-B 23.7 5.9 294 339 26 TRANSFERRIN-BINDING PROTEIN A;
48: 1iej-A 23.5 7.3 291 329 25 OVOTRANSFERRIN;

49: lovt-A 23.5 17.4 338 682 22 OVOTRANSFERRIN;

50: 1ryx-A 23.2 4.8 290 686 25 OVOTRANSFERRIN;

51: 1vfd-A 23.2 7.0 291 321 23 LACTOFERRIN;

52: 1vfe-A 22.9 6.9 284 321 23 HUMAN LACTOFERRIN;

53: 1h43-A 22.7 5.4 188 309 24 LACTOFERRIN;

54: 1nB4-A 22.5 7.3 280 329 24 SEROTRANSFERRIN;

55: 1h76-A 22.5 5.4 209 677 22 SEROTRANSFERRIN;

56: logg-A 22.5 7.3 283 329 25 SEROTRANSFERRIN;

57: 5Swtd-A 22.5 3.6 295 649 29 SEROTRANSFERRIN;

58: 1lryo-A 22.4 7.2 279 324 25 SEROTRANSFERRIN;

59: In7w-A 22.4 5.3 209 329 22 SEROTRANSFERRIN;

60: 4x1d-B 22.3 3.6 295 658 29 SEROTRANSFERRIN;

61: 3vel-B 22.3 3.5 295 675 29 TRANSFERRIN-BINDING PROTEIN 2;
Eg: 3vel-D 22.3 3.5 295 677 29 TRANSFERRIN-BINDING PROTEIN 2;
63: 5Sy6k-A 22.3 3.6 295 649 29 SEROTRANSFERRIN;

64: 3cr9-a 22.2 5.1 211 689 20 LACTOTRANSFERRIN;

65: ldsn-A 22.2 5.4 196 315 20 LACTOFERRIN;

66: 3vB3-E 22.2 5.5 211 674 20 SEROTRANSFERRIN;

67: 3vB83-A 22.1 5.9 211 674 25 SEROTRANSFERRIN;

68: 6soz-C 22.1 3.4 294 651 29 ESAG6, SUBUNIT OF HETERODIMERIC FERRIN RECEP
69: 1sgy-A 22.0 4.7 207 691 23 LACTOFERRIN;

70: 3v83-F 22.0 5.4 210 676 22 SEROTRANSFERRIN;
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1blx-A
2pms-A
4x1d-A
1b7z-A
207u-G
1b01-A
1£9b-A
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2084-X
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ldtg-A
1jgf-A
3s91-C
lsuv-D
1d3k-A
3qgyt-A
laBe-A
207u-C
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2PDB structural code
PDALI Z-score to assess structural similarity
‘Number structurally aligned residues

dNumber of residues in the matched PDB structure

211
210
295
212
210
317
206
214
206
211
208
208
200
197
210
212
207
210
373
210
206
210
206
217
211
209
298
211
215
213

689 20 LACTOFERRIN;

331 22 LACTOTRANSFERRIN;

658 29 SEROTRANSFERRIN;

689 24 PROTEIN (LACTOFERRIN);

329 26 SEROTRANSFERRIN;

691 22 PROTEIN (LACTOFERRIN) ;

689 24 LACTOTRANSFERRIN;

685 23 LACTOFERRIN;

329 21 SEROTRANSFERRIN;

329 22 TRANSFERRIN;

691 22 LACTOFERRIN;

329 23 SEROTRANSFERRIN;

321 21 LACTOFERRIN;

322 21 LACTOFERRIN;

330 25 PROTEIN (SERUM TRANSFERRIN) ;
692 20 LACTOTRANSFERRIN;

329 26 SEROTRANSFERRIN;

674 22 SEROTRANSFERRIN;

691 24 LACTOFERRIN;

329 21 SEROTRANSFERRIN;

329 21 SEROTRANSFERRIN;

331 22 TRANSFERRIN;

329 21 TRANSFERRIN;

515 24 TRANSFERRIN RECEPTOR PROTEIN
329 22 TRANSFERRIN RECEPTOR PROTEIN
329 22 SERUM TRANSFERRIN;

679 29 SEROTRANSFERRIN;

329 20 SERUM TRANSFERRIN;

329 22 SEROTRANSFERRIN;

329 21 TRANSFERRIN RECEPTOR PROTEIN

‘Percent of amino acid sequence identity

Table 3-5. Predicted carbonate binding residues of the N-lobe of insect Tsfl orthologs and
other arthropod transferrins.

Descrip- . . Thr Arg Asn Val Gly
. Ord S A #°
tion® raer pecies ccession® j16c 120 121 122 123
Insect Sy
Tef1 Blattodea Blaberus discoidalis Q02942 Thr Arg Asn  Val Gly
Insect Cryptotermes

Blattodea AOA2J7RCH3 Thr Arg Asn  Val Gly
Tsfl secundus
Insect Blattodea Mastc?te"rm?s Q8MU80 Thr Arg Asn  Val Gly
Tsfl darwiniensis
| t Periplanet
nsec Blattodea er/pfmea H2F490 Thr Arg Asn Val Gly
Tsfl americana
| t Zoot j
nsec Blattodea 00 ermopjs/s AOA067R8G2 Thr Arg Asn Val Gly
Tsfl nevadensis
Insect . . .
Tefl Coleoptera Agrilus planipennis ~ AOAIW4WDU6  Thr  Arg Asn Val Gly
Insect . .
Tefl Coleoptera Apriona germari Q5FX34 Thr Arg Asn Val Gly
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Insect Monochamus

AOA172WCD8
Tef1 Coleoptera alternatus Thr Arg Asn  Val Gly
Insect . . .
Tef1 Coleoptera Protaetia brevitarsis QOGBS0 Thr Arg Asn Val Gly
Insect Coleoptera Tribolium AOA139WAX1  Thr Arg Asn Val Gly
Tsfl castaneum
Insect . .
Tef1 Diptera Aedes aegypti Q16894 Thr Arg Asn Val Gly
Insect . .
Tef1 Diptera Aedes albopictus AOA182HAB5S Thr Arg Asn  Val Gly
Insect . .
Tef1 Diptera Anopheles dirus AOA182N8I6 Thr Arg Asn  Val Gly
Insect . L
Tef1 Diptera Anopheles epiroticus ~ AOA182PR24 Thr Arg Asn Val Gly
Insect . .
Tef1 Diptera Anopheles minimus ~ A0OA182w506  Thr Arg  Asn  Val Gly
Insect . S
Tef1 Diptera Anopheles christyi AOA240PK04 Thr Arg Asn Val Gly
Insect . .
Tef1 Diptera Anopheles gambiae Q7QF98 Thr Arg Asn Val Gly
Insect . Anopheles

AOA182MQL1
Tsfl Diptera culicifacies Q Thr Arg Asn  Val Gly
Insect . Anopheles

AOA182IAY0
Tsfl Diptera arabiensis Thr  Arg Asn Val Gly
Insect .
Tef1 Diptera Anopheles funestus AOA182RHN9 Thr Arg Asn  Val Gly
Insect . :
Tef1 Diptera Anopheles farauti A0A182Q8L3 Thr Arg Asn  Val Gly
Insect .
Tef1 Diptera Anopheles merus AOA182UU15 Thr Arg Asn Val Gly
Insect . Anopheles

AOA182IKA9
Tofl Diptera atroparvus Thr Arg Asn Val Gly
Insect . :
Tef1 Diptera Anopheles stephensi ~ A0A182YCV1 Thr Arg Asn Val Gly
Insect .
Tef1 Diptera Anopheles melas AOA182TUO6 Thr Arg Asn Val Gly
Insect . Anopheles

D AOA182FAJ2 Th A A Val I

Tsfl Iptera albimanus ' e sn @ Gly
Insect Diptera Anopheles AOA182XK00 Thr  Ar Asn  Val Gl
Tsfl P quadriannulatus 8 ¥
Insect . Anopheles

AOA182TBMS
Tef1 Diptera maculatus Thr Arg Asn  Val Gly
Insect . .
Tef1 Diptera Bactrocera dorsalis AOA034VS68 Thr Arg Asn  Val Gly
Insect Corethrella

Di USEVY8

Tef1 iptera appendiculata Thr Arg Asn  Val Gly
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Insect

Tef1 Diptera Culex tarsalis AOA1Q3FQK8 Thr Arg Asn  Val Gly
Insect . Culex
BOX886
Tef1 Diptera quinquefasciatus Thr Arg Asn Val Gly
Ir_}s;(:;t Diptera Drosophila persimilis B4H7)4 Thr Arg Asn Val Gly
Insect . R
Tef1 Diptera Drosophila virilis B4MD52 Thr Arg Asn Val Gly
Insect . Drosophila
B4JJ24
Tef1 Diptera grimshawi Thr Arg Asn  Val Gly
Insect . .
Tef1 Diptera Drosophila erecta B3NTD3 Thr Arg Asn  Val Gly
Insect . Drosophila
B3MWK3
Tef1 Diptera ananassae Thr Arg Asn Val Gly
Insect Diptera Drosophila B4L3P8 Thr  Ar Asn  Val Gl
Tsfl P mojavensis & ¥
Insect . . .
Tef1 Diptera Drosophila sechellia B4I6RS Thr Arg Asn Val Gly
Insect . . - .
Tef1 Diptera Drosophila willistoni B4NEK7 Thr Arg Asn Val Gly
Insect . Drosophila
9VWV6
Tsfl Diptera melanogaster Q Thr Arg Asn  Val Gly
Insect . I .
Tsfl Diptera Drosophila silvestris 097356 Thr Arg Asn  Val Gly
Insect Drosophila
Tef1 Diptera pseudoobscura B5DNNO Thr Arg Asn  Val Gly
pseudoobscura
Insect Diptera Drosophila AOA1IW4UDDE  Thr  Ar, Asn  Val Gl
Tsfl P ficusphila 8 Y
Insect . . .
Tef1 Diptera Drosophila busckii AOAOM4EU20  Thr Arg Asn Val Gly
Insect . ;
Tef1 Diptera Drosophila yakuba B4Q2X7 Thr Arg Asn  Val Gly
Insect . . . .
Tef1 Diptera Glossina brevipalpis ~ A0A1ASW323  Thr Arg Asn  Val Gly
Insect . . .
Tef1 Diptera Glossina pallidipes AOA1BOA3D5 Thr Arg Asn Val Gly
Insect . Glossina fuscipes
D AOA1A9YDI2
Tef1 iptera fuscipes Thr Arg Asn  Val Gly
Insect . . .
Tef1 Diptera Glossina austeni AOA1A9VBV?2 Thr Arg Asn  Val Gly
Insect . Glossina palpalis
D AOA1BOBX64
Tef1 iptera gambiensis Thr Arg Asn  Val Gly
Insect Glossina morsitans
Di 8MX87
Tef1 iptera morsitans Q Thr Arg Asn  Val Gly
Insect . - .
Tef1 Diptera Lucilia cuprina AOAOLOCOK4 Thr Arg Asn Val Gly
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Insect

Lutzomyia

i AOA1BOCHE7 d

Tef1 Diptera longipalpis Thr  Arg Thr Val Gly
Insect . .
Tef1 Diptera Musca domestica AOA1I18M1D8 Thr Arg Asn Val Gly
Insect Diptera sarcophaga Q26643 Thr  Ar Asn  Val Gl
Tsfl P peregrina & ¥
Insect . .
Tef1 Diptera Stomoxys calcitrans AOA1I8PR12 Thr Arg Asn Val Gly
Insect Diptera Zeugodacus AOAOA1X109 Thr  Ar Asn  Val Gl
Tsfl P cucurbitae g ¥
Insect . . . e
Tef1 Hemiptera Diaphorina citri AOA1S3CYMS8 Thr Arg Asn  Val Gly
Insect .
Tef1 Hemiptera Lygus hesperus AOA146LNB5 Thr Arg Asn Val Gly
Insect Hemiptera Ne.pho.tett/x AOAOQE4AVN5 Thr Arg Asn  Val Gly
Tsfl cincticeps
Insect . Panstrongylus

AOA224XL75
Tef1 Hemiptera lignarius Thr Arg Asn Val Gly
Insect Hemiptera Pr/sth'esanc.us AOA1Q1NPJ1 Thr Arg Asn Val Gly
Tsfl plagipennis
Insect . .
Tsfl Hemiptera Pyrrhocoris apterus M4WMH6 Thr  Arg Asn  Val Gly
Insect . . .
Tef1 Hemiptera Rhodnius prolixus B8LJ43 Thr Arg Asn  Val Gly
Insect . .
Tofl Hemiptera Riptortus clavatus 096418 Thr Arg Asn  Val Gly
Insect . . .
Tofl Hemiptera Riptortus pedestris RAWJB4 Thr Arg Asn  Val Gly
Insect Acromyrmex

FAW957

Tofl Hymenoptera echinatior Thr Arg Asn  Val Gly
Insect ;
Tofl Hymenoptera Apis cerana cerana J7F1T1 Thr Arg Asn  Val Gly
Insect . .
Tofl Hymenoptera Apis mellifera AOAO88AFH7 Thr Arg Asn Val Gly
Insect
Tef1 Hymenoptera Atta cephalotes AOA158P0A5 Thr Arg Asn Val Gly
Insect ;
Tef1 Hymenoptera Atta colombica AOA195B5L1 Thr Arg Asn Val Gly
Insect Lo
Tef1 Hymenoptera Bombus ignitus A8D919 Thr Arg Asn  Val Gly
Insect Cyphomyrmex

AOA151ID51
Tef1 Hymenoptera costatus Thr Arg Asn  Val Gly
Insect . .
Tsfl Hymenoptera Fopius arisanus AOAOC9RQZ4 Thr Arg Asn Val Gly
Insect Habropoda

AOAOL7QKR3
Tef1 Hymenoptera laboriosa Q Thr Arg Asn  Val Gly
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Insect Harpegnathos )

E2B326 edited
Tef1 Hymenoptera <altator edite Thr Arg Asn  Val Gly
Insect Melipona

AOAOM9A935
Tef1 Hymenoptera quadrifasciata Thr Arg Asn Val Gly
Insect L .
Tofl Hymenoptera Nasonia vitripennis K7)4P3 Thr Arg Asn Ala Gly
Insect .
Tef1 Hymenoptera Ooceraea biroi A0A026WB04  Thr Arg Asn Val Gly
Insect L
Tef1 Hymenoptera Solenopsis invicta Q3MIL5 Thr Arg Asn  Val Gly
Insect Trachymyrmex

AOA195EDU2
Tef1 Hymenoptera cornetzi Thr Arg Asn  Val Gly
Insect Trachymyrmex

AOA195F369
Tef1 Hymenoptera septentrionalis Thr Arg Asn Val Gly
Insect Trachymyrmex

AOA151WU63
Tef1 Hymenoptera Jeteki Thr Arg Asn  Val Gly
Insect . .
Tef1 Lepidoptera Bombyx mori 097158 Thr Arg Asn Val Gly
Insect . Asiatic rice borer

6F4J2

Tef1 Lepidoptera moth Q Thr Arg Asn Val Gly
Insect Lepidoptera Choristoneura Q6Q272 Thr  Ar Asn  Val Gl
Tsfl pidop fumiferana & ¥
Insect . Danaus plexippus

AOA212FLE3
Tef1 Lepidoptera plexippus Thr  Arg Asn Val Gly
Insect . ; :
Tef1 Lepidoptera Ephestia kuehniella D5M9Y5 Thr Arg Asn  Val Gly
Insect . ;
Tef1 Lepidoptera Galleria mellonella Q6UQ29 Thr Arg Asn  Val Gly
Insect . Helicoverpa

AOAOBSH6A8
Tef1 Lepidoptera armigera Thr Arg Asn  Val Gly
Insect .
Tef1 Lepidoptera Manduca sexta P22297 Thr Arg Asn  Val Gly
Insect . o
Tofl Lepidoptera Papilio machaon AOA194RH67 Thr Arg Asn Val Gly
Insect . .
Tef1 Lepidoptera Papilio xuthus AOA194PSJ1 Thr Arg Asn Val Gly
Insect . :
Tefl Lepidoptera Pararge aegeria S4ANYGO Thr Arg Asn  Val Gly
Insect .
Tef1 Lepidoptera Plutella xylostella A0JCKO Thr Arg Asn  Val Gly
Insect . .
Tef1 Lepidoptera Spodoptera litura A71T76 Thr Arg Asn  Val Gly
Insect
Tef1 Odonata Ladona fulva LFUL008155_PA  Thr Arg Thr Val Gly
Insect .
Tef1 Orthoptera Romalea microptera Q6USR2 Thr Arg Asn  Val Gly
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Insect

Tef1 Orthoptera Locusta migratoria BBE27867 Thr Arg Asn  Val Gly
Insect Phasmatodea Medauroidea GAWD01077063 Thr  Arg Asn Val Gly
Tsfl extradentata
Insect . Ctenocephalides

XP_026466165
Tef1 Siphonoptera felis _ Thr Arg Asn Val Gly
Insect . . . .
Tef1 Trichoptera Annulipalpia species  GATX01086443 Thr Arg Asn Val Gly
Insect .
Tef1 Zygentoma Atelura formicaria GAYJ02040055 Thr Arg Asn Ala Gly
Insect Thermobia

GASN02065056
Tef1 Zygentoma domestica Thr Arg Thr Ala Gly
Insect Archaeognatha Meinertellua GAUG02039070 Thr  Ar Asn  Ala Gl
Tsfl-like & cundinamarcensis & ¥
Insect Meinertellua

GAUG02047150
Tof1-like Archaeognatha cundinamarcensis Thr Arg Asn  Ala Gly
Non-
insect . .
hexa- Collembola Folsomia candida XP_021946057 Thr Arg Asn Ala Gly
pod Tsf
Non-
insect ;
Hexa- Collembola Orchesella cincta ODM93913 Thr Arg Asn  Ala Gly
pod Tsf
Crusta- Portunus

D MPC36721 Th A A Al I

cean Tsf ecapoda trituberculatus ' '8 *n a Gl
Arach- Thrombid- . XP_015790183.
nid Tsf formes Tetranychus urticae 1 Thr Arg Asn  Ala Gly
Boli/;ne Artiodactyla Bos taurus P24627 Thr Arg Ser Ala Gly
Bovi
Z‘_{_‘:e Artiodactyla Bos taurus Q29443 Thr Arg Ser Ala Gly

aTsf = transferrin, Lf = lactoferrin, STF = serum transferrin.

®Data sets of insect and non-insect hexapod sequences were described previously (Najera et al., 2020;
Weber et al., 2020).

‘Amino acid residue numbers correspond to the MsTsfl sequence.

dRed text indicates non-conserved amino acid residues.
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Chapter 4 - Mutational analysis of iron-coordinating and anion-

binding ligands of transferrin-1 from Manduca sexta

Abstract

Transferrin 1 (Tsf1) is an insect-specific, multifunctional iron-binding protein. Its high
affinity for iron at neutral pH and release of iron under slightly acidic conditions are comparable
to the iron binding and release properties of mammalian serum transferrin; however, iron
coordination by Tsf1 differs from that of serum transferrin and other well-characterized
transferrins. The iron-binding ligands in Manduca sexta Tsf1 are Tyr90, Tyr204, a buried
carbonate anion, and a novel solvent-exposed carbonate anion. The solvent-exposed carbonate
anion is bound by a single, conserved amino acid residue, Asn121. The goal of this study was to
determine how Tyr90, Tyr204, and Asn121 contribute to iron binding and pH-mediated iron
release. We analyzed five forms of Tsfl: wild-type, a double tyrosine mutant (Y90F/Y204F), and
three Asn121 mutants (N121A, N121S and N121D). As expected, the Y90F/Y204F mutant did
not bind iron. The Asn121 mutants exhibited altered spectral characteristics, indicating changes
in iron coordination; in addition, the N121S and N121D mutations decreased iron binding at pH
7.4, and caused iron release at pH < 7.0. These results confirm that Asn121 contributes to iron
coordination. Surprisingly, the N121A mutation did not affect affinity for iron or pH-mediated
iron release. Given the high conservation of Asn121 in Tsfl orthologs, this finding suggests a
difference in in vivo and in vitro mechanisms of iron coordination, with the possibility that iron
coordination in vivo involves organic anions other than carbonate in the novel solvent-exposed
position. Ultimately, these findings will help to explain the mechanisms of Tsf1 function in

insects.
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Introduction

Animals maintain iron homeostasis and limit iron-induced toxicity through mechanisms
of iron sequestration, absorption, transport, and storage (Crichton et al., 2002; Han, 2011;
Kosman, 2010). Some mechanisms of iron sequestration and transport involve the transferrin
family of extracellular iron-binding proteins (Baker and Baker, 2009; Gkouvatsos et al., 2012).
One well-studied transferrin is mammalian lactoferrin, which sequesters iron in bodily fluids to
protect against iron-scavenging pathogens (Farnaud and Evans, 2003; Jenssen and Hancock,
2009). Another is mammalian serum transferrin, which transports iron in the blood and delivers
it to cells in a regulated manner (Gkouvatsos et al., 2012; Kosman, 2010). Both mammalian
transferrins keep free iron levels extremely low in extracellular fluids, which protects against
iron-induced oxidative stress.

The structures of vertebrate transferrins, including lactoferrin, serum transferrin,
ovotransferrin, and melanotransferrin, are similar (Anderson et al., 1987; Bailey et al., 1988;
Hayashi et al., 2021; Kurokawa et al., 1995). They comprise two homologous lobes, termed the
amino- and carboxyl-lobe (N- and C-lobe, respectively) (Mizutani et al., 2012). The first three
proteins have a single ferric ion-binding site in each lobe, whereas melanotransferrin has a ferric
ion-binding site only in the N-lobe (Anderson et al., 1987; Bailey et al., 1988; Hayashi et al.,
2021; Kurokawa et al., 1995). The iron-binding sites have identical ligands for iron coordination:
two tyrosines, an aspartate, a histidine, and a single bound carbonate anion (Anderson et al.,
1987; Bailey et al., 1988; Hayashi et al., 2021; Kurokawa et al., 1995; Mizutani et al., 2012).

Lactoferrin and serum transferrin are known to bind iron with high affinity (log K > 20
for each binding site) (Aisen et al., 1978; Aisen and Leibman, 1972); and they release iron in a

pH-dependent manner that corresponds to their physiological functions (Day et al., 1992).
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Lactoferrin releases iron over the pH range of 4.0 to 2.5, which provides it with iron-withholding
properties in a variety of environments, while serum transferrin releases iron in the pH range of
6.0 to 4.0, which facilitates the release of iron in the mildly acidic endosome (Day et al., 1992).
Iron will not bind to these transferrins without a carbonate anion being present at the iron-
binding site; moreover, conformational shifts at the anion binding site are part of the initiation
process for iron release (Adams et al., 2003; Harris, 2012).

Insect transferrin-1 (Tsf1) is one of four transferrin family members found in insects (Bai
et al., 2016; Najera et al., n.d.). Of the four, Tsf1 is the only one that is both secreted into
hemolymph (blood) and other extracellular fluids (Bonilla et al., 2015; Brummett et al., 2017;
Geiser and Winzerling, 2012; Hattori et al., 2015; Qu et al., 2014; Simmons et al., 2013; Zhang
et al., 2014), and known to reversibly bind iron (Bartfeld and Law, 1990; Brummett et al., 2017,
Gasdaska et al., 1996; Huebers et al., 1988; Weber et al., 2020). Tsfls from Drosophila
melanogaster (DmTsf1), Manduca sexta (MsTsf1), and Blaberus discoidalis (BdTsf1) have
biochemical characteristics compatible with iron sequestration and iron transport (Gasdaska et
al., 1996; Weber et al., 2020). MsTsfl and DmTsf1 have high affinity for iron at neutral pH (log
K ~18) (Weber et al., 2020), and all three Tsf1s are known to release iron under moderately
acidic conditions (Gasdaska et al., 1996; Weber et al., 2020), similar to serum transferrin (Day et
al., 1992). Several studies of various insects have shown that Tsf1 plays a role in immunity,
protection against iron-induced oxidative stress, and iron transport (Brummett et al., 2017;
Huebers et al., 1988; latsenko et al., 2020; Kim et al., 2008; Kurama et al., 1995; Lee et al.,
2006; Xiao et al., 2019; Xue et al., 2020; Zhang et al., 2018); however, it is not yet clear how

Tsfl is involved in iron transport, because, unlike serum transferrin, Tsf1 has no identified
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receptor (Geiser and Winzerling, 2012; Lambert, 2012), and the mechanism by which Tsf1
releases iron for delivery to the cell is unknown (Xiao et al., 2019).

A recent report on the first crystal structure of a Tsf1 ortholog, isolated from M. sexta
hemolymph, described its overall structure and the coordination of iron at the iron-binding site
(Weber et al., 2021). The iron-bound (holo) MsTsf1 has an overall fold that includes an N-lobe
and a C-lobe, and each lobe is divided into two domains, N1/N2 in the N-lobe and C1/C2 in the
C-lobe (Figure 4-1A). The location of the single ferric ion-binding site is found in the cleft
between the N1 and N2 domains (Figure 4-1A). Similar to vertebrate transferrins, MsTsf1 binds
iron in the cleft of the N-lobe through an octahedral coordination of six ligands (Anderson et al.,
1987; Bailey et al., 1988; Kurokawa et al., 1995; Weber et al., 2021); however, a novel feature of
MsTsf1 is that it uses two tyrosine residues in the N2 domain (Tyr90 and Tyr204) and two bound
bidenate carbonate anions as ligands to bind iron (Figure 4-1B). One of the carbonate anions in
MsTsf1 is buried near the iron-coordination site, and it forms hydrogen bonds with the side
chains of Thr116 and Arg120 and the backbone amide groups of Val122 and Gly123 (Figure 4-
1C). This buried carbonate anion is bound in nearly identical fashion to the single carbonate
anion in serum transferrin and lactoferrin (Weber et al., 2021). The other carbonate anion in
MsTsf1 is located on the opposite side of the iron-binding site from the buried carbonate and is
in a solvent-exposed position. This solvent-exposed carbonate is held in place by a single amino
acid residue, Asn121 (Figure 4-1C). The importance of the solvent-exposed carbonate and

Asn121 to the iron-binding and release mechanisms of MsTsf1 is unknown.
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Figure 4-1. Overall structure and iron coordination and anion binding in MsTsf1.

A) A cartoon representation of the overall structure of MsTsfl (PDB code 6WB6) showing the
location of the Fe3* and CO3? anion ligating residues (in licorice). The C-lobe is shown in blue,
with the C1 domain in dark blue and the C2 domain in light blue. The N-lobe is shown in green,
with the N1 in dark green and the N2 in light green. B) A close-up view of the N-lobe showing
coordination of Fe3* (orange sphere), with the ligating residues Tyr90 and Tyr204 in cyan and
the two bound CO3? anions in grey. The solid lines depict the coordinating bonds formed with
the Fe3*. C) A close-up view of the anion-binding residues (magenta). The hydrogen bonds
formed between the amino acid residues and the CO3? anions are shown as dashed lines.
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Amino acid sequence analyses of Tsfls and non-insect transferrins have shown that the
iron-coordinating residues Tyr90 and Tyr204 and the residues whose side chains are ligands for
the buried carbonate anion, Thr116 and Arg120, are highly conserved among all iron-binding
transferrin sequences (Lambert et al., 2005; Najera et al., n.d.; Weber et al., 2021, 2020).
However, an analysis of the Asn121 residue, which binds the solvent-exposed carbonate, showed
that conservation of this residue occurs only in arthropods and is highly conserved in insects
(Weber et al., 2021). Therefore, the binding of the solvent-exposed carbonate and its
involvement in iron coordination are likely to be specific to insects.

One goal of this study was to probe the importance of Asn121 in the stability of iron
coordination in MsTsf1 through site-directed mutagenesis and biochemical analysis. We made
three substitutions at position 121 to test its involvement in iron binding and release. A second
goal was to determine if the iron-ligating tyrosines are essential to iron binding by creating and
analyzing a Tyr90/Tyr204 double mutant. We expressed and purified recombinant MsTsf1 in the
following forms: wild-type (WT), Asn121 to alanine mutant (N121A), Asn121 to serine mutant
(N121S), Asn121 to aspartate mutant (N121D), and a double Tyr-90/Tyr-204 to phenylalanines
mutant (Y90F/Y204F). The purified recombinant proteins were characterized by three types of
experiments: 1) UV-visible spectroscopy to examine if the mutations affect iron coordination, 2)
equilibrium dialysis to assess each mutation’s effect on affinity for iron and pH-mediated iron
release, and 3) far-UV circular dichroism (CD) to determine if the mutations or iron binding
cause any secondary structural changes to the proteins. We found that Asn121 contributes in a
nonessential way to iron coordination, and we found that Y90 and/or Y204 are essential to iron
binding in MsTsfl. We also found that iron binding is not likely to cause major changes to the

secondary structure of MsTsf1.
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Materials and Methods

Isolation of MsTsf1 cDNA
A cDNA that encodes the entire MsTsf1 protein was amplified by PCR with the use of a
M. sexta fat body cDNA pool as the template and the following primers: 5 GAC CAT GGC TTT
GAA AC 3'and 5' TTA GGC GAG ACC ACA TG 3. The predicted amino acid sequence
encoded by the MsTsfl cDNA is reported in Figure 4-9 and is 99.7% identical to the reported
sequence in UniProtKB (entry P22297). The MsTsf1 cDNA was cloned into the pCR4-TOPO

vector (Invitrogen) by TA cloning.

Plasmid preparation and site-directed mutagenesis

The MsTsf1+pCR4-TOPO recombinant plasmid was used as a template to amplify the
full coding region of MsTsfl (PCR primers are listed in supplementary Table 4-2). The PCR
product was digested with Apal and Notl and inserted into the pOET3 baculovirus transfer
plasmid (Oxford Expression Technologies) for use in recombinant wild-type MsTsf1 production
and as a template for mutagenesis. The QuickChange Multi Site-Directed Mutagenesis Kit
(Agilent) was used to mutagenize the MsTsf1+pOET3 plasmid using mutagenic primers for
N121, Y90 and Y204 (supplementary Table 4-2). DNA sequencing verified the correct
sequences of the mutant plasmids. The flashBAC Gold system (Oxford Expression
Technologies) was used to generate a recombinant baculovirus stock for WT and mutant forms

of MsTsf1.
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Protein expression and purification

The same expression and purification procedures were used for the production of WT and
mutant forms of MsTsf1 (culture volumes are listed in supplementary Table 4-2). Recombinant
baculovirus was used to infect Sf9 cells at 2 x 10° cells/ml in Sfo00111 serum free medium, using
a multiplicity of infection of 1 pfu/cell. After two days, the culture was centrifuged at 500 x g,
and the cell pellet was discarded. While stirring, ammonium sulfate was slowly added to the
supernatant to obtain 100% saturation, and protein precipitation occurred over a two-day period
at 4°C. Floating brown precipitate was collected with a pipet and dialyzed three times against 20
mM Tris, pH 8.3 (4°C). The dialyzed sample was collected, centrifuged at 10,000 x g, and
applied to a Q-Sepharose Fast Flow column (1.5 x 10 cm). Proteins were eluted from the column
with a linear gradient of 0-1 M NaCl in 20 mM Tris, pH 8.3 (4°C). Following SDS-PAGE
analysis, fractions containing transferrin were pooled and concentrated with 30 kDa molecular
weight cut-off Amicon Ultracel centrifugal filters. The samples were then applied to a HiLoad
16/60 Superdex 200 column (GE Healthcare) equilibrated in 20 mM Tris, 150 mM NacCl, pH 7.4.
Fractions were analyzed by SDS-PAGE and pooled. Protein yield was determined using the
Pierce Coomassie Plus (Bradford) Assay Reagent (Thermo Scientific) (supplementary Table 4-

2).

Apo- and holo-MsTsf1 preparation and spectral analysis

Apo- and holo-forms of the proteins were produced following a previously described
protocol (Brummett et al., 2017; Weber et al., 2020). At ~10 mg/ml, the holo-WT and N121
mutants had a distinct orange color, while at ~20 mg/ml the Y90F/Y204F mutant had a slight

yellow color. In their apo-forms, all the protein solutions were clear in color.
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UV-visible difference spectra were generated for each protein as previously described
(Weber et al., 2020) with minor changes. Briefly, the absorbance of proteins in their apo- and
holo-forms (~ 2 mg/ml) were measured from 280 to 600 nm, and the apo-protein spectra was

subtracted from the holo-protein spectra.

Far-UV CD analysis
Circular dichroism (CD) measurements were carried out using a J815 JASCO

spectropolarimeter and a 1.0 mm cell on WT and mutant forms of MsTsf1 in their apo- and holo-
forms. All proteins were at concentrations from 1-2 mg/ml and in 10 mM HEPES, 20 mM
sodium bicarbonate, pH 7.4. An average of five spectral readings for each sample was used for
analysis, and a buffer blank was subtracted from each protein spectra. The CD spectra were
converted from millidegrees to molar ellipticity (©) to normalize the readings based on protein
concentration. Difference CD spectra were generated by subtracting the apo-protein spectra from

the holo-protein spectra.

Iron affinity measurements
Competition assays to measure the affinity for iron of the various forms of MsTsf1 were
performed using equilibrium dialysis as described previously (Weber et al., 2020) with minor
modifications. Apo-MsTsf1 proteins at 20 uM in dialysis buffer, 1.5 mM citrate, 0.1 M sodium
nitrate, 10 mM HEPES and 20 mM sodium bicarbonate, pH 7.4, were added to one cell of a
micro-dialyzer (Nest Group Company), and to the second cell was added dialysis buffer prepared
with known Fe3* concentrations. Each cell had a total volume of 50 pL. The cells were separated

by a 10 kDa membrane so that the protein could not pass through to the second cell.
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Simultaneous experiments with buffer containing 7.2, 18, or 45 uM of total Fe** were performed
with gentle agitation at 25 + 1°C to equilibrium (24 hours minimum incubation time). Each
experimental variation of the three iron concentrations was performed in duplicate. Following
equilibration, the amount of non-Tsf1-bound iron in the cell containing no protein was measured
using a Ferrozine-based assay (Jeitner, 2014). The amount of Tsf1-bound iron was calculated
using the known concentration of added protein and the measured amount of non-Tsf1-bound
iron (equations in supplementary Table 4-3). The iron affinity constants for each protein were
calculated (supplementary Table 4-3) using previously described equations (Aasa et al., 1963;
Aisen et al., 1978; Weber et al., 2020). It should be noted that that the equations used for
calculating the MsTsf1 iron affinity constant (Weber et al., 2020) do not reflect the recent
finding that MsTsf1 binds two carbonate anions (Weber et al., 2021); however, since the
carbonate concentration is held constant in the closed environment of the dialysis chamber, this
new information does not change the outcome of the protein’s measured affinity for iron. To
assess the significance of the difference in affinity, a statistical unpaired t test to compare the log

K of the WT Tsf1 and each mutant was performed using GraphPad Prism software.

Iron release measurements
An assay for measuring pH-mediated iron release from transferrins has been previously
described (Day et al., 1992; Nicholson et al., 1997; Weber et al., 2020). Only minor
modifications to the assay were made for this study. Briefly, iron-saturated proteins (5 mg/ml)
were extensively dialyzed against buffers over the range of 4.0 to 8.0 for a two-day period. The
percent iron saturation was calculated by measuring the change of each protein’s specific LCMT

Amax In the visible spectrum. A sigmoidal dose response curve was fitted to the data using
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GraphPad Prism software, and the resultant curve was used to determine the pH range of iron

release and pHso.

Results

Asn121 mutant modeling

The Asn121 side chain forms a hydrogen bond with the solvent-exposed carbonate anion
and another hydrogen bond with Tyr338 to create an intralobal interaction (Figure 4-2A);
therefore, we predicted that Asn121 would have a critical role in iron coordination and possibly
intralobal stability. To test this hypothesis, we made three Asn121 mutants, each with different
predicted side chain interactions: N121S was hypothesized to disrupt the intralobal contact,
N121D was hypothesized to repel the solvent-exposed carbonate, and N121A was hypothesized
to disrupt both the intralobal interaction and the hydrogen bond with the solvent-exposed
carbonate anion. To illustrate what effect the mutations may have on the iron-binding site and the
surrounding protein environment, we used the mutagenesis function in PyMOL (The PyMOL
Molecular Graphics System, Version 2.3.2 Schrodinger, LLC) to make alterations of the MsTsf1
structure (PDB code 6WB6) and model the mutant residues at amino acid residue position 121
(Figure 4-2).

The serine mutation had two modeled positions, termed S-p1 and S-p2 (Figure 4-2B). In
the S-p1 position, the hydroxyl group on the side chain is positioned between the oxygen group
on Tyr338 (3.7 A) and an oxygen group of the carbonate (3.5 A). In the S-p1 position, we
predicted the hydroxyl group would likely interact with closer oxygen group of the carbonate
and, thus, would disrupt the intralobal contact. In the S-p2 position, the serine’s hydroxyl group

is > 4.4 A away from both the Tyr338 and the carbonate, and, at this distance, it is unlikely the
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serine would make either bond and, thus, would disrupt iron binding and the intralobal
interaction.

Modeling of the aspartate rendered several positions, and two of these positions, D-p1
and D-p2, showed the aspartate side chain interacting with its surroundings, (Figure 4-2C). In the
D-pl position, the carboxyl group of the aspartate’s side chain could interact with the ferric ion.
(Os1 is 3.3 A from the iron ion and Os is 3.3 A.) In the D-p1 position, we predicted that the
aspartate side chain would replace the carbonate anion and coordinate the iron, which could lead
to destabilization of the iron binding site. The D-p2 position shows a possible positioning of the
carboxyl group that would allow it to form a hydrogen bond with Tyr338, but would also bring
the negatively charged side chain near the carbonate anion, which could cause the repulsion of
the anion and disrupt iron binding.

The modeling of the alanine mutant rendered a single position (Figure 4-2D). The shorter
alanine side chain should be sterically acceptable at this position because the closest atom to the
hydrophobic methyl group of the side chain is an oxygen group of the solvent-exposed carbonate
3.7 A away. The alanine mutation should disrupt the hydrogen bonds made by the Asn121 side
chain in the WT protein. Since the shorter side chain of the alanine mutant would create fewer
steric restrictions for surrounding residues, we looked to see what other residues in proximity to
the solvent-exposed carbonate and the Tyr338 could potentially reorient to fill the space. The
best candidate is Arg271 (Figure 4-2D), which, in the WT MsTsf1 structure, has an Nn1 group
that is 3.6 A from an oxygen of the solvent-exposed carbonate. Moreover, Arg271 is positioned
in the solvent-exposed cleft of the N-lobe and has limited steric restrictions, giving its side chain
the flexibility needed to orient closer to the carbonate anion and hydroxyl group of Tyr338 in the

N121A mutant.
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Figure 4-2. Modeling of the Asn121 position in the WT protein and N121 mutants.
A-D) The iron ligating tyrosines are represented as cyan sticks and the two CO3? as grey sticks.

Iron is shown as an orange sphere, and bonds are depicted as dashed lines. A) The anion and
intralobal hydrogen bond interactions made by the side chain of Asn121 (magenta sticks) with
the solvent-exposed anion and Tyr338 (green sticks). B) The modeled positions of the N121S
mutant. Position 1 is labeled S-p1 (blue sticks) and position 2 is labeled S-p2 (yellow sticks). C)
Two modeled positions of the N121D mutant. Position 1 is labeled D-p1 (blue sticks) and
position 2 is labeled D-p2 (yellow sticks). The red arrow indicates the possible charge repulsion
of the solvent exposed CO3? by the aspartate side chain. D) The modeled N121A mutant (yellow
sticks) and the position of Arg271. The red arrow indicates the possible movement of Arg271
towards the solvent-exposed CO3? and Tyr338. Modeling of the Asn121 mutants was done using
the MsTsf1 structure (PDB code 6WB6) as a template, and residues were altered using the
PyMOL mutagenesis wizard (The PyMOL Molecular Graphics System, Version 2.3.2
Schrodinger, LLC).
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Production of recombinant forms of MsTsf1

MsTsf1 was previously purified in its native form from the hemolymph of M. sexta
larvae (Brummett et al., 2017; Weber et al., 2020) prior to characterization. For this study, we
expressed and purified recombinant forms of MsTsf1, including WT, N121A, N121D, N121S
and Y90F/Y204F. The recombinant proteins were expressed in the Sf9 insect cell line using a
baculovirus expression system. The WT and mutant proteins were purified with the same
procedure: ammonium sulfate precipitation followed by anion exchange and size exclusion
chromatography. The proteins were determined to be very pure (Figure 4-3). The protein yield

from each expression was in the range of 11 to 25 mg/liter (supplementary Table 4-2).
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Figure 4-3. SDS-PAGE analysis of the purified forms of MsTsf1.
Purified WT, N121A, N121D, N121S and Y90F/Y 204F forms of MsTsf1l were analyzed by

reducing SDS-PAGE followed by Coomassie staining. The molecular mass standards (in kDa)

are shown to the left. The expected mass of MsTsfl was 73 kDa.
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Spectroscopic characterization of the transferrin-Fe3* complex

Iron-binding transferrins have spectral characteristics in the ultraviolet and visible
spectrum due to the interaction of electrons from the bound Fe®** and ligating tyrosines (Baker,
1994, Patch and Carrano, 1981). This interaction, termed a ligand-to-metal-charge transfer
(LMCT) transition, results in a visible absorbance maximum (Amax) in the 400 to 470 nm range,
depending on the transferrin, and provides a noticeable yellowish-orange or sometimes pinkish-
salmon color in concentrated transferrin samples (Baker, 1994). Previous studies of the residues
involved in iron coordination and anion binding in vertebrate transferrins have demonstrated
shifts in the Amax that have been attributed to changes in the ligand coordination geometry of the
Fe3* ion (Day et al., 1992; Halbrooks et al., 2004; Nicholson et al., 1997).

Following purification, WT MsTsf1 and the N121 mutants all had a similar orange color,
but the YOOF/Y204F mutant was nearly clear with a slight hint of yellow. The Amax Of the WT at
420 nm is identical to the reported Amax Of native MsTsf1 (Weber et al., 2020) (Figure 4-4, Table
4-1). As indicated by their visible color and their difference spectra, the N121 mutants all bind
iron, but their Amax’s are shifted from 420 nm, indicating differences in iron coordination (Figure
4-4, Table 4-1). Despite the slight yellowish color, the difference spectrum of the Y90F/Y204F
mutant did not show convincing evidence of bound iron. Even after several additions of 0.1 M
equivalent ferric-NTA to the solution containing Y90F/Y204F, no pronounced LMCT Amax Was
observed nor did the color change. However, the full UV-visible spectrum of Y90F/Y204F has a
small peak in the UV spectral region at ~290 nm (Figure 4-10). A Amax in the UV spectrum of
vertebrate holo-transferrins is attributed to disturbances of the pi-pi* transitions that occur in the
phenolic ring of the ligating tyrosines (Baker, 1994), but a peak at ~290 nm can also be the result

of anion binding (Harris, 2012). In the case of YOOF/Y204F, the small Amax at ~290 nm could be
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caused by non-specific or low affinity interactions with iron at the site leading to a disturbance of
aromatic pi electrons of the mutant phenylalanine residues, or it could be due to the binding of

the carbonate anion(s).

0.015
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Figure 4-4. Difference spectra of the LMCT peak for WT and mutant forms of MsTsf1.
WT MsTsfl is indicated by a black line, N121A by a red line, N121D by a blue line, N121S by
green line and Y90F/Y204F by an orange line. Proteins were at approximately 2 mg/mL in 10
mM HEPES, 20 mM sodium bicarbonate, pH 7.4. To obtain the difference spectra, the apo-
protein spectra was subtracted from the holo-protein spectra. The full UV-visible spectra are

presented in supplementary Figure 4-10.

Iron affinity and release measurements
To determine the effect of each mutation on iron binding and pH-mediated iron release,
we compared the log K’ and pHsp of each mutant to those of the recombinant WT and the
previously reported native WT MsTsf1 (Weber et al., 2020).
We used equilibrium dialysis to measure the affinity for iron of recombinant WT MsTsf1l

and the N121A, N121S, N121D and Y90F/Y204F mutants. The experiments were set up as an
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iron competition assay (Aisen et al., 1978; Tinoco et al., 2008; Weber et al., 2020) between
MsTsf1 and citrate, which has a high affinity for iron, with log K values as high as 9.5 (Warner
and Weber, 1953). Thus, any measurable affinity of MsTsf1 for iron should be due to its ability
to out-compete citrate. Recombinant WT MsTsf1 had a high affinity for iron, with log K’ = 18.3.
This result is essentially the same as that reported for native MsTsf1, with log K’ = 18.4 (Weber
et al., 2020) (Table 4-1). There was no difference in log K’ between the N121A mutant and WT
MsTsfl. The N121S and N121D mutants had slightly lower affinities, with average log K’ =
18.1 (P =0.037) and 17.9 (P = 0.0009), respectively (Table 4-1). There was no measurable
binding of iron by the Y90F/Y 204F mutant, which is consistent with the results of the
spectroscopic characterization of the Y90F/Y204Y mutant (described above).

The release of iron as a function of pH from WT Tsf1 and the N121 mutants was
measured by dialyzing the iron-saturated forms of the proteins against buffers in the pH range of
8 to 4, and calculating the percent iron saturation from the change in the LMCT Amax.
Recombinant WT MsTsf1 behaved identically to native MsTsf1, with a pHso of 5.5, and iron
release in the pH range of 6.2 to 5.0 (Figure 4.5, Table 4-1). The N121S and N121D mutants
released iron at a much higher pH, near pH 7, while the N121A mutant released iron similarly to
WT MsTsfl (Figure 4.5). The N12S mutant had a pHso of 6.0, which is markedly higher than the
pHso of WT MsTsf1 (Table 4-1), and the overall release profile was almost linear rather than
sigmoidal like that of the other proteins (Figure 4.5). Iron release by WT MsTsf1 and the N121A

mutant could not be measured at pH 4 because these proteins precipitated at this pH.
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Figure 4-5. The pH-mediated release of iron from WT MsTsfl and N121 mutants.

Data for WT MsTsf1 is colored in black, N121A in red, N121D in blue, and N121S in green.
Holo-proteins at 5 mg/mL were dialyzed against various buffers with a pH range of 8 to 4. The
percent iron saturation was calculated by measuring the absorbance change in the LMCT Amax
before and after dialysis. The pH range of iron release and the point at which the proteins are half

saturated with iron (pHso) are reported in Table 4-1.

Secondary structure analysis using far-UV circular dichroism

Far-UV CD spectral analysis is often used to assess secondary structural changes that
may occur in proteins under different conditions (Berova et al., 2000). We used far-UV CD to
qualitatively assess any obvious changes to the secondary structure of WT and mutant forms of
holo- and apo-MsTsf1. We had two main goals when conducting these experiments: 1) to
determine if the mutations caused any secondary structural changes to MsTsf1, and 2) to

determine if the binding of iron by the WT protein causes structural changes or perturbations.
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The CD spectra profile of the apo-proteins were almost identical (Figure 4-6A). The
holo-forms of WT MsTsf1 and the N121A, N121D, and Y90F/Y204F mutants have similar
spectra, but the spectrum of the holo-N121S mutant is considerably different from those of WT

MsTsf1 and the other mutants (Figure 4-6B).
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Figure 4-6. Far-UV CD spectra of the apo- and holo-forms of WT and mutant forms of
MsTsfL1.

A) The CD spectra of the apo-proteins. B) The CD spectra of the holo-proteins. The spectra of
the various forms of the proteins are colored the same in each in graph and are as follows: WT in
black, N121A in red, N121D in blue, N121S in green, and Y90F/Y204F in orange. Proteins were
in a buffer containing 10 mM HEPES, 20 mM sodium bicarbonate, pH 7.4, and a buffer blank
was subtracted from each protein spectrum. All spectra were normalized to the protein

concentration by converting the units to molar ellipticity (mdegecm?/dmol™).
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To determine if iron binding causes secondary structural changes, we compared the
difference spectra of WT MsTsf1 and the iron-binding defective mutant, Y90F/Y204F (Figure 4-
7). Because Y90F/Y204F does not bind iron in a specific manner, any spectral differences in the
apo- and holo-forms of the Y90F/Y204F mutant can be attributed to noise or possibly slight
differences in the samples due to apo- and holo- protein sample preparation (e.g. the apo-proteins
underwent an extensive dialysis step to remove the bound iron, while the holo-proteins did not).
A comparison of the difference spectra demonstrates that the 233 nm peak changes upon iron
binding in the WT, but a similar change does not occur in this region for the Y90F/Y 204F

mutant.
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Figure 4-7. Difference CD spectra of WT MsTsfl and the Y90F/Y204F mutant.

The difference spectra were produced by subtracting the apo-protein spectra from the holo-
protein spectra. The difference spectrum of WT MsTsf1 is in black and the difference spectrum
of the YO0F/Y204F mutant is in orange. The Y90F/Y204F mutant lacks the 233 nm peak.
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Table 4-1. Iron binding and release characteristics of MsTsf WT and mutants

protein Amax (hM)  average log K’ + S.E. iron release® pHso”
WT 420 18.3+0.06 n=6 6.2—5.0 55
N121A 438 18.3+0.07 n=6 6.2—5.0 55
N121S 428 18.1+0.08 n=6 >7.1 6.0
N121D 414 179+ 0.05 n=6 7.0—4.5 5.6
Y90F/Y204F no peak  no measurable affinity n.a. n.a.
native-MsTsf1° 420 184+0.06 n=12 6.2—5.0 5.5

pH range of iron release
boH at 50% iron saturation
‘Results of native MsTsfl (Weber et al., 2020)

Discussion

Asn121 contributes to iron coordination in MsTsfl

Asn121 is highly conserved in Tsfl orthologs from diverse insect species (Weber et al.,
2021). The backbone nitrogen group and the side chain Na, atom of Asn121 form hydrogen
bonds with the novel solvent-exposed carbonate anion that functions as an iron ligand. The side
chain oxygen of Asn121 forms a hydrogen bond with Tyr338 in the N1 domain, thus creating an
N1-N2 intralobal interaction that is closely associated with the iron-binding site (Weber et al.,
2021). In vertebrate transferrins, conformational changes occur in the N1 and N2 domains as iron
is bound and released (Andersen et al., 1990; Mizutani et al., 2012; Thakurta et al., 2004). If
similar conformational changes occur in MsTsf1, the intralobal contact between Asn121 and
Tyr338 could influence iron binding and release. Taken together, these findings suggested to us
that Asn121 is essential to the function of MsTsfL.

When Asn121 was replaced with serine, aspartate, or alanine, the protein exhibited a shift
in its LMCT Amax from 420 nm, which indicates a change in the iron coordination geometry. This

result establishes that Asn121 contributes to iron coordination in MsTsf1. Therefore, it was
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surprising to find that the Asn121 mutants and WT Tsf1 have similar iron-binding affinities and
that the N121A mutant releases iron under the same mildly acidic conditions as WT MsTsf1.

We hypothesized that the N121S mutation would disrupt the N1-N2 intralobal contact but
still bind the solvent-exposed carbonate. The serine side chain is one carbon shorter and lacks the
carboxamide functional group of asparagine, but it does have a polar hydroxyl group, which
modelling suggests is likely to hydrogen bond with the carbonate. The N121S mutant in its holo-
form showed a significant difference in the far-UV CD spectral profile. In addition, the N121S
mutant had a slightly lower affinity for iron, and it released iron at a much higher pH. Taken
together, these results indicate secondary structural perturbations caused by iron binding, and a
destabilization of the iron binding and release mechanisms. It is not clear, however, whether a
disrupted intralobal contact, altered anion binding, or an unknown interaction of the serine led to
these results. Future work is required to determine whether the intralobal contact between
Asnl121 (N2 domain) and Tyr338 (N1 domain) affects iron binding and release.

The side chain of the aspartate residue in the N121D mutant has a similar length to the
side chain of asparagine, but it has a negative charge due to the carboxyl functional group. We
had two hypotheses about this negatively charged side chain: 1) the negative charge could repel
the negatively charged carbonate anion at the solvent-exposed position, or 2) the aspartate could
act as an iron ligand, similar to the iron-ligating aspartate present in vertebrate transferrins
(Anderson et al., 1987; Bailey et al., 1988; Kurokawa et al., 1995). Either position of the
aspartate would likely lead to a shift of the iron ion and the ligating anions and amino acid
residues, leading to destabilization at the iron binding site. The N121D mutant did show a

measurable decrease in its affinity for iron, and it released iron at a higher pH. These results
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confirm that a negatively charged residue at this position, regardless of the mechanism, is

detrimental to the biochemical function of MsTsf1.

Asnl121 is not essential to iron binding or release in MsTsfl

The N121A mutant showed no major differences from the WT MsTsf1 in its affinity for
iron or pH-mediated iron release. This result was surprising, given that we hypothesized that the
shorter, hydrophobic side chain would disrupt both carbonate binding and the Asn121-Tyr388
intralobal contact. How could this mutant disrupt these two bonds without affecting log K’ or
pHso? One possibility is that the hydrogen bonds made by the Asn121 side chain are not
important in keeping the carbonate anion bound or in forming the intralobal contact with Tyr33;
however, this would contradict the N121D and N121S mutant results, which showed measurable
changes in log K’ and pHso. Moreover, N121A had the largest shift in LMCT Amax, from 420 to
438 nm, suggesting major changes in iron coordination geometry. Another possibility is that in
N121A, carbonate binding and the intralobal contact with Tyr338 is replaced by a different
residue that can fill the vacant space created by alanine’s shorter side chain. The space may be
filled by Arg271 because it is relatively close to the anion, it is solvent-exposed with very little
steric inhibition of its side chain, and its guanidinium side chain can provide multiple hydrogen
bond donor interactions. Modelling showed that it is sterically possible for Arg271 to create
hydrogen bonds with the solvent-exposed carbonate and/or the Tyr338. While unexpected, the
N121A mutant results are important because they show that an asparagine residue at position 121
does influence iron coordination but that it is not essential for iron binding and release of MsTsf1

in vitro.
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Asnl121 as just one ligand within an anion-binding site

Studies of serum transferrin have probed the protein’s ability to substitute carbonate with
alternative anions (Dubach et al., 1991; Halbrooks et al., 2004; Harris, 2012; Schlabach and
Bates, 1975). Due to steric restrictions, oxalate has proven to be the only organic anion that
results in a highly stable iron-anion-transferrin complex (Halbrooks et al., 2004). We have a
similar interest in MsTsfl. A computational docking analysis suggested that the buried anion-
binding site in MsTsf1 is likely to be specific for a carbonate anion, but that the solvent-exposed
position is compatible with other anions (Weber et al., 2021).

Carbonate is present in M. sexta hemolymph at 10 mM (Jungreis, 1978). Other organic
anions in the hemolymph of M. sexta and related insect species are present at similar
concentrations (Jungreis, 1978; Phalaraksh et al., 2008; Wyatt, 1961). Several of the reported
anions are larger organic acids with various functional groups, for example, the dicarboxylic
acids succinate, fumarate, a-ketoglutarate, malate, and oxaloacetate. A computational docking
study of these hemolymph anions at the solvent-exposed anion position predicted that the larger
anions could bind at this position, and that Asn121, Arg271, and Lys125 would be the ligands
(Weber et al., 2021). Despite the different functional groups of the organic anions that were
analyzed, Asn121 was predicted to form a hydrogen bond with each of them (Weber et al.,
2021). Both of the positively charged residues, Arg271 and Lys125, were predicted to
electrostatically interact with one negatively charged end of the dicarboxylic acid anion, while
the other negative end of the anion was predicted to coordinate iron.

We hypothesize that Asn121 may be an important part of a larger scheme of anion
coordination, which allows insects to utilize the numerous organic anions in their hemolymph at

the solvent-exposed anion position (Figure 4.8). This hypothesis is supported by our finding that
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the side chain of the amino acid residue at position 121 influences iron coordination, affinity for
iron, and iron release. The importance of an asparagine at position 121 may be that it
accommodates alternative anions because its carboxamide side chain has the ability to be a
hydrogen bond donor and acceptor. This hypothesis is supported by the presence of a threonine
residue at position 121 in Tsf1 orthologs from a sandfly, dragonfly, and firebrat (Weber et al.,
2021), given that the threonine side chain can also act as a hydrogen bond donor and acceptor.
Thus, Asn121’s versatility in hydrogen bond formation could facilitate the binding of anions
with a variety of functional groups (Figure 4.8). In the case of organic anions with smaller
functional groups, like carbonate, the side chain of Asn121 may aid in its coordination but not be
essential to the formation of a bond between the anion and iron. Future work is required to
determine if other anions can bind at the solvent-exposed position and if the Arg271 and Lys125

residues are involved in their coordination.

organic anionsin hemolymph

Figure 4-8. Schematic of the solvent-exposed anion position.
Binding of organic acids found in the hemolymph of insects may occur with Asn121, Arg271
and Lys125 as ligands. The coordination of the Fe3* ion through bonds (dashed lines) with the

solvent-exposed anion, buried carbonate, and two tyrosines (Tyr90 and Tyr204) are also shown.
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Tyr90 and/or Tyr204 are essential to the high-affinity iron binding function of
MsTsfl

A previous study of the vertebrate transferrin, lactoferrin, demonstrated that mutating the
two iron-ligating tyrosines resulted in the loss of iron binding (Ward et al., 1996). Analyses of
amino-acid sequence alignments have suggested that these tyrosine residues are critical for iron
binding by D. melanogaster Tsfl (latsenko et al., 2020; Weber et al., 2020); moreover, structural
analysis of MsTsf1 showed that the two iron-ligating tyrosines are the only amino acid residues
that directly coordinate the iron ion (Weber et al., 2021). Our Y90F/Y204F mutant did not have a
measurable LMCT Amax in the visible spectrum, and it was unable to out-compete citrate in the
equilibrium dialysis assay. This iron-binding defective mutant proved to be a useful control in
the affinity and CD analyses, and it showed that these tyrosines in MsTsf1 are essential to its
function of binding iron. This mutant validates the use of the Tyr90/Tyr204 mutant as an iron-

binding defective mutant for in vivo functional studies.

Iron binding does not cause major changes to the secondary structure of MsTsf1
It is known from structural and UV CD studies of vertebrate transferrins that iron binding

causes major changes in tertiary but not secondary structure (Andersen et al., 1990; Kurokawa et
al., 1995; Messori et al., 1997; Mizutani et al., 2012; Thakurta et al., 2004). The structure of Tsfl
in its apo-form is unknown, but, based on the novel iron binding site and significant interaction
of the C-lobe with the N-lobe, we hypothesized that iron binding may induce secondary
structural changes in MsTsf1. Far-UV CD analysis of the apo- and holo-forms of WT MsTsf1
and the Y90F/Y204F mutant allowed us to assess any major secondary structural changes

associated with iron binding. The far CD spectra of apo- and holo-WT MsTsf1 were nearly
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identical in the 190 to 220 nm range, indicating no major changes in the secondary structure
upon iron binding; however, the 233 nm negative peak is larger for holo-WT MsTsf1 than apo-
WT MsTsfl. The difference spectrum of the Y90F/Y204F mutant, which does not bind iron,
lacks a significant negative peak at 233 nm. Previous studies of non-insect holo- and apo-
transferrins have shown a similar peak in the CD spectra and attributed it to aromatic side chains,
not the secondary structure of the protein polypeptide backbone (Tang et al., 1995; Tinoco et al.,
2008). Near-UV CD is often the technique used to measure interactions of aromatic residues;
however, far-UV CD can also detect aromatic interactions, with bands typically in the 225-235
nm region (Berova et al., 2000). Disulfide bonds can also contribute to the far-UV CD spectrum,
with band intensity and wavelength depending on the number and bond angle of the disulfide
bonds (Kelly and Price, 2000). In addition to the iron ligands Tyr90 and Tyr204, MsTsf1 has
other aromatic residues, including tryptophan residues that are near the iron-binding site;
moreover, MsTsfl contains twelve disulfide bonds (Weber et al., 2021). Any of these amino acid
residues could contribute to the change in the 233 nm peak when MsTsf1 binds to iron. The
conformational changes that occur when iron is bound by vertebrate transferrins cause flexing
and stress on the secondary structure of N-lobe, which changes disulfide bond angles; however,
these changes do not alter the secondary structure content (Andersen et al., 1990; Kurokawa et
al., 1995). Future work is needed to determine if the difference we see in the far-UV CD spectra
of the apo- and holo-forms of MsTsf1 is due to a direct interaction of the iron with its

coordinating ligands, or to perturbations caused by changes in the tertiary structure.
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Conclusions

From our mutant analysis of MsTsf1, we conclude that binding of the solvent-exposed
carbonate anion by Asn121 contributes to iron coordination, but that Asn121 is not essential for
iron binding and release in vitro. These results suggest a hypothesis that the importance of
Asnl121 in Tsfl comes from its side chain’s versatility as a hydrogen bond donor and acceptor,
giving it the ability to coordinate numerous organic anions in insect hemolymph. This work also
demonstrated that one or both of the two iron-ligating residues of MsTsf1, Tyr90 and Tyr204,
are essential to iron binding. Finally, our study indicates that major secondary structural changes
do not occur when iron binds to MsTsf1, but, instead, it is likely that there are perturbations of
specific aromatic residues or shifts of disulfide bond angles. Our study of iron coordination and
anion binding in MsTsf1 resulted in some unexpected findings that will contribute to a

mechanistic understanding of how Tsf1 functions in insect iron homeostasis.

Future Directions

The investigation of the iron-coordinating and solvent-exposed anion binding ligands of
MsTsf1 answered some questions about the iron-binding and release mechanism of Tsf1, but it
also opened the door to further areas of exploration:

(1) The intralobal interaction between Tyr338 and Asn121 closely associates the N1
domain with the iron-binding site in the N2 domain. The importance of this intralobal contact
was not directly addressed in the study because it was not clear to what extent the Asn121
mutations disrupted this interaction or anion binding. A future study could further investigate the
intralobal contact by mutating the Tyr338 and analyzing its iron binding and iron release

characteristics.

167



(2) The mutational analysis of Asn121 provided more evidence toward the hypothesis
that alternative anions may bind at the solvent-exposed anion position. To further verify this
hypothesis, future work could attempt to form a stable iron-anion-transferrin complex with these
alternative anions (described in detail in the “Future Directions” section of Chapter 3). We are
also interested in obtaining a crystal structure of MsTsf1 in complex with one of these alternative
anions. Experiments by our collaborators have attempted to soak MsTsf1 crystals with buffer
containing these anions, but no promising results have been shown yet. If this hypothesis is
verified, a mutational analysis of Arg271 and Lys125 could test whether these amino acid
residues are also involved in binding the solvent-exposed anion.

(3) The Y90F/Y204F mutant showed the importance of these two residues in iron
coordination, but it did not distinguish if one tyrosine is more important than the other. He et al.,
(1997) showed that the second tyrosine in the N-lobe of human serum transferrin (equivalent to
Tyr204 in Tsfl) is essential to the iron binding function of the protein, but the first tyrosine
(Tyr90 in Tsfl) is not (He et al., 1997). To better understand the iron coordinating mechanism of
Tsf1, a future study could involve the individual mutation of these tyrosine residues followed by

an assessment of their iron binding properties.

Acknowledgements

We thank Neal Dittmer and Kristin Michel for helpful suggestions regarding this work,
Lisa Brummett for isolating the MsTsf1 cDNA, and Susan Whitaker at the Kansas State
University Biotechnology Core Facility for instrument training and guidance on using circular
dichroism. This work was supported by National Science Foundation Grant 1656388. In

addition, research reported in this publication was supported by the National Institute of General

168



Medical Sciences of the National Institutes of Health (NIH) under Award Numbers
R37GM041247 and R35GM141859, and by the United States Department of Agriculture
National Institute of Food and Agriculture, Hatch Project No. 1013197. The content is solely the

responsibility of the authors and does not necessarily represent the official views of the NIH.

References

Aasa, R., Malmstrom, B.G., Saltman, P., Vanngard, T., 1963. The specific binding of iron(I11)
and copper(ll) to transferrin and conalbumin. Biochimica et Biophysica Acta 75, 203—
222. https://doi.org/10.1016/0006-3002(63)90599-7

Adams, T.E., Mason, A.B., He, Q.-Y., Halbrooks, P.J., Briggs, S.K., Smith, V.C., MacGillivray,
R.T.A., Everse, S.J., 2003. The Position of Arginine 124 Controls the Rate of Iron
Release from the N-lobe of Human Serum Transferrin: A STRUCTURAL STUDY *.
Journal of Biological Chemistry 278, 6027-6033.
https://doi.org/10.1074/jbc.M210349200

Aisen, P., Leibman, A., 1972. Lactoferrin and transferrin: A comparative study. Biochimica et
Biophysica Acta (BBA) - Protein Structure 257, 314-323. https://doi.org/10.1016/0005-
2795(72)90283-8

Aisen, P., Leibman, A., Zweier, J., 1978. Stoichiometric and site characteristics of the binding of
iron to human transferrin. J. Biol. Chem. 253, 1930-1937.

Andersen, B.F., Baker, H.M., Morris, G.E., Rumball, S.V., Baker, E.N., 1990. Apolactoferrin
structure demonstrates ligand-induced conformational change in transferrins. Nature 344,
784-787. https://doi.org/10.1038/344784a0

Anderson, B.F., Baker, H.M., Dodson, E.J., Norris, G.E., Rumball, S.V., Waters, J.M., Baker,
E.N., 1987. Structure of human lactoferrin at 3.2-A resolution. Proc. Natl. Acad. Sci.
U.S.A. 84, 1769-1773. https://doi.org/10.1073/pnas.84.7.1769

Bai, L., Qiao, M., Zheng, R., Deng, C., Mei, S., Chen, W., 2016. Phylogenomic analysis of
transferrin family from animals and plants. Comp. Biochem. Physiol. Part D Genomics
Proteomics 17, 1-8. https://doi.org/10.1016/j.cbd.2015.11.002

Bailey, S., Evans, R.W., Garratt, R.C., Gorinsky, B., Hasnain, S., Horsburgh, C., Jhoti, H.,

Lindley, P.F., Mydin, A., Sarra, R., 1988. Molecular structure of serum transferrin at 3.3-
A resolution. Biochemistry 27, 5804-5812. https://doi.org/10.1021/bi00415a061

169



Baker, E.N., 1994. Structure and Reactivity of Transferrins, in: Sykes, A.G. (Ed.), Advances in
Inorganic Chemistry. Academic Press, pp. 389-463. https://doi.org/10.1016/S0898-
8838(08)60176-2

Baker, E.N., Baker, H.M., 2009. A structural framework for understanding the multifunctional
character of lactoferrin. Biochimie, Advances in Lactoferrin Research 91, 3-10.
https://doi.org/10.1016/j.biochi.2008.05.006

Bartfeld, N.S., Law, John H., 1990. Biochemical and Molecular Characterization of Transferrin
from Manduca sexta, in: Hagedorn, H.H., Hildebrand, J.G., Kidwell, M.G., Law, J. H.
(Eds.), Molecular Insect Science. Springer US, Boston, MA, pp. 125-130.
https://doi.org/10.1007/978-1-4899-3668-4_15

Berova, N., Nakanishi, K., Woody, R.W., 2000. Circular Dichroism: Principles and
Applications. John Wiley & Sons.

Bonilla, M.L., Todd, C., Erlandson, M., Andres, J., 2015. Combining RNA-seq and proteomic
profiling to identify seminal fluid proteins in the migratory grasshopper Melanoplus
sanguinipes (F). BMC Genomics 16, 1096. https://doi.org/10.1186/s12864-015-2327-1

Brummett, L.M., Kanost, M.R., Gorman, M.J., 2017. The immune properties of Manduca sexta
transferrin. Insect Biochem. Mol. Biol. 81, 1-9.
https://doi.org/10.1016/j.ibmb.2016.12.006

Crichton, R.R., Wilmet, S., Legssyer, R., Ward, R.J., 2002. Molecular and cellular mechanisms
of iron homeostasis and toxicity in mammalian cells. Journal of Inorganic Biochemistry
91, 9-18. https://doi.org/10.1016/S0162-0134(02)00461-0

Day, C.L., Stowell, K.M., Baker, E.N., Tweedie, J.W., 1992. Studies of the N-terminal half of
human lactoferrin produced from the cloned cDNA demonstrate that interlobe
interactions modulate iron release. J. Biol. Chem. 267, 13857-13862.

Dubach, J., Gaffney, B.J., More, K., Eaton, G.R., Eaton, S.S., 1991. Effect of the synergistic
anion on electron paramagnetic resonance spectra of iron-transferrin anion complexes is
consistent with bidentate binding of the anion. Biophysical Journal 59, 1091-1100.
https://doi.org/10.1016/S0006-3495(91)82324-4

Farnaud, S., Evans, R.W., 2003. Lactoferrin--a multifunctional protein with antimicrobial
properties. Mol. Immunol. 40, 395-405. https://doi.org/10.1016/50161-5890(03)00152-4

Gasdaska, J.R., Law, J.H., Bender, C.J., Aisen, P., 1996. Cockroach transferrin closely resembles
vertebrate transferrins in its metal ion-binding properties: a spectroscopic study. J. Inorg.
Biochem. 64, 247-258. https://doi.org/10.1016/s0162-0134(96)00052-9

Geiser, D.L., Winzerling, J.J., 2012. Insect transferrins: multifunctional proteins. Biochim.
Biophys. Acta 1820, 437-451. https://doi.org/10.1016/j.bbagen.2011.07.011

170



Gkouvatsos, K., Papanikolaou, G., Pantopoulos, K., 2012. Regulation of iron transport and the
role of transferrin. Biochimica et Biophysica Acta (BBA) - General Subjects 1820, 188—
202. https://doi.org/10.1016/j.bbagen.2011.10.013

Halbrooks, P.J., Mason, A.B., Adams, T.E., Briggs, S.K., Everse, S.J., 2004. The Oxalate Effect
on Release of Iron from Human Serum Transferrin Explained. Journal of Molecular
Biology 339, 217-226. https://doi.org/10.1016/j.jmb.2004.03.049

Han, O., 2011. Molecular mechanism of intestinal iron absorption. Metallomics 3, 103.
https://doi.org/10.1039/cOmt00043d

Harris, W.R., 2012. Anion binding properties of the transferrins. Implications for function.
Biochimica et Biophysica Acta (BBA) - General Subjects 1820, 348-361.
https://doi.org/10.1016/j.bbagen.2011.07.017

Hattori, M., Komatsu, S., Noda, H., Matsumoto, Y., 2015. Proteome Analysis of Watery Saliva
Secreted by Green Rice Leafhopper, Nephotettix cincticeps. PLOS ONE 10, e0123671.
https://doi.org/10.1371/journal.pone.0123671

Hayashi, K., Longenecker, K.L., Liu, Y.-L., Faust, B., Prashar, A., Hampl, J., Stoll, V., Vivona,
S., 2021. Complex of human Melanotransferrin and SC57.32 Fab fragment reveals novel
interdomain arrangement with ferric N-lobe and open C-lobe. Sci Rep 11, 566.
https://doi.org/10.1038/s41598-020-79090-8

He, Q. Y., Mason, A.B., Woodworth, R.C., Tam, B.M., MacGillivray, R.T., Grady, J.K.,
Chasteen, N.D., 1997. Inequivalence of the two tyrosine ligands in the N-lobe of human
serum transferrin. Biochemistry 36, 14853-14860. https://doi.org/10.1021/bi9719556

Huebers, H.A., Huebers, E., Finch, C.A., Webb, B.A., Truman, J.W., Riddiford, L.M., Martin,
A.W., Massover, W.H., 1988. Iron binding proteins and their roles in the tobacco
hornworm, Manduca sexta (L.). J. Comp. Physiol. B, Biochem. Syst. Environ. Physiol.
158, 291-300. https://doi.org/10.1007/bf00695327

latsenko, 1., Marra, A., Boquete, J.-P., Pefia, J., Lemaitre, B., 2020. Iron sequestration by
transferrin 1 mediates nutritional immunity in Drosophila melanogaster. PNAS 117,
7317-7325. https://doi.org/10.1073/pnas.1914830117

Jeitner, T.M., 2014. Optimized ferrozine-based assay for dissolved iron. Anal. Biochem. 454,
36-37. https://doi.org/10.1016/j.ab.2014.02.026

Jenssen, H., Hancock, R.E.W., 2009. Antimicrobial properties of lactoferrin. Biochimie 91, 19—
29. https://doi.org/10.1016/j.biochi.2008.05.015

Jungreis, A.M., 1978. The composition of larval-pupal moulting fluid in the tobacco hornworm,

Manduca sexta. Journal of Insect Physiology 24, 65-73. https://doi.org/10.1016/0022-
1910(78)90013-6

171



Kelly, S., Price, N., 2000. The Use of Circular Dichroism in the Investigation of Protein
Structure and Function. CPPS 1, 349-384. https://doi.org/10.2174/1389203003381315

Kim, B.Y., Lee, K.S., Choo, Y.M., Kim, I., Je, Y.H., Woo, S.D., Lee, S.M., Park, H.C., Sohn,
H.D., Jin, B.R., 2008. Insect transferrin functions as an antioxidant protein in a beetle
larva. Comp. Biochem. Physiol. B, Biochem. Mol. Biol. 150, 161-1609.
https://doi.org/10.1016/j.cbpb.2008.02.009

Kosman, D.J., 2010. Redox cycling in iron uptake, efflux, and trafficking. J. Biol. Chem. 285,
26729-26735. https://doi.org/10.1074/jbc.R110.113217

Kurama, T., Kurata, S., Natori, S., 1995. Molecular Characterization of an Insect Transferrin and
its Selective Incorporation into Eggs During Oogenesis. European Journal of
Biochemistry 228, 229-235. https://doi.org/10.1111/j.1432-1033.1995.0229n.x

Kurokawa, H., Mikami, B., Hirose, M., 1995. Crystal structure of diferric hen ovotransferrin at
2.4 A resolution. J. Mol. Biol. 254, 196-207. https://doi.org/10.1006/jmbi.1995.0611

Lambert, L.A., 2012. Molecular evolution of the transferrin family and associated receptors.
Biochim. Biophys. Acta 1820, 244-255. https://doi.org/10.1016/j.bbagen.2011.06.002

Lambert, L.A., Perri, H., Halbrooks, P.J., Mason, A.B., 2005. Evolution of the transferrin family:
conservation of residues associated with iron and anion binding. Comp. Biochem.
Physiol. B, Biochem. Mol. Biol. 142, 129-141.
https://doi.org/10.1016/j.cbpb.2005.07.007

Lee, K.S., Kim, B.Y., Kim, H.J., Seo, S.J., Yoon, H.J., Choi, Y.S., Kim, I, Han, Y.S., Je, Y.H.,
Lee, S.M., Kim, D.H., Sohn, H.D., Jin, B.R., 2006. Transferrin inhibits stress-induced
apoptosis in a beetle. Free Radic. Biol. Med. 41, 1151-1161.
https://doi.org/10.1016/j.freeradbiomed.2006.07.001

Messori, L., Dal Poggetto, G., Monnanni, R., Hirose, J., 1997. [No title found]. Biometals 10,
303-313. https://doi.org/10.1023/A:1018328517603

Mizutani, K., Toyoda, M., Mikami, B., 2012. X-ray structures of transferrins and related
proteins. Biochimica et Biophysica Acta (BBA) - General Subjects, Transferrins:
Molecular mechanisms of iron transport and disorders 1820, 203-211.
https://doi.org/10.1016/j.bbagen.2011.08.003

Najera, D.G., Dittmer, N.T., Weber, J.J., Kanost, M.R., Gorman, M.J., n.d. Phylogenetic and
sequence analyses of insect transferrins suggest that only transferrin 1 has a role in iron
homeostasis. Insect Science n/a. https://doi.org/10.1111/1744-7917.12783

Nicholson, H., Anderson, B.F., Bland, T., Shewry, S.C., Tweedie, J.W., Baker, E.N., 1997.
Mutagenesis of the Histidine Ligand in Human Lactoferrin: Iron Binding Properties and
Crystal Structure of the Histidine-253 — Methionine Mutant,. Biochemistry 36, 341-346.
https://doi.org/10.1021/bi961908y

172



Patch, M.G., Carrano, C.J., 1981. The origin of the visible absorption in metal transferrins.
Inorganica Chimica Acta 56, L71-L73. https://doi.org/10.1016/S0020-1693(00)88536-9

Phalaraksh, C., E. Reynolds, S., D. Wilson, I., M. Lenz, E., K. Nicholson, J., C. Lindon, J., 2008.
A metabonomic analysis of insect development: 1H-NMR spectroscopic characterization
of changes in the composition of the haemolymph of larvae and pupae of the tobacco
hornworm, Manduca sexta. ScienceAsia 34, 279.
https://doi.org/10.2306/scienceasial513-1874.2008.34.279

Qu, M., Ma, L., Chen, P., Yang, Q., 2014. Proteomic analysis of insect molting fluid with a focus
on enzymes involved in chitin degradation. J. Proteome Res. 13, 2931-2940.
https://doi.org/10.1021/pr5000957

Schlabach, M.R., Bates, G.W., 1975. The synergistic binding of anions and Fe3+ by transferrin.
Implications for the interlocking sites hypothesis. J. Biol. Chem. 250, 2182-2188.

Simmons, L. W., Tan, Y.-F., Millar, A.H., 2013. Sperm and seminal fluid proteomes of the field
cricket Teleogryllus oceanicus: identification of novel proteins transferred to females at
mating. Insect Mol. Biol. 22, 115-130. https://doi.org/10.1111/imb.12007

Tang, S., MacColl, R., Parsons, P.J., 1995. Spectroscopic study of the interaction of aluminum
ions with human transferrin. Journal of Inorganic Biochemistry 60, 175-185.
https://doi.org/10.1016/0162-0134(95)00018-J

Thakurta, P.G., Choudhury, D., Dasgupta, R., Dattagupta, J.K., 2004. Tertiary structural changes
associated with iron binding and release in hen serum transferrin: a crystallographic and
spectroscopic study. Biochemical and Biophysical Research Communications 316, 1124—
1131. https://doi.org/10.1016/j.bbrc.2004.02.165

Tinoco, A.D., Peterson, C.W., Lucchese, B., Doyle, R.P., Valentine, A.M., 2008. On the
evolutionary significance and metal-binding characteristics of a monolobal transferrin
from Ciona intestinalis. PNAS 105, 3268-3273. https://doi.org/10.1073/pnas.0705037105

Ward, P.P., Zhou, X., Conneely, O.M., 1996. Cooperative interactions between the amino- and
carboxyl-terminal lobes contribute to the unique iron-binding stability of lactoferrin. J.
Biol. Chem. 271, 12790-12794. https://doi.org/10.1074/jbc.271.22.12790

Warner, R.C., Weber, 1., 1953. The Cupric and Ferric Citrate Complexesl. J. Am. Chem. Soc.
75, 5086-5094. https://doi.org/10.1021/ja01116a055

Weber, J.J., Kanost, M.R., Gorman, M.J., 2020. Iron binding and release properties of
transferrin-1 from Drosophila melanogaster and Manduca sexta: Implications for insect
iron homeostasis. Insect Biochemistry and Molecular Biology 125, 103438.
https://doi.org/10.1016/j.ibmb.2020.103438

Weber, J.J., Kashipathy, M.M., Battaile, K.P., Go, E., Desaire, H., Kanost, M.R., Lovell, S.,
Gorman, M.J., 2021. Structural insight into the novel iron-coordination and domain

173



interactions of transferrin-1 from a model insect, Manduca sexta. Protein Science 30,
408-422. https://doi.org/10.1002/pro.3999

Wyatt, G.R., 1961. The Biochemistry of Insect Hemolymph. Annual Review of Entomology 6,
75-102. https://doi.org/10.1146/annurev.en.06.010161.000451

Xiao, G., Liu, Z.-H., Zhao, M., Wang, H.-L., Zhou, B., 2019. Transferrin 1 Functions in Iron
Trafficking and Genetically Interacts with Ferritin in Drosophila melanogaster. Cell Rep
26, 748-758.€5. https://doi.org/10.1016/j.celrep.2018.12.053

Xue, J., Wang, H.-L., Xiao, G., 2020. Transferrinl modulates rotenone-induced Parkinson’s
disease through affecting iron homeostasis in Drosophila melanogaster. Biochem
Biophys Res Commun 531, 305-311. https://doi.org/10.1016/j.bbrc.2020.07.025

Zhang, J., Lu, A., Kong, L., Zhang, Q., Ling, E., 2014. Functional analysis of insect molting
fluid proteins on the protection and regulation of ecdysis. J. Biol. Chem. 289, 35891
35906. https://doi.org/10.1074/jbc.M114.599597

Zhang, L., Gao, J., Gao, X., 2018. Role for Transferrin in Triggering Apoptosis in Helicoverpa
armigera Cells Treated with 2-Tridecanone. J. Agric. Food Chem. 66, 11426-11431.
https://doi.org/10.1021/acs.jafc.8002505

Supplementary Materials

MALKLLTLIALTCVAANAAKSSYKLCVPAAYMKDCEQMLEVPTKSKVALECVPARDRVEC
LSFVQORQADFVPVDPEDMYVASKIPNQDFVVFQEYRTDEEPDAPFRYEAVIVVHKDLPI
NNLDQLKGLRSCHTGVNRNVGYKI PLTMLMKRAVFPKMNDHSISPKENELKALSTFFAKS
CIVGKWSPDPKTNSAWKSQYSHLCSMCEHPERCDYPDNYSGYEGALRCLAHNNGEVAFTK
VIFTRKFFGLPVGTTPASPSNENPEEFRYLCVDGSKAPITGKACSWAARPWQGLIGHNDV
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ERGHGAPELVVRLCVTSNVALSKCRSMSVFAFSRDIRPILDCVQENSEDACLKSVQDNGS
DILASVDDMRVAAAAKKYNLHPVFHEVYGELKTPNYAVAVVKKGTAYNKIDDLRGKKSCHS
SYSTFSGLHAPLFYLINKRATIQSDHCVKNLGEFFSGGSCLPGVDKPENNPSGDDVSKLKK
QCGSDSSAWKCLEEDRGDVAFVSSADLSHFDANQYELLCLNRDAGGRDVLS SFATCNVAM
APSRTWVAAKDFLSDVSIAHTPLSTAQMIATRPDLENIYGEFLKNNNVIFNNAAKGLATT
EKLDFEKFKTIHDVISSCGLA

Figure 4-9. Predicted amino acid sequence encoded by the isolated MsTsfl cDNA.
Tyr90, Tyr204, and Asn121 are highlighted in yellow.
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Figure 4-10. Full difference spectra showing the UV and visible LMCT peaks for MsTsf1
WT and mutants.

WT MsTsf1 is indicated by a black line, N121A by a red line, N121D by a blue line, N121S by
green line and Y90F/Y204F by an orange line. Proteins were at approximately 2 mg/mL in 10

mM HEPES, 20 mM sodium bicarbonate, pH 7.4. To obtain the difference spectra, the apo-

protein spectra was subtracted from the holo-protein spectra.

Table 4-2. Primers, culture volumes and yields for making, expressing, and purifying

recombinant proteins

. ) , , Expression Yield
Protein Primer Sequence (5°— 3°) pressi
volume (liters) (mg)
;:(;(r)vr\]llanr% GTTGTTGGGCCCATGGCTTTGAAACTTCTA
WT clonin 3.0 34.5
9 TGTGGTCTCGCCTAAGCGGCCGCGTTGTT
reverse
N121A mutagenic GGAGTCAATCGTGCCGTCGGGTACAAGATC 1.0 13.5
N121D mutagenic GGAGTCAATCGTTCCGTCGGGTACAAGATCC 1.0 20.3
N121S mutagenic GGAGTCAATCGTGAC GTCGGGTACAAGATC 1.0 24 .9
ml]:soeiic ACGCGCCATTCCGCTITCGAAGCCGTTATCGTGGTT
YO0F/Y204F Y2%4 1.2 19.1
. GACAATTACAGCGGGTITCGAGGGCGCGTTGAGATG
mutagenic

*Mutated nucleotides in the mutagenic primers are underlined
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Table 4-3. Equilibrium dialysis results for MsTsf1 WT and mutant forms.

Pre-dialysis Post-dialysis
Protein Log K*
[protein]®  [Fe®'Jadd® [Fe*]rs° [Fe*InTs’
UM uM trial uM uM
79 1 4.3 3.0 185
) 2 3.8 3.4 185
1 9.1 8.9 18.4
WT 20 18 2 7.8 10.2 18.4
45 1 12.1 33.0 18.2
2 12.1 33.0 18.2
79 1 3.8 34 185
) 2 4.2 3.0 18.5
1 7.3 10.7 18.3
NI21A 20 18 2 73 10.7 18.3
45 1 11.1 33.9 18.1
2 11.1 33.9 18.1
79 1 1.1 6.1 17.9
' 2 15 57 18.1
1 3.2 14.8 18.0
N121D 20 18 2 2.8 15.2 17.9
45 1 5.2 39.8 17.8
2 4.3 40.7 17.7
79 1 2.9 4.3 18.3
’ 2 2.4 4.8 18.3
1 5.0 13.0 18.2
N1218 20 18 2 4.6 13.4 18.1
45 1 7.0 38.0 17.9
2 6.1 38.9 17.9
1 -0.3 7.5
1.2 2 08 8.0
1 -04 18.4 could not be
YO0F/Y204F 20 18 2 -0.9 18.9 calculated
1 0.2 44.8
45 2 2.0 47.0

aFinal concentration of protein after addition to the microdialyzer.

PFinal concentration of Fe3* after addition to dialyzer (added in the form of Fe**-citrate).
“Tsf1 bound (TB) iron; [Fe**]rs = [Fe*]add - [Fe**InTs.

dConcentration of non-Tsf1 bound (NTB) iron measured by the Ferrozine assay.
¢Calculated using equations described in Weber et al., 2020.
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Chapter 5 - Immunohistochemistry and confocal imaging of

transferrin-1 uptake in tissues from Drosophila melanogaster’

!parts of this chapter are included in a manuscript that was submitted to Insect

Biochemistry and Molecular Biology in June (2021) and is under review.

Introduction

Iron is an essential micronutrient, but it can initiate harmful chemical reactions in cells
(Kosman, 2010). Unsurprisingly, animal lineages have evolved homeostatic processes, including
iron transport mechanisms, that supply an adequate amount of iron to cells while limiting iron
toxicity (Anderson and Leibold, 2014; Galay et al., 2015; Lambert, 2012; Tang and Zhou,
2013a).

In mammals, a key player in iron transport is serum transferrin, an extracellular protein
composed of two homologous lobes, each with a high affinity iron-binding site (Gkouvatsos et
al., 2012; Mizutani et al., 2012). In mammals, iron is transported out of cells as ferrous ions
(Fe?"), oxidized to ferric ions (Fe*"), and loaded onto serum transferrin (De Domenico et al.,
2007; Han, 2011). Iron uptake can occur via two pathways that involve transferrin and its
receptor. The most widely known mechanism is receptor-mediated endocytic uptake of the Fe3*-
transferrin-receptor complex (Frazer and Anderson, 2014). A less recognized mechanism
involves extracellular ferric reduction of iron bound to the transferrin-receptor complex followed
by ferrous ion uptake (Kosman, 2020). Animals with a severe deficiency of serum transferrin die
shortly after birth with symptoms of anemia and iron overload of various tissues; therefore, it
appears that the main function of serum transferrin is to provide iron to cells in a regulated

manner (Anderson and Vulpe, 2009; Bernstein, 1987; Hamill et al., 1991).
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Information about iron transport in insects is surprisingly limited. Transferrin 1
(Tsf1), an insect-specific homolog of mammalian serum transferrin, appears to play a role,
although the mechanisms involved have not been solved (latsenko et al., 2020a; Najera et al.,
2020; Tang and Zhou, 2013b; Xiao et al., 2019). Tsf1 is thought to participate in iron transport
because 1) Tsfl-bound iron can be taken up by insect cells, 2) Tsf1 is transported into oocytes, 3)
knockdown of Tsf1 results in changes in iron distribution in the insect body, and 4) a lack of
Tsf1 interferes with immune-induced transfer of iron from hemolymph to fat body (Huebers et
al., 1988; latsenko et al., 2020a; Kurama et al., 1995; Xiao et al., 2019). Like serum transferrin,
Tsfl is an extracellular, bilobal protein with high affinity for iron at neutral pH and low affinity
at acidic pH; however, many Tsfl orthologs have only one iron-binding site, and iron
coordination by Tsf1 differs from that of serum transferrin (Weber et al., 2020b, 2020a). Because
the known aspects of iron transport in insects are quite different from those of the major iron
transport pathways in mammals, it is not obvious how Tsfl may function in iron transport.
Whereas iron is transported out of mammalian cells as ferrous ions, iron is transported out of
insect cells by the secretion of iron-loaded ferritin; therefore, the source of iron bound to Tsfl in
hemolymph is unknown (Nichol and Locke, 1990; Pham and Winzerling, 2010; Tang and Zhou,
2013b; Whiten et al., 2018; Xiao et al., 2014). In addition, insects lack a mammalian transferrin
receptor homolog, and no Tsf1 receptor has been identified (Geiser and Winzerling, 2012;
Lambert, 2012).

The goal of this study was to determine whether Tsfl delivers iron into cells via
endocytosis. To answer this question, we used Drosophila melanogaster as a model insect

system, and used immunohistochemistry to evaluate in which tissue Tsf1 is located and whether
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cells take up Tsf1 via endocytosis. Our results indicate that Tsfl is endocytosed by nephrocytes

and oocytes but not by other tissues.

Materials and Methods

Drosophila melanogaster stocks

Insects were cultured at 25.5 °C on K12 High Efficiency diet (United States Biological).
The w!18 stock (#3605) was obtained from the Bloomington Drosophila Stock Center and was
used as the control genotype.

Tsf1MOm1 which has a deletion of the entire Tsf1 coding region, was made via CRISPR-
Cas9 technology by GenetiVision Corporation. Briefly, guide RNAs (aaccggttgagtcaccacggtgg
and gagtggtgtgaaaagccaattgg) and a donor construct containing 3xP3-GFP as a selectable marker
were co-injected into y w; nos-Cas9 (y+)/CyO eggs, F1 progeny were screened for GFP-
expressing individuals, and three independent stocks were established. PCR using genomic DNA
as the template was performed by GenetiVision to confirm that the GFP cassette was inserted at

the expected location.

Antisera and purification of Tsfl

Recombinant Tsfl was expressed using a baculovirus expression system and purified as
described previously (Weber et al., 2020a). Briefly, Sf9 cells were infected with a recombinant
baculovirus made with a full-length Tsf1 cDNA (LP08340, from the Drosophila Genomics
Resource Center), and secreted Tsf1 was purified from the medium with the use of ammonium
sulfate precipitation, and anion exchange and size exclusion chromatography. Purified Tsf1 (0.3

mg) was sent to Cocalico Biologicals for the production of polyclonal antiserum in a guinea pig.
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We used commercially available rabbit antiserum against D. melanogaster Rab5
(Abcam). This antiserum has been used by others to identify endosomes in neural tissue, wing
discs, eye discs, and other tissues (Fan et al., 2013; Yuva-Aydemir et al., 2011; Zschatzsch et al.,

2014).

Tissue preparation and immunohistochemistry

To detect endocytic uptake of Tsf1 in w8 third instar larvae and adult females, we
performed immunostaining of Tsfl and an early endosome marker, Rab5, in whole mounted
tissues. Ay w Tsf1™°™ Jine was used as a negative control. Insects were dissected in phosphate
buffered saline (PB), and samples were briefly rinsed in fresh PBS before processing. Larval
tissues were prepared by snipping the anterior end and inverting the carcass by pushing in on the
posterior end. Ovaries were dissected from adult females by making an incision in the cuticle on
the ventral side of the abdomen and removing the ovaries. Pericardial cells were prepared in
adult flies by pinning the down the thorax, making transverse incisions at the anterior and
posterior ends of the ventral abdominal cuticle, followed by a longitudinal incision from anterior
to posterior ends of the ventral abdominal cuticle, and then pinning down each side of the
opening to reveal the abdominal contents. Some fat body and gut tissue was removed to better
expose the dorsal vessel and pericardial cells. To analyze adult midguts, Malpighian tubules, and
neural tissues, abdomens were prepared similarly to those used for analyzing pericardial cells,
without the removal of these tissues.

The antisera used for immunohistochemistry are described in the previous section
(Antisera and purification of Tsfl). Dissected samples were fixed in 4% (w/v) paraformaldehyde

in PBS solution for 2 hours at 4 °C. The samples were washed five times with PBS plus 0.5%
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(v/v) Triton X-100 (PBST), with a final incubation in PBST for 5 minutes with agitation at 25 °C
to permeabilize tissues. Samples were then blocked for 1 hour in PBST and 10% (v/v) goat
serum with agitation at 25 °C, washed five times with PBST, and incubated with Tsfl antiserum
(1:20,000) for 24 to 48 hours with agitation at 25 °C. Five brief washes with PBST were
followed by an 8-hour wash with agitation at 25 °C. The samples were then incubated with Alexa
Flour 568-conjugated goat anti-guinea pig secondary antibody (1:1,000; Invitrogen) with
agitation overnight at 4 °C or 5 hours at 25 °C. Samples were then washed five times with PBST
followed by a 4-hour wash with agitation at 25 °C. The procedure was repeated for Rab5
endosomal marker staining using Rab5 antiserum (1:1,000; Abcam) and Alexa Flour 488-
conjugated goat anti-rabbit secondary antibody (1:1,000; Invitrogen). Samples were transferred
to glass slides and mounted in Prolong Gold Antifade mountant (Invitrogen).

Imaging was performed using a Zeiss LSM 700 AxioObserver confocal microscope with
Plan-Neofluar 20x/0.50 M27 and 40x/1.30 Oil M27 objectives. Alexa Flour 568 excitation was
at 555 nm and emission was at 573 nm. Alexa Flour 488 excitation was at 488 nm and emission
was at 518 nm. w8 and y w Tsf1mo" samples were imaged with identical settings. Zen 3.1 lite

software was used for imaging and processing.

Results

Mammalian serum transferrin, which is transported into cells via receptor-mediated
endocytosis, is detectable in endosomes by immunohistochemistry (Mayle et al., 2012); in
contrast, endocytic uptake of Tsfl has not been reported. We used immunohistochemistry to
analyze dissected tissues for evidence of intracellular Tsfl and for colocalization of Tsfl with the

endosome marker Rab5 (Zeigerer et al., 2012).
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Tsfl detection and uptake in oocytes and nephrocytes

We observed intracellular Tsf1 staining in developing oocytes. Co-staining of Tsfl and
Rab5 showed colocalization of the two proteins, which occurred primarily at the posterior apex
of the oocyte (Figure 5-1). The Tsf1 staining further into in the cytoplasm was not colocalized
with Rab5, and was in a spherical pattern. Endocytosed yolk proteins are often stored in yolk
granules for later use during embryogenesis (Schonbaum et al., 2000); moreover, staining of yolk
granules often show the same spherical pattern shown in our Tsf1 staining (Liu et al., 2015).

We also observed Tsf1 staining in two types of nephrocyte cells: pericardial cells (Figure
5-2) and garland cells (Figure 5-3). The pericardial cells are large uninucleate cells that flank the
heart tube in pairs. The garland cells, also called wreath cells, are binucleate cells that form in a
ring around the esophagus (Weavers et al., 2009). The major function of these cells is to filter
circulating hemolymph through endocytic uptake, and they are equivalent to the function of
kidney glomerular podocytes in humans (Weavers et al., 2009). Co-staining of Tsfl and Rab5
showed colocalization of the two proteins in both the garland cells and pericardial cells (Figures

5-2 and 5-3).
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TSf1 m10m1

Figure 5-1. Tsf1 colocalized with Rab5 in oocytes.

(A) A schematic diagram of a developing egg chamber. The surrounding layer of follicle
epithelium cells (FE) is shown in tan, the border cell (BC) in yellow, the nurse cells (NC) in light
blue, and the oocyte (OC) in green, with nuclei in dark blue. (B and D) Egg chambers from wild-
type (WT) and Tsf1™°™ flies were fixed and processed for immunofluorescence using antibodies
against Tsfl (red) and Rab5 (green). (C - C”) A magnified view of a single 0.48 um slice taken
from a Z-stack acquisition of the wild-type oocyte. The arrows in the first panel indicate Tsfl
accumulation in the yolk granules. Colocalization of Tsfl and Rab5 occurs at the posterior apex
of the oocyte, indicated by arrowheads in the third panel. An asterisk indicates the oocyte
nucleus. Scale bars are 50 um for panels B and D and 10 um for panels C - C”’.
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Figure 5-2. Tsf1 colocalized with Rab5 in pericardial cells.

(A) A schematic diagram of the location of pericardial cells (PC) surrounding the dorsal vessel
(DV) in the abdomen of adult flies. Pericardial cells from wild-type (WT) and Tsf1™°™ (C) flies
were fixed and processed for immunofluorescence using antibodies against Tsfl (red) and Rab5
(green). (B - B” and C) Images are a rendering of 20-30 optical slices from a confocal stack.
“DV” indicates the dorsal vessel with its boundary outlined with dashes, while “PC” indicates
pericardial cells with their boundaries outlined with dashes. (D - D’) Magnified views of a 2 um
slice from the center of a wild-type pericardial cell. Scale bars are 50 um for panels B - B” and

C, and 10 pm for panels D - D”.

Tsf1m10m1

Figure 5-3. Tsfl colocalized with Rab5 in garland cells.
Garland cells from wild-type (WT) and Tsf1™°™ |arvae were fixed and processed for
immunofluorescence using antibodies against Tsfl (red) and Rab5 (green). Scale bars are 20 um.
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Tsfl detection in trachea

The delivery of oxygen to insect tissues occurs through their extensive network of
trachea. The architecture of the trachea is comprised of a cuticle layer which is exposed to the
lumen, an epithelial layer which surrounds the cuticle, and the basal lamina layer which is
exposed to hemolymph or cellular tissue (Snelling et al., 2011). Tsf1 is highly expressed in the
epithelial layer of the trachea, where it has been hypothesized to act as a bacteriostatic agent

(Wagner et al., 2008a). We observed Tsf1 staining in the trachea (Figure 5-4); however, its

localization with respect to Rab5 and the tracheal lumen was not clear.

- "

Tsf1 m10m1

Figure 5-4. Tsfl is present in tracheae.

Tracheae from wild-type (WT) and Tsf1™°™ |arvae were fixed and processed for
immunofluorescence using antibodies against Tsfl (red) and Rab5 (green). Images are of a single
optical slice from the longitudinal center of the tracheal lumen. No Tsfl immunoreactivity was
observed in tracheae from Tsf1™™ [arvae. It is unclear whether Tsf1 staining in wild-type

tracheae is lumenal or intracellular. Scale bars are 50 um.

Lack of Tsfl detection in fat body and other tissues

We were particularly interested in whether Tsf1l is endocytosed by fat body cells because

previous studies demonstrated that, under some circumstances, Tsfl is involved in the transfer of
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iron into the fat body (latsenko et al., 2020a; Xiao et al., 2019); however, we failed to detect
intracellular Tsf1 in larval or adult fat body (Figures 5-5 and 5-6). In addition, we did not

observe consistent or convincing Tsf1 staining within larval or adult Malpighian tubules, neural

tissues, or midguts (data not shown).

Figure 5-5. Tsfl was not detected in larval fat body.

(A) Larval fat body was fixed and processed for immunofluorescence using antisera against Tsfl
(red) and Rab5 (green). (B) A brightfield image with the individual fat body cell boundaries
outlined with grey dashes is shown. A’ and B’ are a magnified view of the area bounded by a
box in A and B. Lipid droplets (LD) are visible. Note that except for a likely bit of the tracheal
system (arrow head), no Tsf1 immunoreactivity was observed. Scale bars are 50 um for panels A

and B and 10 pm for panels A’ and B’.

Figure 5-6. Tsf1 was not detected in adult fat body.

Adult fat body was fixed and processed for immunofluorescence using antisera against Tsfl
(red) and Rab5 (green). The brightfield channel is also shown. Note that except for the tracheal
system (arrow heads), no Tsfl immunoreactivity was observed. Scale bar is 50 pm.
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Discussion

How iron is transported from one cell to another in insects is still not understood (Calap-
Quintana et al., 2017; Mandilaras et al., 2013; Tang and Zhou, 2013b; Whiten et al., 2018).
Because the main mechanisms of iron transport in mammals involve serum transferrin (Frazer
and Anderson, 2014; Kosman, 2020), one reasonable hypothesis is that Tsf1 plays a similar role
in insects. Both Tsfl and serum transferrin release iron under moderately acidic conditions,
suggesting that Tsf1 could release iron in acidified endosomes, as does serum transferrin (Baker
et al., 2002; Weber et al., 2020a). Serum transferrin is detectable in endosomes by
immunohistochemistry and is even sometimes used as an endosome marker (Mayle et al., 2012).
However, we did not find evidence of endocytic uptake of Tsfl by fat body, Malpighian tubules,
neural tissues, or midguts, although our methods may not have been sensitive enough to detect
Tsfl in these tissues. The lack of an identifiable Tsf1 receptor indicates that, if endocytic uptake
of Tsf1 does occur in these tissues, the uptake mechanism must have evolved separately from
those of mammals.

Whereas most of the tissues analyzed lacked evidence of Tsfl uptake, we did detect Tsf1
uptake in oocytes. At the start of egg development, the egg chambers of D. melanogaster contain
16 germline cells and are surrounded by a single layer of follicle cells. As the chamber develops,
one of the 16 germline cells differentiates and becomes the oocyte, while the other 15 cells
become nurse cells. As the oocyte develops, it eventually reaches a point of increased endocytic
uptake of hemolymph proteins, called vitellogenesis, which usually occurs in stages 8 to 10 (Liu
et al., 2015). During vitellogenesis, Rab5 is essential to proper uptake of yolk proteins via
clathrin-mediated endocytosis, as well as the maturation of the endosome into yolk granules

(Compagnon et al., 2009). We observed endocytic uptake of Tsfl and colocalization with Rab5
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in oocytes; moreover, we found that Tsf1 remained in the oocytes and appeared to be stored in
yolk granules. This uptake seemed to occur only at stage 8-10 of their development. This result is
consistent with previous studies demonstrating that Tsf1 is abundant in D. melanogaster eggs,
but that Tsf1 is not expressed in D. melanogaster eggs or ovaries (Brown et al., 2014; Casas-Vila
etal., 2017; Graveley et al., 2011; Harizanova et al., 2004). Similar results were observed for
Riptortus clavatus (bean bug) and Sarcophaga peregrina (flesh fly) (Hirai et al., 2000; Kurama
et al., 1995). Whether apo-Tsf1 is taken up by insect oocytes is not known, but iron-bound Tsfl
was shown to be transported into S. pergrina oocytes (Kurama et al., 1995). Interestingly, in
separate experiments performed by Maureen Gorman, it was shown that eggs from w8
Tsf1™O mothers are not iron deficient, the eggs have a wild-type hatch rate, and the offspring
are viable (Gorman, personal communication). Taken together, these results indicate that Tsf1 is
not essential for the uptake of iron by oocytes. Instead, the main function of Tsfl in oocytes and
eggs may be that it is stored in yolk granules for later use in immune-related iron sequestration
(similar to the role of mammalian lactoferrin or avian ovotransferrin) or protection from iron-
induced oxidative stress (Farnaud and Evans, 2003; Giansanti et al., 2012).

We also observed evidence of endocytic uptake of Tsfl by two types of nephrocytes:
pericardial cells and garland cells. Nephrocytes form extensive narrow channels through folding-
in of their plasma membrane, and the entire cell is further enclosed in a basement membrane.
The nephrocyte’s channels and basement membrane allow for size and charge selectivity of
particles (Weavers et al., 2009; Zhang et al., 2013). Nephrocytes endocytose these selected
particles from hemolymph thereby regulating hemolymph composition (Denholm and Skaer,
2009; Helmstéadter et al., 2017). The endocytic contents is either degraded in the lysosome,

recycled back to the hemolymph, or stored within the nephrocyte (Helmstadter et al., 2017). D.
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melanogaster nephrocytes have been implicated in iron homeostasis. Mehta et al. (Mehta et al.,
2009) found that under high dietary intake of iron, ferritin was found to accumulate in both the
garland and pericardial cells. It was not determined whether the ferritin in the cells was taken up
from the hemolymph or if it was expressed endogenously (Mehta et al., 2009); however, with the
size selectivity of nephrocytes (Zhang et al., 2013) and the large size of insect ferritin (400 — 600
kDa), it seems more likely that the ferritin is expressed endogenously as a result of high levels of
iron in the diet.

But the question remains: if Tsfl is not taken up into fat body, then how does Tsf1
influence iron transport to this tissue? One possibility is that Tsf1 delivers iron through
interactions at plasma membrane and not the through endocytic uptake. Another possibility is
that Tsf1 does not directly deliver iron to most tissues, but instead transfers the iron to ferritin,
We propose that Tsfl uptake by nephrocytes could provide a mechanism for Tsf1-bound iron to
be released and transferred to ferritin (Figure 5-7). Our hypothesis is that Tsf1 is endocytosed by
the nephrocytes, and, within the endosome, iron is released from Tsf1 and then transported into
the secretory pathway, where the iron is bound by ferritin. In this way, Tsf1 would be relocating
iron from the hemolymph into nephrocytes for redistribution to other tissues or storage via
ferritin. This model would explain studies showing Tsfl’s function in keeping the level of free
iron low in the hemolymph (Huebers et al., 1988) and its influence on relocating and trafficking
iron during infection or iron overload (Bartfeld and Law, 1990; latsenko et al., 2020b; Xiao et
al., 2019), and it would explain ferritin’s role in long-term storage of iron in nephrocytes when

systemic iron levels are high (Mehta et al., 2009).

189



Figure 5-7. Model to explain the function of Tsfl uptake in nephrocytes.

Iron-saturated Tsf1 in the hemolymph is endocytosed into the nephrocyte where the iron is

released, transported into the Golgi and loaded into ferritin for storage or secretion.

Tsfl orthologs from various insect species have antimicrobial activity, and the
bacteriostatic activity of Tsfl from M. sexta is dependent on its ability to sequester iron
(Brummett et al., 2017; Ciencialova et al., 2008; Yun et al., 2009). This bacteriostatic activity is
likely why Tsf1 is present in extracellular fluids such as molting fluid, saliva, and seminal fluid

(Bonilla et al., 2015; Brummett et al., 2017; Geiser and Winzerling, 2012; Hattori et al., 2015;
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Qu et al., 2014; Simmons et al., 2013; Zhang et al., 2014). We found that Tsf1 is also present in
the tracheal system, where Tsf1 is highly expressed (Chintapalli et al., 2007; Wagner et al.,
2008b). Tsf1 may be secreted into the tracheal lumen or the space between the epithelial cells
and cuticle where it could suppress microbial growth.

If the main function of Tsfl under normal conditions is not to transport iron, then what
are its primary functions? Tsfl appears to protect insects from oxidative stress (Geiser and
Winzerling, 2012; Kim et al., 2008; Lee et al., 2006; Xue et al., 2020; Zhang et al., 2018).
Although we did not observe a large decrease in the longevity of w8 Tsf1™°™ fljes living in
standard laboratory conditions (Gorman, personal communication), the presence of Tsfl may
protect against oxidative stress in flies that are exposed to oxidative-stress-inducing conditions
(Xue et al., 2020). The bacteriostatic activity of Tsfl and its presence in extracellular fluids are
characteristics similar to those of mammalian lactoferrin (Farnaud and Evans, 2003). Like flies
lacking Tsf1, mice lacking lactoferrin are viable and fertile and have apparently normal iron
homeostasis (Ward et al., 2003). We suggest that the main functions of Tsf1 may be in protection

against iron-induced oxidative stress and immune-related iron sequestration.

Future Directions

Analyzing the uptake of Tsfl in tissues from D. melanogaster has led to several topics for
future studies:

(1) Endocytic uptake of hemolymph proteins in nephrocytes and oocytes involves
specific receptors. In D. melanogaster nephrocytes there are two receptors, Cubilin and
Amnionless, which function as co-receptors for hemolymph protein uptake. During

vitellogenesis in D. melanogaster oocytes, the receptor Yolkless mediates endocytosis of
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hemolymph proteins. Future work could focus on the possible interaction of Tsfl with these
receptors and determining what domains of Tsf1 or the receptors are necessary for endocytic
uptake into these specific tissues. Moreover, if there is an interaction, it could be determined
whether apo- and holo-Tsf1 have different affinity for these receptors.

(2) It has been shown that Tsf1 is involved in the hypoferremic response by relocating
iron from the hemolymph into the fat body during an immune challenge (latsenko et al., 2020a);
however, under normal lab conditions, we did not see Tsfl uptake in fat body. A future study
could look at staining of Tsf1 in the fat body during an immune challenge.

My model of Tsf1 recycling iron in the nephrocytes could also explain this iron
relocation function of Tsf1; therefore, it would also be interesting to look and see if there is
increased iron content and/or Tsfl uptake in the nephrocytes during an immune challenge.

(3) The fate Tsf1 in the nephrocytes was not clear from the immunostaining in this study.
A future study could focus on whether Tsf1 is recycled back to the hemolymph, like the
recycling of serum transferrin in mammals, or if it is degraded in the lysosome.

(4) The model of iron recycling in nephrocytes is reliant somewhat on ferritin being
expressed in the nephrocytes (so that it can bind iron from endocytosed Tsf1 in the Golgi);
however, the subcellular location and the level of expression of ferritin found in nephrocytes is
not clear. Future work could focus on staining ferritin in nephrocytes to determine its subcellular
location.

(5) Whether Tsf1 staining in the trachea occurred in the lumen was not clear. Future work
could implement staining of chitin or other components of the tracheal system to get a better idea

of the location of the Tsf1.
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(6) It is not clear what the role of Tsfl uptake into eggs is, but Maureen Gorman’s
experiments on survival and iron content of Tsf1™™ eggs show that Tsf1 is not necessary for
delivering iron to this tissue. One hypothesis is that the Tsf1 is taken up and stored in yolk
granules for later use as a bacteriostatic agent or sequestering free iron to reduce oxidative stress.
In order to perform these functions, Tsfl would need to be in its apo-form and would need to be
eventually be free of the yolk granule. During vitellogenesis the yolk granules are equivalent to
dormant lysosomes, but eventually during embryogenesis the granules turn acidic and become
lysosomes, which could degrade the stored Tsfl. Future work on Tsf1 function in oocytes could
focus on two questions: do oocytes specifically take up apo-Tsfl, and what is the fate of Tsfl

after it is stored in yolk granules?
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Appendix A - Tsfl sequence alignment

The following pages of Appendix A contain an amino-acid sequence alignment of two
serum transferrin, two lactoferrin, two ovotransferrin and 98 Tsf1 sequences. A full description
of how the sequences were collected and analyzed can be found in the Material and Methods of
Chapter 2 in the section “Sequence alignment for binding residue determination”. Information
(including order, species, and accession number) about each sequence used in the alignment is
listed in Chapter 2’s supplementary Table 2-3. The amino acid residues in serum transferrin,
lactoferrin and ovotransferrin that coordinate iron or bind the carbonate anion are highlighted in
yellow (for iron coordination) or red (for carbonate anion binding). The Tsf1 amino acid residues
that are in the same positions in the alignment as the iron and carbonate binding residues are

similarly highlighted.
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MMLIN-LIK--LASVLGVLALA--QANEEQIYRMCVPQ-KYYDDCLNLLKDPS~

EAGI-HMECVAGRDRIDCLDMINQRKADVLASEPEDM

MTIKN-VLK--LAALILGVLALV--QA-EEQTYRMCVPQ-KYYEDCLNLLKDPS---~EAGI -RMECVAGRDRI DCLDKINQRKADVLASEPEDM

ILGV--VVALVVAGLFL-VAQAEEPTYRL CVPQ-IYLKECQQLLADPS— EAGI-RMECVPGRDRVDCLELIEQRKADVLASEPEDM

TTTGILPL--AATLLLLLHCS-S-AAFEPIYRMCVPQ-IYFNDCTNLLNDPS----EAGI-KMECVAGRDRVECLELIEQRKADVLASEPEDM

TTTWILSV TLLLMLHCS-DVAAEEPIYRLCVPQ-IYFSDCQKLLADPS ——-—EAGI-RMECVSGRDRVDCLEMIEQRKADVLASEPEDM
SAATTWILSA---ATLLLMLYCS-DVAAEEPIYRLCVPQ-IYFSDCQKLLADPS EAGI-RMEC 'DCLEMIFQRKADVLASEPEDM
MASATITRILPA--VILLALLLHGS-YAADEEPIYRLCVPQ-IYFSDCQKLLADPS EAGI-RMECVA/ LELIEQRKADVLASEPEDM

MASTTITRILPA-

‘VILLLLLLHCS-HGAAEEPIYRLCVPQ-IYFSDCQKLLEDPS— EAGI-RMECVSGRDRIECLELIEQRKADVLASEPEDM

MADRLGYKSAGRPEFCHSQVLTMTATTSETWMLLL -

-MTATTSETWMLLL--VATLLLVLSPN-GSWAEDPIYRL CVPK-IYLKECQQLLADPS----EAGI -RMECVAGRDRVDCLELIEQRKADVLATEPEDM

-VATLLLVLSPN-GSRAEEPIYRLCVPK-IYQKECQQLLADPS-—-—-EAGI-RMECVAGRDRVDCLELIEQRKADVLATEPEDM

ITAA--VA-———LLVVQ-SSQAFEPIYRLCVPQ-IYFKECQQLLAD EAGI-RMECY DCLEMIEQRKADVLATEPEDM
MMSPWENRIWLPLA--VATLLVLLAPH-SSLAEEPIYRLCVPQ-IYLAECQQLLADPS EAGI-RMECV DCLELIEQRKADVLATEPEDM
PLA--VAALLLILGAQ-SSRAEEPIYRLCVPQ-IYLAECQQLLADPS----EAGI-RMECVAGRDRVDCLELIEQRKADVLATEPEDM
THTWLPLA--VAALLLILGPQ-SSLAEEPIYRLCVPQ-IYLAECQQLLADPS EAGI-RMECVA DCLELIEQRKADVLATEPEDM

MMSPRKTHTWLPLA--VSALLLFLGPQ-SSLAEEPIYRLCVPK-IYLAECQQLLADPS——-—EAGI-RMECVAGRDRVDCLELIEQRKADVLATEPEDM

THTWLPLA--AAALLLILAPQ-CSHAFEPIYRLCVPQ-IYLAECQQLLADPS---~EAGI-RMECVAGRDRVDCLELIEQRKADVLATEPEDM

LNLVNKRKADFMAVDPEDM

MLKVIAS--—--LYLLGVIVTA-QQTDPQNVFKI CIPH-HIYNACLELMNKPA ===~ DNV-KLECIVGRDRMDCLEKVNRREADFLAVDPEDM

MGL' LEVASL VQGQQEQTFRL CVPH-QIADACRDLMAR ———======" -V-QVECVAARRDRMECLDKVNAREADFVAVDPEDM

RRLSSSLVL----LFVAFCLONG-QGQQQEQTFRLCVPH-SIADACRDIMAK V-QVECV: RMECLL )FVAVDPEDM

MTV---SNALL VVAVLLLIGQ-SHGQOKETFKL CVPH-QIMDACQDLMAKPD--~~~, ART-QVQCIAGRDRMECLEKVKAREADFVAVDPEDM

MTA---VSVMLS-~-~~ “VVALLLFGQ-SHGQQKETFKL CVPH-QIMDACQELMAKPD—————] ART-QVQCIAGRDRMECLEKVNTREADFVAVDPEDM
. : —r i
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AOAOCSRQZ4 | AOROCIRQZ4_OSHYME
K7J4P3|K7J4P3_NASVI
E2B326|E2B326_HARSA
ROAO26WBO4 | AORO26WBO4_OOCBI
Q3MJILS | Q3MIL5_SOLIN
AOA151ID51|AOA151IDS1_SHYME
ROA19SEDU2 | AOAL9SEDU2_SHYME
AOA1S51WU63 | AOALSIWUE3_SHYME
F4W957|F4WS57_ACREC
ROA158P0AS | AOR158P0AS_ATTCE
AOA195BSL1|AOAL9SBSL1_OHYME
A0A195F369| AOA195F369_OHYME
ABD919|ASDS19_BOMIG
AOAOMSAS3S | AOROMOAS3IS_OHYME
AOAOL7QKR3 | AOAOL7QKR3_GHYME
ROAOBBAFH7 | AOROSSAFH7_APIME
J7F1T1|J7F1T1_APICC

Q6UQ28 | Q6UQ29_GALME

DSM9YS | DSMSYS_EPHKU
Q€Q2221Q6Q222_CEOFU
AOAOBSHEAS | AOAOBSHEAS_HELAM
AOA212FLE3|AOA212FLE3_DANPL
S4NYGO| S4NYGO_SNEOP
AOA194RHE7 | AOAL94RHE7_PAPMA
AOA194PSJ1|AOA194PST1_PAPXU
AOJCKO |AOJCRO_PLUXY
A7IT76|A7IT76_SPOLT
Q€F4J2|Q6F4J2_CHISP

097158 097158_BOMMO

P22297| TRF_MANSE
AOAOE4AVNS|AOAOE4AVNS_NEPCI
A0A1QINPJ1|AOAIQINPJ1_SHEMI
ROA224XL75| AOA224XL75_GHEMI
BBLJ43|BSLJ43_REOPR
AOA146LNBS|AOAL46LNBS_LYGHE
R4WJB4 |R4WJIB4_RIPPE

M4WMHE | M4WMEE_PYRAP
096418|096418_RIPCL
A0A1S3CYM8|AOA1S3CYMS_DIACI
AOA1W4WDUE | AOAIW4WDUE_AGRPL
Q0GB80 | Q0GBE0_PROBE
AOA139WAX1|AOAI39WAX1 TRICA
QSFX34|QSFX34_APRGE
AOA172WCD8 | AOA172WCDE_MONAT
QEUSR2 | Q6USR2_ROMMI

H2F490 | H2F490_PERAM

Q02942 | TRF_BLADI

A0AO67R8G2 | AOAOE7TREG2_ZOONE
AOA2J7RCE3 | AOA2J7RCE3_SNEOP
Q8MUB0 | QEMUS0_MASDA

P02789| TRFE_CHICK

P56410| TRFE_ANAPL

P02788 | TRFL_HUMAN

P24627| TRFL_BOVIN

P02787| TRFE_HUMAN

Q29443 | TRFE_BOVIN
AOA182FAJ2 | AOA182FAJ2_ANOAL
AOA1B2IKAS|AOA182IKAY_SDIPT
AOA1B2PR24|AOA182PR24_SDIPT
AOA240PK04 | AOR240PK04_9DIPT
AOA182TUOE | AOA182TUO6_SDIPT
AOA182XK00 | AOA182XK00_ANOQN
AOALB2IAY0|AORLE2IAYO_ANOAR
Q7QF98|Q7QF98_ANOGA
20A182UULS | AOA182UU1S5_ANOME
RAOA182N8I€|AOAL82NBI6_ODIPT
AOA18208L3|A0A182Q8L3_SDIPT
AOA1B2TEMB | AOA182TBMS_SDIPT
ROA1B2YCV1|AOA182YCV1_ANOST
AOA1B82RHNG | AOA182RHNS_ANOFN
AOA182MQL1|AOA182MOL1_SDIPT
AOA1B2WSQE | AOA182WSQ6_SDIPT
ROA034VS68 | AOAO34VSE8_BACDO
AOAOA1X109|AOAOAIX109_ZEUCU
ROA1IBPRIZ|AOALIBPR12_STOCA
ROALASW323 | AOALASW323_OMUSC
AOA1ASYDI2|AOALAOYDI2 GLOFF
R0OA1B0BX64|AOA1BOBX64_SMUSC
AOA1BOA3DS |AOAIBOA3DS_GLOPL
AOA1ASVBV2 | AOA1ASVBV2_GLOAU
QBMX87|Q8MX87_GLOMM
AOA1IBM1DS | AOA1IEMIDS_MUSDO
AOROLOCOK4 | AOAOLOCOK4_LUCCU
Q26643 | TRF_SARPE

B3MWK3 | B3MWK3_DROAN
AOAOM4EU20 | AOAOM4 EVJZO_DROBS
B4JJ24|B4JJ24_DROGR
087356|097356_DROSL

B4L3P8 | B4L3PS_DROMO

B4MDS52 | BAMD52_DROVI
B4H7J4|B4H7J4_DROPE

BSDNNO | BSDNNO_DROPS

B4NEK7 | BANEK7_DROWI
AOA1W4UDDE | AOA1W4UDDE_DROFC
B3NTD3|B3NTD3_DROER

QOVWVE | Q9VWVE_DROME
B4I6R8|B4IERS_DROSE
B4Q2X7|B4Q2X7_DROYA
AOA1BOCHE7 | AOR1BOCHE7_LUTLO
USEVYS | USEVYS_SDIPT

BOX886 | BOX886_CULQU
AOA1Q3FQR8 | AOR1Q3FQKE_CULTA
Q16894|Q16894_AEDAE
AOA1B2HABS | AOA182HABS_AEDAL

YLAAR-SKLAAFAGYNVVEQVRTKEEPDEPYRYEAVCVIHKDLEI YDVH -GLHGLKSC]
YLAAK-HELASRAQYNIVEQIRTKEEPQASYRYQAVAVVHKSLKIDSPK-GLRGLKSC]
YLATK-NKLAEKAGYNIVEQVRTRKEEPEAIYRYEAVAVVHKDLDINNVQ-GLRGLKSCI
YLAAR-NKLTERAGYKIVEQVRTRKEEPEAIYRYEAVAVIHKDLDINNVQ-GLRGLKSC!
YLAAKR-NKLAEKAGYNVIEQVRTKEEPDAIYRYEAVAVVHKDLDINNVQ-GLKGLKSC]
YLAAR-NKLAFKAGYNIIEQVRTKEEPDAIYRYEAVAVIHKDLDINNVQ-GLKGLKSC]
YLAAR-NKLAFRAGYSIVEQVRTREEPDAIYRYEAVAVIHKDLDINNVQ-GLRGLKSC!
YLARK-NKLAEKAGYSIVEQVRTKEEPDAIYRYEAVAVIHKDLDINNVQ-GLKGLKSC]
YLAAK-NKLAFKAGYSIIEQVRTKEEPDAIYRYEAVAVIHKDLDINNVQ-DLKGLKSC]

YLAAR-NKLAFKAGYSIIEQVRTRKEEPDAIYRYEAVAVIHKDLDINNVQ-GLKGLKSCH

YLAAR-NKLAEKAGYSIIEQVRTKEEPDAIYRYEAVAVIHKDLDINNVQ-GLKGLKSC!
YLAAK-NKLAEKAGYNIVEQVRTKEEPDAIYRYEAVAVIHKDLDINNVQ-GLKGLKSCI
YLVARNNHLQEKAGYNIVEQVRTKEEPHAPYRY EAVAVIHKDLNIDNVQ-GLRGLKSC]
YLTARKNQMATRAGYNVVEQVRTKEEPHAPYRYEAVAVIERDLNINNVQ-GLRGLKSC!
YLAARNNELASKAGY SIVEQVRTKEEPEAPYRYEAVAVIHKDLPIDNVQ-GLRGLKSC]
YLAVKDNKLASNAGYNVIEQVRTKEEPHAPYRYEAVAVIHKDLPINNVQ-GLRGLKSCI

YLAVRDNKLASNAGYNVIEQVRTREEPHAPYRYEAVAVIHKDLPINNVQ-GLRGLKSCH

YLASKM----PNQDFYVFQEFRTYDEPDAEFRYQAVIVVHKDLPINNLD-QLRGLKSC!
~PNQDFVLFQEYRTDDEPDAEFRYQAVIVVHKDLPINSLD-GLKGLKSC]
—PNQDFVLFQEYRTEDEPDAEFRYQAVIVVHKDLPVNNLD-QLKGLKSCI
—PNEDFVLIQEYRTDDEPDAPFRYEAVIVVHENDLPINNLD-QLKGLKSC]
-~ PNQDFVVFQEYRTDEEPDAEFRYEAVIVVHKDLPINSLD-QLKGLKSC]
—PNQDFVLFQEYRTDEEPDAEFRYEAVIVIHKDLPINNLD-QLKGLKSC]
—PNQDFVVFQEYRTDEEPDAEFRYEAVIVVHKDLPIKSLD-ELKGLKSCI
—~PNQDFVVFQEYRTDEEPDAEFRYEAVIVVHKDLPINSLD-ELKGLKSC]
—PNQDFVLFQEFRTDEEPDAEFRYEAVIVVHKDLPVINLD-QLKGLKSC]
—QNQDFVVIQEYRTVEEPDSPFRYEAVIVVHKDLPINNLD-QLKGLKSC]
~PNQDFILFQEYRTKDEPDAEFRYEAVIVVHKDLPVNNLD -QLKGLKSC]
~PNQDFVVFQEYRTDEEPDAPFRYEAVIVIHKDLPIDNLD-QLKGLKSC!

~FPGDSMSVFKEIRTKEEPDAEFRYEAVIVVHKDLDIKNME -QLAGLKSC]
~NRNEFDVIREIRTREEPNAEFRYEAVAVI PRDLNINNIRDGLRGLRSC!
—GKDEFDVIKEIRTKEEPDAEFRYEAVAVVHRKDLNIRNIKEGLRGLKSC!
—GKDEFDVVKEIRTKEEPDAEFRYEAVAVVHKDLNLKNIKEGLKGLKSC!
~SDADFSVFKEIRTKEEPTAAYRYDAVVVIPNDLQINKIQ-DLKGLRSC]
~SDESFTIFEEIRTKEEPRAEFRYEGVAVIPKDLKINSIK-ELRGLKSC]
—~ADDSFSVFKEIRTKLEPQAEFRYEAVSVIHKDLDINNVK-GLRGLASCI
~N-DDFTVFKEIRTKEEPNAEFRYEAVVVIPKDLEINSMS -SLRGLKSC]
~FDANFIIFKEVRTKVEPTSEFRYEAVAVVRNDLKLRNLO-GIKGLKSC]
—PEEDFTVFEEIRTREEPDAEFRYEGVAVIHKDLDIKKIS-DIKGLRSC]
YIARRQ----PGQDFAVFEEIRTREEPEAEFRYEGVAVIHKDLQLNSIK-DLKGLKSC!
YIAAKT----PEQDFAVFEEIRTREEPEAEFRYEAVAVIHKDLDIKGIE-GLKGLNSC!

YIASKV----PDEDFAVFEEIRTKEEPEAEFRYFAVVVVEKDLDINGIQ-GLKGLNSC!
YIAASN----GDNHFAVFKEIRSKEEPNEEFRYEAVAVIHKNQPLRSVQ-DLRGLKSC]
—TNQSFIVFKEIRTKEEPDEEFRYEAVAVIHRNONITSVQ-GLRGLKSC]
YVAAKI----PQQDFIIFKEIRTKEEPDEEFRYEAVCVIHKDLDITSIH-GLOGLKSC!
YIASKI----PHQDFTIFKEIRTKEEPNEEFRYEAVAVVHNNLSISSLQ-GLKGLKSC]
—AHODFMIFKEIRTKEEPEEEFRYEAVAVVHENNLSI SSLQ-GLRGLKSC]
YIASKI----PHQDFTIFKEIRTKEEPNEEFRYEAVAVVHNNLSISSIQ-GLRGLKSC!
FEAGLA----PYKLKPIAAEVYEHTEGSTTS - ¥ YAVAVVKKGTEFT-VN-DLQGKTSC!
FEAGLA- ~PYKLKPIAAEVYERSGGSTTS - YYAVAVVKKGTDFM-IK-DLRGKTSC]
YEAGLA-———-PYKLRPVAAEVYGTERQPRTH-YYAVAVVRRGGSFQ-LN-ELQGLKSC!
FEAGRD----PYKLRPVAAEIYGTKES PQTH-¥YAVAVVKKGSNFQ-LD-QLQGRKSC!
YDAYLA = PNNLKPVVAEFYGSKEDPQTF-YYAVAVVRKKDSGFQ-MN-QLRGKKSC]
YEAGLK----PNNLKPVVAEFEGTKDNPQTH- ¥ YAVAVVKKDTDFK-LN-ELRGKKSC!
YVAVNM----NNEDFVLFAELRTTEEPTAEFRYEGIVLVRTADGE TSMD-QLRGKKSC]

—DNQDFVVFSELRSAEEPTAQFRYEGIMLVRASDNFROLS -DLRGKRSC]

DNADFVVFSELRTAEEPTAMFRYEGIMLVRASDNFROLS ~DLRGKRSC]
~DNADFAVFAELRTAEEPTAQFRYEGIMLVRAADNFRALA -DLRGKRSC]
~DNADFAVFAELRTAEEPTAQFRYAGIMLVRAADNFRSLA-DLRGKRSC]
—DNADFAVFAELRTAEEPTAQFRYEGIMLVRAADNFRSLA -DLRGKRSC]
~DNADFAVFAELRTAEEPTAQFRYEGIMLVRAADNFRALA-DLRGKRSC]
=DNADFAVFAELRTAEEPTAQFRYEGIMLVRAADNFRALA-DLRGKRSCI
—DNQDFVVVSELRTAEEPTAPFRYEGIMLVRAADNFKSLA-DLRGKRSC]
—~DNQDFIVMSELRTAEEPTAPFRYEGIMLVRAADNFKSLT -DLHGKRSCI
=ANQDFVVFSELRTAEEPTAKFRYEGIMLVRASDNFQSLA-DLRGKRSCI

NNQDFVVFSELRTAEEPTARFRYEGIMLVRASDNFQSLA-DLRGKRSC]
—~DNQDFVVFSELRTAEEPTAMFRYEGIMLVRASDNFHSLA -DLRGKRSC]
—DNQDYIVFSELRTAEEPTAMFRYEGIMLVRASDKFHSLA-DLRGKRSC]
~DNQDFTVFSELRTAEEPTAMFRYEGIMLVRASDKFHSLG-DLRGKRSC!
—EKNQDYRVISEIRTKEDKDAEFRYEGIILVKRNSNINSMK-ELRGKKSC]
—KNQDYRVISEIRTREDKDAEFRYEGIILVRKRNSNINSLK-ELRGKKSCI
~KNSDYRVISEIRTKEDKDAPFRYEGIILVKKNSKIQSLN-DLRGSKSC]
—EKNEDFRVISEIRTRADKDAEFRYEGIILVRKRNSNIESLK-DLRGAKSC]
~KNEDFRVISEIRTKDDKDADFRYEGIILVKRKNSNIHSLK-DLRGAKSC]
~KNEDFRVISEIRTKDDKDADFRYEGIILVKKNSNIHSLK-DLRGAKSC]
—KNEDFRVISEIRTKDDKDADFRYEGIILVKRKNSNIHSLK-DLRGAKSC]
—KNEDFRVISEIRTKDDKDADFRYEGIILVKKNSNIHSLK-DLRGAKSC]

~KNSDYKVISEIRTKDDAEAPFRYEGVILVKRNSPIHSLK-ELRGAKSCI
—EKNADYRVISEIRTKDDKDADFRYEGIILVKRKNSNIHTLK-ELRGAKSC]
~KNSDYKVISEIRTQEDKDAAFRYEGIILVKKNSNIHSLK-ELRGAKSC]
—KNEDFRVISEIRTQQDKDAPFRYEGIILVKKSSPIQTIQ-QLRGAKSCI
—EKNEDYRVISEIRSQDDKDADFRYEGIILVKKTSPIKSLE -SLRGAKSC]
—KNEDYRVISEIRTQDDRNADFRYEGIILVKKSSPIHTLQ-ELRGAKSCI
—~KNEDYRVISEIRTQDDKNADFRYEGIILVKKSSPIHTLQ-ELRGAKSC]

—PEQDFAVFEEIRTKEEPDAEFRYEAVAVIHKDLDINGIQ-GLKGLNSCH

—EKNEDYRVISEIRTQDDKDADFRYEGIILVRRSSAIESLK-ELRGAKSCH

—=-KNEDYRIISEIRTQEDKDADFRYEGII IHTLQ-EL
YIAYHR----KNEDYRVVSEIRTQQDKDADFRYEGVILVKKTSPIKTLQ-QLRGAKSC!
YIAYHR- —EKNEDYRVVSEIRTQQDKDADFRYEGVILVKRTSPIKTLQ-QLRGAKSC]
YMAYHR----KNEDYRVISEIRTQQDKNAEFRYEGI IMVKKSSPIHNLQ-QLRGAKSC!
YIAYHR----KNEDYRVVSEIRTQQDKDAAFRYEGIILVKKDSPIRTLQ-QLRGAKSC]
YIAYHR —EKNEDYRVVSEIRTQQDKDAAFRYEGIILVKKDSPIRTLO-QLRGARSC]
YIAYHR----KNEDYRVISEIRTQQDKDAAFRYEGIILVKKDSPIRTILQ-QLRGAKSC!
YIAYHR----KNEDYRVISEIRTQQDKDAAFRYEGIILVKKDSPIRTLQ-QLRGAKSCI
YIAYHR ~KNEDYRVISEIRTQQDKDAAFRYEGIILVKKDSPIRTLQ-QLRGAKSCI
YVAYRM----NNQDFAVFSEIRTLEEPQAEFRYEGIMLVRKGSPIASLN-DLQGKKSC!
YVAYHM----SNQDFSVFTEFRTLEESQAEFRYEGIILVRRNSDIHSLH-DLKGHKSC]
=ANQDFSVFTEFRTKEEPKAEFRYEGILLVRKSDNFKAVA -DLRGKKSC!
—ANQDFSVFTEFRT RYEGI 'KAVA-DLRGEKSC]
—ANQDFSVFTEFRTLEEPRAEFRYEGIILVRKSDNFRSLA-DLRGKKSC]
YVAYHM----ANQDFSVFTEFRT LEEPKAEFRYEGIILVRKSDNFRSLA-DLRGKKSC]
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AGYKIPLTKLSSLGILPELNSP--EYSSRENELRALSSTFSKACLVGTWSPDPAI

GYKIPITKLTAMGVLTDVNNP --EYSARENELRALSTLFDKGCLVGTWSPDPAL
GYKIPITKLTAMGVLTDINNP ——EYSARENELRALSTLFDRKGCLVGRWSPDPAI
GYKIPITKLTAMGVLTDINNP --EYSARENELRALSTLFDEGCLVGKWSPDPAL
GYKIPITKLTAMGVLTDINNP--EYSARENELRALSTLFDKGCLVGTWSPDPAI
GYKIPITRLTAMGVLTDINNP——EYSARENELRALSTLFDRGCLVGTWSPDPTI
GYKIPITKLTAMGVLTDINNP -—-EYSARENELRALSTLFDRKGCLVGTWSPDPTI
GYKIPITKLTAMGVLTDINNP--EYSARENELRALSTLFDKGCLVGTWSPDPTI
GYKIPITKLTAMGVLTDINNP--EYSARENELRALSTLFDRGCLVGTWSPDPTI
GYKIPITKLTAMGVLTDINNP ——EYSARENELRALSTLFDRKGCLVGTWSPDPTI
GYKIPITKLTAMGVLTDINNP --EYSARENELRALSTLFDKGCLVGTWSPDPTI
GYKIPITKLTDMGVLNNLHDP --EYSARENELRALSSLFSKGCLVGTWSPDPAL
‘GYKIPITKLTDMGVLNNLHDP ——EYSARENELRALSSLFSKGCLVGTWSPDPAT
GYRIPITKLTAMGVLHNLHDP--EYSARENELRALSSLFSKGCLVGTWSPDPAL
GYKIPITKLTAMGVLNNLHDP --EYSARENELRALSSLFSKGCLVGTWSPDPAL
GYRKIPITKLTAMGVLNNLHDP -—EYSARENELRALSSLFSKGCLVGTWSPDPAT
GYKIPLTMLMKRPIFPKMNDH ——SISPKENELRALSTFFRKQSCIVGTWSPDEKT
EISPKENELKALSSFFKQSCIVGSWSPDPKV
HYSPKENELRAFSTFFKQSCIVGNWSPDQRT
SISPRENELKALSTFFSKSCIVGKWSPDPKT
TISPKENELRALSTFFKKSCIVGQWSPDPKT
‘TISPKENELRALSTFFKKSCIVGKWSPDPKT
-SISPRENELKALSTFFTQSCIVGQWSPDPKT
SISPKENELKALSTFFTQSCIVGQWSPDPKT
-SISPKENELKALSTFFSKSCIVGQWSPDPKT
GYKIPLTMLMRRAVFPRMNDH -—SISPKENELKALSTFFSKSCIVGKWSPDPKT

-ALSPREQELKALSTLFSKACLVGTWSPHPET
SVSPRELELKALSNLFSKACLVGTWSPHPET
-SVSPRELELKALSNLFSKGCLVGTWSPHPET
SLSPRENELKALSQFFSKSCIVGSWSPDQKT
GYKIPITKLTRMGILDPLNDT -—-TLSPRENELKALSTFFSKGCLVGTWSPHPET
GYKIPITKLTRAGVLGPLSNT ——SMSPRENELKALSSFFSKGCLVGQWSPDPDI
GYKIPITKLTRMGILGPLNDK--ALSPRENELKALSSFFSKSCIVGKWSPEPET
GYKIPLTKLKKSGVLGNINDE --TMSPRENELKAFSQLFSKACIVGEWSPDAKI
GYKIPITKLKKMGIIGNLNEP-—DLSPRENELKALSNLFSKACIVGKWSPDPKI
GYRKVPLTKLENMGLIGNLAEP -—GLSARENELKALSTLFSKACIVGDWSPDPTI
GYKIPLTKLKQRGIIGPLNDP--ELSPRENELKAFSTLFSKACIVGKWSPDPKI
GYKIPLTKLKOMGIIGNLAEP --DLSPRENELKAFSTLFSKACIVGKWSPDPKI
GYRKVPLTKLEKQMGVIGNLADP ——ELSPRENELKAFSTLFNRACIVGKWSPDPKI
GYKIPLTKLSNMHVIGAMNDK--SLTARENELRELSNLFSKACLVGKWSPDFPEL
GYKIPITKLRKMGVLTNLNDP -—-~DMTPRENELHALSQLFSKACLVGKWAPDPAQ
‘GYKIPITKLRHMGVLGPLNNS ——DLTPRENELHALSHLFSEACLVGKWAPDPAQ
GYKIPITKLREMGILSSLNNP--DLTPRENELHALSELFSQACLVGKWAPDQAQ
GYKIPITKLRKLGILTSLNNP--DLTPRENELRALSELFSQACLVGSWSADFVQ
GYKIPITKLRRMGILSSLNNP——DQTPRENELRALSELFSQACLVGKWAPDPAH

GYKIPVTKLROMGIFRMPTER-—NRSPLENELAGLSELFSSSCLVGTYSPNADI
GYKIPVARLQRAGLLKLPGANDGELSSVERELSALSELFSASCLPGSYSPHADI
GYKIPVTRLORAGVLKLPGGDDGALSPVERELAGLSELFSASCLPGSYSSDVGV
GYKIPVIRLORAGILKLPTGD-GTLSPVERELAGLSELFSASCLPGSYSSDAGV
GYKIPVTRLORAGVLRLPQGD-GTLSPVERELAGLSELFSASCLPGSYSSDGGF
GYKIPVTRLORAGVLKLPQGD-GTLSPVERELAGLSELFSASCLPGSYSSDGGF
‘GYKIPVTRLORAGVLKLPQGD-GTLSPVERELAGLSELFSASCLPGSYSSDGGF
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ARCRAMSVFAFSRDIRPILDCVQEASETDCLRSVODN-GSDLASVDDMRVAAAARKYVLH PVFHEVYGEK-K~
SKCRAMSVFAFSRDIRPILDCVQENSEDACLKSVQDN -GSDLASVODMRVARAARKYNLE PVFEEVYGEL-K-
SKCEDLAQAAYSRDIRPGLTCVTRPSLSECLTAIKEN -QADIVSVDPGMAVNALSKFQVA PVLKEEYEDDHK~ ==ISAIAVVKKSSPLQSW-ADLKGHKACH
ERCEELKIVSFSRDIRPRLGCVLKKNFAECMDAIINK -NAEVYVADAQDAITAEQKYNMKALINE( QVLVAVVKKGSTYKDL-ASLKGKKAC.
ERCEELKTVAFSRDIRPKLGCVLKRNTVECLQAVKER -QAEVYVADPQEAVLA-EKYNLK PVITEVYRNENK————————————— —QELVAVVKKSSQFRDL-ASLKTKKA(
EKCEALAKVAFSRDIRPKLDCVLKRNTEECLQAVKDK-QAEVYIADPQEALLA-DKYNLK ALLNEQYNNVDK— ——QELVAVVKKNSQFKDL-ASLEAKRA(
AKCQDLEKAAYSRDIRPSLSCVKKTTVKECLKAVNEK -QAEAVIVDPHVAIRAESDYNLV PVVNEQYNKENK - -QDLVAVVRKGS IVKSF-QDLEGKKA!
EKCELLKDAAYSRDIRPSLSCVRS---HNCFEAISKK-EAEVVVLEPHEAVLAER- INLK PLLNEQYDDERD— EVAIATVKKGSSITSV-QDFRGKKA
SKCEVLKTGAYSRDIRPSLLCVKH---DDCISAVAQK-KAELVVLDAHHAVNAEN-KNLR PLLNERYIGKSE TSM-QELRGKRAC
ERCELLKKAAYSRDIRPSLACVKK---DDCVRAVGAK-EAELVVLDPEQATQAER-NHLI PLLNEQYNL
SKCLAFKDAAFSRDIRPPFECNREKSSKVCLELIADG-AADVITLDATEAVLGRRNLNLR PILKEKYGNEKD-
ERCRTLSKSAFSRDIRPRFDCVEEKDVEGCLKT IRDN-GADVITLHGIAAFRAKSQFNLK PIVSEIYQGQPD—
LRCTALANGAFTRNIRPRFDCVQERDVDACLRNIRDG -GADIITLOGGLVDKAVREYNLK PIVAEKYAPD-G—

—T-—FPNYAVAVVRKDSSVNKI-EDLRGKRSCH
=T-—ENYAVAVVKKNTQYGKI-EDLRGNGFVT
—T-—ENYAVAVVKKNTQFNNI-QDLRGKRSCI
=T--REYAVAVVRKGTTYNKI-DDLRGKRSC]
=T--ENYAVAVVKKGTSFNKM-EDLRGKKSC]
=T--ENYAVAVVKKGTAYNKI-DDLRGKKSCI

—G--FETHTVAVVKKDSPFQSI-SDLKGKKSCI
—G-—SYYAVAVVKKNSPYNSL-ADLKGAKSCH

LKCQALSQAAFSRDIRPRFGCVEEKTVESCMKS IRDN-LADIISLDYGQVDKARREYNLV PIVAEQYGSL-G G—AYY "ASF-ADLKGAKSCH
EKCRALSKAAFARNIRPRFDCVVEKNVYACLKTIRDN-GADIITLODGGLVDLAQREYNLK PIVAEQYGAL-G: G-—SYYAVA JSL-ADLKGAKSCH
DKCRALSKAAFSRNIRPRFDCILEKNVYACLNT IRDN-GADIITLOGGLVDLAQREYNLK PIVAEQYGPL-G-———~~—~—— G-—SYYAVAVVKKGSSYQSL-SDLKGAKSCI
ARCRSLSAGAFSRDIRPKFGCVVKNSVENCLAAIRDG -EADVISLDGGEAVRAVRHYDLK PILSEVYGPL-Q D--LYYAVAV )SF-SDLRGAKSCI
ERCHVLRRAAFSRDIRPAFDCVQESTNQDCMATVRDN -GADVITLDGGDVFTAMREYNLK PITAEQYGEH-G-========= S--MYYAVAVVKKSSSYQSI-ADLRGAKS!

ERCRVLKRAAYSRDIRPAFDCVREAGLEECLRTVRDD-GADVITLDGGEVFVAQRQYNLK PIVAEQYGEH-G-~
ARCRLLRQAAFSRDIRPAFDCVQEATLHEDCMKTVRDD -GADVITLDGGEVFTAQRQYNLK PIIAEQYGEH-G~
ARCRILKQAAFSRDIRPAFDCVQETTLHDCLKTVRDD-GADVITLDGGEVSTAQREYNLR PIIAEQYGEH-G——
AKCRILKQAAFSRDIRPAFDCVQETTLHDCLKTVRDD-GADVITLDGGEVYTAQRQYNLK PITAFKYGEH-G———

=S--LYYAVAVVRKDSTYQSI-EDLRGAKSCI
=A--LYYALAVVKKSSSYQSF-DDLRGAKSCI
—A--LYYAVAVVKKSSTYQSI-DDLRGAKSCI
————A-—LYYSVAVVKKSSTYRSI-DDLRGAKSCH

SKCDRW SVVSNGDVECTVVDETKDCI IKIMKG-EADAVALDGGLVYTA-GVCGLV PVMAERYDDESQCS KTDERPAS ~DSNVNW-]

SKCDRW-==== SVVSNGEVECTILDDNKDCIVKITKG-EADAISLDGGFVYTA-GVCGLYV PVVGESYEDETQCS--~-KDEEQPAYYFAVAVVRK-SSAITW-NNLQGKKSC]
RECNQW TCSSASTTEDCIALVLKG-EADAMSLDGGYVYTA-GKCGLV PVLAENYKSQQSSDPDPNCVDRPVEGY LAVAVVRRSDTSLTW -NSVKGKKSC!
KRCQQW-----SQQSGONVTCATASTTDDCIVLVLEG-EADALNLDGGY IYTA-GKCGLV PVLAENRKS SKH-~SSLDCVLRPTEGY LAVAVVKKANEGLTW-NSLKDKKSC]

IECVSAETTEDCIAKIMNG-EADAMSLDGGEVYIA-GKCGLV PVLAENYNK-—
SGFSGGAIECETAENTEECIAKIMRG-EADAMSLDGGYLYIA-GKCGLV PVLAENYKTE~

~SDNCEDTPEAGYFAIAVVKKSASDLTW-DNLKGKKSCI

QKCEQMRQAAYSRDIRPAFRCLLKT-EEACT
QRCELMRQAAY SRDIRPVLRCVLKT -VDACVAAVEDGTEADAVVLRE
QKCELMRQAAYSRDIRPALRCVLKT-QDACVAAVRDGTEADAIVLRT
QKCELMRQAAYSRDIRPALSCVLKT -REACVAAVRDGTDADVMVLRET
QKCELMRQAAYSRDIRPALRCVLKT -HEACVAAVRDGTDADVVVLRA-
QRCELMRQAAYSRDIRPALSCVLKT-HEACVAAVRDGTDADVVVLRT ——————~!

QRCELMRQAAYSRDIRPALSCVLKT-HEACVAAVRDGTDADVVVLEA: QLE PLL
QRCELMRQAAYSRDIRPALSCVLKT-HEACVAAVRDGTDADVVVLRA-—————-] PNAQLE PLLWETFG

IADK---SITR-ERLRSG-——
——————————————— MVATADK---TITR-ERLQSG-——
~TISR-ERLQTG—

IADK---TISR-ERLQTG-——

QKCELMRQAAYSRDIRPALRCVLKT-VDACVAAVHDGTDADVVVLER: 'TTKLK
QKCELMRQAAYARDIRPALRCVLKT -VDACVTAVAEDGSDADAVVLEQ 'TTKLK PLMWET
QKCELMRQAAYSRDIRPALQCVLKT-VDACVA TDADVVVLEQ NVQLK PLMWETYG-

QKCELMRQAAYSRDIRPALECVLKT-VDACVAAVNDGSDADVVVLEQ
QKCELMRQAAYSRDIRPALQCVLKT -ADACVAAVRDGTQADVVVLEQ
QRCELMRQAAYSRDIRPALQCVLKT-VDACVDAVRDGTQADVVVLRQ

QKCELMRQAAYSRDIRPALQCVLKT-VDACVASVRDGNDADVVVLRQ- D ~TITR-ERLQSG--~-
ARCDSMRRAAYSRDIRPELECVQD---QDCLNAVENK-NADLVVVEGSQYVDA-RQEKLK PVVYESYGPDNV~ =SVSK--DLOKL-
ARCDSMRRAAYSREIRPELECVQD---VDCLLAVQRN-NADLVVVEGNDYADA-RQOEKLK PIVYESYGPDNV- ~SVSK--DVQKL~-
AKCNAMRRAAYSRDIRPEIECLQD---SDCITAVKQG-KADMLALRGQYYKGA-RNAQLK PIVYESYCENNV- —TLEK-AALATK-——
ARCLTLSRAAYSRDIRPELECVQE---KDCILSVKEG-KADLVAIHAKNYKVA-RNDKLK PVVYESYDENDV— —TLTH-ONLQTM~—
NKCETLRRAAYSRDIRPELECVQE---KDCVIAVKEG-KADLAAT HANNYKVA-RSDKLK PVVYESYGENDV- ~TLTH-QNLQTM~
NKCETLRRAAYSRDIRPELECVQE KDCVIAVKEG-KADLAATHANNYKVA-RSDKLK PVVYESYSENDV— —TLTH-QNLQTM~
NKCETLRRAAYSRDIRPELECVQE---KDCVIAVKEG-KADLAAVHANNYKVA-RNDKLK PVVYESYGENDV- ~TLTH-QNLQTM-
NKCETLRRAAYSRDIRPELECVQE KDCVIAVREG-KADLAATHANNYKVA-RNDKLK PVVYESYGEND' ~TLTH-QNIQTM~
NKCETLRRAAYSRDIRPELECVQE- KDCVIAVREG-KADLAAIHANNYRVA-RNDKLK PVVYESYGENDV- =TLTH-QONLQTM-

RDCIYAVRDK-KADMTAVRARNYRKDA-RDVKLK PIVYEAYDENDV-
KDCIIAVREG-KADMVAVHASNYKEA-REDKLK PIVYE
KDCILAVKDN-KADMVAVEAQNYREA-RDGKLK PIVYES' v
VDCILAVTKK-EADLVVIGSDTWEEA-RKSKLQ PVVYEQLDSQDI————=========——- LVAVAPP-—
TDCMVAMGNS ~-KADMMIVHASNYAEA-RNQKLI PLVYEQLRPEQL————===========—] LVAVAPA-—
TDCIQALANS-KADMLIAFAASYAEA-RTQKLL PLVFEQLKTEEM
SKCOALHQAAYARDARPELECVQS---TDCIQALATS-KADMLIAFAASYAEA-RAQKLL PLVFEQLKDEEM - === ============
SKCQALHRAAYARDARPELECVQS---TDCIEALANN-KADMLVATAASYADA-REHKLL PLVFEKLRPEEL~
TDCIEALATN-KADMLVAAAANYADA-REHKLL PLVYEQLDADEL -
SKCEALHRAAYARDARPELECVQA---ADCVEALGKD-KADLVILFAASYADA-RQHKLQ PIVYEQLSDEDI-
SKCEALHRAAYARDARPELECVQA---ADCVEALGKD-KADLVILFAASYADA-RQHKLQ PIVYEQLSDEAT -
TDCIEALKAK-NADLVIVEAKGYADA-RENKLV PLVYEQLDEQDV—
TDCVVALSKK-EADLAVI TARGYADA-RRNQLQ PVVYE( v
SDCVVALTKK-EADLAIVRGPGYADA-RTNQLQ PIVYEQRAQDDV
TDCVVALTKK-EADLTIVRATGYADA-RSNQLQ PIVYEQRAQDDV:
TDCVVALTKK-EADLTIVRAAGYADA-RSNQLQ PIVYEQRAQDDV
TDCVVALTRKK-EADLAIV —RSNQLQ PIVYEQRAQDDV
RECEVMRKAAFSRYIRPQFQCLLKS-VEECAEAVQRD-EADVVVERSEEYEIA-RKHNLGAVLYESLEANDV
RECKVLAKVAY SRDIRPQFECMLKA-EGSCARAVHDA-QAEVAVLGPKDYQQ-IKDYSLKAILYEKYDDDDL~
DKCDVMRRAAY SROVRPEIQCVLKGSRDACVTAVKDG ~TADVVVLEGEDQPT---GTGLKAILYERYAFEDV—
DKCDIMRHARY SRDOVRPEIQCVLKGSRDACVAAVKNG -TADVVVLEGED( LKAILYEKYDERDV—
NKCEVMQKAAY SRDVRPAFECVMKG-KGSCVEAVRRG-EADVVVLEGEDQPATS-TSELK SILFEKYDDNDV -
NKCEVMQKAAY SRDVRPAFECVMKA-KDSCVEAVRRG-EADVVVLEGEDQQASS-TTNLKAILFEKYEDGDV--

-TLSR-EALOKT--~

—TLSR-EALOKT-

—MVAVADK---DITR-DQVLKA--—
——MVAVADN---DISR-DQVLKA--~
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AOROCSRQ24|AOAOCIRQZ4_SHYME
K7J4P3|K7J4P3_NASVI
E2B326|E2B326_HARSA
AOR026WB04 | AORD26WB04_OOCBI
Q3MJILS|Q3MILS_SOLIN
AOA1S1IDS1|AOR1S1IDS1_SHYME
AOR19SEDU2 | AOAL95EDU2_SEYME
AOA151WU63 | AOAL51WU63_SHYME
F4W957 | F4W957_ACREC
AOA158P0A5|AOA15820A5_ATTCE
AOA195B5L1|AOA195BSL1_SEYME
AOA195F369|AOA195F369_SHYME
ABSDY919|ABDY19_BOMIG
AOROMSA93S5 | AOROMIAS3IS_SHYME
AOAOL7QKR3 | AOAOL7QKR3_SHYME
AOAOSBAFH7 | AOAOSSAFHT_APIME
J7F1T1|J7F1T1_APICC
Q6UQ2%|Q6UQ29_GALME

DSMIYS5 | DSM9YS_EPERU
Q€Q2221Q6Q222_CHOFU
AOROBSHEAS | AOROBSHEAS_HELAM
AOA212FLE3| AOA212FLE3_DANPL
S4NYGO| S4NYGO_ONEOP
AOA194RHE7|AOAL94RHET_PAPMA
AOA194PSJ1|AOA194PSJI1_PAPXU
AO0JCKRO|AOJCKO_PLUXY
ATITTE€IATITT76_SPOLT
Q6F4J21Q6F4J2_CHISP
097158|097158_BOMMO

P22297| TRF_MANSE

AOROE4AVNS | AOAOE4AVNS_NEPCI
AOA1QINPJ1|AOALQINPJ1_SEEMI
A0A224XL75|AOA224XL75_GHEMI
B8LJ43|B8LJI43_REOPR
AOR14€LNBS|AOAL46LNBS_LYGHE
R4WJIB4 |R4WIB4_RIPPE
M4WMHE | MAWMHE_PYRAP
096418|096418_RIPCL
AOA1S3CYM8|AOA1S3CYMS_DIACI
AOAIW4WDUE | AOALWAWDUE_AGRPL
QOGBS0 |Q0GB80_PROBE
AOA139WAX1|AOAL39WAXL TRICA
QSFX34|Q5FX34_APRGE
AOA172WCDS | AOAL72WCDE_MONAT
QEUSR2 | Q6USR2_ROMMI

H2F490 | H2F490_PERAM

Q02942 | TRF_BLADI
AOAOE7REG2|AOAO67REG2_ZOONE
AOA2J7RCH3| AOA2J7RCE3_SNEOP
Q8MUS0|Q8MUS0_MASDA

P02788| TRFE_CHICK

PSE410| TRFE_ANAPL

P02788| TRFL_HUMAN

P24627| TRFL_BOVIN

P02787| TRFE_HUMAN

Q29443| TRFE_BOVIN
AORIB2FAJ2|AOA182FAJ2_ANOAL
ROA1B2TKAS|AOA182TRAS_SDIPT
ROA1B2PR24|AOALS2PR24_SDIPT
ROA240PK04 | AOA240PK04_9DIPT
AOA182TU0E | AOA182TUOE_9DIPT
AOA1B2XK00 | AOA182XKO00_ANOQN
AOA1B2IAY0|AOALS2IAY0O_ ANOAR
Q7QF981Q7QF98_ANOGA
AOA182UU15|AOALB2UULS_ANOME
AOA182NB8I6|AOAL82N8I6_SDIPT
AOA18208L3|AOA182Q8L3_SDIPT
AOA182TBMS | AOA182TBME_9DIPT
AOA182YCV1|AOAL82YCV1_ANOST
AOA182RENG | AOA182RENS_ANOFN
AOA182MOL1|AOA182MOL1_SDIPT
AOA182W5Q6 | AOAL82WSQE_SDIPT
R0A034VS68|A0A034VSES_BACDO
ROAOA1X109|AOAOAIX108_ZEUCU
AOALISPR12|AOALIISPR12_STOCA
AORIASW323| AOALASW323_9MUSC
AOA1ASYDI2 | AOALASYDI2_GLOFF
AOA1BOBX64|AOA1BOBX64_SMUSC
AOA1IBOA3DS|AOALIBOA3DS GLOPL
AOA1ASVBV2 | AOALASVBV2_GLOAU
QBMX87|0BMX87_GLOMM
AOALISMIDS | AOALIEMIDE_MUSDO
AOROLOCOK4 | AOAOLOCOR4_LUCCU
Q26643 | TRF_SARPE

B3MWK3 | B3MWK3_DROAN
AOAOM4EU20 | AOAOM4EU20_DROBS
B4JJ241B4JJ24_DROGR
0873561097356_DROSL
B4L3P8|B4L3P3_DROMO

B4MDS52 | B4MD52_DROVI
84H7J4|54H7J4_DROPE

BSDNNO | BSDNNO_DROPS

B4NEK7 | B4NEK7_DROWI
AOA1W4UDDE | AOA1W4UDDE_DROFC
B3NTD3|B3NTD3_DROER

QSVWVE| QIVWVE_DROME
B4I6R8|B4I6R8_DROSE
B4Q2X71B4Q2X7_DROYA
AOA1BOCHE7 | AORLBOCHE7_LUTLO
USEVY8|USEVYS8_9DIPT
BOX886|B0X886_CULQU
AOA1Q3FCKS | AOALQ3FQKS_CULTA
Q16894(Q16894_AEDAE
AOA182EABS|AOA182EABS_AEDAL

AGWIAPVSALLHAKLVES FA-ASCAPGAP IKSKLCEQCA! IITATRCC

DSSLCSLCIGNLASKDEQLAEVTRCSSTEAEIL Y.

Y RCLKDGKGDVAFLPL

RCLKDGKGDVAFLPL
RCLKDGKGDVAFLPL
RCLKDGKGDVAFLPL
RCLKDGKGDVAFLSL

LDSKSCQLCVGI-NTGDDQTKEATKCKPTNAEY! 24
LNSKSCQLCVGNIKIDDDQAKEATKCRPTNAEY! Y
LNSKSCQLCVGNIKTDDDQAKEATRCRPTNAEY ¥
LNSKFCQLCVGNIKIDDDQAKFATKCKPTNAEY :

Y

AGYNAPAHILKHNSLINE- -PSEINTFFS-KSCAPGAP
AG ILKLNGLIN PSEINTFFS-KSCAPGAP
AGYTAPAHILKFNGLINE--——— PSEINTFFS-KSCAPGAP
PSEINTFFS-KSCAPGAP

LNSKSCQLCVGNIKIDDDQAKEATKCRPTNAEY
LNSKSCQLCVGNIKIDDDQAKEATRCRPTNAEY
LNSKSCQLCVGNIKIDDDQAKEATKCKPTNAEY
IESTLCQQCVGNSASKDDRIREASKCKPNNEEA-——
SGSKLCQQCAGNVASDDDRVRDAGKCKPNKEEA--~

LDSKLCQQCVGNLASNNDRIRQATRCKATNEET SCLLI FVPL

—ENEAADFFS-GSCAPGAP—— -VDSKLCQQRVGKLASNNDRIRQATRCKATNEET X SCLLDGKGDVAFVPL
SGLEAPLYYLINKGKISTSSSECVRDIGEFFG-GSCLPGVDEPRYNPTGADVSRLKKLCK! LKCLTE: QADVAFVSS
SGLEAPLFYLINKGKITNSNGQCVQRMSEFF:! CLPGVDKP] KKQCL SD! TPLKCLQE: GRADVVEVSS
SGLKAPLFYLINKGLIT--PDDCVKKIGTFFSGGACLPEVDKLENNPKGDDVS ILKKQCPADN KPLTCLKE: DHGDGAFVSS
NGFYAPMYYLINKQVIN--HDQCIENFASFFSAGSCIPGINDPENNPKGDDVSKLTQQCS TD: NPLSCLSE DRGDVAFVSS
AGLAGPLYYLINKNKIS--SDQCIKNLANFFS-GSCLPGVDKPENNPRGDDVSKLKKQCS SNNMEN -~ —=~| NAWKCLQE DRGDVAFVSS
GGFAAPLYYLINKRKIS--SDQCVRNFGDFFS-GSCLPGVD! LKRQC: SPWLCLQE: DVAFVLS
SGLARPLFYLINKKLIN--SDQCVRNLGDYFSGGSCLPGVDK AGDG SAL QCL—~( FVSS
SGLAAPLFYLINKKLIN--SDQCVENLGDEF: LPGVDKI KRCSGDG———————— SALQCLONNGDVAFVSREDVSNMKKRCSGDGSALOCL-QNNGDVAFVSS
SGFDAPLYYLINKKIIG--TEQCLKKLGE! LPGVGKL TGDN KRQCSGD] PIKCLQE: DKGDIAFVSS
SGLDAPLYYLINKKVIS--SGQCIKNLADFFSEGSCLPGVDKPENNPRGDDVTRLRKQCS GDX PVKCLRE: DVAFVSS
SGLDAPLFYLINKKIIK--SDQCVKNFADFFSGGVCLPGVDKAENNPRGDNVANLKKQCS GDN PSKCLEE DVAFVSS
SGLDAPLYYLINKRIIK--PDQCIKNFGDFFSGGSCLPGVDK] 2CGSL PWKCLQE: DRGDVAFVSS
SGLHAPLFYLINKRAIQ--SDHCVKNL F LPGVDKI VSKLKKQCGSL CLEE. DVAFVSS
AGWVIPVHKLVTSGLVARDNCPYTKAISEFFSAVNY EEPFKC: VAFTDY
SGFNAVLQYLIERKLISKSECPYEKAMAEFFASVOQQ NDPVECIVFGQGDVAFVPY
AGFNAVLEYLVEQKLISKSHCPYEKSLTEFFSAVQQ: DDPVECIVFGQGDVAFVPY
SGFNAVLKYLIEKKLISNSHCPYEKAMTEFFSSVQQ S DDPVECLVFGQGDVAFVPY
SGFVGVMKYLLNQKY IQRNSCPYEVSMKEFFSGIEQ EDPTECLIFGLGDVAFVPY
AGLYAVVKYLLKNNVITKTLCPLDKTLTDFESNIIQ S5 DDPIRCIDEGNGDIAFVPA
AGYFGVIKLLLENNLIPKTNCPYEKSLNEFFSTVEQ S5 MDPVKCLVEGKG! FVPL
AGFFGVLKYLLENGLIPKTHCPYEKTLTEFFSKVET SDPIKRCLODGVGDVAFVPL

GGSYAPIYNLIKERQIRKEGCPYETALAEFFSGGSCAPGARKNLIN-VPVPVIEKLCSLCGGNVDANDGT-SLDSKCNRDSTES —
AGYNAPLYTLVKAGS IDKTNCPY PRALSEYFSGGSCLPGAANPKLQL: DKLCSLCA NFDC
AGYHAPLYTLIRLNLVPKNACPYPKALSEFFK-ASCLPGAREIKE----GYAEHLCELCGGDI!
PRINAPLYQLLKENLIEKTNCPYPKALSEYFSGGNCLPGSKDTRFGLSKDVTDKLCSLC! DKSD
AGYNAPLYQLLKNNLIEKTNCPYPKALSEYFSGGNCLPGSKDTRFKLSKEVTEKLCSLCG GNVDKSD-
AGWVVPLYTLLRQGLVQRNECPAAKAVSDFFSGGSCAPGALLS DNNPTGENPSKLCDLCV GNSARND— -ASTRCNYDVGED—

—YFGYDGAFRCLAQGVGDVAFVLQ
FSGYTGAFRCLVQGGGDVAFVKH
YSGYTGAFRCLVEGGGDVAFVEKH

VTTKC
TSTKC

YSGYTGAFRCLVEGGGDVAFVKH

AGWNVPLYLLLNQSLISRTSCPYSEAVSTFFSGGSCVPGVP ————————] LCSLCAGNLDTGD---—RTYAC! FFGY LASGAGDVAFVKH
AGWNVPLYTLLSKELISKNSCPYSSALSSYFSGGSCVPGAQL ONPDSLCSICAGNLD: DPAWKCSASNDES —————————————— FFGYSGAFRCLASGEGQVAFVEKHE
AGWNVPLYTLLQKGQISKNNCPYPKALSEFFSGGSCVPGVLA LCSICAGNL ATTQTSRC: YFGYTGAFRCLA FVKH
AGWNVPLYTLLHKGLISRNSCPYSRALSEFFSGGSCVPGALAPENNPTEDNPELLCSICAGNLDSSDSATAQALRCSASNNES == == ========== YFGYTGAFRCLASGSGDVAFVKH
AGWNVPLYTLLHKGLISRNSCPYTRALSEFFSGGSCVPGVLAPENNPSEDAPEKLYSICAGNLDSSDIPAAEASR YFGYTGAFRCLA FVKH
AGWVIPMGLIHNRTG-- ~TCNFDEYFS-EGCAPGSP PNSRLCQLCQGSGGIP-=-=== P-EKC YFGYTGALRCLVE-KGDVAFIQH
—SCDFDDYFS-EGCAPGSP P, LCKLCQ YYGY RCLVE-QGDVAFIKH

~SCRFDEYFS-QSCAPGSD-— PRSNLCALCIGDEQGE- ~YYGYTGAFRCLAENAGDVAFVED

—SCAFDEFFS-QSCAPGAD P ,CALCAGDDQGL YYGYTGAFRCLAEDVGDVAFVEN

—HCRFDEFFS-EGCAPGSK—— KDSSLCKLCMGSGL: YYGYTGAFRCLVE-KGDVAFVKE

AGWNIPMGLLYSKIN-— —NCKFDEFFS-AGCAPGSP-—— RNSSLCALCIGSERGT -———~-G-KECVPNSNER-————————==—=~ YYGYTGAFRCLVE-KGDVAFVKD
PIALDL AD RAVAAARQLAPKLEP----- SLRTVDASAAE: GAAAPVRIVRS

PVALDF-———======, AD--———=== —QRAVAAATLLLTSL-P -ALGTVDVSSP AATAPIRIVRS

PVALDL AD FGQLATRL-P LEKSVDASA] -AAGAPIRIANS

PVALDL: AD RAVAAFGQLATRL-P---—-—SLKSVDASAPE. AAGAPIRIANS
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Appendix B - Disruption of the interlobal interaction in MsTsf1

Our analysis of the N-lobe of Drosophila melanogaster Tsfl, DmTsfly, suggested that
Fe3* binding in the N-lobe is stabilized by the C-lobe (Weber et al., 2020a), and our structural
analysis of MsTsf1 (Weber et al., 2020b) revealed that the N-lobe and C-lobe have substantial
interlobal interactions with one another. Taken together, | hypothesized that these interlobal
interactions affect the iron binding and iron release mechanisms of MsTsf1. To investigate this
hypothesis, | made a triple mutation in MsTsf1, R344G/R376G/R379G, with the aim of
disrupting the interlobal interaction between the N- and C-lobe.

Arg344 in MsTsf1 is found in the linker peptide which links the N-lobe and C-lobe, and
its side chain has electrostatic interactions with both the C1 and N2 domains (Weber et al.,
2020b). Arg376 and Arg379 are located in the C1 domain of the C-lobe, and their side chains
form electrostatic interactions with amino acid residues in the N-lobe (Weber et al., 2020b).
Amino acid sequence analysis of Tsfls has shown that all three arginines are highly conserved in
Tsfl sequences. | predicted that mutating these arginines to glycines would disrupt their
electrostatic side chain interactions and the interlobal interaction, which would lead to
destabilization of the iron binding site. | planned to test this prediction by analyzing the mutant’s
UV-Vis spectra, affinity for iron, and pH-mediated iron release; however, attempts at removing
the iron from protein resulted in precipitate formation. Thus, only the UV-Vis spectra of the

holo-protein could be obtained.

210



Materials and Methods

Site-directed mutagenesis

The QuickChange Multi Site-Directed Mutagenesis Kit (Agilent) was used to mutagenize
the MsTsf1+pOET3 plasmid. | used two mutagenic primers in the reaction, one for R344 and
one for R376 and R379: 5 TAC ACG GAG GTC ATT GAG GGA GGG CAT GGA G 3’ and 5’
TTC GCA AGT GGA GAC ATC GGA CCG ATC CTA G 3’ (the mutagenic codons are
underlined). DNA sequencing verified the correct sequences of the mutant plasmids. The
flashBAC Gold system (Oxford Expression Technologies) was used to generate a recombinant
baculovirus stock for the R344G/R376G/R379G mutant. (See Chapter 4 Material and Methods

for more information on isolation of MsTsf1 cDNA and plasmid preparation.)

R344G/R376G/R379G mutant expression and purification

Recombinant baculovirus was used to infect Sf9 cells at 2 x 10° cells/ml in Sfo0011
serum free medium, using a multiplicity of infection of 1 pfu/cell. After two days, the culture
was centrifuged at 500 x g, and the cell pellet was discarded. While stirring, ammonium sulfate
was slowly added to the supernatant to obtain 100% saturation, and protein precipitation
occurred over a two-day period at 4°C. Floating brown precipitate was collected with a pipet and
dialyzed three times against 20 mM Tris, pH 8.3 (4°C). The dialyzed sample was collected,
centrifuged at 10,000 x g, and applied to a Q-Sepharose Fast Flow column (1.5 x 10 cm).
Proteins were eluted from the column with a linear gradient of 0-1 M NaCl in 20 mM Tris, pH
8.3 (4°C). Following SDS-PAGE analysis, fractions containing transferrin were pooled and
concentrated with 30 kDa molecular weight cut-off Amicon Ultracel centrifugal filters. The

samples were then applied to a HiLoad 16/60 Superdex 200 column (GE Healthcare)
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equilibrated in 20 mM Tris, 150 mM NaCl, pH 7.4. Fractions were analyzed by SDS-PAGE and
pooled. Protein yield was determined using the Pierce Coomassie Plus (Bradford) Assay Reagent
(Thermo Scientific). 6.6 mg of the R344G/R376G/R379G mutant was purified from 1.2 liters of

infected Sf9 cells.

Holo-R344G/R376G/R379G mutant preparation and spectral analysis
To ensure the R344G/R376G/R379G mutant was purified in its holo-form, an absorbance
spectrum (from 260-700 nm) of at ~ 5 mg/mL in 10 mM HEPES, 20 mM sodium bicarbonate,
pH 7.4, was measured, then 0.1 molar equivalent of ferric-nitrilotriacetic acid was added and
allowed to equilibrate for 5-10 minutes, and finally a spectrum was collected. We concluded that
the R344G/R376G/R379G mutant was saturated after purification because its absorbance spectra

(specifically the ligand-to-metal-charge-transfer (LMCT) peak) did not change.

Failed Apo-R344G/R376G/R379G mutant production
Attempts at producing the apo-form of the R344G/R376G/R379G mutant were made by
dialyzing purified protein against two exchanges of 1 liter of 0.1 M sodium acetate, 10 mM
EDTA, pH 5, and then removing the EDTA by dialysis against two exchanges of 1 liter of 10
mM HEPES, pH 7.4. However, the attempts ended up with large amounts of precipitate forming.
| estimated the pH the protein began to precipitate by dialyzing it at various pH levels. |
extensively dialyzed holo-R344G/R376G/R379G (5 mg/ml) against buffers at pH 5.0, 5.5, 6.0,
6.5, 7.0, and 8.0 for a two-day period at room temperature. The mutant precipitated at pH levels

below 6.0.
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Results and Discussion

The recombinant R344G/R376G/R379G mutant of MsTsf1 was expressed in the Sf9
insect cell line using a baculovirus expression system. The mutant was purified by ammonium
sulfate precipitation followed by anion exchange and size exclusion chromatography. The
protein was determined to be pure (Figure B-1). The yield of the purified mutant (~5.5 mg/liter)
was lower than previously purified forms of MsTsf1, which were in the range of 11 to 25
mg/liter. During trial expressions, the R344G/R376G/R379G mutant also had lower expression
levels compared to wild-type MsTsfl and other MsTsf1 mutants (data not shown). SDS-PAGE
analysis during the purification process did not indicate that large amounts of the protein were
lost during the purification process. Therefore, my hypothesis is that due to the instability of the
R344G/R376G/R379G mutant, it is not produced as effectively or is misfolded and degraded

prior to secretion by the Sf9 cells.
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Figure B-1. SDS-PAGE analysis of the purified R344G/R376G/R379G mutant of MsTsf1.
The purified R344G/R376G/R379G mutant was analyzed by reducing SDS-PAGE followed by
Coomassie staining. Lane 1 is the protein molecular mass standard (masses in kDa are shown to

the left) and lane 2 is the purified mutant protein The expected mass was 73 kDa.
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Following purification, the R344G/R376G/R379G mutant had an orange color indicating
it was bound to iron, similar to previously purified forms of MsTsf1. This color is due to the
LMCT peak that arises when iron is bound to the protein. The absorption maximum of the
recombinant WT holo-MsTsf1 is 420 nm and was previously determined by generating a
difference spectrum (subtracting the apo-spectrum from the holo-spectrum). | estimate the
R344G/R376G/R379G mutant’s absorption maximum is also 420 nm. Because | could not
produce an apo-form of the R344G/R376G/R379G mutant, | had to estimate the absorption
maximum of the mutant solely from the UV-Vis spectrum of the holo-form (Figure B-2). The
shoulder that appears in the spectra around 420 nm for the R344G/R376G/R379G mutant closely
resembles the shoulder of the WT. The spectra of purified Y90F/Y204F, which does not bind
iron, is also shown for comparison (Figure B-2). This result indicates that the
R344G/R376G/R379G mutant coordinates iron similarly to WT MsTsf1, and supports the results
previously found by analyzing DmTsfln (Weber et al., 2020a), which also showed the C-lobe

and its interlobal contacts with the N-lobe are not essential for iron coordination.
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Figure B-2. Absorbance spectra for MsTsf1 WT and mutants.
WT MsTsf1 is indicated by a black line, R344G/R376G/R379G by a green line, and
Y90F/Y204F by a red line. Proteins were at approximately 2 mg/mL in 10 mM HEPES, 20 mM

sodium bicarbonate, pH 7.4.
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Without the apo-form of the mutant, the affinity for iron could not be measured using
previously described methods (Weber et al., 2020a). Analysis of the mutant’s stability indicated
that the protein precipitates at pH levels below 6. It was not clear whether the iron is released
from the protein prior to precipitation, which makes it difficult to determine if the disrupted
interlobal contacts have a direct role in the release mechanism. Thus, it is difficult to determine
from these results what, if any, importance of the interlobal contacts have to the iron binding
affinity and iron release mechanism. Nevertheless, the results do indicate that the interlobal

contacts are important to the overall stability of the protein.
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