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Abstract

Utilization of iron by hemoglobin-producing cells is highly efficient. The
acquisition of iron from plasma requires the binding of diferric transferrin (Tf) to
its cognate receptor (Tf-R) on the erythroid cell membrane, followed by
internalization of the Tf - Tf-R complexes via receptor-mediated endocytosis.
Through a poorly understood mechanism, iron is targeted to mitochondria, the site
of heme biosynthesis. We believe that a direct interaction between iron-
containing endosomes and mitochondria is essential for iron transfer to

mitochondria and its efficient incorporation into heme.

In order to illustrate the interaction between endosomes and mitochondria,
we have employed flow cytometry. Flow cytometry analysis of reticulocytes
(erythrocyte precursors which still synthesize hemoglobin) stained with
fluorescent dyes specific to mitochondria and endosomes revealed three distinct
populations: mitochondria, endosomes and a population labeled with both dyes.
This double-labeled population suggests a population composed of endosomes
associated with mitochondria. Using non-fluorescent diferric-Tf, we were able to
remove the double population, leaving only the endosomal and the mitochondrial
population. This finding has confirmed that the double population is the result of

the interaction between the two organelles.

Additionally, we established a cell-free assay consisting of fluorescent
mitochondria and endosomes 1solated from erythroid cells. Using confocal
microscopy, we demonstrated a colocalization between the two organelles. We
repeated the assay using fluorescent mitochondria and endosomes isolated from
HeLa spinner cells. Using the mitochondrial uncoupler CCCP, we were able to
significantly reduce the colocalization between the two organelles, indicating that
the interaction between the organelles is specific and that the mitochondrial

potential is a requirement for organellar interaction.

Based on our results from flow cytometry and confocal microscopy, we

conclude that a specific and direct interaction exists between the two organelles.



Résumé

L’utilisation du fer (Fe) par les cellules productrices d’hémoglobine est tres
efficace. L’acquisition du fer a partir du plasma nécessite la liaison de la
transferrine diferrique (Tf) a son récepteur apparenté (Tf-R) sur la membrane de
cellules érythroides, suivi de linternalisation du complexe T{-Tf-R par
endocytose. Par un mécanisme a ce jour inconnu, le fer est transporté vers les
mitochondries, site de biosynthese de heme. Nous croyons qu'une interaction
directe entre les endosomes contenant le fer et les mitochondries est essentielle
pour le transfert du fer aux mitochondries ainsi qu’a son incorporation efficace

dans la héeme.

Afin d'illustrer l'interaction entre les endosomes et les mitochondries, nous
avons utilisé la cytométrie en flu. L’analyse par cytométrie en flu de reticulocytes
(précurseurs d'érythrocyte qui synthétisent encore I'hémoglobine) marqués de
colorants fluorescents spécifiques aux mitochondries et endosomes a dévoilé trois
populations distinctes: mitochondries, endosomes et une population marquée avec
les deux colorants. La population marquée des deux colorants suggere 1’existence
d’une population composée d'endosomes li€s aux mitochondries. En utilisant le
diferrique-Tf non fluorescent, nous avons réussi a supprimer la population
marquée des deux colorants, laissant seulement la population endosomale et
mitochondrique. Ces résultats confirment que la population marquée des deux

colorants est le résultat de l'interaction entre les deux organelles.

De plus nous avons établi une analyse sans cellule composée de
mitochondries et d’endosomes fluorescents isolés de cellules érythroides. En
utilisant la microscopie confocale, nous avons réussi a démontrer une
colocalization entre les deux organelles ce qui suggére une interaction spécifique.
Nous avons également répété l'analyse en utilisant les mitochondries et les
endosomes fluorescents isolés des cellules Hela Spinner. Utilisant le découpleur
mitochondrique CCCP, nous avons réduit de maniére significative la

colocalization entre les deux organelles, ce qui indique que l'interaction entre les

it



organelles est spécifique et que le potentiel mitochondrique est nécessaire pour

l'interaction entre organelles.

Basé sur nos résultats de cytométrie en flu et de microscopie confocale,
nous concluons qu’une interaction spécifique et directe existe entre les deux

organelles.

il
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Introduction

1.1. Systemic Iron Homeostasis

Iron is a precious metal involved in numerous biological functions such as DNA
synthesis, oxygen transport and electron transfer, and is therefore indispensable
for the growth and survival of an organism (Ponka, 2003). Iron exists in either the
ferric (Fe**) or ferrous (Fe®") form; the ability of iron to exist in two oxidative
states confers its versatility, while also resulting in its potential toxicity. Through
Fenton chemistry, ferrous iron is readily oxidized to ferric iron by hydrogen
peroxide and in the process generates highly reactive hydroxyl radicals (Fenton,
1876). The production of such radicals has deleterious consequences such as the
peroxidative damage of lipid membranes, protein structures and nucleic acids
(Ganz and Nemeth 2006). Furthermore, the ferric form is virtually insoluble at
physiological pH as the concentration of aquated Fe®* can not exceed 1077 M
(Halliwell and Gutteridge 1990). Therefore, the acquisition, absorption and
storage of iron is carefully orchestrated in order to maintain body iron
homeostasis and minimize iron toxicity. Fortunately, evolution has provided the
organism with means to circumvent the element’s potential toxicity and
insolubility and ensure it’s safe and efficient use. For instance, iron is always
found complexed with a protein in order to minimize free iron, one such protein
being Transferrin (Tf). Tf, a liver produced plasma glycoprotein binds tightly but
reversibly to iron and transports the element from sites of absorption to sites of
utilization and storage (Richardson and Ponka 1997). The total amount of iron

contained within the body can be envisioned as several compartments designated



for storage, absorption and utilization. The small intestine is the site of iron
absorption from the diet. Because humans posses a limited capacity to excrete
iron, the small intestine represents a critical point of control. Therefore the
homeostasis of body iron levels is dictated by iron absorption (Wintrobe, 1995).
Approximately 1 mg /day is lost through non-specific mechanisms such as cell
desquamation; therefore 1 mg is absorbed from the daily diet in order to maintain
steady body iron levels. In healthy individuals, iron absorption can be modified in
order to meet the demands of the organism dictated by both the amount of storage
iron and the rate of erythropoiesis (Wintrobe, 1995).

Iron represents 55 and 45 mg per kilogram of body weight in adult men
and women respectively (Ponka, 2003). At least two thirds of the body’s iron
content is contained within erythrocytes and their precursors (Andrews 2002)
(Fig.1). Myoglobin, cytochromes and other iron-containing enzymes contain 10%,
and the remaining 20-30% is stored in ferritin, a cytosolic iron storage protein
(Ponka, 2002). Erythroid precursors are thus by far the most avid consumers of
the metal. Erythropoiesis is a continual process which requires a relentless supply
of iron for the production of hemoglobin. The iron demands of erythropoiesis can
not be met by the miniscule amount of iron absorbed daily through the intestine.
Consequently, iron present in hemoglobin of senescent erythrocytes must be
recycled and reincorporated into new erythrocytes. The recycling of iron is
executed exclusively by specialized macrophages found primarily in the liver,
spleen and bone marrow and are collectively referred to as the reticuloendothelial

system (Knutson and Wessling-Resnick 2003), where senescent erythrocytes are



identified, engulfed and degraded. Iron is returned to the plasma complexed to Tf
in its ferric form and then shuttled to the bone marrow, the site of erythropoiesis.
Interestingly, iron bound to Tf is less than 0.1% of total body iron (3mg), however
it is the most dynamic iron pool, possessing the highest rate of turnover (Ponka,
2002). In 24 hours, Tf delivers 30 mg of iron to various sites in the body, 80% of

which is delivered to the bone marrow for erythropoiesis (Sheftel, 2006).

1.2. Cellular Iron Acquisition

In normal circumstances, nearly all plasma iron is bound to Tf, the iron binding
protein which circulates the element to its various sites within the body. Cellular
iron acquisition is mediated by the transferrin receptor (Tf-R); Tf binds to its
cognate receptor on the cell membrane and is subsequently internalized via
receptor mediated endocytosis (Fig. 2). With the exception of enterocytes,
macrophages and mature erythrocytes, all cells acquire iron via Tf. Diferric Tf
binds to the Tf-R on the cell membrane by a physicochemical interaction that does
not require temperature and energy. In contrast, endocytosis is temperature and
energy dependant process. Once diferric Tf and its cognate receptor are
internalized, the pH of the endosomal compartment is considerably reduced by an
uncharacterized adenosine triphosphate-dependant proton pump. The decrease in
pH is sufficient to strip the element from the receptor-ligand complex and the
metal is then released into the endosome. The export of iron from the endosomal
compartment is facilitated by the divalent metal transporter 1 (DMT1); however,
the iron must be in the ferrous form in order to be exported (Gunshin, Mackenzie

et al. 1997). Therefore, iron is reduced prior to its egress from the endosomes by a



ferricreductase. Recently, a putative ferricreductase, Steap-3, was identified
(Ohgami, Campagna et al. 2005). The enzyme is reported to be expressed in the
endosomes of erythroid precursors and co-localizes with Tf and its receptor in
endosomes. Following its exit from the endosome, iron can enter into functional
compartments within the cell or can be stored in ferritin, a large multimeric
cytoplasmic iron storage protein (Harrison and Arosio 1996). The storage of iron
in ferritin protects the cell from the damaging effects of free iron and sequesters
the iron in a bioavailable form (Napier, Ponka et al. 2005). The now iron-free Tf,
apo-Tf, still bound to the Tf-R, is returned to the cell membrane where it is

released from the cell and returned to the plasma.

1.3. Iron Metabolism in Ervthroid Cells

Iron is an invaluable constituent of hemoglobin; the oxygen transport properties of
the protein are conferred by the element. Hemoglobin is comprised of four globin
polypeptide chains each covalently linked to an iron-containing heme prosthetic
group. Iron metabolism in erythroid cells is an intricate process which requires the
proper coordination and communication between several processes. Briefly, iron
is acquired via Tf and Tf-R, and once internalized, iron is targeted to the
mitochondria which is the site of heme biosynthesis. Globin mRNA is translated
on polysomes in the cytoplasm. Once heme is synthesized, it is exported from the
mitochondria into the cytoplasm where it is combined with globin to form
hemoglobin. The acquisition of iron and its incorporation into heme by
hemoglobinizing cells are unique and refined processes due in part to the distinct

regulation of the specific proteins involved.



1.3.1. Iron acquisition via Transferrin

The iron Tf delivery system operates with remarkable efficiency. Erythrocytes
contain approximately 45,000-fold more heme iron (20 mmol/L) than non-heme
iron (440 nmol/L) (Richardson and Ponka 1997). Therefore, virtually all Tf-iron
accepted by erythroid cells is incorporated into heme; negligible amounts of non-
heme iron are left within mature erythrocytes (Ponka, 2002). Thus, iron-Tf
delivery is highly efficient and suggests an intimate link between iron acquisition
and heme biosynthesis.

Erythroid cells are stringently dependant on iron derived from Tf. The
latter has been confirmed by both in vitro and in vivo studies. Hereditary
atransferrinemia, also known as congenital hypotransferrinemia, is a rare disorder
characterized by microcytic anemia and iron overload. Since its identification in
1961, a total of 10 patients have been reported (Aslan, Crain et al. 2007). Anemia
in such patients can be alleviated via infusion with human plasma or purified Tf.
Similarly, mice that are homozygous for atransferrinemia suffer from severe
anemia and die shortly after birth unless treated with exogenous Tf or transfused
with red blood cells (Trenor, Campagna et al. 2000). Therefore both human and
murine examples of the disorder emphasize the absolute requirement of Tf-

derived iron by erythroid cells.

1.3.2. Transferrin Receptor
The Ti-R, like Tf is a significant element of iron acquisition by the erythroid cell
and its importance is exemplified in Tf-R knockout mice. Homozygous mice

completely devoid of the Tf-R die in utero whereas heterozygotes develop



hypochromic, microcytic anemia. The expression of Tf-R on erythroblasts of
heterozygotes is reduced in comparison with the wild type. Therefore,
transcription of both copies of the gene is absolutely required for normal
hemoglobinization (Levy, Jin et al. 1999).

Regulation of the Tf-R differs between erythroid and non-erythroid cells.
In erythroid cells, regulation occurs post-transcriptionally by an elegant system
comprised of cytosolic iron regulatory proteins (IRP1 and IRP2), and key
nucleotide sequences known as iron-responsive elements (IRE) (Kuhn 1994). The
IREs are stem loop structures located in the untranslated regions (UTR) of various
mRNAs encoding proteins involved in iron metabolism. IRPs will bind to these
stem loop structures under certain conditions and depending on the location of the
UTR will either inhibit or promote tranlation. Tf-R and erythroid 5-
aminolevulinic acid synthase (ALA-S) posses IREs located in the 3°-UTR and 5°-
UTR respectively (Theil, McKenzie et al. 1994). Cellular iron levels are closely
monitored by the IRP-IRE system. Tf-R mRNAs in non-erythroid cells are
sensitive to cellular iron levels which alter the affinity between the IREs and
IRPs. In iron replete conditions, IRP1 possesses aconitase activity conferred by an
iron-sulfur cluster which inhibits IRE binding. Consequently, the Tf-R mRNA is
unstable and along with IRP-2 is degraded. When intracellular iron levels are low,
the iron-sulfur cluster of IRP-1 dissociates, resulting in a conformation change
and thus permitting IRE binding (Schalinske, Anderson et al. 1997). The binding
of IRP-1 to the IRE stabilizes the Tf-R mRNA, and thus facilitates an increased

expression of Tf-R.



In contrast, erythroid cells appear refractory to fluctuating intracellular
iron levels. Using murine erythroid leukemia (MEL) cells, investigators examined
the sensitivity of Tf-R expression to iron. Induced differentiation of MEL cells
resulted in an increase in transcription of the Tf-R gene. The investigators did not
note an increase in the activity of IRP in induced MEL cells; rather, they
observed that the stability of the Tf-R mRNA was only slightly affected by
excess iron concentrations (Chan, Seiser et al. 1994). Therefore, Tf-R expression
appears to be indifferent to fluctuating levels of cellular iron perhaps as a result of

the greatly increased rates of transcription of the Tf-R gene (Ponka 1999).

1.3.3. 5-Aminolevulinic Acid Synthase (ALA-S)

Heme production in immature erythroid cells occurs at an astonishing rate; on a
per-cell basis, the rate of heme synthesis is at least an order of magnitude greater
than the liver, the second highest heme producer in the organism (Ponka, Sheftel
et al. 2002). The difference in rate of production of heme between erythroid and
non-erythroid cells is attributed to the acquisition of iron and to ALA-S, an
enzyme of the heme biosynthesis pathway.

Heme is assembled by a complex series of enzymes in the mitochondrion
and cytosol (Fig. 3). The first step involves the condensation of succinyl CoA and
glycine by 5-aminolevulinic acid (ALA) synthase to produce ALA. ALA is
transferred to the cytosol where a sequence of reactions yields a ring structure
known as coproporphyrinogen III. This molecule then returns to the mitochondria
where it undergoes several additional reactions to eventually produce

protoporphyrin IX. Lastly, the insertion of iron into the ring structure of the



protoporphyrin IX is catalyzed by ferrochelatase. ALA synthase (ALA-S) is of
particular importance in both erythroid and non-erythroid cells because it serves
as critical point of regulation.

Two different genes encode for the ALA-S enzyme: one of these genes is
expressed ubiquitously (ALA-S1) while the other i1s specific to erythroid cells
(ALA-S2). The synthesis of the ALA-S1 gene is feedback inhibited by heme in
non-erythroid cells and is thus the rate-limiting step of heme biosynthesis. On the
contrary, ALA-S2 is not regulated by heme; at the level of translation, the ALA-
S2 gene contains an IRE, a conserved sequence of 28 nucleotides located at the 5’
untranslated region of the mRNA. The binding of the IRP to the IRE gives rise to
the IRE/IRP complex located at the 5> UTR of the erythroid ALA-S2 mRNA.
Formation of the complex inhibits the binding of ribosomes and prevents
translation. With increasing levels of intracellular iron, the affinity between the
IRE and its respective binding protein is altered, thus permitting ribosomes and
initiatton factors to bind. Hence, the translation of the ALA-S2 mRNA is
regulated by the availability of iron which, by definition, means that iron supply
to erythroid cells is limiting and controlling factor in heme synthesis in these
cells.

In fact, the above conclusion was made earlier, exploiting a membrane
permeable iron chelate, iron salicylaldehyde isonicotinoyl hydrazone (Fe-SIH),
which can deliver iron to the cell independently of the Tf and Tf-R pathway
(Ponka and Schulman, 1985). Heme synthesis was compared in erythroid cells

treated with saturating concentrations of iron-bound Tf (20 uM) or treated with



Fe-SIH at 100 uM. The investigators reported a significant increase in the heme
synthesis of erythroid cells treated with the iron chelators in comparison with
those cells treated with iron-bound Tf (Ponka and Schulman, 1985; Laskey, Ponka
et al. 1986) Therefore, the rate of iron acquisition from Tf dictates the rate of
heme synthesis in erythroid cells. Although heme biosynthesis is regulated by iron
acquisition, non-committed heme inhibits the acquisition of iron from Tf and thus
regulates the rate of heme synthesis. Therefore, the latter is a feedback mechanism
which ensures that the rate of iron uptake does not exceed its rate of incorporation
into heme (Ponka 1999). Overall, because erythroid cells produce vast amounts of
hemoglobin, iron acquisition and heme production are tightly coupled in order to

avoid accumulation of toxic intermediates such as protoporphyrin IX.

1.3.4. Mitoferrin

Insertion of iron into protoporphyrin IX by ferrochelatase requires the entry of
iron into the mitchondria. Import of the element is facilitated by the recently
identified protein mitoferrin, a mammalian homolog of the mitochondrial solute
carrier proteins 3 (MRS3) and MRS4 which are partly responsible for iron
acquisition in yeast (Shaw, Cope et al. 2006). A mutation in the mitoferrin gene
was responsible for the zebrafish mutant, frascati, which exhibited hypochromic
anemia and impaired mitochondrial iron uptake. It was demonstrated that the
frascati mutant could be rescued by introduction of the gene encoding murine
mitoferrin (Shaw, Cope et al. 2006). Erythroblasts generated from murine

embryonic stem cells null for mitoferrin displayed maturation arrest and reduced



incorporation of *’Fe into heme. Together, these findings identify mitoferrin as a

mitochondrial iron importer essential for proper heme biosynthesis.

1.3.5. The Labile Iron Pool

The fate of iron following its exit from endosomes in erythroid cells is subject to
great debate. Ultimately, iron must traverse both mitochondrial membranes in
order to be inserted by ferrochelatase into protoporphyrin IX. The intermediate
steps of this journey have been discussed in excess over forty years. Currently, it
1s generally believed that following iron’s release from endosomes, iron enters the
cytosol where it equilibrates with a low molecular weight labile iron pool (LIP)
(Fig.2). The iron in the intermediate pool can then supply iron to sites of
utilization (Jacobs 1977). It has been suggested that iron will bind to peptides,
proteins and nucleotides; however, this has not been shown unequivocally (Jacobs
1977). Several publications printed in the 1960's suggested the existence of a
protein intermediate bound to iron that was a non-heme form and distinct from
ferritin (Greenough, Peters et al. 1962; Zail, Charlton et al. 1964; Primosigh and
Thomas 1968). The iron-bound intermediate however was neither characterized
nor identified. In contrast, in erythroid cells incubated with *Fe, virtually no *Fe
was present in a non-Tf or non-heme form (Martinez-Medellin and Schulman
1972; Zhang, Sheftel et al. 2005) suggesting that such an iron-carrier intermediate
probably does not exist. More recent studies with erythroid cells have provided
further evidence contrary to the idea of the LIP and the belief that iron, by an

unknown mechanism, freely diffuses to the mitochondria.
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1.3.6. Evidence for Targeting of Endosomal Iron to the Mitochondria

In erythroid cells, evidence exists that iron is specifically targeted to the
mitochondria. Iron acquisition by erythroid cells occurs with a high efficiency;
following a three minute incubation of reticulocytes with *’Fe-Tf, about 80 %
cell-associated iron can be found in heme (Richardson, Ponka et al. 1996). The
rapidity of iron’s incorporation into heme could be attributed to the specific
targeting of iron towards the mitochondria in erythroid cells. In hemoglobinizing
cells, the vast majority of iron taken in is directed to the mitochondria for the
purpose of heme biosynthesis. Studies in erythroid cells have demonstrated that
when heme synthesis is suppressed using isonicotinic acid hydrazide (INH) or
succinylacetone, iron derived from Tf continues to flow into the mitochondria
(Borova, Ponka et al. 1973; Ponka, Wilczynska et al. 1982; Richardson, Ponka et
al. 1996). In contrast, in non-erythroid cells, iron exceeding the metabolic needs
of the cell is stored in ferritin. These findings further emphasize the unique
mechanisms in place by erythroid cells. The results provided by in vitro studies
are confirmed by individuals diagnosed with X-linked sideroblastic anemia (SA).
The disorder is characterized by the accumulation of iron within the mitochondria
of erythroblasts. The iron-loaded mitochondria of SA patients contain dense,
ring-shaped structures and are thus called “ringed sideroblasts”. X-linked SA is
the most common inherited SA and is the result of mutations in the ALA-S2 gene
which have been known to reduce the activity of the ALA-S2 enzyme (McLintock
and Fitzsimons 2002). Therefore, both in vitro and in vivo examples provide

evidence that endosomal iron is targeted to the mitochondria.
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1.3.7. A New Model of Intracellular Iron Transport in the Erythroid Cell

A new model of intracellular iron transport within erythroid cells has been
proposed to account for the fact that: incorporation of iron into heme occurs with
extreme efficiency; no cytoplasmic iron transport intermediate has been
identified, and lastly evidence exists that endosomal iron is targeted to the
mitochondria. The model suggests that following iron’s release from Tf within
endosomes, it is handed directly from endosomal protein to mitochondrial protein
and remains protein-bound until it reaches ferrochelatase in the mitochondria, its
final point of destination (Ponka 1997). The transfer of iron from the endosome
to the mitochondria may require direct interaction between the organelles (Fig. 4).
Recent publications produced by our laboratory have provided evidence
supporting this hypothesis (Zhang, Sheftel et al. 2005). The study sought to
investigate the involvement of endosomes in the targeting of iron to mitochondria.
In order to eliminate the possible effects of various agents on endocytosis, the
investigators designed a protocol which permitted the creation of a cohort of >Fe-
Tf labeled endosomes within reticulocytes. The incorporation of *Fe into heme
was closely followed under specific conditions in order to determine the
requirements necessary for incorporation of iron into heme. Using membrane-
permeable ferrous (dipyridyl, DP) and ferric (salicylaldehyde isnoicotinoyl
hydrazone, SIH) iron chelators, the investigators demonstrated that both chelators
could intercept the transfer of endosomal Fe to protoporphyrin IX when
reticulocytes were incubated at 37°C. However when the chelators were added

during the lysis of *Fe reticulocytes at 4°C, virtually no Fe chelates were

12



formed. Therefore inhibition of incorporation of ’Fe into heme and formation of
*Fe chelates could only occur when the cells were actively metabolizing the
element. Furthemore, addition of the myosin light-chain kinase inhibitor,
wortmannin, as well as the calmodulin antagonist, W-7, caused significant
inhibition of *Fe incorporation from **Fe-Tf labeled endosomes into heme. Both
reagents are known to inhibit the microfilament motor, myosin, which is involved
in the intracellular movement of endosomes. The decreased **Fe incorporation
into heme caused by inhibitors of intracellular endosomal trafficking provide
evidence against the current belief that iron enters a “freely diffusible” pool in the
cytosol. These results suggest that the translocation of iron from the endosome to
the mitochondria requires an association between the two organelles.

In a separate study conducted by the same investigators, it was determined
that iron from Tf-containing endosomes bypass the cytosol (Sheftel, Zhang et al.
2007). Reticulocytes were loaded with a membrane impermeant form of the iron
chelator desferrioxamine (HES-DFO) and then incubated with “Fe,-Tf. In
comparison with control reticulocytes devoid of the cytoplasmic chelator, HES-
DFO loaded reticulocytes incorporated an equivalent amount of *Fe,-Tf into
heme. Therefore, the chelator was unable to intercept the Tf-borne *Fe. This
finding confirmed that iron derived from Tf-containing endosomes can bypass the
cytosol and can reach the mitochondria without entering a chelatable cytoplasmic
pool. In addition, live confocal microscopy studies of fluorescently labeled

endosomes and mitochondria of reticulocytes revealed transient interactions
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between endosomes and mitochondria of erythroid cells (Sheftel, Zhang et al.

2007).

1.4. Rationale of Studies

Iron assimilation in erythroid cells is a unique and refined process. Erythroid cells
utilize and incorporate iron with remarkable efficiency, in part due to the targeting
of endosomal iron to the mitochondria. Recent evidence revealing that iron-laden
endosomes completely bypass the oxygen rich cytosol and deliver iron to the
mitochondria weakens the widely accepted theory of the existence of a LIP
(Sheftel, Zhang et al. 2007). Given the oxygen rich cytosol of erythroid cells and
the potential toxicity of the element, the unleashing of the element into such a
milieu would be catastrophic. Trace amounts of free iron in combination with
cellular reducing equivalents have been demonstrated to oxidize hemoglobin
(Scott and Eaton 1995). The findings suggest that a pool of free iron is capable of
establishing a self-amplifying and self-propagating redox reaction with
hemoglobin that can eventually result in red cell destruction. Additionally,
transient interactions between endosomes and mitochondria, as seen by confocal
microscopy, suggest that endosomes are employed in the shuttling of iron to the
mitochondria. My work examines the possibility that direct interaction between
iron containing endosomes and mitochondria is essential for iron transfer to

mitochondria and its efficient incorporation into heme.
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2. Materials and Methods

2.1. Materials

2.1.1. Chemicals and Reagents

Nitrocellulose membranes were purchased from Pall Life Science (East hills,
NY). Acrylamide/bis (37.5:1) 40%, TEMED and ammonium persulfate (APS)
were purchased from BioShop (Burlington, Ontario). ECL western blotting
detection reagent was purchased from GE Healthcare (Piscataway, NJ). Porin
antibody was purchased from Calbiochem (EMD, Madison WI). Early endosomal
antigen 1 (EEA1) antibody was purchased from Upstate (Millipore, Billerica
MA). Eukaryotic initiation factor 4e (eIF4e) antibody was purchased from Cell
Signaling (Danvers, MA). Secondary antibodies were purchased from Zymed
(Invitrogen, Carlsbad, CA). MitoTracker Deep Red 633 (MTDR) and Alexa
Green Transferrin 488 (AGFT) were purchased from Molecular Probes
(Invitrogen, Carlsbad, CA). Protease inhibitor was purchased from Roche
(Penzberg, Germany). Pronase was purchased from Boehringer Mannheim
(Mannheim, Germany). Holo-transferrin (referred to as non-fluorescent diferric-
transferrin), deoxyribonuclease I, (DNase I) and N-(6-Aminohexyl)-5-chloro-1-
napthalenesulfonamide  hydrochloride =~ (W-7), carbonyl cyanide  3-
chlorophenylhydrazone (CCCP), Guanosine 5’-triphosphate lithium salt (GTP),
and adenosine 5’-triphosphate disodium salt (ATP) and New Methylene Blue
were purchased from Sigma-Aldrich (St.Louis, MO). Bafilomycin was purchased
from Bioshop (Burlington, Ontario). Fluorescent mounting media was purchased

from Dako (Glostrup, Denmark). Microslides and micro coverslips were
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purchased from VWR (West Chester, PA). A Wheaton dounce homogenizer was

purchased from Fisher Scientific (Waltham, MA).

2.1.2. Required Materials for Studies with Erythroid Cells -

All reticuloctye incubations were performed in Minimum Essential Media (MEM,
Invitrogen, Carlsbad, CA) supplemented with 1% bovine serum albumin (BSA),
25 mM HEPES, and 10 mM Sodium Bicarbonate, pH 7.4. Mitochondrial isolation
buffer (MB) was used to isolate splenic erythroblasts. The MB consisted of 220
mM mannitol, 68 mM sucrose, 20 mM HEPES pH 7.4, 80 mM KCI, 0.5 mM
EGTA, 2 mM magnesium acetate, and protease inhibitors. The endosomal
i1solation buffer (SIM) consisted of 250 mM sucrose, 3 mM imidazole, 1 mM
magnesium chloride and protease inhibitors. The 40x fusion buffer (FB),
consisted of 700 mM sucrose, 1.5 mM KCI, 10 mM EGTA, 40 mM magnesium

acetate, and 200 mM HEPES at pH 7.4.

2.1.3. Instruments
Flow Cytometry was performed using the Becton Dickinson FACSAria sorter and
microscopy was performed with a Zeiss LSM 5 Pascal confocal inverted

microscope.

2.2. Animals

Female CD-1 retired breeders were purchased from Charles River Laboratories

(Wilmington, MA) and housed in microisolator cages.
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2.3. Methods

2.3.1. Isolation of Reticulocytes

Blood was extracted from CD-1, female mice that had been treated for three
consecutive  days with 50mg/kg of phenylhydrazine administered
intraperitoneally. Mice were permitted to recover for 2-3 days and were bled on
day 6 or day 7 following the first injection. Blood was obtained via cardiac
puncture using a heparinized syringe. The use of Phenylhydrazine and this
specific time course allowed us to collect blood that contained 30 % reticulocytes
as verified by new methylene blue staining. These samples will now be referred to

as “reticulocytes”.

2.3.2. Flow Cytometry

Reticulocytes were washed 3 times with ice cold PBS and the buffy coat removed.
All wash steps used ice cold PBS and samples were centrifuged at 750g for 5
minutes at 4°C. The cell pellet was resuspended in 4 mL. of MEM and divided
into four samples, with each sample labeled with Alexa Green Transferrin 488 or
MitoTracker Deep Red 633, both or neither. Therefore, the sample labeled with
Alexa Green Transferrin 488 was used for the Alexa Green Transferrin time
course and served as a positive control for the fluorophore and will be referred to
as the AGTF sample. The sample labeled solely with MitoTracker Deep Red 633
served as a positive control for the dye and will be referred to as the MTDR
sample. The sample serving as a negative control without any fluorophores will be

referred to as the Control sample. The sample labeled with both MitoTracker
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Deep Red 633 and Alexa Green Transferrin will be referred to as the Double

sample.

2.3.2.1. MitoTracker Deep Red Positive Control

The MTDR sample was resuspended to a final volume of 15 mL with MEM and
incubated with MitoTracker Deep Red 633 at 500 nM for 30 minutes at 37°C in a
shaking waterbath. Cells were then washed with PBS and centrifuged at 750g for

5 minutes at 4°C three times.

2.3.2.2. Alexa Green Transferrin Positive Control and Time Course

Prior to the addition of the flurophore, the sample was resuspended to a final
volume of 5 mL with MEM and incubated at 37°C for 45 minutes in a shaking
waterbath in order to free transferrin receptors of unlabeled transferrin. The
sample was then washed 3 times with PBS. The pellet was resuspended in 10 mL
of MEM and incubated for one hour on ice with Alexa Green Transferrin 488 at
500 nM. The AGTF sample was then divided into eight time points (0’, 1°, 5°,
15°, 30°, 60’) (Fig. 5). For each time point, 500 pl of the AGTF cell suspension
was added to 500 ul of pre-warmed MEM containing 5 pM of Alexa Green
Transferrin 488. Samples were incubated at 37°C in a shaking water bath for the
allotted time. Following incubation, each time point was promptly removed from
the water bath, placed on ice and diluted with ice cold PBS. Each time point was
washed two times with PBS. All samples were resuspended in 1 mL of MEM and

treated for 30 minutes on ice with Pronase (Img/mL) in order to remove any
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fluorescent probe bound to transferrin receptor present on the cell surface.

Following Pronase treatment, cells were washed three times with PBS.

2.3.2.3. Time Course of Double-Labeled Reticulocytes

The sample was incubated first with MitoTracker Deep Red 633 in the same
manner as the MTDR positive control and following the final wash with PBS, was
resuspended in 10 mL. of MEM and incubated with Alexa Green Transferrin 488
(500 nM) for one hour on ice (Fig.6). The sample was then divided into eight
aliquots in preparation for the time course (0°, 1°, 5°, 157, 30’, 60°, 90°). For each
time point, 500 pl of the AGTF cell suspension was added to 500 pl of pre-
warmed MEM containing 5 uM of Alexa Green Transferrin 488. Samples were
incubated at 37°C in a shaking water bath for the allotted time. Following its
incubation, each time point was promptly removed from the water bath, placed on
ice and diluted with ice cold PBS. Each time point was washed two times with
PBS. All time points were resuspended in 1 mL of MEM and treated for 30
minutes on ice with Pronase (Img/mL) in order to remove any fluorescent probe
bound to the transferrin receptor on the cell surface. Samples were then washed

three times with PBS.

2.3.24. Treatment of Double-labeled Reticulocytes with Non-Fluorescent
Diferric Transferrin
Following the double-labeled time course, time point 30 was washed twice with

PBS and the cell pellet resuspended in 10 mL of MEM. The cell suspension was
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then divided into five time points, 1 mL was used for each time point i.e.0’, 5°,
30° 60°, 120’ (Fig. 7TA & 7B). Each time point was added, excluding time point O,
to 4mL of pre-warmed MEM, which contained 10 uM of non-fluorescent diferric
transferrin and was placed in a 37°C shaking waterbath for the prescribed amount
of time. Following its incubation, each time point was immediately removed,
placed on ice and followed by the addition of ice cold PBS. Each time point was
washed 3 times with PBS and then resuspended in 1 mL of MEM to which was
added Img/mL of Pronase. The samples were kept on ice for 30 minutes and

were then washed 3 times with PBS.

2.3.2.5. Treatment of Double-Labeled Reticulocytes with Inhibitors

Bafilomycin, an inhibitor of v-ATPase responsible for endosomal acidification
(Zhang, Sheftel et al. 2005; Finbow and Harrison 1997), was added to
reticulocytes labeled already with MitoTracker Deep Red 633 (Fig.8). More
specifically, the inhibitor was added midway through the 1 hour incubation of the
reticulocytes with Alexa Green Transferrin 488. Following the 1 hour incubation,
reticulocytes were incubated at 37°C in a shaking water bath for 30 minutes in
pre-warmed MEM media containing 5 uM of Alexa Green Transferrin 488.
Following the incubation at 37°C, samples were removed, immediately placed on
ice and diluted with cold PBS. Cells were then washed twice with PBS, treated
with Pronase (1mg/mL) for 30 minutes at 4°C and washed three times with PBS.

The above method was repeated using W-7, a calmodulin antagonist
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(Bourguignon, Gunja-Smith et al. 1998; Ito, Tanabe et al. 1989). All experiments

with inhibitors were repeated three times.

2.3.2.6. Flow Cytometry Analysis

All samples, positive and negative controls and all single and double label time
points including time points treated with non-fluorescent diferric transferrin and
samples treated with inhibitors, were resuspended in 1 mL MB buffer and were
subjected to rapid freeze and thaw lysis. Samples were spun at 800g for 10
minutes at 4°C; the supernatant of each sample was removed and kept on ice for
analysis via flow cytometry. Fluorescence signals were determined immediately
using a FACSAria sorter from Becton Dickinson equipped with an argon and red
laser emission of 488 and 633 nm respectively. Alexa Green Transferrin 488 and
MitoTracker Deep Red 633 were identified by using a 530/30 and a 660/20 band
pass filter respectively. Logarithmic fluorescence as well as forward and side
scattered light were collected. The analysis was performed using FCS Express V3

software.

2.3.3. Erythroid Cell-Free Assay

2.3.3.1. Isolation of Fluorescent Early Endosomes from Reticulocytes
Reticulocytes were isolated from a CD-1 phenylhydrazine-treated mouse as
previously described. The cells were washed three times with phosphate buffered
saline (PBS) at 750g for 5 minutes at 4°C followed by removal of the buffy coat.

The pellet was resuspended in MEM and the suspension was incubated at 37°C
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for 45 minutes in a shaking water bath. The reticulocytes were then washed three
times with ice-cold PBS. The cell pellet was resuspended in 30 mL of MEM
(approximately 10 billion cells/mL), and incubated with AGTF at 500nM for one
hour on ice. Following the incubation, the cell suspension was added to pre-
warmed (37°C) MEM and incubated for 5 minutes in a 37°C shaking water bath
in order to create a cohort of AGTF labeled early endosomes. Following the five
minute incubation, endocytosis was immediately halted by the addition of ice cold
PBS and the cells were placed on ice. Excess fluorescent probe was removed by
washing the cells 3 times with ice cold PBS. The cell pellet was resuspended in 5
mL of MEM and treated with Pronase (Img/mL) for 30 minutes at 4°C. The
suspension was then washed 3 times with ice cold PBS.

The cell pellet was resuspended in 2 cell pellet volumes of SIM and
following the addition of 1x protease inhibitor, cells were lysed via rapid freezing
in liquid nitrogen and thawing at 4°C. Unbroken and lysed cells were pelleted at
800g for 10 minutes at 4°C. The supernatant was removed and set aside on ice.
The pellet was resuspended in SIM buffer to which protease inhibitor was added
and lysed once again via rapid freezing and thawing (F/T). Supernatants were
pooled from both F/T cycles and were centrifuged at 20,000g for 20 minutes in a
SW55T1 Beckman rotor at 4°C. The post-nuclear supernatant (PNS) was
separated from the pellet and re-centrifuged at 60,000g for 1 hour at 4°C in the
same rotor. The endosomal pellet was then resuspended in SIM buffer and frozen
at -135°C for later use. 100 pl of the post-endosomal supernatant (PES) was set

aside for western blot analysis.
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2.3.3.2. Isolation of Mitochondria from Splenic Erythroblasts

Mitochondria were isolated from the splenic erythroblasts of female CD-1 mice
treated with phenylhydrazine and sacrificed as described above. The spleen was
removed and placed in 4 mL of ice cold PBS and 1 mL of DNase I (Img/mL).
The spleen was disrupted with scissors into 2 x 2 mm pieces over ice and passed 6
times through a 10 mL plastic syringe. The suspension was filtered through a fine
metal mesh into a 50 mL Falcon tube and centrifuged at 4°C for 5 minutes at
1000g. 4 mL of PBS and 1mL of DNase I (1mg/mL) were added to the cell pellet;
the tube was kept on ice for 20 minutes and vortexed every 5 minutes to release
DNA from clumped cells. The suspension was adjusted to a final volume of 50
mL with ice cold PBS and filtered once more through the fine metal mesh and
centrifuged at 1000g for 5 minutes at 4°C.

The cell pellet containing erythroblasts was resuspended in 800 uL of ice
cold MB with the addition of 200 pL of DNase I (Img/mL) and protease
inhibitor. The cells were disrupted on ice using a teflon tight fitting pestle and a
Wheaton 1mL mortar. Cell lysis was verified under a microscope by mounting 5
ul of the suspension; approximately 250 passes were necessary in order to obtain
70% lysis. The suspension was spun at 800g for 20 minutes at 4°C using a
tabletop centrifuge. The nuclear pellet and post-nuclear supernatant (PNS) were
separated. The PNS was spun at 800g for 10 minutes at 4°C in order to remove
any residual contaminating nuclear fraction. The nuclear pellet was resuspended
in 5 mL of MB in a 15 mL falcon tube and centrifuged at 800g for 10 minutes at

4°C. The supernatant was removed and pooled with the above mentioned PNS

23



fraction. The pooled PNS fraction was then spun at 9000g for 20 minutes at 4°C.
The mitochondrial pellet was resuspended in 50 ul of MB; 100 pl of the post-

mitochondrial supernatant (PMS) was reserved for western blot analysis.

2.3.3.3. Isolation of Cytosol from Reticulocytes

Reticulocytes were obtained from CD-1 female mice in the same manner as
mentioned above. The cells were washed 3 times in ice cold PBS and the buffy
coat removed. The cell pellet was resuspended in 2 cell volumes of SIM and prior
to lysis via F/T, protease inhibitor was added to the suspension. Following the
thawing of the cell suspension, cells were spun at 267,000g for 30 minutes at 4°C

using a SW55 Ti Beckman rotor.

2.3.3.4. Preparation of Erythroid Cell-Free Assay

The cell-free assay consisted of 37 ug of mitochondrial protein obtained from
erythroblasts, 74 pg of endosomal protein, cytosol 1 mg/mL, 1 mM of GTP, 1
mM of Sodium Succinate/ATP mix, 0.5 ul of 0.1 mM MTDR dye. Lastly, 1X FB
was added in order to obtain a final reaction volume of 50 ul. The 10x sodium
succinate/ATP mix consisted of 10 mM ATP, 50 mM sodium succinate, 0.8 mM
ADP, 20 mM potassium phosphate dibasic; the pH was adjusted to 7.4 with
potassium hydroxide. The components of the assay were added in no particular
order with the exception of the mitochondria which was added last. Following the

addition of all components, the sample was incubated for 15 minutes at 37°C on a
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heating block. The reaction was immediately halted by placing the sample on ice

and adding 200 pl of ice cold 1X FB.

2.3.4. HeLa Cell-Free Assay

Fluorescent endosomes and mitochondria isolated from Hela cells were
generously provided by Dr. Heidi McBride. Endosomes were labeled with Cy-5
transferrin, a fluorescently labeled form of transferrin. Mitochondria were isolated
from HeLa cells transfected with yellow fluorescent protein (YFP) which was

expressed specifically in the mitochondria.

2.3.4.1 Preparation of Hel.a Cell-Free Assay

The cell-free assay was performed as previously described however using
organelles and cytosol isolated from HeLa cells. Additionally, the assay was
repeated with the addition of the mitochondrial uncoupler, CCCP at a
concentration of 4 uM. In order to evaluate the assay, 200 mitochondria were
counted in total per assay. The number of total mitochondria in contact with
endosomes was counted as well. These values were used to determine the

percentage of total mitochondria in contact with endosomes

2.3.5. Confocal Microscopy
50 pl of cell-free assay sample was mixed with 50 pl of Dako mounting medium
and 40 ul of the mixture was mounted on microscope slides. Slides were kept at

37°C for 15 minutes and then at 4°C for 30 minutes. Slides were placed on the
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stage of a Zeiss LSM 5 Pascal confocal inverted microscope that had been
outfitted with a 63x/1.4 NA objective. Using the Zeiss LSM 510 software, a
multi-channel protocol was used to scan the sample for each fluorochrome as
described below.

Mitochondria, labeled with MTDR, were detected in the first track using a
SmW HeNe 633nm line (10-14%), HFT 448/543/633 and a long-pass filter
(LP650). Endosomes, labeled with AGTF, were detected in the second track
using a 30mW argon 488nm line (1-25%), HFT 488 and band-pass filter of 505-
560. The pinhole diameter was set to 1 Airy unit for the green emission. Both
channels were sampled at an optical thickness of 0.9 um. YFP-labeled
mitochondria and Cy-Transferrin labeled endosomes derived from Hel.a cells

were detected using the above-mentioned lasers, filters and settings.

2.3.5.1. Data Analysis of Erythroid Cell-Free Assay

Preliminary colocalization analyses were performed using the open source image
processing software Image] (Rasband, 2004). Background was first removed
using the plugin ROI/BB subtraction from region of interest (ROI). An intensity
correlation coefficient-based analysis was next performed by calculating the
Pearson's correlation coefficient (R;) (Manders EM et al., 1992). To evaluate the
degree of confidence of the data obtained, images were further analyzed by the
Costes randomization method using the colocalization test plugin (Costes SV et

al., 2004). The Pearson's correlation coefficients were calculated between the
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images of endosomes (Alexa Green Transferrin) and 25 randomized images of

XY-randomized images of MitoTracker Deep Red labeled mitochondria.

2.3.6. BioRad Protein Determination Assay

Total protein concentration was determined for isolated mitochondria and
endosomes, and all other collected fractions using the Bradford Protein Assay
(BioRad, Hercules, CA) against a bovine serum albumin (BSA) standard curve
which served as a reference for protein concentrations. The BSA and the protein
samples were incubated with Bradford reagent (1:5) (BioRad, Hercules, CA) and
distilled water (dH,O) (4:5) for 5 minutes at room temperature. Optical density

(OD) was read spectrophotometrically at 595 nm in disposable plastic cuvettes.

2.3.7. Immuoblot/Western Blot Analysis

The purity of isolated mitochondria, endosomes and cytosol were verified using
antibodies for porin, EEA1, and elF4e respectively. Protein expression was
determined by semiquantitative immunoblots using standard methods. Thirty
micrograms of protein were added to 1X SDS loading dye (62.5mM Tris pH 6.8,
2% wiv SDS, 10% glycerol, 50mM DTT, 0.01% w/v bromophenol blue) and
boiled for 15 minutes. Each fraction was electrophoretically separated on a
sodium dodecyl sulphate-polyacrylamide gel (SDS-PAGE). The samples were
loaded in a stacking gel (4% acrylamide; 0.5M Tris-base, pH 6.8; 10% SDS; 25%
ammonium persulfate APS; TEMED) and then allowed to migrate through a
resolving gel (10% or 7.5% acrylamide; 1.5M Tris-base, pH 8.8; 10%SDS; 25%

APS; Temed). Fractions being probed with porin and elFF4e were run on a 10%
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gel whereas those being probed for EEAl were run on 7.5% gels. Proteins
migrated at 100V in 1X running buffer (25mM Tris-base; 192mM glycine;
0.1%SDS) in a BioRad electrophoresis apparatus.

Following gel migration, the samples were electrophoretically transferred
to nitrocellulose membrane using transfer buffer (25mM Tris-base; 192mM
glycine; 20% methanol). Membranes were then incubated overnight in 5%
blocking solution (20mM Tris pH 7.5; 150mM NaCl; 0.02% Tween 20; 3% skim
milk powder). Individual membranes were incubated with the respective antibody
diluted in 5% blocking solution for one hour at room temperature. EEA1 antibody
was diluted 1:1000, Porin 1:5000 and elF4e 1:1000. Following incubation with
primary antibody, membranes were washed 3 times for 15 minutes in TTBS
(20mM Tris pH 7.5; 150mM NaCl; 0.02% Tween 20). Membranes were
incubated with horseradish-peroxidase-coupled secondary antibody in a 5% milk
solution for one hour at room temperature according to the following dilutions:
1:20,000 (EEA1), 1:10,000 (Porin), and 1:10,000 (eIF4e). The membranes were
then washed 3 times for 15 minutes in TTBS and treated with ECL

chemiluminescent substrate according to the manufacturer’s instructions.
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3. Results

3.1 Studies Investigating the Association of Endosomes with Mitochondria

We chose to investigate the mitochondrial and endosomal interaction using flow
cytometry. Reticulocytes were double-labeled with fluorescent MitoTracker Deep
Red 633 and Alexa Green Transferrin 488 specific to mitochondria and
endosomes, respectively. We performed a time course in live reticuloctyes in
order to examine the organellar interaction. Reticulocytes were first labeled with
the mitochondrial fluorophore and following a series of wash steps, the cells were
incubated at 4°C with Alexa Green Transferrin 488 for one hour in order to
maximize the binding of the fluorescent tagged protein with its cell surface
receptor. In contrast, endocytosis is temperature dependent, therefore once placed
at 37°C, endocytosis was induced in the double-labeled reticulocytes resulting in
the internalization of the fluorescent Tf and Tf-R complex. Once the double-
labeled reticulocytes were placed at 37°C, endocytosis of Tf and its receptor was
induced. The internalization of the fluorescent Tf permitted us to track the newly
formed endosomes containing labeled Tf. Prior to flow cytometry analysis,
reticuloctyes were treated with Pronase, an enzyme which non-specifically
cleaves cell surface receptors. Treatment of cells with Pronase ensured that the
fluorescence exhibited by flow cytometry analysis was solely due to internalized
Alexa Green Transferrin bound to its cognate receptor. It needs to be emphasized
that the reticulocytes were lysed prior to being subjected to flow cytometry

analysis.
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3.1.1. Establishment of Quadrants and Positive Controls of Fluorophores
Data obtained via flow cytometry analysis was plotted as fluorescence of
MitoTracker Deep Red (MTDR) as a function of Alexa Green Transferrin
fluorescence (AGTF) and was presented in logarithmic form. The dot plots were
subdivided into four quadrants: upper right (UR), upper left (UL), lower right
(LR) and lower left (LL) (Fig. 9). Dots located in each quadrant are referred to as
“events” and represent fluorescent mitochondria, endosomes, both or non-
fluorescent particles. 50,000 events in total were processed per sample and are
displayed in each dot plot. The number of events found in each quadrant of a dot
plot was represented as a percentage of the total number of events analyzed i.e.
50,000 events. The percentage of each quadrant is displayed in the flow cytometry
dot plots.

Based on their fluorescence, events localized to specific quadrants
therefore, events fluorescing both Alexa Green Transferrin and Mito Tracker
Deep Red were located in the UR quadrant; events fluorescing only the
mitochondrial specific fluorophore were found in the UL quadrant; events
fluorescing solely Alexa Green Transferrin were displayed in the LR quadrant and
non-fluorescent events collected in the LL quadrant (Fig. 9). Therefore, events
located in the UL quadrant are considered single mitochondria, events in the LR
quadrant represent a single endosomes and events located in the UR quadrant
suggest a mitochondrial and endosomal association. Quadrant boundaries were set

using the positive control of each fluorophore and the negative control devoid of
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all fluorescence (Fig. 10). The positive controls were prepared by staining

reticulocytes with only one fluorophore followed by lysis.

3.1.2. Endocytosis of Alexa Green Transferrin Increases with Time

As a control experiment, we performed a time course with reticulocytes labeled
solely with Alexa Green Transferrin in order to ensure that the Alexa Green
Transferrin was endocytosed. Reticulocytes were incubated for one hour on ice in
the presence of Alexa Green Transferrin before incubating at 37°C for different
time intervals. The data was once again plotted as MTDR fluorescence as a
function of AGTF fluorescence. The number of events in each quadrant was
represented as a percentage of the total number of events (Fig. 11). As seen in
figure 11 and table 1, we noted a peak at T30’ followed by a decline. We
therefore concluded that endocytosis of Alexa Green Transferrin increased with

time and, at approximately 30 minutes, reached a plateau.

3.1.3. Increase in the Endosomal and Mitochondria Association with Time in
Double-Labeled Reticulocytes

The endosomal and mitochondrial interaction was investigated by incubating
double labeled reticulocytes for different time intervals. Such an incubation
yielded four populations: single endosomes located in the LR quadrant; single
mitochondria located in the UL quadrant; endosomes and mitochondria located in
the UR quadrant and lastly a negative population located in the LL. quadrant. The

number of events in each quadrant was represented as the percent of the total
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number of events analyzed (Fig. 12). We noted at TO’ a fluorescent population in
the UR quadrant suggesting an interaction between endosomes and mitochondria
prior to incubation at 37°C (Fig. 12). We determined that the latter population was
in fact an autofluorescent population based on analysis of histograms and dot
plots (data not shown). Because the autofluorescent population consistently
represented 0.15 % of the events in the UR quadrant at each time point (data not
shown), we chose not to deduct it from the percent of events in the UR quadrant at
each time point.

We noted a change in the percent of all populations with respect to time
(Fig. 12), however of particular importance were the populations located in the
UL and UR quadrants representing mitochondria and mitochondria associated
with endosomes. In order to accurately evaluate and compare the endosomal and
mitochondrial association between time points, we calculated the total number of
mitochondrial events located in the UR and UL quadrants for each time point
presented in Figure 12. We then determined the percent of total mitochondria
associated with endosomes at each time point (Fig 13). We noted an increase in
the percent of total mitochondria associated with endosomes over time. The
increase and the peak at T60’ suggested an increasing association between
endosomes and mitochondria. The decline observed méy have been the result of
the gradual establishment of equilibrium between the rate of endocytosis and
€X0Cytosis.

In order to examine the behaviour of the endosomal population with

respect to time, we calculated the total number of endosomes using the sum of the
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events of the LR and UR quadrants of Figure 12 (Table 2). Events located in the
upper right quadrant represented events which emitted both the mitochondrial and
endosomal fluorophore suggesting an association between endosomes and
mitochondria. Events located in the LR quadrant represented events labeled solely
with Alexa Green Transferrin. Therefore, the sum of the events of the two
quadrants represented the total number of endosomes. Using these values, we
calculated the endosomes associated with mitochondria as a percent of total
endosomes at each time point. The percentages ranged between 94-98%
suggesting that the majority of endosomes are associated with mitochondria at any
given time. With respect to time, the percentage of total endosomes associated
with mitochondria overall did not increase but remained relatively stable.

We proceeded to calculate the percent of single endosomes of total
endosomes located in both the LR and UR quadrant (Table 2). The percent of
single endosomes represented at most 7% of the total endosomal population. The
single endosome population likely represents cytosolic endosomes in transit, i.e.,

shortly after endocytosis and their detachment from mitochondria.

3.1.4. Treatment of Double-Labeled Reticulocytes with Non-Fluorescent
Diferric Transferrin Results in a Decrease in the Mitochondrial and
Endosomal Association

In order to verify whether the population of the UR quadrant of the double label
time course was the result of an association between endosomes and

mitochondria, we repeated the time course, however using non-fluorescent

33



diferric Tf. Using T30’ from the double label time course (Fig. 14A), we
subdivided T30’ into four samples. Each sample was incubated in the presence of
10uM of the non-fluorescent diferric Tf for an increasing amount of time at 37°C
(TS5, T30°, T6O’, T120’) (Fig. 14B). We predicted that incubation with the non-
fluorescent diferric Tf would result in the removal of the double population from
the UR quadrant and restore a single mitochondrial population. Therefore
incubation of T30’ at 37°C would result in the eventual exocytosis and release of
fluorescent Tf in exchange for non-fluorescent diferric Tf present in the
incubation media. The experiment presented in Fig. 14A basically repeated the
experiment shown in Fig. 12 (Please note that the percent of the double-labeled
population [UR quadrant] was much higher than in the experiment presented in
Fig. 12; this was caused by a much larger content of reticulocytes in this sample
[Fig. 7]). In Figure 14 A and B, the number of events found in each quadrant was
represented as a percentage of the total number of events analyzed.

During the second incubation, the treatment of double-labeled
reticulocytes with unlabeled diferric Tf resulted in a decrease in the percentage of
the double-labeled population (UR quadrant) (Fig. 14B). We noted the same trend
when we determined the percentage of total mitochondria associated with
endosomes before and during the treatment with non-fluorescent differic Tf (Fig.
15). We, therefore, conclude that the double population is composed of
endosomes associated with mitochondria. Furthermore, the gradual dissociation of
the mitochondrial and endosomal association suggests that the interaction between

the two organelles is reversible and specific (Fig. 15). Interestingly, the treatment
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failed to completely remove the double population and restore a single
mitochondrial population indicating that some fluorescent Alexa Green
Transferrin remained within the cell and was not exocytosed. This result suggests
that reticulocytes can never be completely devoid of Tf, therefore, at any given

point in time, a baseline level of Tf exists within the cell.

3.1.5. Inhibitors, Bafilomycin and W-7, Reduce Mitochondrial and
Endosomal Association

We next proceeded to determine whether the interaction could be inhibited by
employing agents that block iron release from Tf or interfere with the endocytic
pathway. Bafilomycin inhibits acidification of the endosomes (Finbow et al.,
1997; Zhang et al., 2005) and W-7, a myosin light chain kinase inhibitor (Ito et
al., 1989; Bourguinon et al., 1998), blocks endocytosis and intracellular
endosomal motility (Sheftel et al., 2007). Firstly, reticulocytes were incubated
with MTDR, washed and then incubated for 1 hour with AGTF at 4°C. Following
the 1 hour incubation, the inhibitor was added to the reticulocyte suspension and
incubated for 30 minutes at 4°C. The reticulocyte suspension was then added to
pre-warmed media containing 2.5 uM of AGTF and incubated for 30 minutes at
37°C. The control was subjected to the above mentioned incubation periods both
at 4°C and 37°C in the absence of an inhibitor. In order to test the toxicity of the
solvents, additional samples were added using only the volume of the vehicle
alone. Each respective solvent was added to reticulocytes at the same volume as

the maximum concentration used for its specific drug. In Figures 16 and 18, the
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number of events found in each quadrant was represented as the percentage of the
total number of events analyzed.

With increasing concentrations of bafilomycin, we noted a decrease in the
percent of the double population (Fig. 16). We further evaluated the effect of
bafilomycin on the mitochondrial and endosomal association by calculating the
percentage of total mitochondria associated with endosomes for each
concentration. As previously described, we determined the total number of
mitochondria by adding the total number of events located in the UL and UR
quadrants which represented single mitochondria and mitochondria associated
with endosomes respectively. We noted a decrease in the percentage of total
mitochondria associated with endosomes with increasing concentrations of
bafilomycin in comparison with the control (Fig. 17). The solvent control
(DMSO) resulted in an increase in the percentage of total mitochondria associated
with endosomes which in fact exceed the percentage of the control. Together
these results confirm that the decrease in the percentage of the total mitochondria
associated with endosomes was the result of the inhibitor itself and not the
solvent.

Treatment of reticulocytes with W-7 resulted in a decrease in the double
population in comparison with the control (Fig. 18). Once again, we calculated the
percentage of the total mitochondria associated with endosomes and noted a
decrease in the percentage of total mitochondria associated with endosomes with
increasing concentrations of W-7 in comparison with the control (Fig. 19).

Treatment of the reticulocytes with the solvent, methanol, resulted in a decrease in
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the percentage of the total mitochondria associated with endosomes; however, the
decrease was less than that seen when the maximum concentration of W-7 was
added.

Overall, we found that the employment of inhibitors reduced the
association between mitochondria and endosomes. Together these findings

suggest that the association between endosomes and mitochondria is specific.

3.2 Cell-Free Assays

3.2.1. Erythroid Cell-Free Assay

3.2.1.1. Isolation of Mitochondria and Endosomes from Erythroid Cells

We successfully isolated mitochondria from erythroblasts and early endosomes
from reticulocytes. We chose not to isolate mitochondria from reticulocytes
because reticulocytes likely contain less mitochondria than erythroblasts;
therefore, we chose to isolate mitochondria from splenic erythroblasts. In order to
verify whether we had successfully isolated mitochondria and endosomes, we
used Anti-Porin and Anti-EEA1, antibodies specific to mitochondrial and
endosomal proteins, respectively (Fig. 20A). We also verified contamination of
each organellar fraction with cytosol using the cytosolic translation initiation
factor elF4e (Fig. 20B). We noted slight cytosolic contamination within our
organellar fraction of both endosomes and mitochondria. Contamination is
inevitable when isolating organelles via differential centrifugation moreover the
presence of elF4e in the organellar fractions was observably less than its presence

in the cytosol of each organelle.
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3.2.1.2. Endosomes and Mitochondria colocalize in Erythroid Cell-Free
Assay

In order to further confirm the interaction between endosomes and mitochondria
suggested by flow cytometry, we established a cell-free assay using isolated
fluorescent endosomes and mitochondria (Fig. 21). The assay consisted of the
fluorescent organelles, ATP, GTP, fusion buffer (FB) and reticulocyte derived
cytosol.

The colocalization of endosomes and mitochondria was first evaluated
qualitatively by overlaying the red and green images. The merge image showed a
number of regions where the two signals appeared to colocalize. In order to
evaluate the colocalization quantitatively, the Pearson's correlation coefficient
(Rr) was calculated for four different data sets. A Rr value of 0O indicates no
correlation and therefore no colocalization. A Rr value of 1 indicates a perfect
correlation and therefore colocalization, and lastly, values less than 0.5 are
regarded as inconclusive. The four data sets used produced Rr values which
ranged from 0.148 to 0.249 and therefore nothing could be concluded regarding
the colocalization of endosomes and mitochondria. In order to verify the Rr values
attained, we performed the Costes randomization test. The pixels in the
mitochondria images were randomized. The Pearsons' correlation coefficient
between the endosome image and the randomized mitochondria image was
calculated. The randomization process and correlation was repeated 25 times.
The Pearsons' correlation coefficients obtained following randomizations were

compared with the original observed non-randomized correlation coefficient,
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R(obs) (Table 3). In all four data sets (a, d, e and f), the correlation coefficients
following randomization, R(rand), were close to zero. The p-value was calculated
between R(rand) and the R(obs) data sets and was 0.99 which indicated that there
was no correlation between the randomized and observed data sets. Although the
R(obs) values were low and were thus inconclusive, the R(rand) values were
virtually zero. The p-value of 0.99 indicated that the two data sets were not
correlated and there is a strong degree of confidence that the initially observed Rr
(obs) values (0.148 to 0.249) did not occur by chance (Table 3). Therefore, we
concluded that the colocalization seen in the erythroid assay was not random, and

strongly suggests that the mitochondria and endosomes were indeed in contact.

3.2.2. HeLa Cell-Free Assay
We then proceeded to test whether the endosomal mitochondrial interaction seen
in the erythroid cell-free assay was dependent on the mitochondria being
functional. We repeated the cell-free assay using YFP-tagged fluorescent
mitochondria isolated from HeLa cells with the addition of the mitochondrial
uncoupler, CCCP (Fig. 22). We did not repeat the erythroid assay in the presence
of the uncoupler because the mitochondrial dye, MitoTracker Deep Red is only
retained by respiring mitochondria. Therefore, the addition of CCCP would only
result in the dissipation of the fluorescent dye.

We determined the percent of total mitochondria colocalizes with
endosomes in assays treated with or without the uncoupler. We counted 200

mitochondria in each assay and repeated the experiment three times. In
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comparison with the control, we noted a statistically significant decrease (p<
0.0153) in the percent of total mitochondria associated with endosomes (Fig. 23).
This result indicates that the interaction between the two organelles requires that
the mitochondria be metabolically active. The result also confirms that the
interaction occurring between the two organelles is specific and not the result of

non-specific binding.
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4. Discussion

4.1 Flow Cytometry Studies

The purpose of our flow cytometry studies was to demonstrate the endosomal-
mitochondrial interaction. Time course experiments involving reticulocytes,
labeled with both mitochondrial and endosomal fluorophores, suggested an
interaction between the organelles that was both specific and reversible. Cells
were lysed and were céntrifuged in order to remove cellular debris and the
supernatant subjected to cytometry analysis. For each sample, 50,000 events were
processed; these events were comprised of fluorescently labeled mitochondria,
endosomes or non-fluorescently labeled intracellular structures.

We chose to examine the mitochondrial population and its association
with endosomes with respect to time. Therefore, data was presented as the
percentage of total mitochondria associated with endosomes. We chose this means
of analysis due to the variation of the total number of mitochondria between time
points. We applied this analysis to all time courses performed with the exception

of the single labeled Alexa Green Transferrin time course.

4.1.1. Time course of Double-Labeled Reticulocytes

In the time course of double-labeled reticulocytes, we noted an increase in the
percentage of total mitochondria associated with endosomes which peaked at
T60’, following this time interval there was virtually no change (Fig. 13). The
maximum percentage attained was 25% suggesting that approximately 75% of

total mitochondria did not associate with endosomes (Fig. 13). Given the
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efficiency with which immature erythrocytes acquire and incorporate iron into
heme this finding is not surprising. As already discussed, heme synthesis in
immature erythroid cells occur at an astonishing rate, on a per-cell basis the rate
of heme synthesis is at least one order of magnitude higher than in the liver, the
second highest heme producer in the organism (Ponka, 1997). Therefore, in
agreement with this unique quality of heme biosynthesis in immature erythroid
cells, an excess of mitochondria within the cell would ensure that heme
biosynthesis is not limited. It could be possibly argued that non-fluorescently
labeled endosomes were formed during the incubation at 37°C, and thus
endosomal-mitochondrial associations would not have been detected by flow
cytometry. We believe this scenario to be unlikely because reticulocytes were
incubated in media which was not supplemented with nutrients and contained
only fluorescent iron-bound Tf.

The increase in the percentage of the total mitochondria associated with
endosomes was attributed to increasing endocytosis of Alexa Green Transferrin.
This conclusion is supported by the time course performed using reticulocytes
labeled solely with Alexa Green Transferrin (Fig.11). Because our findings
suggest that the mitochondria are in excess, the peak at T60’ reflects the gradual
establishment of equilibrium between the rate of endocytosis and exocytosis (Fig.
13). Interestingly, we noted that the percentage of endosomes associated with
mitochondria was at least 94% of total endosomes available meaning that at any
given time, the majority of endosomes are associated with mitochondria. These

findings are not surprising considering that the primary function of reticulocytes is
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to acquire iron for the synthesis of hemoglobin. In experiments conducted with
reticulocytes labeled with both Alexa Green Transferrin and FM1-43, a plasma
membrane specific dye, it was noted that when the dual labeled reticulocytes were
incubated in the presence of full media (containing 10% fetal calf serum), all of
the endocytic vesicles labeled with Alexa Green Transferrin colocalized with FM-
143 (Sheftel, Zhang et al. 2007). Therefore, the vast majority of the reticulocyte’s

endocytic machinery is occupied by Tf and reserved for iron trafficking.

4.2. Endosomal Involvement in Iron Delivery to the Mitochondria

Using inhibitors of endosomal acidification and motility, bafilomycin and W-7
respectively, the percent of total mitochondria associated with endosomes was
decreased in comparison with the control. Although inhibition by W-7 was
moderate, our findings are in agreement with recently published data. Live
confocal microscopy studies using reticulocytes stained with a specific
mitochondrial dye, treated with W-7 and subsequently incubated with Alexa
Green Transferrin resulted in the inhibition of endocytosis of the fluorescent Tf
(Sheftel, Zhang et al. 2007). Additionally, incubation of the reticulocytes with
Alexa Green Transferrin, followed by treatment with W-7, resulted in the
immobilization of the fluorescently labeled Tf containing endosomes. In order to
determine whether this immobilization of endosomes would inhibit delivery of
iron to the mitochondria, the investigators repeated the experiment, but using *Fe.

Treatment of reticulocytes with W-7 resulted in an inhibition of **Fe incorporation
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into heme. Together these earlier findings and those reported here confirm that
endosomal motility facilitates iron incorporation into heme.

Endosomal involvement has been further confirmed by the recent
discovery of the genetic mutation in the haemoglobin deficit (Abd) mouse (Lim,
Jin et al. 2005; White, Boydston et al. 2005) resulting in reduced Tf cycling
(Zhang, Sheftel et al. 2006). The hbd mouse is characterized by hyprochromic,
microcytic anemia that is inherited in an autosomal, recessive manner. The defect
was identified as an exon deletion in Sec1511, the mammalian homologue of a
yeast gene which encodes a protein involved in the exocytic pathway.
Interestingly, the yeast homologue encodes a key protein involved in vesicle
docking (White, Boydston et al. 2005). We postulate that this protein may be
tmplicated in the transient associations between mitochondria and endosomes in
reticulocytes revealed by live-imaging confocal microscopy (Sheftel, Zhang et al.
2007), lending further support to our hypothesis that a direct interaction between

the organelles facilitates iron transfer.

4.3. Mitochondrial and Endosomal Association

Over twenty years ago, using electron microscopy examination, Isobe et al.
(1981) reported that cytoplasmic Tf was found not only in “micropinocytotic”
vesicles but also on the mitochondrial membrane of immature erythroid cells.
This study provided preliminary evidence of the association between the two
organelles and was in agreement with a proposal made earlier suggesting that a

direct interaction between endosomses and mitochondria may be required for the
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transfer of iron (Ponk, Neuwirt et al. 1976). The results obtained from our
confocal microscopy cell-free assays have provided further support and evidence
for this intimate association between the two organelles. It was demonstrated in
the erythroid cell-free assay that the mitochondria and endosomes colocalized
(Fig. 21). Using HeLa cells, we noted an association between the organelles that
could be disrupted with a mitochondrial uncoupler, CCCP (Fig. 22). These results
indicate that the association between the organelles was in fact specific and more
importantly, suggested that the association required actively respiring
mitochondria. In order to reach ferrochelatase, iron must traverse both the outer
and inner mitochondrial membrane, therefore we postulate that the transfer of iron

requires the membrane potential of the mitochondria.

4.4. Labile Iron Pool
The recent publications produced by our laboratory and the findings presented in
my work together strongly undermine the existence of the LIP in erythroid cells.
It is widely accepted that, upon its exit from the endosome, iron enters a cytosolic
intermediate pool comprised of low molecular weight (M;) iron intermediates,
which act as a source of iron for intracellular sites of utilization (Jacobs, 1977).
This elusive intermediate has never been identified.

One study closely examined the intermediates of iron metabolism in
reticulocytes treated in the presence and absence of succinylacetone (SA), an
inhibitor of heme synthesis which resulted in the accumulation of iron in the

mitochondria (Richardson et al. 1996). These investigators examined the
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distribution of *Fe in low and high M; molecules in control and SA-treated
reticulocytes. They found that a small amount of ° °Fe was present in a low-M;
form in the cytosol of control or SA-treated reticulocytes, with most iron being
incorporated into the mitochondrial fraction and high-M, molecules. Interestingly,
when heme synthesis was inhibited with SA, the amount of Fe in the low-M;
compartment was significantly less than in the control reticulocytes. It was
suggested that the low-M; component might either be heme or a low molecular
weight component containing heme. The investigators argued that if in fact the
iron within the low-M; compartment served as an intermediate for heme synthesis,
uptake of *Fe into the compartment should increase and plateau early on during
the *’Fe incubation however, this was not the case. When incubating reticulocytes
with *’Fe and measuring the ratio between >Fe incorporation into heme and the
total cell-associated 59Fe, an equilibrium was attained within five minutes of
reticulocyte incubation with PFe. Therefore, a steady-state should also have been
attained in the intermediate low-M, compartment, instead PFe uptake increased
linearly as a function of incubation time. Therefore the kinetic behaviour of the
iron in the low-M, compartment is contrary to the behaviour of an expected iron-
intermediate. These findings make the idea of a cytosolic intermediate pool
composed of low-M; iron intermediates that serve as a source of iron for
hemoglobin synthesis highly unlikely.

In the current literature, studies seeking to elucidate the LIP have
employed chelators in order to estimate the iron concentration of the LIP; the

most commonly used compound is fluorescent. It has been shown that when cells
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are Joaded with calcein and incubated with diferric Tf, the chelator is capable of
intercepting iron from the endosomes when cells are metabolically active (Breuer
et al. 1995). It is not surprising that calcein is capable of intercepting iron
following its release from endosomes when the cells are metabolically active.
Zhang et al (2005) have shown that when membrane permeable chelators are
added to reticulocytes at 4°C following a 45 minute incubation with *Fe, less
than 5% of the total cell-associated iron is chelated. On the contrary, when
chelators were added during the 45 minute incubation with ¥Fe at 37°C , 70% of
the total cell-associated iron was chelated. Therefore, when the cell is
metabolically active, iron is released from Tf within the endosome and eventually
is inserted into ferrochelatase by protoporphyrin IX. Following its release from Tf
and prior to its insertion into protoporphyrin IX, iron is susceptible to chelation.
Cabantchik and colleagues (Breuer et al. 1995; Cabantchik et al. 2008), consider
this chelatable iron equivalent to the cytosolic LIP, when in fact it represents iron
that has been captured while in transit from one ligand to the next. Therefore,
when iron is released from Tf within the endosome and prior to its insertion into
protoporphyrin IX, it is susceptible to being chelated by calcein. Therefore,
chelation of iron by calcein may in fact represent iron that has been stripped from
organelles i.e. endosomes and mitochondria, during its active transfer and not iron
that has been removed from the LIP.

A recent publication produced by our lab has demonstrated that endosomal
iron in reticulocytes completely bypasses the cytosol which further undermines

the existence of a low-M; iron intermediate (Sheftel, Zhang et al. 2007). In this
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study, reticulocytes were loaded with a membrane impermeable chelator and
incubated with 59Fe2-Tf. The presence of the cytosolic chelator did not inhibit
incorporation of *Fe into heme which means that Tf-borne >’Fe bypasses the
cytosol.

In light of recent publications produced by our laboratory and the results
reported here, the existence of a freely diffusible iron pool in the cytosol is
unlikely. Due to the potential toxicity of iron and the incredible efficiency of its
incorporation into heme in erythroid cells, a more attractive model of iron transfer
within reticulocytes is the one that requires a transient association between

endosomes and mitochondria.

4.5 Future Directions

Since it was first proposed over twenty years ago, much has been learnt regarding
the endosomal and mitochondrial association in erythroid cells. In this study, we
have provided evidence of a physical interaction between the organelles. In order
to further elucidate the association between endosomes and mitochondria, the use
of agents capable of inhibiting the association may provide novel information
regarding the interaction. Lysosomotropic agents such as ammonium chloride
(NH4Cl) and chloroquinine have been shown to inhibit iron uptake in
reticulocytes without causing a decrease in Tf endocytosis therefore further
investigation is required in order to determine the cause of inhibition (Iacopetta
and Morgan, 1983). The endosomal and mitochondrial association should also be

investigated via immunoblot analysis in order to determine whether endosomal
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markers such as EEA1 and Tf-R are present in the mitochondrial fraction isolated
from reticulocytes. Lastly, proteomic analysis of isolated endosomes and
mitochondria-endosomal complexes might be useful to identify proteins perhaps

involved with the mitochondrial and endosomal association.
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Table 1. Increase in the Percent of Total Number of Events Located in the
Endosomal Population (LR quadrant)

Time

: TO' Tr TS  TI15 T30" T60
(min)

Endosomes

(Lower Right Quadrant) 009 048 097 173 245 2.15



Table 2. Majority of Total Number of Endosomes are Associated with

Mitochondria
) Endosomes
Number of Number of Single Associated with
Endosomes ) Total Endosomes ) )
i . Single Mitochondria as
Time Associated Number of  as a Percent
) ) Endosomes a Percent of
(min) with (LR Endosomes of Total Total
Mitochondria Quadrant) (UR+LR) Endosomes Endosomes
(UR Quadrant) (%)
(%)
TO’ 1534 5 1539 - -
T 3409 86 3495 2.52 97.54
TS 8859 505 9364 5.70 94.61
T15 17159 343 17502 2.00 98.04
T30 18606 1172 19778 6.30 94.07
T60’ 17584 777 18361 4.42 95.77
ToO’ 16184 617 16801 3.81 96.33

* The numbers at TO’ in the UR and LR quadrants represent the autofluorescent
population previously mentioned in the results.



Table 3. Statistical Analysis of Erythroid Cell-Free Assay Demonstrates that
Colocalization Does Not Occur by Chance

Image Rr(obs) R(rand) meanzsd VaI;Je Trials
Endo 1 and Mito 1 0.148 -0.010+0.002 0.9 25
Endo 2 and Mito 2 0.193 -0.001+0.002 0.9 25
Endo 3 and Mito 3 0.171 -0.001+0.002 09 25
Endo 4 and Mito 4 0.249 -0.002+0.002 09 25

The Pearson correlation coefficient was determined for four data sets of

mitochondria and endosomes

[Rr(obs)]. Following randomization of the

mitochondrial image the Pearson correlation coefficient was determined between
the endosome image and the corresponding mitochondria image [R(rand)]. The p-
value of 0.9 indicated that there was no correlation between the Rr(obs) and
R(rand) for each data set emphasizing that the colocalization did not occur by

chance.

sd: Standard Deviation
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Figure 1. Mammalian Iron Cycle

The figure represents the routes of iron movement within the adult. The area of
each circle is proportional to the amount of iron contained in the compartment and
the width of each arrow is proportional to the daily flow of iron from one
compartment to another. Transferrin (Tf), the plasma glycoprotein, transports iron
between sites of storage and utilization.

(Adapted from Pollycove, 1964)
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Figure 2. Acquisition and Incorporation of Iron into Heme by Erythroid
Cells

Firstly, diferric transferrin binds to the transferrin receptor located on the cell
surface. Following endocytosis, the iron is released from transferrin via
acidification of the endosome via a proton pump. It is then reduced by a ferric
reductase and expelled from the endosome via the divalent metal transporter 1
(DMT1). Iron is then believed to equilibrate with a low molecular weight labile
iron pool (LIP). Eventually, iron will make its way to the mitochondria, the site of
heme biosynthesis. Once complexed with iron, heme is exported from the
mitochondria where it will be combined with globin in the cytosol to form
hemoglobin.

(Ponka)
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Figure 3. The Heme Biosynthetic Pathway

The heme biosynthesis pathway consists of eight enzymes, evenly divided
between the mitochondria and cytosol.
aminolevulinic acid (ALA), occurs in the mitochondria. The following four steps,
including the synthesis of coproporphyrinogen III, occur in the cytoplasm. The
final three steps take place in the mitochondria and end with the insertion of

ferrous iron (Fe’*) into the protoporphyrin IX ring.

(Ponka, 1999)

The fist step, the formation of
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Figure 4. Transfer of Iron May Require the Direct Interaction between Iron
Laden Endosomes and Mitochondria

The more recent model of intracellular iron transport within erythroid cells
suggests that iron is delivered from endosomes directly to the mitochondria,
completely bypassing the cytosol. More precisely, iron is handed directly from
endosomal protein to mitochondrial protein and remains protein-bound until it
reaches ferrochelatase in the mitochondria, its final point of destination.

(Ponka)
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Figure 5 —Time Course of Alexa Green Transferrin Labeled Reticulocytes
Protocol for staining reticulocytes with Alexa Green Transferrin and for time
course




Incubation of Reticulocytes with MitoTracker Deep Red 633 37°C for 30 minutes

J

Washing of Reticulocytes with PBS
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Incubation of Reticulocytes with Alexa Green Transferrin at 4°C for 1 hour
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Addition of Double-labeled reticulocytes to pre-warmed
incubation medium at 37°C
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Time Course
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Figure 6- Time Course of Double-Labeled Reticulocytes
Protocol for preparing doubly stained reticulocytes and for double label time
course
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Incubation of reticulocytes with MitoTracker Deep Red at 37°C for 30 minutes

J

Washing of reticulocytes with PBS

J

Incubation of reticulocytes with Alexa Green Transferrin at 4°C for 1 hour

J

Addition of double-labeled reticulocytes to pre-warmed
incubation medium at 37°C

J

Time Course

Omin  1min  5min  15min 60min  90min

Time course with addition of non-fluorescent diferric transferrin

Addition of 10 uM non-fluorescent diferric transferrin to each time point

A A S

Smin 30min 60min 120min
—

Y
Addition of each time point to pre-warmed MEM at 37°C

Halting of endocytosii with cold PBS
Treatment of Cells with Pronase

Lysis of Cells

Centrifugation at SOfg for 10min

Flow Cytometry

Figure 7-Treatment of Double-labeled Reticulocytes with Non-Fluorescent
Diferric Transferrin

(A) Incubation of double-labeled reticulocytes at 37°C in the presence of 10 uM
non-fluorescent diferric transferrin results in the exocytosis of Alexa Green
Transferrin and the binding of non-fluorescent diferric transferrin to the



transferrin receptor. (B) Protocol for treatment of reticulocytes with non-
’ fluorscent diferric transferrin



Incubation of reticulocytes with MitoTracker Deep Red 633 at 37°C for 30
minutes

4

Incubation of reticulocytes with Alexa Green Transferrin at 4°C for 1 hour

J

Addition of inhibitor to reticulocytes following 30 min on ice with
Alexa Green Transferrin

4

Addition of double-labeled reticulocytes to pre-warmed
incubation medium at 37°C for 30 min

J

Halting of endocytosis with cold PBS

J

Treatment of cells with Pronase

J

Lysis of Cells

J

Centrifugation at 800g for 10min

Flow Cytometry

Figure 8 —Treatment of Reticulocytes with Inhibitors
Protocol for staining reticulocytes and treatment with inhibitors
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Figure 9. Endosomal & Mitochondrial Interaction Displayed by Flow
Cytometry

The dot plot was subdivided into four quadrants: upper left (UL), upper right
(UR), lower left (LL), and lower right (LR). Each quadrant represented specific
populations. The UR quadrant represented events fluorescing both Alexa Green
Transferrin (AGTF) and MitoTracker Deep Red (MTDR) and are referred to as
the double labeled population. The UL quadrant displayed events labeled only
with MTDR and therefore represented a mitochondrial population. The LR
quadrant displayed events labeled only with AGTF and therefore represented an
endosomal population. Lastly, the lower left (LL) quadrant displayed events
devoid of all fluorescence. The double population of the UR quadrant suggests an
association between endosomes and mitochondria. We postulate that iron transfer
from the endosome to the mitochondria is facilitated via an interaction between
divalent metal transporter 1 (DMT1) and an unknown mitochondrial protein.

DMT1



Negative Control

Positive Controls

T 0 <
(2] \ 2 3 4 (¢] 1

10 10 10 10 10 10 10 10°  10® 10
AGTF AGTF
MitoTracker Deep Red Alexa Green Transferrin

Figure 10. Flow Cytometry: Positive and Negative Controls

Reticulocytes were stained with either MitoTracker Deep Red (MTDR) or Alexa
Green Transferrin (AGTF) for the positive control of each fluorophore.
Reticulocytes used for the negative control were devoid of all fluorescence. Cells
were lysed, centrifuged and the supernatant subjected to flow cytometry analysis.
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Figure 11. Percent of the Endosomal Population (LR quadrant) Increases

with Time in Reticulocytes Labeled Solely with AGTF

Reticulocytes were labeled only with AGTF and incubated in pre-warmed
incubation media for the indicated time. Cells were lysed and centrifuged; the
supernatant was collected and analysed by flow cytometry. 50,000 events were
analyzed via flow cytometry and are displayed in each dot plot. The number of
events in each quadrant is represented as a percentage of the total number of

events analyzed.



10 38.14% 0.15%
10
10“@7
10
0.00%
10 0 )‘2 'Wa . 4
10 10 10 10 10
91.70% AGTF
TO'
4
10 44.99% 0.89%
107
0.05%
. e
10° 10° 10*
94.07% AGTF
T5'
4
10°46.73% 1.86%
10°
0.12%
] ] o
2 10° 10

91.30%

4
10°37.19% 0.34%
10°
10°
10"

: 0.01%
o
10 H t
10° 10 107 10° 10"
92.46% AGTF
T
o
10°310.37% 1.72%
0.03%
10° 10 10° 10° 10*
87.88% AGTF
T15'
4
10 15.66% 1.76%
103:
, 0.08%
0 Uit
10° 10 10° 10° 10*
92.50% AGTF
T60'



10" 46.08%

MTDR

1.62%

Figure 12. Percentage of Mitochondria Associated with Endosomes

(UR quadrant) Increases with Time

Reticulocytes were labeled first with MitoTracker Deep Red (MTDR) and then
Alexa Green Transferrin (AGTF). The doubly labeled reticulocytes were placed in
pre-warmed incubation media for the indicated times. Following the incubation
period, cells were lysed and were centrifuged. The supernatant of each time point
was subjected to flow cytometry analysis. Once again, 50,000 events were
processed. The number of events in each quadrant is represented as a percentage

of the total number of events analyzed.
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Figure 13. Percentage of Total Mitochondria Associated with Endosomes
Increases with Time

Using data obtained from flow cytometry analysis, the percentage of total
mitochondria associated with endosomes was calculated for each time point. The
total number of mitochondria was represented as the sum of the events of the UL

and UR quadrants which represented single mitochondria and mitochondria
associated with endosomes respectively.

Percentage of total mitochondria associated with endosomes :

% = UR X 100
(UL + UR)
OR
% = (Mitochondria + Endosomes) X 100

Mitochondria + (Mitochondria + Endosomes)
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Figure 14. Double-labeled Population (following procedure shown in figure
14) Can Be Dissociated by Treatment with Non-Fluorescent Diferric
Transferrin

Reticulocytes were labeled first with MitoTracker Deep Red (MTDR) and then
Alexa Green Transferrin (AGTF). (A) The doubly labeled reticulocytes were then
placed in pre-warmed incubation media at 37°C for the indicated times.
Following the incubation period of T30’, the sample was resuspended and
subdivided into the following time points: 5°, 30°, 60’ and 120’. (B) Each time
point was incubated in the presence of 10 uM non-fluorescent diferric transferrin
at 37°C for the prescribed amount of time.

Cells were lysed and were centrifuged and the supernatant of each time point was
analyzed via flow cytometry. Once again, 50,000 events were processed for each
sample and are displayed in each dot plot. The number of events found in each
quadrant is represented as a percentage of the total number of events analyzed.
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Figure 15. Treatment of Double-Labeled Reticulocytes with Non-Fluorescent
Diferric Transferrin Results in a Decrease in the Percentage of Total
Mitochondria Associated with Endosomes

Reticulocytes were labeled first with MitoTracker Deep Red (MTDR) and then
Alexa Green Transferrin (AGTF). The doubly labeled reticulocytes were then
placed in pre-warmed incubation media at 37°C for the indicated time. Following
the incubation period of T30’, the sample was resuspended and subdivided into
the following time points: 5°, 30°, 60’ and 120’. Each time point was incubated in
the presence of 10 uM non-fluorescent diferric transferrin at 37°C for the
indicated times. Cells were lysed and were centrifuged. The supernatant of each
time point was analyzed via flow cytometry. The percentage of total mitochondria

associated with endosomes at each time point was calculated as previously
described in Figure 13.
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Figure 16. Treatment with Bafilomycin (Baf) Results in a Decrease in the
Double-Labeled Population of the Upper Right (UR) Quadrant

Doubly labeled reticulocytes were incubated with Baf at the indicated
concentrations for 30 minutes on ice followed by a 30 minute incubation at 37°C.
Inhibitor was not added to the solvent control; instead the volume of DMSO
added was equal to the maximum volume of inhibitor used. The inhibitor was not



added to the drug control; however the sample was subjected to both incubations
at 4°C and 37°C. Cells were lysed and were centrifuged. The supernatant of each
time point was analyzed via flow cytometry. Once again, 50,000 events were
processed for each sample and are displayed in each dot plot. The number of
events found in each quadrant is represented as a percentage of the total number
of events analyzed.
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Figure 17. Treatment with Bafilomycin (Baf) Results in a Decrease in the
Percentage of Total Mitochondria Associated with Endosomes

The percentage of total mitochondria associated with endosomes was calculated

for each treatment. Percentages were calculated as previously described in Figure
13.
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Figure 18. Treatment with W-7 results in a decrease in the double-labeled
population of the upper right (UR) quadrant

Double labeled reticulocytes were incubated with W-7 at the indicated
concentrations for 30 minutes on ice followed by a 30 minute incubation at 37°C.
Inhibitor was not added to the solvent control; instead the volume of methanol
added was equal to the maximum volume of inhibitor used. The inhibitor was not
added to the drug control, however the sample was subjected to both incubations
at 4°C and 37°C. Once again, 50,000 events were processed for each sample and
are displayed in each dot plot. The number of events found in each quadrant is
represented as a percentage of the total number of events analyzed.
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Figure 19. Treatment with W-7 Results in a Decrease in the Percentage of
Total Mitochondria Associated with Endosomes

The percentage of total mitochondria associated with endosomes was calculated

for each treatment. Percentages were calculated as previously described in Figure
13.
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Figure 20. Isolation of Mitochondria and Endosomes from Erythroid Cells
for Erythroid Cell-Free Assay

Mitochondria were isolated from splenic erythroblasts and endosomes from
reticulocytes. 30 ug of isolated mitochondrial or endosomal protein and its
cytosolic fraction were loaded per lane on a sodium dodecyl sulfate, 10%
polyacrylamide gel and transferred to a nitrocellulose membrane. (A) Purity of the
mitochondrial and endosomal fraction was verified with a polyclonal antibody
specific to each organelle, Porin and EEA1 respectively. In order to determine
cytosolic contamination in each organellar fraction, 30 ug of mitochondrial or
endosomal protein was run on a 12% polyacrylamide gel and transferred to a
nitrocellulose membrane. (B) Membranes were probed using elF4e, a cytosolic
marker. (M, mitochondria; E, endosome; C, cytosol)
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Figure 21. Mitochondria and Endosomes Colocalize in Erythroid Cell-Free
Assay

Organelles were visualized by confocal microscopy. Mitochondria were isolated
from spleenic erythroblasts and stained with MitoTracker Deep Red (MTDR).
Endosomes were labeled with Alexa Green Transferrin (AGTF) and isolated from
reticulocytes. Cell-free assay consisted of fluorescent mitochondria (red) and
endosomes (green), ATP, GTP, and cytosol isolated from reticulocytes. The
colocalization of the two fluorescent organelles is represented by the yellow
signal.
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Figure 22. Treatment of HeLa Cell-Free Assay with Mitochondrial
Uncoupler, CCCP, Results in a Decrease in Mitochondrial and Endosomal
Association

Fluorescent mitochondria (red) and endosomes (green) were isolated from Hel.a
cells. Cell-free assay consisted of mitochondria, endosomes, ATP, GTP and
cytosol isolated from HeLa cells. The assay was incubated for 15 minutes at 37°C.
(A) The control sample was incubated in the absence of CCCP. (B) The
uncoupler was added to the treated sample during the 15 minute incubation at a
concentration of 4uM.
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Figure 23. Treatment of Hel.a Cell-Free Assay with CCCP Significantly
Reduces Percent of Total Mitochondria Associated with Endosomes

In total 200 mitochondria were counted per sample and the number of
mitochondria associated with endosomes was counted as well. The experiment
was repeated three times and the difference noted between the control and CCCP-
treated sample was deemed statistically significant (p<0.0153)
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i injection 1P, gavage, drug administration, major survival surgery, euthanasia by exsanguination, behavioural studies).
For a more complete st of suggested kevwards refer (o Appendix 1 of the Guidelines

i {www megilbeniresearchoffice/eomplivncefanimal/forms ).

B njection of thi sluate
Tiasue harvested u
Ckatiuinasia

‘z Hvein injection

der general anesthesia

6. Animals Use data for CCAC

Development of productsfapplinnces for human/veterinary medicine
A for Teaching, use the Animal Use Protocol form for Teaching (www.megilLen/researchufficoicomplinace/animaliforms )

6b) Will fithd studies be conducted? NO [ YES [T (fves, complate “Field Study Form”

Will the project involve genetically altering animals? NO B YES [ if ves, complete SOP #5 or #6

Will the project involve breeding animals? NO[}  YES [ If breeding transgenics or knockouts. complete SOP&3

Animal Data

T ua) Please juszi'{\» the need for Hive animals versug :xllerm“xtc methods (e.g. tissue culture, computer simulation)

Resuhy from tiasue cultive do nos mach those from freshly isolated cells. Reasons for tvis are under active investgation.

7 by Deseribe the charaeteristics of the animal species selected that justifies its use in the proposed study { consider
characteristics such as body size, species, strain, data from previous studies or unique anatomic/physiological features)

Rats: consistency with previous experiments. Mice: Specifically lack heme oxygenase and Nrampl which are thouglt o
be unportant in the processes being studied. ‘

t) ()ewnpnon ui Aanimals

; svent intiaduction of ik o5 o andined friliies, s healith slates report o yeteripary inspeation cortifivae may n
i i e croves oF ren commiercint sources whosa ammal headth statog s unkinows o guestionable
Cnrantinne and Terthoe lesting sy be requioed R those animnds,

ey diseus

If o thans 6 colunns are necited, pease attach ancther puge

s . ! Spéstrain | 1 ystrain 3 I Sp/strain 4 ! Spsstrain § ! Spéstrain 6
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AHMENG

Supphivr/Suuree LD Charles River | Charles River

Strin Eilmox e CETHLGH CAHAHA 126/85y

Sex huth F F

Agt/Wi all (l%\l\ 8wl 8o whs all

# To be purchased | 30 10 368 96 96 {0 ;
_# Produced i‘))_f in- “ ) 06 o 0 0 96 ;
_house breeding ‘ o :

duceded gt ane

|
: L PR i ; i F(t+3 :
time Y ! " N B B o
o pLr cage ; 4 ] ¢ 8 4 i
Bt st s e oo e Stk s+ - et e e e s b e 5 PSR 1 S et 5 4 e o N— N[; o mwm.wM . :
L TOTALH IVEAR b= 10 tor 5 96 96 + 10 {ion ;
C 1 breeding) breeding)

R

; T dy Explanation of Animal Usage: BASED ON THE EXPERIMENTAL OBJECTIVES OF THE PROJECT,
deseribe the number of animals veguired for once yvear, Include information on experimental and control groups, ¥ per
Caroug, and failere rates.

~ For breeding, specify how many adults are used, number of offspring produced, and how many offspring are used in
experimiental procedures,

The aritdometic explaining how the tatal of animals for cach column in the table ahove is calculated should be made clear.
P Spaee will expund as ireedeiit

cmox1-- CS7RLe Gaturad Nramp? onatant), C3HHGET (Nramp | wild iype), and 129/5v (wild tvpe » Nrampl /-y Mice:

C Approximately 10-20 million macrophages ave harvested from each mouse and 230 million macrophages are required
Cexperiment ( ab ratsy This will require 24 mice 7 experiment (24 x 10-20 million = 240-430 million macrophages). We

D enpect 1o perform 4 experinments per vear (o achieve statistical significance. Therefore, 24 mice 7 experiment x 4 cxperiments 7

3

dGomice S year Cstrain, Mice thal are not of desired genotype will be sacrificed following genotyping,

¢ Chelutor wxting (C37BLA6I Mice):

Dranor mice: 20 mice veg d o barvest suficient RBCs for model thalassemic RBC preparation {1 mf blood / mouse x 20 mice
0o 20 and Blood © 10 mT packed cells = 3 mi packed cells after bietinvlation and alpha-chain toading: 3 miis sulficient for 48
orecipiont mice b exporiments S year = SO mice subtotal,

Recipient mice: i = 6 X003 control groups + 5 experimental groups} X 4 experiments £ vear = 192 mice subtotal.
© 80 donoy mice ~ 192 recipient mice = 272 mice wotal / year,
Aninud Hushandry and Care _ !
¥y H projects involves non-stunduard cages, diet and/or hundling, please specify
{
i 8 1y s there uny component (o the proposed procedures which will result in immunasuppression or decreased
finvmnne fupction (vg. stress, radiation, steroids, chemotherapeuties, genetic modification of the immune system)?
; YES ] if yes, speeify:
i O - B e}
: 8 ¢y Indicate avea(s) where animal use procedures will be conducted:
] - . . . : :
! Building: Lady Davis Instilue Room: Anunal Quarters .

fadicate area(s) all Tacilities where animuals will be housed:

~ Building: Lady Davis nstitue Room: A

st Quarters




9. Standard Operaiing Procedures (SOPs)

page

Pantmad bousing ang annual gse are

g aifferent lecntions, briefh des

‘ihe procedures for iransporving animals:

- Complete this section if you plan fo_use noy of the U
{BE USED WHEN
Opernting Procedures can be found at the LACC website at www.megill. c‘nusemch()mcucu;ﬂplmnu/‘mlmAI/px ocedures

ACC SOPs listed below. 1T IS UACC POLICY THAT THESE SOPS
APPLICABLE. Any proposcd vuriation of the SOPs must be described and justified. The Standard

The completed and signed 801 form mus{ be atiached to the protocal. /
Check all SOPs that will be used: //
Blood Coltection UALCH] 5 4 | Collection of Amphibian Ouc_\;z/és UACCHY
Anaesthesia in rodents UACCH2 X1 1 Rodent Survival Surgery U;&/CC#I{)
Analgesia in rodents UACTHS ’ 71| Anaesthesia & Analgesia N’cmmmi Rodents UACCHTE

REQUIRED. ; %;fyﬁ
i %
| FOR EACH EXPERIMENTAL GROUP. DESCRIBE ALK PROCEDURES AND TECHNIQUES, WHICH ARE NOT \ @
PA RTOITHFSOPx!\THEORDLRIN%FHCHTU%&“$L L BE PERFORMED - surgical procedures, P

: S T T e 7 : iy
Brea’:dmg transgenics/knockouts UACCE 141 Stereotaxic Survival Surgery in Rodents UACCHI2

Field Studies Form /

OOO0Oxc

Phenotype Disclosure Form

| Other, specify: / L

L hmmunizations, behavioural tests, immobilization and festraint, !oud,\mlcr deprivation, requirements for post-gperative

L pwwwmegBlerresearcholfice/eompliance/animaliduidelines) proy :(}g:s a sample list of points that should be addressed in

10a). IF APROCEDURE 1S COVERED BY AN SOP, \\Rl T L«“AS PER SOP”, NO FURTHER DETAIL IS

e, sumple eollection, substance administration, spécial mmmmmg,, ete Appendix 2 of the Guidelines

this sectivin

%

Rats: The animals are injected with hiog ’Zi coldie once daly for 3 meunwt days (1 ml of 3% thioglveolate 1) 10 increase the
fevad of macrophages i the peritoneal cavity’ three days after the final mgcumgn the animals are anesthetized {halothane).
sutated and usegi}?‘)r o vigro experiments. The ammalé&me then killed by anesthetic overdose. The

peritongal macrophag
animals will be monitored for distress afgd dead animals will be examined for they Q‘acwncc of adhestons.

)

Mutant Mice: As described abow;/'?ith dose adjusted on a per weight basis), perlmaeai macrophages will be isolated from
Hmox - and Nramp | -/~ mice and used for in vilro experiments. x\

7 «
/ 1"«\,

D Ras aod wive will b sacry

10 by Experimental cudpoind ~ for each experimental group indicate survival time L\‘Q

Aieed 6 davs following the lirst thioglveoilate injection. %,

p 5

H

. sipns of toxiciy. Animals indistress will be euthanized immediately by carbon dioxide inhalation as pernSOP # UACC-13.
: %,

¢ Frequency pf monitoring: Daily %

£ size, vocalizing, lack

10 ¢) Clinicaf endpoifl - describe the conditions, complications, and eriferia (e.g. »20% Vvégght loss, maximum tumour
of grooming) that would lead to euthanasia of an animal before the e\peued completion of the
per species and project it multiple projects involved) %

“,

'&
Mice will be mofitored daily for lack of grooming, inability to eat or drink, >20% weight loss, behav ioyral abnormalities and

experiment (spec

s,

%

104 Specify persents) who will be responsible for animal monitoring and post-proceduval care fmust aiso be listed in
Cyection 4)

Namer Mhates Schrasholer - Phone #: 314-340-8222 ext. 3289

10 e} f’:uAmstheuc'»\xmesﬂuHUAn‘\l;ulc Agents: List all dl ugs that will be used to minimize pain, distress or
discomfort, Yubie will expongd as nes

|
i




+514-340~7562 LADY DAVIS INSTITUTE 862 Paz MAY 38 088 14014

sage &
| Indicate aren(s) all facilities where snimails will be housed:
' ? Buiding: Lady Davis institute Room: Animal Quarters
1 If animal housing and animal use are in different Iocations, briefly deseribe procedures for transporting anima s:

9. Standard Operating Procedures (SOPs)

I Complete this section if you plan to use any of the UACC S0Ps listed below. IT 1S UACC POLICY THAT THESE SOI’S |
! BE USED WHEN APPLICABLE. Any proposed variation of the SOPs must be described and justified. The Standard
Opevating Procedures ¢an be found at the UACC website at www.megill.ca/researchoffice/complisnce/animal/procedures
', The coropleted and signed SOP form must be attached to the protoesl.

Check ull SOPs that will be ased;

Blood Colicetion UACTH] Collection of Amphibian Oocytes UACCH9 O

'_‘,i?a\’g_sll}_v_s;ie_n_in rodents UACCH2 2 1 Rudent Survival Surgery UACCH1Q X T
Ana lg&\'iu in rodents UA,C_(_’.’#J 31 Anvesthesia & Analgesia Neonutal Rudents UACCH! . T
‘Breeding transgenics/kaockouts UACCH4 (5 | Stereotuxic Survival Surgery In Rodents UACCH#12 o

| Transgenic Generation UACCHS 7 1 Field Studles Form o

| Knockout/in Generation UACCHO {1} Phenotype Disclosure Form O ]
Production of Monoclonaf Antibodies UACC#T ] | Other, specify: 13 X )

* Production of Polyclonal Antibodics UACCHES [ i :

["H). Description of Provedures :

¢ 10 9). 1F A PROCEDURFE IS COVERED BY AR SOP, WRITE “AS PER SQOP”, NO FURTHER DETAIL IS

| REQUIRED, »

| FOR EACH EXPERIMENTAL GROUP, DESCRIBE ALL PROCEDURES AND TECHNIQUES, WHICH ARE NOT

! PART OF THE SOPs, IN THE ORDER {N WHICH THEY WILL BE PERFORMED - surgical procedures,

i

immunizations, bebavioural tests, immobilization and restisint, food/water deprivation, requirements for post-operative

care, ssmple collection, substance administration, specisl monitoring, et Appendix 2 of the Guidelines

{(www.ncgill.en/researchoffice/compliance/animal/guidelines) provides s sample fist of points that showtld be addressed i1
this section.

Raws: The animals are injected with thioglycolate once daily fur 3 consecutive days (1 mi of 3% thioglycolate 1P) to increase the
| tevel o macrophages in the peritoneal eavity, three days afier the fmal injection the animals are anesthetized (halothane).

! peritones) mucrophages isolated and used for ity vitro experimpents. The antmals are then kitled by anesthetic overdose. The
animals will be monitored far distress and dead animals will be examined for the presence of adhesions.

Mutant Mice: As desuribed above (with dose adjusted on & per weight basis), perioneal macrophages will be isolated from
Himox -4 and Nramp! /- mice and used fur to vitro experiments,

1295 Mice (Nramp ! wild-type and mutant): Mice will be anestherized with isofluorane, splenectomized. and allowed o recover
P fully fov 14 days a3 per SOP. Wounds will be closed with wound <lips. Animals wili be monitored daily for distress.

10 t) Experimental endpoint - for each experimental group indicate survivai time

* Rats and mice will be sacrificed 6 days following the first thioglycollate injection.

TG ¢) Clinical endpoint — describe thie conditions, complications, snd criteria {e.g. >20% weight loss, maximum fumour
size, voentizing, lack of grooming) that would lead to cuthaunsis of an snimal before the expected completion of the
; experinient (specify per speeies and project if nuliphe projects involved)

Mice will he monitored daily for lack of grooming, inability to eal of drink, >20% weight loss, behavioural abnormalities and
signs of toxicity. Animals in distress will be euthanized immediately by carbon dioxide inhalation as per SOP # UACC-13.

Frequency of monitoving: Daily

i 10 ) Specify persun(s) whe will be responsible for animal monitoring und post-procedural care (must afso be listed in
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speeivs Agent Doxage

atatvoitmetmly © Rowte  Frequensy/Duration
Wmpisteation

sefluohany

{0 i‘) mimmmtmmm US U
component of the protocol m«*lu( ing bul not hmnul to tluws

mlulumxwen(s VIFUSCS, rfudiv

Speeies Agent Dosaye " Toul volume{ml) : Route
' (mg/ke) : per administration | i :
ral iveotlae 012 bl i for 3 dass
Wiy ollate 0.2 0.5 ml i Pday for 3 days

1 ﬂ} Method of Euthanasia

¢ Specily Species

Auacsthetic uwr'dmc Hist wuwdmt route:

:
i
i

ik \smmuummm with ‘umtsthcxm, list aoenl/(lmurmltc

(i Decapitution without anaesthesia ®
[ Decapitation with anesihesia, list agent/dose/route (mcludm0 COs):

1 Cervieal distocation without anaesthesia »

DG Cervicad distocation with anaesthesia, list agent/dose/route {including CO4): ;

CO. chamber only

2 * For physical method of euthanasia without anaesthesia, please justify:

i
H
;
4

. 11, Category of Invasiveness: B[] ¢ D ] ) £ [

Caegaries of Invasiveness (from the
cmpre detailed deseription of eategorivs.
Calesnry A '\‘mdie\- or experirenty us wost invertebrates or voe cutive lving material,

v 13 Studies or experiments causing Httle or no discomfort or stress. These smight include holding animals cupiive, injection, :

/u‘;(*mum cuy Mood sempling, neeepred euthanasin foriixsie harvest, aenre sonssurvival experimenrs in which the wiimals ave compleiely
L anaesthetized. :
D Catepary O Stadies or eyperiments involving ninoer stress or pain of short duration, These might include cannalawrion or

CAC Categories of Tnvasivenesy in Animal Experimenty). Please refer to this document for a

ccatheterizations of Wood vessels or body cavifies wnler unaestiresta, mingr surgery under anaesthesia, such as biopsy; short periods of :
Lorestraiut, nvernight feod andor water deprivation which exceed perivds of abstinence in nature; behavioural experiments on conscivuy

Landmals that iinvoelve short-rerm stressful resiraing,
¢ Cateeory D: Studies or experiments that invelve moderate to severe distress or discomfort, These might include major sirgery mder
Canaesthesiv with subsequent recovery, prolonged (several hours or morej periods of physical restraint; induction of hehuviourad siresses,
immnization widy complete Frewnl’s adjuvant, application of noxions stiudi, procedures that produce pain, producrion of transgenics {in
Cavcorifance with University policy). :
D Category B Provedures that involye inflicting severe pain, near, af or above the pain threshold of unannesthetized, conscious animals,
U Nt confined 1o bur may include exposure i noxious stimali or agents whose effects are wikinen; exposure (0 drigs ar chiemicals ai levels
- deat feny) markediy imgpais physiologivad systens and sehiclt canse death, severe pain or extreme distresy or physicad trawoma on
Cugteestdierizod sgimads, Acvarding to University policy, B level studies are nut permitied, :

H
§
i
i
H
i

12. Potential Hazards to Personnel and Animals It is the responsibility of the investigator to obtain the necessury

- Biohazard and/or Radiation Salety permits before this protocol is submitted for veview, f
A copy of these certificates must be attached, if applicable. '
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s 0y Syl preTaeriatie v idd fyse wirgd 31 PR i .
S bnisardous nierinis will be wsed [kH = oslip

L2 0y Indieate which of the foltow ing will be used in aninudy:

__iTosic chemicals L_jl(zxdiuiwio;w.s LiCarcinogens
Lo tlofections aoenty (includes vectors) [ fTransphintable tumours andfor tissues
12 by Complete the Tellowing table for cact agent 1o be used (use ndditional page as reguired):
Agent nante
frosaue ' :
- Route of ndanunistrativn : : "
Fregueney of administration
{ Duration of administeation f
I Number of animals involved

Survival ime alter administration

ole that cages ¢ appropriaiely tubeled at il

12 i} Deseribe potential bealth vk (8) (0 amans ov animals:

12 ¢) Describe measures that will be used to reduce vish to the envirpnment and all project and animal facility personnel:

i
120 Husing coll ey, have they been wested?
™

;,_j Yoes i ves, What human aad/or animal pathouens have been tested?

CINa Tao, jusiify:

13. ver’s Conuments and Modifications (to be completed by ACC only): The Animal Care Commiitec has
made the following modification(s) to this animal use procedure protoeol during the review process. Please muke these
changes to vour copy and comply with the recommended changes as a condition of fpproval,

|
H
;
:




