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ABSTRACT 
 

Female mosquitoes of the species, Aedes aegypti (yellow fever mosquito, 

Diptera), blood feed for oogenesis.  Therefore, mosquitoes are exposed to high iron loads 

and possibly blood-borne pathogens.  We are interested in studying iron metabolism in A. 

aegypti to find methods for controlling mosquito populations, and thereby reduce human 

exposure to these pathogens.  First, we found that the expression of the Aedes ferritin 

light chain homologue (LCH) is up-regulated by blood feeding.  Ferritin LCH and heavy 

chain homologue (HCH) genes are closely clustered together and both mRNA transcripts 

increase with iron and oxidative stress (H2O2 and hemin).  Second, we show A. aegypti 

larval cells synthesize and secrete ferritin in response to iron.  Cytoplasmic ferritin is 

maximal at low levels of iron, consists of a specific subunit composition and reflects 

cytoplasmic iron levels.  Secreted ferritin increases in linear relationship to increasing 

iron dose and is composed of different subunits than cytoplasmic ferritin.  HCH and LCH 

transcripts increase with increasing cytoplasmic iron suggesting transcriptional control of 

ferritin synthesis.  We previously reported that the mosquito HCH mRNA has an iron 

responsive element (IRE), but LCH mRNA does not have a canonical IRE.  We show 

that iron regulatory protein 1 (IRP1)/IRE binding activity declines in response to 

increasing cytoplasmic iron levels.  These data would indicate that HCH synthesis is 

controlled at transcription and translation.  Third, we report that A. aegypti larval cell 

cytoplasmic iron concentration does not change temporally with iron treatment.  

However, membrane iron levels increase with iron over time.  Iron temporally up-

regulates both HCH and LCH mRNA.  Ferritin secretion increases with time in response 
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to iron and reflects that most of the intracellular ferritin is found in the membrane 

fraction.  Membrane ferritin has the same subunit composition as cytoplasmic ferritin.  

Finally, membrane ferritin is found in both non-iron and iron-treated cells.  This suggests 

a mechanism to store iron from a blood meal in membrane ferritin.  These results indicate 

Aedes ferritin could act as an antioxidant and holoferritin secretion is likely the 

mechanism whereby mosquito cells protect against iron overload and, thus reduce the 

intracellular potential for iron-mediated oxidative stress during blood feeding. 
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 CHAPTER 1 
 
Statement of Thesis Format 

This present study is a project that consists of three sets of experiments.  Chapter 

2 is a review of the literature for the entire project.  The most important findings of the 

first two sets of experiments are summarized in Chapters 3 and 4.  The corresponding 

papers are provided in Appendices B and C, respectively.  The last set of experiments is 

provided in manuscript form in Chapter 5.  A synopsis of the most important findings of 

the entire dissertation work and a discussion of future directions is found in Chapter 6.  

References for the body of the dissertation are provided in the reference section.  During 

the course of these experiments, additional data was acquired that is referred to within the 

dissertation, but is not present in the papers or manuscript.  These supplementary data are 

provided in Appendix D with their accompanying methodologies where appropriate.  

These figures would accompany papers as supplementary material and would be referred 

to as “data not shown”. 
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CHAPTER 2 
 
Literature Review 

Intracellular Iron Metabolism in Vertebrates 

Iron is an essential nutrient required by most living organisms and is used in a 

variety of biological processes.  However, this nutrient also has the ability to generate 

toxic reactive oxygen species (ROS) through the Fenton reaction [1-3].  Thus, it is 

imperative for an organism to have a specific system to control the redox potential of 

iron.  For this reason, most organisms have evolved unique, but similar, metabolic 

pathways to manage this mineral. 

Most of the non-heme iron in the vertebrate diet is ferric [Fe (III)].  In the 

intestine, Fe (III) is reduced to ferrous [Fe (II)] by a ferric reductase, Dcytb, expressed on 

the brush border membrane of enterocytes along the villus in the proximal duodenum 

(Fig. 2.1; [4]).  Fe (II) is transported across the enterocyte apical membrane by the 

divalent metal transporter, DMT1.  Once inside the enterocyte, iron can be stored in 

ferritin, a 24-subunit iron storage protein composed of heavy and light polypeptide 

chains.  The ferritin heavy chain has ferroxidase activity for rapid uptake of iron and the 

light chain creates a nucleation site for iron and formation of the iron core [1].  Ferritin 

remains in the cytoplasm of the enterocytes until needed or is lost when the cells are shed 

off the villus tip.  Iron can also be exported across the basolateral membrane and into 

blood circulation by the ferrous iron transporter, ferroportin 1 (FP1).  The FP1 

transported Fe(II) must first be oxidized to Fe(III) by hephaestin (Hp), a ferroxidase, 

before binding to circulating transferrin (Tf, [4]).  Two atoms of Fe(III) can bind to a Tf 
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Enterocyte Somatic Cell 

 

Figure 2.1. Intracellular Iron Metabolism in Vertebrates. This diagram, adapted from Philpott 
[4], depicts the absorption of iron from the diet into enterocytes, its processing through the 
enterocyte, the secretion of iron into blood circulation and its uptake from circulation into somatic 
cells. 
 
molecule to create diferric-Tf [5].  Most somatic cells take up iron as diferric-Tf through 

the transferrin receptor (TfR) by receptor-mediated endocytosis (Fig. 2.1; [6]).  

Additionally, there is evidence of a cellular non-Tf bound iron (NTBI) uptake mechanism 

in peripheral tissues, probably mediated by DMT1 [3].  Once diferric-Tf binds to the TfR, 

the holo-Tf/TfR complex is internalized in an endosome.  The acidic environment of this 

organelle results in the release of the both atoms of Fe(III) from Tf [3].  The apo-Tf/TfR 

complex then recycles back to the cell surface where the basic pH of the extracellular 
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fluids causes the disassociation of apo-Tf from the TfR allowing the process to begin 

again.  In the endosome, the Fe(III) is reduced to Fe(II) and transported across the 

endosomal membrane to be utilized by the cell [6].  The process of Fe(III) release from 

Tf and the reduction to Fe(II) is still unclear, transport out of the endosome is via a 

second isoform of DMT1 [4, 7-9].  In all cells, a portion of the iron is stored in the same 

cytoplasmic ferritin, while some of the intracellular iron is found in a labile iron pool [6]. 

Intracellular Iron Metabolism in Insects 

Many of the same regulatory mechanisms discussed for vertebrate iron 

homeostasis are similar to those observed in insects, with a few exceptions (Fig. 2.2).  

The diet of a hematophagous insect (female mosquito) consists of blood from vertebrates 

that contains a large iron load in the form of heme and non-heme iron.  Female Aedes 

aegypti (yellow fever mosquito) must blood feed for oogenesis (egg development), so 

they are required to rapidly adapt to the high iron load of their diet [10].  It is not exactly 

clear how these insects absorb non-heme iron from their diet because no DMT1 has yet 

been identified.  The majority of heme is incorporated into the peritrophic matrix in the 

midgut of these mosquitoes during digestion and lost; this may be the primary 

mechanism of heme detoxification [11].  However, considerable iron is absorbed by 

mosquitoes after a blood meal is consumed as observed by the systemic changes in the 

concentration of iron found in the tissues of animals 72 hours after blood feeding 

compared to sugar fed animals when measured by inductively coupled plasma-mass 

spectrometry (ICP-MS; Appendix D, Fig. D.1). 
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Ferritin is the most probable iron storage protein of insects.  Fat body, ovary and 

midgut of mosquitoes are the main sites of ferritin expression [12].  Ferritin is also found 

in hemolymph and the insect ferritin subunits contain signal sequences that target the 

proteins to secretory pathways within the cell [10, 13, 14]. 

 
Figure 2.2. Intracellular Iron Metabolism in Insects.  This diagram, adapted from Philpott [4], 
depicts the absorption of iron from the diet into insect cells, its processing through the cell and the 
putative secretion of iron into the hemolymph in ferritin. 
 

A. aegypti ferritin is a 24 subunit protein composed of mammalian homologues of 

light and heavy subunits (LCH and HCH, respectively).  A. aegypti ferritin has HCHs of 

24 and 26 kDa that retain the amino acid residues required for ferroxidase activity 

characterized in the vertebrate heavy chain subunit and a LCH of 28 kDa that shares 

significant similarity to the vertebrate light chain subunit, but does not have the amino 

acid residues involved in iron nucleation [10, 13, 15-17].  After a blood meal, adult 



 17

female ferritin gene expression and secretion into the hemolymph is up-regulated [12].  

Ferritin secreted by A. aegypti larval cells is comprised primarily of the HCH subunits, 

whereas cytoplasmic ferritin is composed of the 24 kDa HCH and the 28 kDa LCH 

subunits (Appendix C, Figs. 1 and 2).  It has been observed that insect ferritin can be 

taken up by tissues and may serve as a means to transport iron [14]. 

Tf also has been identified in several insect species [13] including mosquitoes.  

Insect Tf is secreted into the hemolymph, but no TfRs have yet been identified [13, 14].  

Insect Tf differs from vertebrate Tf in that most bind only one ferric ion [14].  It has been 

demonstrated in Manduca sexta (tobacco hornworm) that iron from monoferric-Tf can be 

taken up by the fat body, but the mechanism is unknown [13].  After a blood meal, Tf 

gene expression and secretion into the hemolymph is up-regulated in A. aegypti adult 

females [18].  Tf may play a role in the innate immune system of the mosquito because 

expression and secretion also is up-regulated by infection [14]. 

Iron Regulation of Gene Expression in Vertebrates and Insects 

Iron plays a role in the regulation of expression of iron homeostasis mediators in 

vertebrates and insects.  One level of regulation by iron is through post-transcriptional 

control of gene expression via the interaction of iron regulatory proteins (IRP1 and 2) 

with iron responsive elements (IREs), stem-loop moieties of mRNA transcripts (Fig. 2.3).  

In vertebrates, when iron is present, an iron-sulfur cluster (4Fe-4S) forms inside IRP1 

that inhibits the binding of IRP1 to the IREs on mRNA transcripts.  The 4Fe-4S cluster-

containing IRP1 also has cytoplasmic aconitase activity (Table 1, [5, 19]).  IRP2, 

however, is rapidly degraded in the presence of iron [2]. 
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Only one IRP1 gene has been found in insects, except in Drosophila 

melanogaster where there are two redundant IRP1 genes [20].  Insect IRPs function 

similarly to vertebrate IRP1.  M. sexta IRP1 with a 4Fe-4S cluster no longer binds to 

mRNA IREs (Gailer and Winzerling, unpublished) and shows aconitase activity (Zhang 

and Winzerling, unpublished).  In contrast, to date we have been unable to obtain either a 

cluster or aconitase activity for the A. aegypti IRP1 (Gailer, Zhang and Winzerling, 

unpublished). 

The location of the IREs in the IRP-regulated mRNA transcript plays an 

important role in how the message is regulated by iron.  In vertebrates, transcripts that 

contain an IRE in the 5’ untranslated region (UTR) are down-regulated with iron 

deficiency because IRP1 or 2 are available to bind to the IRE and block translation.  At 

the same time, transcripts that contain 3’UTR IREs are up-regulated because IRP1 or 2 

stabilizes the message and prevents degradation (Table 1, [2, 20]).  The converse is true 

with iron abundance, messages containing a 5’UTR IRE are translated because IRP1 

contains an 4Fe-4S cluster and is unable to bind to the IRE.  Messages containing 3’UTR 

IREs are no longer protected by IRP1 so they are degraded.  Iron overload causes 

stabilizes the message degradation of IRP2, which is no longer able to bind to IREs 

(Table 1, [20]). 

Insects show similar mechanisms of post-transcriptional regulation of mRNA 

transcripts with IREs as vertebrates [13, 21, 22].  Specifically in M. sexta, recombinant 

IRP1 has been shown to repress the in vitro translation of both the HCH and LCH [23].  

However, when the 5’UTR IRE was removed from HCH, repression did not occur [23].  
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Also, in mosquitoes it was demonstrated that recombinant IRP1 can bind specifically to 

the HCH IRE and the increase in binding activity with infection could be a function of 

the insect immune response [21].  Both vertebrate and insect IRP1s are constitutively 

expressed and do not change with cellular iron status [2, 13]. 

 
Figure 2.3. Iron Regulation of Gene Expression in Vertebrates and Insects. This diagram, 
adapted from Philpott [4], illustrates the regulation of gene expression by iron through IRP1 and 2 
binding activity to IREs in either the 5’ or 3’ UTRs. 
 

During iron deficiency in humans, mice and rats, the expression levels of Dcytb, 

DMT1, FP1 and TfR increase to allow for increased iron uptake.  The increased 

expression of DMT1 and TfR is attributed to their mRNA transcripts having 3’UTR 

IREs.  Dcytb mRNA does not have an IRE; while FP1 has an IRE in the 5’UTR.  In vitro 

studies of vertebrate intestine and liver cell lines demonstrate that FP1 is down regulated 

by iron deficiency [24].  This difference from in vivo studies can be explained by the 
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complex control of gene expression in vivo and that other stimuli may be able to 

overcome translational regulatory mechanisms required to down-regulate FP1 [24].  The 

up-regulation of gene expression apparently reflects alternative mechanisms of regulation 

[4].  In iron deficiencies, when iron storage is not desirable, ferritin light chain and heavy 

chain subunit expression decreases by IRP1 inhibition of translation by interaction with 

the IRE in transcripts of these messages (Table 1, [4]).  The reverse is true when the 

availability of iron is increased.  Hp expression does not change with iron status [4]. 

Insect ferritin subunits also have IREs in the 5’UTR and are up-regulated by 

increased iron availability by IRP1 [13].  In A. aegypti, the HCH, but not the LCH 

mRNA, has an IRE in the 5’UTR [15].  HCH levels are regulated by iron, in part, through 

binding of IRP1 ([13, 17]; Appendix C, Figs. 5-7). 

In vertebrates, iron regulation also reflects transcriptional control of gene 

expression that is often organ specific.  The ferritin light chain subunit transcript 

increases under conditions of iron excess in the liver.  Also, the transcription of both the 

Tf and TfR genes are induced during iron deficiency in specific tissues [2]. 

Table 1. In vivo Regulation of Iron Metabolic Mediators 
Proteins of Iron Metabolism Iron Deprivation Iron Availability 

IRP Increased IRE Binding 
Activity 

Cytoplasmic Aconitase 
Activity 

Ferritin  
(mRNA w/ 5’UTR IRE)  

Expression Down 
Regulated Expression Up Regulated 

Dcytb (no IRE) 
DMT1 and TfR  

(mRNA w/ 3’UTR IREs) 
FP1 

(mRNA w/ 5’UTR IRE) 

Expression Up 
Regulated 

Expression Down 
Regulated 

Hp Not Changed Not Changed 
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Insect ferritin subunits are up-regulated by increased iron availability through 

both transcriptional and translational control of gene expression ([13, 17]; Appendix C, 

Figs. 2 and 4).  D. melanogaster ferritin HCH mRNA has a 5’UTR IRE, that can be 

removed by alternative splicing; while the LCH does not have an IRE indicating that 

there may be an alternative mechanism of transcriptional regulation [25, 26].  When iron 

is added to the diet of D. melanogaster, HCH transcripts lacking an IRE are enriched, 

especially in the gut [26-28].  The D. melanogaster HCH splicing event could make 

translation of the HCH mRNA transcript independent of the IRE/IRP system that could 

result in ferritin subunit expression even when cellular iron concentrations are low [27].  

A. aegypti ferritin HCH mRNA transcript is transcriptionally up-regulated after a blood 

meal and also has an active 5’UTR IRE that binds the IRP1 allowing for translational 

regulation [12, 16]; no alternative splicing occurs.  The LCH mRNA transcript is 

transcriptionally up-regulated by iron and has no canonical 5’UTR IRE ([15]; Appendix 

C, Fig. 4).  However, the A. aegypti LCH mRNA transcript is alternatively spliced in the 

5’UTR and we have identified several splice variants [15].  Thus, these Dipterans differ 

in their mechanisms for control of ferritin expression.  These splicing events could 

represent regulation of expression and the number of spliced variants could represent a 

tissue specific regulation or the use of alternative promoters or promoter elements [15].  

In any case, the mechanism of regulation of the A. aegypti LCH mRNA transcript is 

unique when compared with other ferritin genes. 
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CHAPTER 3 
 

Aedes aegypti ferritin: A cytotoxic protector against iron and oxidative challenge? 

Summary of the First Paper 

The methods, results, and conclusions of these sets of experiments are presented 

in the paper appended to this dissertation (Appendix B).  The following is a summary of 

the most important findings in this paper. 

We think one pathway whereby the mosquito deals with the iron load of a blood 

meal is by sequestering iron in ferritin.  The vertebrate ferritin molecule is a 24 subunit 

protein composed of two types of subunits, referred to as heavy and light chains.  This 

protein is part of the vertebrate constitutive antioxidant response.  From previous 

research, it was found that the insect midgut is the primary site of ferritin expression and 

the main site of the iron load [12].  In A. aegypti, the ferritin HCH is up-regulated by a 

blood meal.  In this study, we found that the expression of the Aedes ferritin LCH is up-

regulated as well by blood feeding.  The genes of the LCH and HCH are closely clustered 

together and the mRNA levels for both transcripts increase with iron treatment as well as 

oxidative stress (H2O2 and hemin).  The temporal expression of both genes is equivalent.  

Our results confirm that Aedes ferritin could act as an antioxidant during blood feeding.   

While characterizing the LCH mRNA transcript, we found no canonical IRE in the 

5’UTR.  However, the 5’UTR does contain several cassette exons that are alternatively 

spliced.  These splicing events could be the mode of post-transcriptional regulation, 

which is different from all ferritin message characterized to date. 



 23

CHAPTER 4 
 

Secreted Ferritin: Mosquito defense against iron overload? 

Summary of the Second Paper 

The methods, results, and conclusions of this set of experiments are presented in 

the paper appended to this dissertation (Appendix C).  The following is a summary of the 

most important findings in this paper.  

Female A. aegypti must blood feed in order to complete their life cycle. The blood meal 

provides a high level of iron that is required for egg development. We are interested in 

developing strategies that interfere with this process.  We show that A. aegypti larval cells 

synthesize and secrete the iron storage protein, ferritin, in response to iron exposure. 

Cytoplasmic ferritin is maximal at low levels of iron and consists of 28 kDa LCH and 24 

kDa HCH subunits and reflects cytoplasmic iron levels. Secreted ferritin increases in a 

linear relationship to increasing iron dose and is composed primarily of the 24 and 26 

kDa HCH subunits.  HCH and LCH messages increase with increasing cytoplasmic iron 

suggesting transcriptional control of ferritin synthesis.  We previously reported that the 

mosquito HCH mRNA has an IRE. We demonstrate that recombinant A. aegypti IRP1 

controls in vitro translation of the HCH subunit by interaction with the HCH 5'UTR IRE. 

We also illustrate that IRP1/IRE binding activity declines in response to increasing 

cytoplasmic iron levels.  Taken together, our data indicates that HCH synthesis reflects 

both translational and transcriptional control.  Most importantly, we show that exposure 

of mosquito cells to iron at low concentrations increases cytoplasmic iron.  In contrast, 

higher levels of iron exposure result in a decline in cytoplasmic iron levels and an 
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increase in secreted ferritin indicating that any excess of iron is removed from the 

mosquito cells.  Our work to date indicates that HCH synthesis and ferritin secretion are 

key factors in the response of mosquito cells to iron exposure and could be a primary 

mechanism that allow these insects to defend against intracellular iron overload and 

potential iron toxicity. 
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CHAPTER 5 
 
The unique regulation of Aedes aegypti ferritin by iron 

Manuscript for the Third Paper 

Introduction 

World wide, millions of cases of mosquito transmitted diseases occur each year 

[29].  Although the efficiency of transmission is low, the high rates of transmission 

reflect the extreme numbers of mosquito vectors.  Female mosquitoes must blood feed in 

order to complete their life cycle.  Among many nutrients, the blood meal provides a high 

level of iron that is required for egg development [13].  Although sufficient iron is 

present in the blood meal to provoke the formation of toxic free radicals, these animals 

have developed mechanisms that allow iron utilization while maintaining protection from 

iron-mediated oxidative stress [30].  Similar to mammals, mosquitoes could be protected 

by iron storage inside ferritin [15, 31, 32]. 

Aedes aegypti (yellow fever mosquito, Diptera) ferritin is a 24 subunit protein 

composed of four different types of subunits, 24, 26, 28 and 30 kDa.  The 24 and 26 kDa 

subunits are products of the same gene, homologues of the vertebrate ferritin heavy chain 

(HCH) and retain the sites for ferroxidase catalytic activity [1, 33].  The 28 kDa subunit 

does not have a catalytic site and is a homologue of the vertebrate light chains (LCH; 

[15]).  The sequence of the 30 kDa subunit remains unknown. 

In vertebrates, ferritin synthesis in response to iron is controlled primarily at the 

translational level and is mediated, in part, by iron regulatory protein 1 (IRP1) interaction 

with an iron responsive element (IRE) in the 5′UTR of the ferritin mRNA [2, 34].  When 
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intracellular iron is low, IRP1/IRE interaction prevents assembly of the ribosomal 

apparatus and blocks ferritin synthesis [35].  When iron increases, IRP1/IRE interaction 

declines and synthesis increases [2, 36].  The change in IRP1 binding activity in response 

to iron is not due to a change in message or protein levels, but results from the formation 

of an iron sulfur cluster in the protein core.  When the cluster is present, the IRP1 cannot 

bind to the IRE.  Several cell signaling compounds including nitric oxide, hydrogen 

peroxide, oxygen and protein kinase C also alter IRP1/IRE interaction [30, 34, 37, 38]. 

We previously sequenced and characterized IRP1 from A. aegypti ([21], Gailer 

and Winzerling, unpublished).  The mosquito IRP1 shows ~70% similarity to human 

IRP1, the recombinant protein binds the IRE moiety of the HCH transcript while the 

IRP1 transcript remains constitutively expressed and unresponsive to blood feeding [21].  

Additional studies demonstrate that mosquito ferritin synthesis is subject to 

transcriptional and translational control [10, 15, 17]. 

Others have shown that ferritin is expressed throughout the mosquito life cycle 

and increases in adults in the ovaries, gut and hemolymph following a blood meal [12].  

The HCH subunits in A. aegypti predominate in hemolymph, are present in sugar-fed 

adults and increase dramatically with blood feeding [12].  In contrast, the LCH is not 

found in sugar-fed adults and is only modestly increased in response to blood feeding 

[12].  Similar observations are reported for other insects [M. sexta, D. melanogaster and 

Calpodes ethlius (Brazilian skipper butterfly)] where hemolymph ferritin is increased 

following iron administration [26, 39, 40].  In C. ethlius, apoferritin is observed in the 
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secretory pathway of several cell types and tissues and is seen as holoferritin when iron is 

available [40-45]. 

Data to date suggest that secretion of ferritin in insects is a way of reducing an 

intracellular iron load.  This would represent a major departure from the findings in 

mammals where intracellular iron is stored as cytoplasmic ferritin [4]. 

Interfering with nutrient utilization for egg development may be one way to 

reduce mosquito fecundity because of the observed differences between mammalian and 

mosquito iron metabolism.  We think the mechanisms that allow mosquitoes to adapt to 

and to utilize the iron load of a blood meal could serve as potential targets for chemical or 

biological control strategies (reviewed in [13]). 

In the previous two studies, we sequenced and characterized the LCH and 

evaluated the effects of iron dose on ferritin expression in A. aegypti larval cells, CCL-

125.  These studies provided important insights into cellular iron metabolism in A. 

aegypti.  We reported that the LCH mRNA contains no canonical IRE in the 5’UTR and 

thus IRP1 binding does not regulate the expression of this subunit.  LCH synthesis results 

primarily from an increase in LCH mRNA with iron treatment ([15]; Appendix C, Figs. 2 

and 4).  On the other hand, the HCH subunit mRNA has a 5'UTR IRE, and synthesis 

reflects an increase in mRNA, as well as a decline in IRP1/IRE interaction ([22]; 

Appendix C, Figs. 2 and 4).  Further, cytoplasmic iron concentration and ferritin levels 

follow a similar dose dependent pattern, while increasing iron causes a concomitant 

increase in secreted ferritin. 
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From these observations, more questions arose.  Does 100 µM ferric ammonium 

citrate (FAC) treatment of CCL-125 cells compromise cell viability or influence total cell 

number with time?  Where is iron inside the cell and how quickly is it taken into the 

cells?  Are the HCH and LCH mRNA transcripts rapidly up-regulated by iron?  Does 

IRP1 binding activity change over time with iron treatment?  In what cell fraction is 

ferritin up-regulated?  When does ferritin start to be secreted from iron-treated cells?  To 

begin to answer these questions, we decided to conduct a set of time course experiments. 

These experiments were organized in a similar manner as the CCL-125 cell dose 

experiment described in Chapter 4 (Appendix C), with each treatment and time point 

repeated in triplicate.  We decided it would be appropriate to run a time course 

experiment with six time points, a non-iron treatment (control), iron treatment (ferric 

ammonium citrate, FAC) and a rescue from iron treatment with an iron chelator 

(deferoxamine mesylate salt, DES).  The information from the dose experiments 

encouraged us to use 100 µM FAC for our iron treatment.  We decided to use eighteen 

hours as our end point in order to compare the CCL-125 cell dose experiment with the 

time course to assess further our reproducibility.  A comparison of cells with iron 

treatment to those with no iron treatment would show treatment effects.  A comparison of 

cells with iron treatment to cells rescued from iron treatment by DES would show the 

effects resulted from iron. 

In this report we show that A. aegypti larval cell cytoplasmic iron concentration 

does not change with iron treatment, and the amount of iron in the cytoplasm of iron-

treated cells does not change IRP1 binding activity over time.  However, membrane iron 
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levels increase with time of iron exposure.  Sufficient iron is taken into the cells to up-

regulate both HCH and LCH mRNA with time.  Mosquito cells secrete ferritin with 

increasing concentration over time in response to iron treatment and secretion reflects the 

levels of ferritin found in the membrane fraction and not in the cytoplasm.  Importantly, 

membrane ferritin is not only found in cells treated with iron, but in non-iron-treated cells 

as well.  This suggests a mechanism to store iron in readily available, membrane ferritin 

synthesized prior to iron exposure in anticipation of a blood meal.  These results imply 

ferritin secretion is a mechanism whereby mosquito cells protect against iron overload 

and reduce the intracellular potential for iron-mediated oxidative stress. 

Methods 

Cell Culture and Experimental Protocol 

A. aegypti larval cells (CCL-125) were obtained from the American Type Culture 

Collection (Manassas, VA).  The cells were maintained in Medium A: 75% DMEM high 

glucose Medium (Invitrogen Corporation, Carlsbad, CA) and 25% Sf-900 II SFM 

Medium (Invitrogen) supplemented with 15% heat-inactivated fetal bovine serum 

(Gemini Bio-Products, Calabasas, CA) and 0.15% antibiotics/antimycotics (Invitrogen), 

as stock cultures in a water-jacketed incubator with 10% humidity and a 95% air-5% CO2 

atmosphere at 28oC.  Confluent cells were split 1:2 and were 80% confluent in 3 days.  

All experiments were performed on cells at >80% confluence under sterile conditions.  At 

the start of each experiment, the complete medium was removed and the cells were 

washed twice with Hank's Balanced Salt Solution (HBSS; Invitrogen).  Serum-free, 

antibiotics/antimycotics-free Medium A was placed on the cells and the cells were 
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incubated for one hour (28oC with 5% CO2).  Following this incubation the medium was 

replaced with fresh serum-free, antibiotics/antimycotics-free Medium A and HBSS 

(control), 100 µM ferric ammonium citrate (FAC, Sigma, St Louis, MO, 18.3% iron, 1 

µg Fe/µg FAC) in HBSS or FAC and 100 µM deferoxamine mesylate salt (DES, Sigma, 

iron chelator) in HBSS as designated, and incubated for 0, 3, 6, 9, 12 or 18 hours (h) at 

28oC in vented 75 cm2 tissue culture flasks (Corning Incorporated, Corning, NY).  At the 

time of harvest the cells were scraped into the medium, transferred to a 15 ml conical 

tube and centrifuged at 900g for 10 min, 4oC.  The supernatant (10 ml) was removed, 

flash frozen in liquid nitrogen and stored at -80oC for subsequent use.  The cell pellet was 

suspended in cold HBSS (5 ml).  One ml (~1.5x106 cells) of the cell suspension was 

taken from each sample and microcentrifuged at 9000g for 2 min, 4oC.  The supernatant 

was removed and the cell pellet was frozen in liquid nitrogen and stored at -80oC for 

RNA isolation.  Aliquots were also taken to perform cell viability and total cell number 

assays.  The remaining cells were centrifuged at 900g for 10 min, 4oC.  The supernatant 

was removed and the cell pellet was suspended in 250 µl hypotonic buffer (10 mM 

HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, freshly added 0.2 mM PMSF and 0.5 mM 

DTT), transferred to a 1.5 ml microcentrifuge tube and frozen in liquid nitrogen for 

cytoplasmic and membrane extraction. 

Cytoplasmic and Membrane Extracts 

Cell extracts were prepared as previously described with some modification [46].  

Briefly, cell pellets suspended in hypotonic buffer and stored at -80oC were thawed on 

ice.  The cell suspensions were centrifuged at 100,000g for 30 min, 4oC to remove debris 
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and membranes.  Cytoplasmic extract supernatants were frozen in small aliquots and held 

at –80oC until use.  The remaining pellet was also frozen in small aliquots and held at  

–80oC until use as membrane extracts. 

Cell Viability and Cell Number 

Cell viability was determined in triplicate for all flasks by CellTiter 96® Aqueous 

One Solution Cell Proliferation Assay per manufacturer’s instructions (Promega 

Corporation, Madison, WI).  This assay measures the reduction of Owen’s reagent (MTS) 

by NADPH or NADH produced by metabolically active cells.  MTS absorbance was 

measured using a Lucy 2 plate reader (Anthos Labtech Instruments GmbH, Wals, 

Austria) at 492 nm.  Total cell number was measured in triplicate for all flasks by the 

LIVE/DEAD® Viability/Cytotoxicity Assay per manufacturer’s instructions (Molecular 

Probes, Eugene, OR).  Emission was measured using a SpectraFluor Plate Reader (Tecan, 

Research Triangle, NC) at 645 nm. 

Iron Determination 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) was performed by the 

Environmental Laboratory in the Department of Soil, Water and Environmental Science 

at the University of Arizona (Tucson, AZ) using the Elan DRC II (PerkinElmer Life and 

Analytical Sciences, Boston, MA) to measure total iron in the media, cytoplasmic and 

membrane extract samples.  The samples were prepared by diluting 20 µl of each sample 

in 5 ml of 1% HNO3.  MilliQ H20 and 1% HNO3 were used as negative controls for iron 

contamination of diluted samples and equipment. NH3 was used to purge to the cell to 

avoid polyatomic complexes formed by the presence of argon.  This gives the most 
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sensitive detection limit by avoiding interfering oxides. A hotter than normal plasma was 

used to reduce oxide formation and this was monitored by the CeO/Ce ratio.  The ICP-

MS readings were corrected to µg Fe/µg total protein.  All protein concentrations were 

determined by the method of Bradford [47].  Calcein fluorescent quench by iron was used 

to measure iron uptake into cells.  Fluorescent quench was measured in triplicate for all 

flasks by the LIVE/DEAD® Viability/Cytotoxicity Assay per manufacturer’s instructions 

(Molecular Probes) by adding calcein to a final concentration of 1 µM, incubating for 45 

min.  Emission was measured using a SpectraFluor Plate Reader (Tecan) at 535 nm. 

Real-Time RT-PCR 

Total RNA was isolated from ~1.5 x 106 CCL-125 cells using the RNeasy® Mini 

Kit (Qiagen Inc., Valencia, CA).  Purified total RNA was treated with DNase 

(Invitrogen) according to the manufacturer's instructions for 15 min at 25oC and for 10 

min at 65oC.  The DNase-treated total RNA was used for real-time RT-PCR. RT was 

done according to the manufacturer's instructions using SuperScript II RNase H- 

Reverse Transcriptase (Invitrogen).  The primers for real-time RT-PCR reactions were 

designed to obtain specific PCR products of similar size for the ORF of each message: 

Ferritin Heavy Chain (198 bp): 5’-ccaggcccaggaacaaacag-3’ and 3’-

tcaaaaagaaggtgcggcgg-5’; Ferritin Light Chain (438 bp): 5’-ctgtaccgcaagatctccgac-3’ and 

3’-cttatggacctgttccacctc-5’; S7 (263 bp): 5’-ggccgccgtgaccccaac-3’ and 3’-

cttaagggcctcgggatgga-5’.  Real-time RT-PCR reactions were conducted using iQ™ 

SYBR® Green Supermix (BIORAD, Hercules, CA) with the buffers provided at: 94oC, 3 

min, 1 cycle; 94oC, 10 sec; 60oC, 30 sec and 72oC, 30 sec, 40 cycles; with a melt curve 
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over a temperature range starting at 55oC and ending at 95oC in a MyiQ Cycler 

(BIORAD).  Fold change was quantified using the Pfaffl method to calculate for relative 

quantification [48]. All PCR products were cloned and sequenced to determine that the 

product sequence represents that of the desired message. 

Electrophoretic Mobility Shift Assays (EMSA) 

EMSA were performed as described by Schalinske and Eisenstein [49].  

IRP1/IRE interactions were measured by incubating a molar excess of radio-labeled 

probe with A. aegypti larval cell cytoplasmic extract.  Briefly, 8 µg of cytoplasmic extract 

and 50 fmol of Aedes ferritin heavy chain IRE [32P] labeled-transcript were incubated in 

37.5 mM KCl-Hepes, 12.5 mM DTT, 1.9 mM MgCl2, 6.3% glycerol and 0.6 U RNase 

Inhibitor (Invitrogen) for 20 min, at room temperature (RT).  RNase T1 (6 Units) was 

added and the mixture incubated for 10 min, RT.  Finally, heparin (100 µg) was added, 

and the sample incubated for 10 min, RT. All samples were run on 6.5% polyacrylamide 

gels, and binding activity was assessed by autoradiography exposure to Blue XB-1 film 

(Eastman Kodak Company).  Digital images were accessed using a ScanJet 6200C 

(Hewlett Packard) and quantified with Quantity One software (BIORAD).  Data were 

analyzed by densitometry of a defined volume and corrected for background.  Volume 

units are arbitrarily assigned. 

Immunoblots 

Proteins were resolved on 18.5% homogeneous sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE).  Gels were loaded with 15 µg total 

protein (cytoplasmic and membrane extracts) or 6 µg total protein (media).  Purified A. 
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aegypti ferritin (1 µg, [15]) was loaded onto gels to serve as a positive control.  Proteins 

were transferred to nitrocellulose membranes in a Trans-Blot SD Semi-Dry Transfer 

Cell (BIORAD) apparatus according to manufacturer's specifications.  Efficient transfer 

was confirmed by Ponceau S staining and Kaleidoscope molecular weight markers 

(BIORAD).  The ferritin membranes were blocked overnight in 4.0 % non-fat dry milk, 

25 mM phosphate, 25 mM acetate buffer, 0.02% sodium azide pH 7.0 at 4oC.  After 

blocking, the membranes were incubated with anti-A. aegypti ferritin rabbit antiserum 

(1:4000 v/v, a kind gift from Dr. John Law, Athens, GA) diluted in blocking buffers for 2 

h at room temperature (RT).  The ferritin membranes were washed 3 times in 25 mM 

phosphate, 25 mM acetate, 0.02% sodium azide, pH 7.0 and developed with anti-rabbit 

alkaline phosphatase conjugate antibody (Jackson Immuno, West Grove, PA) according 

to the manufacturer’s methods (BIORAD).  Digital images were accessed using a ScanJet 

6200C (Hewlett Packard) and quantified with Quantity One software (BIORAD).  Data 

were analyzed by densitometry of a defined volume and corrected for background.  

Volume units are arbitrarily assigned. 

Statistics 

Data for subunit transcripts, protein and binding activities were analyzed by auto-

radiography, laser scanner ScanJet 6200C (Hewlett Packard), and/or CCD camera (Ultra 

Lum) and quantified with Quantity One software (BIORAD).  Treatment differences 

were determined by one-way analysis of variance using the Tukey’s multiple 

comparisons test or one-tailed unpaired t-test for comparison of selected data sets.  These 

data and line of best fit were done using GraphPad software (Graph Pad Software, Inc., 
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San Diego, CA).  The experiment was conducted in triplicate and the data sets were 

analyzed at the same time. 

Results 

Cell viability and cell number of A. aegypti larval cells, CCL-125, do not change with 

iron treatment with time. 

Cell viability as measured by MTS absorbance does not differ over time for 

untreated (control), iron-treated (FAC) or FAC-treated cells rescued with DES (Fig. 

5.1A).  Cell number as measured by ethidium bromide increases significantly over time 

(p<0.05 or less) secondary to cell division, but this is unaffected by iron treatment at all 

time intervals (Fig. 5.1B).  From this we conclude that changes in cell viability and 

number cannot account for changes occurring in the iron-treated cells for any time 

interval. 

Figure 5.1. Cell viability and total cell number are not altered with time as a result of iron 
treatment. A. aegypti larval cells, CCL-125, were treated and measurements done as described in 
the methods. A. Cell viability does not change with iron treatment. B. Total cell number increases 
significantly with time in all treatment conditions (p<0.001 or less within each treatment group at 
18 h relative to T0). T0=Initiation time; Control=Hank’s balanced salt solution (HBSS); 
FAC=100 µM ferric ammonium citrate; FAC/DES=FAC/100 µM deferoxamine mesylate salt; 
h=Hour. Graphed data represent means + SEM of triplicates. 
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Iron uptake and compartmentalization with time following iron exposure. 

Calcein is a fluorescent chemosensor that detects iron down to 0.02 µM in 

biological fluids [50].  Fluorescence is quenched in proportion to available iron.  The 

quench we observed in Figure 5.2A shows that the available iron pool in the cytoplasm 

increased significantly for cells exposed to FAC by 3 h (p<0.0001) and then further 

increased significantly at 12 (p<0.004) and 18 h (p<0.009) relative to 3 h.  In control 

cells, fluorescence did not change and the addition of DES to cells exposed to FAC 

restored fluorescence to control levels.  The data show that iron is taken into CCL-125 

cells and is in a pool that is accessed by calcein. 

Iron ICP-MS supports our findings by calcein fluorescence.  Iron concentrations 

of the cytoplasmic fractions (Fig. 5.2B) show significant iron is taken into the cells by 3 h 

(p<0.006) relative to the experiment initiation time (T0).  However, the ICP-MS data also 

indicate that iron in the cytoplasmic pool changes little after 3 h (Fig. 5.2B).  In contrast 

to the cytoplasmic fractions, the membrane fractions of FAC-treated cells show dramatic 

uptake of iron that reaches a plateau by 3 h and is significant at all time intervals relative 

to T0 (p<0.05 or less; Fig. 5.2B).  The iron concentration in the membrane and 

cytoplasmic fractions of FAC-treated cells are also significantly different from each other 

at 12 h (p<0.04), but not at 18 h (p=0.0604).  A comparison of the membrane fractions of 

cells treated with FAC versus control or those rescued by DES show that there is 

significantly less iron uptake at all time intervals in the latter groups (p<0.001; Appendix 

D, Fig. D.2A).  There is no significant difference in the iron concentration of the 

cytoplasmic fraction for all treatment groups at any time interval (Appendix D, Fig. 
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D.2B).  In the culture medium, iron declines at all time intervals after 3 h in FAC-treated 

cells and reaches significance at 18 h (p<0.002 relative to 3 h), while only the 

concentrations at 3 and 6 h were significantly different from that at T0 (p<0.01 and 

p<0.05, respectively; Fig. 5.2B).  These data show that iron treatment results in iron 

uptake into the membrane fraction with time.  Next, we evaluated the effect of iron 

uptake on ferritin synthesis and secretion. 

Figure 5.2. Iron uptake and location following iron exposure for CCL-125 cells. A. Iron 
significantly quenched calcein fluorescence by 3 h (p<0.0001). CCL-125 cells were prepared for 
calcein fluorescent measurement as described in the methods. B. Iron concentrations are 
increased significantly in the membrane fractions of FAC-treated CCL-125 cells with time 
(p<0.05 or less). CCL-125 cell fractions were prepared and ICP-MS conducted as described in 
the methods. *Significantly different from FAC-treated cells at 12 (p<0.004) and 18 h (p<0.009). 
**Significantly different from the culture medium at 3 (p<0.01) and 6 h (p<0.05) in FAC-treated 
cells. aSignificantly different from the cytoplasmic fraction at 12 h (p<0.04) in FAC-treated cells. 
bSignificantly different from the culture medium at 3 h (p<0.002) in FAC-treated cells. 
Control=Hank’s balanced salt solution (HBSS); FAC=100 µM ferric ammonium citrate; 
FAC/DES=FAC/100 µM deferoxamine mesylate salt; h=Hour. Graphed data represent means + 
SEM of triplicates. 
 
HCH and LCH mRNA increases significantly with time following iron treatment. 

HCH message increases maximally in response to iron treatment by 9 h and this 

increase is sustained at 12 (p<0.003; 44%) and 18 h (p<0.05; 29%) relative to 6 h (Fig. 

5.3A).  LCH mRNA levels also increase by 9 h, but continue to increase at 12 (p<0.04; 
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77%) and 18 h (p<0.02; 114%) relative to 6 h (Fig. 5.3B).  Comparing cell treatments, 

HCH mRNA levels from FAC-treated cells are significantly increased at 12 (p<0.01; 

57%) and 18 h (p<0.05; 25%) relative to control cells (Fig. 5.3A).  Whereas LCH mRNA 

levels increase at these same time points by 85% and 59%, respectively, but the change 

did not reach significance relative to control cells due to the variation (Fig. 5.3B).  The 

addition of DES with FAC restored both messages to control levels at all time intervals.  

These findings agree with those of others that show both messages are increased over 

time in response to iron treatment of A. aegypti embryonic cells (Aag2) and larvae or 

following blood feeding of A. aegypti adult females [10, 12, 15, 51].  These data also 

agree with our findings during the dose experiments that showed a significant increase in 

both the HCH and LCH mRNA transcripts for cells treated for 18 h with 100 µM FAC as 

measured by semi-quantitative RT-PCR (Appendix C, Fig. 4).  The LCH message 

continued to increase with the duration of iron exposure suggesting that up-regulation of 

LCH protein with iron exposure likely results from transcription as there is no canonical 

IRE in the 5’UTR [15].  However, the HCH mRNA transcript is maximal at 12 h and 

then plateaus.  Since two mechanisms are present that could influence HCH translation, 

we measured IRP1/IRE interaction. 
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Figure 5.3. Iron significantly increases HCH and LCH message levels at twelve and eighteen 
hours in CCL-125 cells. Ferritin subunit homologue mRNA levels were evaluated using real-time RT-
PCR with S7 ribosomal RNA as an internal control for total RNA isolated from CCL-125 cells treated as 
described in the methods. A. HCH mRNA is maximally increased by 12 h with iron treatment. B. LCH 
mRNA increases by 12 h and continues to increase thereafter with iron treatment. *Significantly different 
in FAC-treated cells from 12 (p<0.003) and 18 h (p<0.05). aSignificantly different from control and 
FAC/DES-treated cells at 12 (p<0.01) and 18 h (p<0.05). **Significantly different in FAC-treated cells 
from 12 (p<0.04) and 18 h (p<0.02). bSignificantly different from FAC/DES-treated cells at 12 and 18 h 
(p<0.04). Control=Hank’s balanced salt solution (HBSS); FAC=100 µM ferric ammonium citrate; 
FAC/DES=FAC/100 µM deferoxamine mesylate salt; h=Hour. Graphed data represent means + SEM 
of triplicates. 
 
IRP1/IRE binding activity does not changed with time in response to iron treatment. 

When we evaluated the response of larval cell IRP1 binding activity to iron 

treatment, we found that IRP1 binding activity did not change with time (Fig. 5.4).  These 

data are consistent with data obtained from our CCL-125 dose experiment where we 

observed that although IRP1 binding activity declined, this was not significant for 100 

µM FAC-treated cells at 18 h (Appendix C, Fig. 6).  Our results are inconsistent with 

mammalian IRP1 binding activity that increases significantly with iron deficiency and 

decreases with iron treatment over time [52, 53].  Our calcein and ICP-MS data offer a 

probable reason why we do not observe a decline in IRP1 binding activity in mosquito 

cells in response to iron that is similar to that of mammalian cells.  These data support 
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that there is insufficient change in the cytoplasmic iron pool to provoke a change in 

IRP1/IRE interaction.  Since we observed that mRNA levels increased without a change 

in IRP1 binding activity and we observed that cytoplasmic iron levels changed little 

while membrane iron levels increase with exposure time for iron-treated cells, we 

evaluated ferritin in the various cell fractions. 

Figure 5.4. CCL-125 cell IRP1/IRE interaction does not change with time or iron treatment. 
Electrophoretic mobility shift assays (EMSAs) were conducted using 8 µg of CCL-125 cell 
cytoplasmic extract as described in the methods. A. A representative gel shift X-ray film panel of 
graphed CCL-125 cell cytoplasmic IRP1 binding activity. B. IRP1 binding activity in CCL-125 
cell cytoplasmic extract does not change significantly over time in response to iron treatment. 
T0=Initiation time; C=Control, Hank’s balanced salt solution (HBSS); F=FAC, 100 µM ferric 
ammonium citrate; D=FAC/DES, FAC/100 µM deferoxamine mesylate salt; h=Hour. Graphed 
data represent means + SEM of triplicates. 
 
Iron treatment maximally increases cytoplasmic ferritin levels by nine hours. 

In iron-treated cells, the increase in cellular iron as indicated by both calcein 

quench and ICP-MS occurred by 3 h (Fig. 5.2A and B).  In response to iron uptake, 

ferritin in the cytoplasmic fraction increases at 6 h and is significant and maximal by 9 h 

(p<0.03, relative to T0; Fig. 5.5).  Interestingly, ferritin declines at 12 h and reaches 

levels near those of T0 at 18 h indicating that ferritin is either degraded or secreted.  
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FAC-treated cells had significantly more cytoplasmic ferritin than control cells at 9 h 

only (p<0.02).  The addition of DES to cells exposed to FAC prevented the increase in 

ferritin levels demonstrating that iron is responsible for the changes in cytoplasmic 

ferritin we observed. 

Figure 5.5. Iron increases cytoplasmic ferritin content at nine hours in CCL-125 cells. CCL-
125 cells were treated as described in the methods. Cytoplasmic extracts (15 µg protein) were 
resolved by 18.5% SDS-PAGE and transferred to nitrocellulose membranes where ferritin was 
detected using Aedes ferritin specific antiserum as described in the methods. Purified A. aegypti 
ferritin (PF, 1.0 µg) was used as a positive control for ferritin. Ferritin increases significantly in 
FAC-treated cells as compared to control and FAC/DES-treated cells at 9 h only (p<0.02 and 
p<0.05, respectively). *Significantly different for FAC-treated cells from T0 (p<0.03), 3 
(p<0.04), 6 (p=0.0572) and 18 h (p<0.05). A representative immunoblot panel is shown above the 
graphed data. T0=Initiation time; C=Control, Hank’s balanced salt solution (HBSS); F=FAC, 100 
µM ferric ammonium citrate; D=FAC/DES, FAC/100 µM deferoxamine mesylate salt; h=Hour. 
Graphed data represent means + SEM of triplicates. 
 

The LCH (28 kDa) and HCH (24 kDa) subunits are resolved on the immunoblot 

and the HCH subunit is the predominant band.  These data are consistent with our dose 

experiment where we observed a similar pattern of LCH and 24 kDa HCH subunit 

composition in cytoplasmic ferritin (Appendix C, Figs. 1 and 2).  From these data we 
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conclude that exposure of mosquito cells to iron over time results in an early increase in 

cytoplasmic ferritin that is not sustained, even though cytoplasmic iron levels do not 

change (Fig. 5.2A and B).  Cytoplasmic ferritin declines with time indicating ferritin loss 

from the cytoplasm.  Mammalian ferritin can store up to 4500 atoms of iron [1].  This 

could explain why ferritin levels were not sustained despite the fact that cytoplasmic iron 

levels are not changing. 

Iron treatment differentially regulates membrane ferritin levels. 

When we evaluated ferritin in the membrane fractions, we were surprised to find 

that in control cells ferritin increases significantly by 6 h (p<0.002, relative to T0) and is 

sustained at 9 h (Fig. 5.6).  This increase is followed by a modest, but significant decline 

at 12 h (p<0.03, relative to 9 h) and another significant increase at 18 h (p<0.002, relative 

to 12 h or p<0.0005 relative to T0).  Iron treatment resulted in a biphasic pattern with an 

increase in ferritin levels at 6 h (p<0.008, relative to T0), a decline at 9 h with a 

significant increase at 12 h (p<0.02, relative to 9 h) and finally a modest decrease at 18 h 

(p<0.004, relative to 12 h).  Additionally, membrane ferritin at 18 h is significantly higher 

than at T0 (p<0.002) in FAC-treated cells.  (Interestingly, the decline in membrane 

ferritin at 9 h coincides with an increase in HCH and LCH messages (Figs. 5.3A and B) 

and cytoplasmic ferritin (Fig. 5.5)).  The addition of DES to cells exposed to FAC 

resulted in a profile similar to that of control cells indicating that iron was responsible for 

the changes we observed. 

Membrane ferritin results are consistent with our observations of co-localization 

of ferritin and the Golgi membranes for both iron and control CCL-125 cells at 9 and 18 
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h by co-immunofluorescence (Appendix D, Fig. D.3).  From these data we conclude that 

the decrease in both membrane and cytoplasmic ferritin at 18 h indicates that either 

ferritin is being degraded or secreted.  Notably, both the HCH and LCH mRNA 

transcripts and membrane iron concentrations remain significantly elevated at this time 

interval. 

Figure 5.6. Membrane ferritin content is temporally regulated in CCL-125 cells. CCL-125 
cells are treated as described in the methods. Membrane extracts (15 µg protein) are resolved by 
18.5% SDS-PAGE and transferred to nitrocellulose membranes where ferritin is detected using 
Aedes ferritin specific antiserum as described in the methods. Purified A. aegypti ferritin (PF, 1.0 
µg) is used as a positive control for ferritin. Membrane ferritin is differentially regulated in FAC-
treated cells as compared to control and FAC/DES-treated and is significantly up-regulated by 12 
h from control and FAC/DES-treated cells (p<0.003 and p<0.002, respectively). *Significantly 
different for FAC-treated cells from T0 (p<0.0002), 3 (p<0.0003), 6 (p<0.05), 9 (p<0.02) and 18 
h (p<0.004). A representative immunoblot panel is shown above the graphed data. T0=Initiation 
time; C=Control, Hank’s balanced salt solution (HBSS); F=FAC, 100 µM ferric ammonium 
citrate; D=FAC/DES, FAC/100 µM deferoxamine mesylate salt; h=Hour. Graphed data represent 
means + SEM of triplicates. 
 

The membrane ferritin subunit composition is composed of the 28 kDa LCH and 

24 kDa HCH subunits (Fig. 5.6).  This result is consistent with other immunoblots we 
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have done that indicate that cytoplasmic and membrane ferritin are composed of the 28 

kDa LCH and 24 kDa HCH subunits, whereas medium ferritin is predominantly 

composed of the 24 and 26 kDa HCH subunits with minor amounts of the 28 kDa LCH 

subunit (Appendix D, Fig. D.4). 

Iron treatment over time increases secretion of ferritin into the medium. 

Ferritin content of the culture medium changes little over time for control cells 

(Fig. 5.7).  In contrast, media ferritin levels for FAC-treated cells increases significantly 

as compared to control cells at 9 (p<0.002), 12 (p<0.02) and 18 h (p<0.04).  The addition 

of DES to cells exposed to FAC restores media ferritin to those of control cells indicating 

that iron is responsible for these effects.  As secreted ferritin increases over time in iron-

treated cells there is a concomitant decrease in cytoplasmic and membrane ferritin (Figs. 

5.5 and 5.6) as well as a decrease in medium iron concentration (Fig. 5.2B).  Taken 

together, our data suggests that the decrease in cytoplasmic and membrane ferritin levels 

results from ferritin secretion (Figs. 5.5- 5.7). 

The media ferritin subunit composition consists predominately of the 24 and 26 

kDa HCH subunits.  The significant increase in media ferritin at 18 h in iron-treated cells 

and the observed ferritin subunit composition are consistent with our dose experiment in 

CCL-125 with 100 µM FAC treatment (Appendix C, Figs. 1 and 2). 



 45

Figure 5.7. Media ferritin increases over time in iron-treated CCL-125 cells. CCL-125 cells 
are treated as described in the methods. Media samples (6 µg protein) are resolved by 18.5% 
SDS-PAGE and transferred to nitrocellulose membranes where ferritin is detected using Aedes 
ferritin specific antiserum as described in the methods. Purified A. aegypti ferritin (PF, 1.0 µg) is 
used as a positive control for ferritin. Media ferritin concentration increases significantly in FAC-
treated cells as compared to control and FAC/DES-treated cells at 9 (p<0.003 and p<0.02, 
respectively), 12 (p<0.02 and p<0.01, respectively) and 18 h (p<0.04 and p<0.02, respectively). 
aSignificantly different for FAC-treated cells from T0 (p<0.003), 3 (p<0.004), 6 (p<0.006) and 18 
h (p=0.0583). bSignificantly different for FAC-treated cells from T0 (p<0.003), 3 (p<0.004) and 6 
h (p<0.004). cSignificantly different for FAC-treated cells from T0 (p<0.02), 3 (p<0.03) and 6 h 
(p<0.02). A representative immunoblot panel is shown above the graphed data. T0=Initiation 
time; C=Control, Hank’s balanced salt solution (HBSS); F=FAC, 100 µM ferric ammonium 
citrate; D=FAC/DES, FAC/100 µM deferoxamine mesylate salt; h=Hour. Graphed data represent 
means + SEM of triplicates. 
 
Conclusions and Discussion 

Ferritins are complex molecules that can store up to 4500 atoms of iron and are 

the primary iron storage protein of vertebrates [1].  We are interested in the mechanisms 

that allow A. aegypti to adapt to and to utilize the iron load found in a blood meal.  We 

initiated this work by cloning and sequencing the mosquito ferritin subunits and 

exploring the expression of ferritin in mosquito cells. 
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CCL-125 mosquito larval cells take up iron as demonstrated by the decline in iron 

in the culture medium (Fig. 5.2B).  The current work supports that a modest level of iron 

is distributed to an available cytoplasmic fraction (Fig. 5.2).  This pool is maximal by 3 h 

and at 50 µM FAC (Fig. 5.2 and Appendix C, Fig. 3; respectively).  The uptake of iron 

distributed to this fraction is sufficient to up regulate message expression of ferritin HCH 

and LCH, but insufficient to reduce IRP1 binding activity (Figs. 5.3 and 5.4).  These 

findings are in agreement with our previous findings. 

Our data indicate that, in contrast to mammalian systems, iron taken into these 

cells is distributed primarily to the membrane fraction (Fig. 5.2B and Appendix D, Fig. 

D.2).  Uptake appears continuous and implies that the import mechanism(s) are not 

sufficiently down regulated to significantly reduce iron uptake and that iron export does 

not counterbalance iron import.  Iron distribution to the membrane fraction is rapid (3h), 

then plateaus (6-9 h) and increases thereafter to 18 h (Fig. 5.2B and Appendix D, Fig. 

D.2A).  This distribution profile corresponds with a decline in ferritin in the membrane 

fraction at 9 h and an increase in ferritin secretion at the same time interval (Figs. 5.6 and 

5.7).  We also show that substantial levels of ferritin are present in the membrane fraction 

in the absence of iron and that membrane ferritin is associated with a Golgi marker by co-

immunofluorescence (Appendix D, Fig. D.3).  These findings suggest that iron taken into 

the membrane fraction at early time intervals could be stored in ferritin that is already 

available, and subsequently secreted at 9+ h. 

We did not evaluate the iron content of secreted ferritin as part of this work.  

However, Nichol and Locke reported observing holoferritin in the secretory pathway of 
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insects from several orders including Dipterans [44].  In C. ethlius, they observed 

apoferritin in the secretory pathway in fat body that was loaded with iron following iron 

exposure [41, 43-45].  Others have shown that both iron administration and blood feeding 

increase hemolymph ferritin indicating the protein is secreted following iron stimulation 

in insects [26, 39, 40].  Taken together, available evidence to date supports that that 

mosquito intracellular iron homeostasis relies on export of iron from the cells and 

exported iron could be, at least in part, stored inside secreted ferritin. 

Our previous work has shown that ferritin synthesis in mosquito cells is subject to 

both transcriptional and translation control (Appendix C, Figs. 2, 4 and 6).  Iron up-

regulation of the ferritin LCH and HCH message levels is not rapid and occurs between 

6-9 h (Fig. 5.3A and B).  HCH mRNA levels plateau and do not further increase, whereas 

the LCH mRNA levels increase progressively to 18 h.  In our previous work, we found 

up regulation of both messages is maximal with exposure to 25 µM FAC (Appendix C, 

Fig. 4).  LCH mRNA levels showed a two-fold increase in the time range we studied.  

We did not evaluate the various spliced messages as part of this work, but preliminary 

data suggests that all variants are present (Geiser and Winzerling, unpublished).  The 

increase in LCH mRNA could account for the increase LCH protein.  Interestingly, the 

HCH mRNA levels increased only modestly (0.5-fold), yet HCH protein is significantly 

increased (Appendix C, Figs. 2 and 4).  A decline in IRP1 binding activity would allow 

increased protein synthesis of the HCH (Appendix C, Fig. 6).  The HCH mRNA has an 

IRE and the presence of the IRP1 will block in vitro translation (Appendix C, Fig. 7).  

However, we have now shown in both the present work and our previous studies that 
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IRP1 binding activity does not decline significantly in these cells exposed to 100 µM 

FAC for up to 18 h (Fig. 5.4 and Appendix C, Fig. 6).  Here we show that the absence of 

the decline in IRP1 binding activity can be attributed to iron distribution to the membrane 

fraction as the cytoplasmic pool changed little (Figs. 5.2 and 5.4 and Appendix D, Fig. 

D.2).  Given the modest up regulation of message coupled with the absence of a change 

in IRP1 binding activity, we suggest that HCH protein levels reflect not only increased 

synthesis, but a considerable pool of HCH in these cells in the absence of iron 

stimulation. 

Our work to date indicates that although the LCH is present in the membrane 

fractions, it occurs at very low levels in secreted ferritin.  Why this is we do not know.  In 

hemolymph of adult female mosquitoes, all three subunits are rarely observed [12, 54].  

In these animals, ferritin polypeptide expression is related to time, organ and diet.  Our 

membrane fractions included both plasma membranes and Golgi.  The co-

immunofluorescent images indicate ferritin is present in the Golgi, on the plasma 

membrane and in cytoplasmic vesicles that do not coalesce with the Golgi marker 

(Appendix D, Fig. D.3).  Further, although ferritin is present in the secretory pathway, 

secretion is a regulated process that responds to iron stimulation.  Possibly, there exists 

more than one mechanism of secretion of ferritin in mosquito cells and different isoforms 

are tethered to the plasma membrane or secreted.  The work we present is done in larval 

cells in culture and care is required in interpretation of these data and extrapolation to 

animals.  LCH and HCH specific antibodies as well as further work in animals will be 
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required to determine the levels of HCH and LCH subunits in various cell locations in 

future studies in both cells and animals. 

In view of the available information, we suggest a model of iron metabolism in 

mosquitoes where iron required for short term nutrient needs is retained in a stabilized 

cytoplasmic holoferritin pool, whereas excess iron is stored inside available apoferritin in 

the membrane fraction of the cell ready to be secreted from the cells as holoferritin into 

hemolymph.  Such a model implies that secreted ferritin is a primary iron storage protein 

of mosquitoes and that hemolymph is a primary iron storage tissue.  Furthermore, it 

suggests that secretion of holoferritin is a mechanism whereby mosquito cells protect 

against iron overload and reduce the intracellular potential for iron-mediated oxidative 

stress.  In keeping with the latter suggestion, we recently reported that both ferritin 

messages are up-regulated in mosquito embryonic cells by hydrogen peroxide [15].  Also, 

ferritin is considered a cytoprotective protein in mammals, and over-expression in 

mammalian cells is associated with oxidative stress protection [55-59]. 

In conclusion, our findings also raise several questions.  What are the import 

mechanisms that allow iron into the cell?  No metal transporter has yet been characterized 

in mosquitoes.  How and where is iron loaded into ferritin?  Although iron could be 

transported from the cytoplasm into the secretory pathway bound to low molecular 

weight compounds, it seems probable that a protein chaperone is involved in this process.  

What is the signal that regulates the composition and secretion of ferritin?  Both ferritin 

subunits are translated with signal sequences, but only the HCH ferritin particle is 

secreted while the LCH and HCH ferritin particle remains in the cytoplasm and the 
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membranes.  Is more than one secretory mechanism involved in ferritin distribution?  If 

secreted ferritin is the primary iron storage protein of mosquitoes, how do these animals 

acquire iron from secreted ferritin?  Female mosquitoes lay hundreds of eggs that develop 

within two to three days following blood feeding.  Does secreted ferritin represent a rapid 

transport mechanism for delivering high amounts of iron to the developing embryos?  

These questions await further study of this important pathway in mosquitoes. 
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CHAPTER 6 
 
Synopsis 

This present study is a project involved in elucidating the role of ferritin in the 

iron metabolic pathway of A. aegypti.  We believe understanding iron metabolism in A. 

aegypti is important to discovering potential methods of interfering with nutrient 

utilization for egg development to reduce the fecundity of mosquito populations.  We 

think the mechanisms that allow mosquitoes to adapt to and to utilize the iron load of a 

blood meal could serve as potential targets for chemical or biological control strategies. 

As a first step towards our goal, we found that the expression of Aedes ferritin 

LCH is up-regulated by blood feeding.  The genes of ferritin LCH and HCH are closely 

clustered together and the mRNA levels for both transcripts increase with iron treatment 

as well as oxidative stress (H2O2 and hemin).  The temporal expression of both genes is 

equivalent.  While characterizing the LCH mRNA transcript, we found no canonical IRE 

in the 5’UTR.  However, the 5’UTR does contain several introns that are alternatively 

spliced.  These splicing events could be the mode of post-transcriptional regulation and 

are different from any ferritin message characterized to date. 

Next, we showed that A. aegypti larval cells synthesize and secrete ferritin in 

response to iron exposure.  Cytoplasmic ferritin is maximal at low levels of iron, consists 

of the 28 kDa LCH and 24 kDa HCH subunits and reflects cytoplasmic iron levels.  

Secreted ferritin increases in linear relationship to increasing iron dose and is composed 

primarily of HCH subunits.  HCH and LCH messages increase with increasing 

cytoplasmic iron suggesting transcriptional control of ferritin synthesis.  We previously 
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reported that the mosquito HCH mRNA has an IRE. As part of this project, we 

demonstrate that recombinant Aedes IRP1 controls in vitro translation of the HCH 

subunit by interaction with the HCH 5'UTR IRE.  We also illustrate that IRP1/IRE 

binding activity declines in response to increasing cytoplasmic iron levels.  Taken 

together, our data indicates that HCH synthesis reflects both translational and 

transcriptional control.  Most importantly, we show that exposure of mosquito cells to 

iron at low concentrations increases cytoplasmic iron.  In contrast, higher levels of iron 

exposure result in a decline in cytoplasmic iron levels and an increase in secreted ferritin 

indicating that any excess of iron is removed from the mosquito cells. 

Finally, we reported that A. aegypti larval cell cytoplasmic iron concentration 

does not temporally change with iron treatment and the amount of iron in the cytoplasm 

of iron-treated cells does not change IRP1 binding activity over time.  However, 

membrane iron levels increase with iron exposure over time.  Sufficient iron is taken into 

the cells to up-regulate both HCH and LCH mRNA with time.  Mosquito cells secrete 

ferritin with increasing concentration over time in response to iron treatment and reflect 

that most of the cellular ferritin is found in the membrane fraction made up of the 28 kDa 

LCH and the 24 kDa HCH subunits and not in the cytoplasm.  Lastly, membrane ferritin 

is not only found in cells treated with iron, but in control cells as well.  This suggests a 

mechanism to store massive amounts of iron in available membrane-bound ferritin in 

anticipation of a blood meal. 

Our results taken together suggests that Aedes ferritin could act as an antioxidant 

and the secretion of ferritin is likely the mechanism whereby mosquito cells protect 
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against iron overload and, thus reduce the intracellular potential for iron-mediated 

oxidative stress during blood feeding.  Targeting the mechanism of ferritin secretion may 

be a means of controlling mosquito populations since the regulation of ferritin in 

mosquitoes is very different from that of mammals. 

Future Directions 

There are several areas of research in mosquito iron metabolism that are of 

interest.  The first of which is the identification of the iron transport mechanism into 

mosquitoes cells.  Recently, we have started to characterize a putative divalent metal 

transporter from Anopheles gambiae (malaria mosquito).  The protein is highly 

homologous to human NRAMP1 and DMT1 as well as D. melanogaster Malvolio.  The 

predicted amino acid sequence of this putative transporter contains twelve 

transmembrane domains, two N-linked glycosylation sites on the fourth extracellular loop 

and a consensus transport motif on the fourth intracellular loop.  It will be interesting to 

see if we can clone, sequence and characterize this protein in A. aegypti. 

Second, we are very interested to see how secretion of ferritin is regulated.  We 

recently found that mosquito ferritin may be secreted through a non-classical secretory 

pathway.  In a preliminary experiment, we exposed CCL-125 cells to 100 µM FAC and/ 

or 6 µg of Brefeldin A, which disrupts the secretory function of the Golgi apparatus.  We 

found that when the cells were treated with FAC and Brefeldin A simultaneously ferritin 

secretion into the culture medium occurred as if the cells were treated with FAC alone.  

This would suggest that ferritin secretion is not regulated by the trans-Golgi network.  If 
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ferritin is not being secreted through the Golgi, then how is ferritin secretion being 

regulated? 

Third, we would like to track the deposition of radioactive 59Fe in female 

mosquitoes to see which tissues are localizing the iron load from a blood meal and to see 

if there is a specific ferritin receptor in these tissues.  Also, we would like to do studies in 

CCL-125 cells using 59Fe uptake to determine whether iron is actually being loaded into 

ferritin inside the cells and in which organelles the loading takes place. 

Finally, it would be interesting to see how infection effects iron metabolism in 

mosquitoes in relation to the previous studies in this dissertation and the above mentioned 

future projects.  The reason we are so interested in iron metabolism in mosquitoes is the 

very fact that mosquitoes are vectors of human diseases, so looking at iron metabolism 

with infection is definitely an appropriate goal for the future. 
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Summary 
 
Millions of cases of mosquito transmitted diseases occur each year. The yellow fever 
mosquito, Aedes aegypti, must blood feed in order to complete her life cycle. The blood 
meal provides a high level of iron that is required for egg development. We are interested 
in developing strategies that interfere with this process.  We show that A. aegypti larval 
cells synthesize and secrete the iron storage protein, ferritin, in response to iron exposure. 
Cytoplasmic ferritin is maximal at low levels of iron, consists of a light-chain homologue 
(LCH) and a 24 kDa heavy-chain homologue (HCH) and reflects cytoplasmic iron levels. 
Secreted ferritin increases in linear relationship to increasing iron dose and is composed 
primarily of HCH subunits.  HCH and LCH messages increase with increasing 
cytoplasmic iron suggesting transcriptional control of ferritin synthesis.  We previously 
reported that the mosquito HCH mRNA has an iron responsive element (IRE). We now 
demonstrate that recombinant A. aegypti IRP1 controls in vitro translation of the HCH 
subunit by interaction with the HCH 5'UTR IRE. We illustrate that IRP1/IRE binding 
activity declines in response to increasing cytoplasmic iron levels.  Taken together, our 
data indicates that HCH synthesis reflects also translational control.  Most importantly, 
we show that exposure of mosquito cells to iron at low concentrations increases 
cytoplasmic iron.  In contrast, higher levels of iron exposure result in a decline in 
cytoplasmic iron levels indicating that any overload of iron is removed from the mosquito 
cells. Our work to date indicates that HCH synthesis and ferritin secretion are key factors 
in the response of mosquito cells to iron exposure and could be the primary mechanisms 
that allow these insects to defend against intracellular iron overload and potential iron 
toxicity. 
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Introduction 
 
Millions of cases of mosquito transmitted diseases occur each year [1].  Disease 
transmission rates reflect the high numbers of these vectors.  Female mosquitoes blood 
feed in order to complete their life cycle.  Among many nutrients, the blood meal 
provides a high level of iron that is required for egg development [2].  Although 
sufficient iron is present in the blood meal to provoke the formation of toxic free radicals 
[3], these animals have developed mechanisms that allow iron utilization while 
maintaining protection from iron-mediated oxidative stress.  Available information 
indicates that similar to mammals, this delicate balance is met, in part, by iron storage 
inside ferritin [4-6]. 
 
Yellow fever mosquito (Aedes aegypti) ferritin is composed of several subunits of 24, 26, 
28 and 30 kDa.  The 24 and 26 kDa subunits are products of the same gene, homologues 
of the vertebrate ferritin heavy chain (HCH) and retain the sites for ferroxidase catalytic 
activity [7, 8].  The 28 kDa subunit does not retain catalytic sites [6] and is, in this 
respect, a homologue of the vertebrate light chains (LCH).  The sequence of the 30 kDa 
subunit remains unknown. 
 
Ferritin is expressed throughout the mosquito life cycle and increases in adults in the 
ovaries, gut and hemolymph following a blood meal [9].  The HCH subunits predominate 
in hemolymph, are present in sugar-fed adults and increase dramatically with blood 
feeding.  In contrast, the LCH is not found in sugar-fed adults and is only modestly 
increased in response to blood feeding. 
 
Mosquito ferritin synthesis is subject to transcriptional and translational control [6, 10, 
11].  In vertebrates, translational control of ferritin synthesis is mediated, in part, by iron 
regulatory protein 1 (IRP1) interaction with an iron responsive element (IRE) in the 
5′UTR of the ferritin mRNA [12, 13].  When intracellular iron is low, IRP1/IRE 
interaction prevents assembly of the ribosomal apparatus and blocks ferritin synthesis 
[14].  When iron increases, IRP1/IRE interaction declines and synthesis increases [12, 
15].  The change in IRP1 binding activity in response to iron is not due to a change in 
message or protein levels, but results from the formation of an iron sulfur cluster in the 
protein core.  When the cluster is present, the IRP1 can not bind the IRE.  Several cell 
signaling compounds including nitric oxide, hydrogen peroxide, oxygen and protein 
kinase C also alter IRP1/IRE interaction [3, 13, 16, 17]. 
 
In A. aegypti, only the HCH subunit mRNA has a 5'UTR IRE [18].  We previously 
cloned and sequenced IRP1 from A. aegypti and Anopheles gambiae [19].  The mosquito 
proteins show ~70% similarity to the human IRP1 and recombinant mosquito IRP1 binds 
transcripts of the HCH IRE.  IRP1 message levels are constitutive and unresponsive to 
blood feeding [19].  Infection of A. gambiae cells with bacteria results in up regulation of 
IRP1/IRE interaction without a change in IRP1 protein levels [19], indicating that 
IRP1/IRE interaction may be involved in the mosquito immune response. 
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We now report that A. aegypti larval cells synthesize and secrete ferritin in response to 
iron exposure.  Cytoplasmic ferritin is maximal at low levels of iron, consists of the LCH 
and the 24 kDa HCH subunits and reflects cytoplasmic iron levels. IRP1/IRE interaction 
decreases only modestly with increasing cytoplasmic iron levels.  In contrast, secreted 
ferritin increases in linear relationship to increasing iron dose and is composed primarily 
of the HCH subunits. We also show that the mosquito IRP1 controls in vitro translation 
of the HCH by interaction with the HCH mRNA IRE.  Our data indicate that HCH 
synthesis and ferritin secretion are key factors in the response of mosquito cells to iron 
exposure and could be primary mechanisms that allow these insects to defend against 
intracellular iron overload and potential iron toxicity. 
 
Results 
 
Larval cells synthesize three ferritin subunits and secrete ferritin. 
 
Four ferritin subunits are expressed in larvae and adult mosquitoes [9].  Although 
messages for HCH and LCH subunits have putative signal sequences, the HCH 
predominates in hemolymph [6, 9].  In order to establish A. aegypti CCL-125 larval cells 
as a model system, we evaluated ferritin in the cytoplasmic extracts and in the culture 
medium following iron exposure.  We found that CCL-125 cells synthesize three subunits 
(Figure 1) and secrete ferritin.  Similar to adult females, secreted ferritin of these cells 
consists primarily of the HCH 24 and 26 kDa subunits. The cytoplasmic ferritin consists 
of the LCH 28 kDa and the HCH 24 kDa subunits. 
 
Ferritin secretion increases in linear relationship with increasing iron dose. 
 
When larval cells are exposed to increasing concentrations of iron, cytoplasmic ferritin 
increases maximally at 25-50 µM ferric ammonium citrate (FAC; Figure 2).  In contrast, 
ferritin found in culture medium increases in direct, linear relationship with FAC 
concentration (Figure 2).  In secreted ferritin, the HCH subunits predominate at all iron 
concentrations while the LCH subunit is detected to a lesser degree.  The addition of 100 
µM deferoxamine mesylate salt (DES) to cultures containing 100 µM FAC abrogates the 
increase in either cytoplasmic or secreted ferritin indicating that iron is responsible for 
these effects. The different amounts of protein loaded onto the gels reflect the relative 
protein concentrations of the medium and cytoplasmic extracts.  There were no 
significant differences in cell numbers or cell viability among samples (Appendix D, Fig 
D.5).  Furthermore, there was no evidence of oxidative stress with increasing iron dose as 
measured by thiobarbituric acid (TBARS) assay (Appendix D, Fig. D.6).  From these 
data we conclude that these cells respond to low levels of iron exposure by increasing 
primarily cytoplasmic ferritin, while higher iron levels provoke ferritin secretion.  This 
represents a departure from most vertebrate cells where iron treatment results in an 
increase in cytoplasmic ferritin only. 
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Cytoplasmic iron declines with exposure to high iron concentrations. 
 
Mosquito cytoplasmic ferritin was maximal at lower iron concentrations (≤50 µM FAC).  
In vertebrate cells, cytoplasmic ferritin is a sensitive indicator of available intracellular 
iron, thus, we evaluated cytoplasmic iron levels.  We found that cytoplasmic iron levels 
increase in response to iron exposure, are maximal at 50 µM FAC (Figure 3A) and then 
decline.  Cytoplasmic ferritin reflects this profile (Figure 3B).  Interestingly, iron levels 
for cells exposed to 100 µM FAC were significantly lower than the levels for cells 
exposed to 50 µM FAC (p<0.05), but did not differ significantly from untreated cells.  
These data indicate that exposure of mosquito cells to iron at high concentrations does 
not increase cytoplasmic iron levels, but rather results in a decline indicating iron loss 
from the cytoplasm. 
 
Different mechanisms mediate ferritin synthesis in response to iron. 
 
In CCL-125 cells, the HCH message is increased modestly and maximally (~15%) in 
response to 50 µM FAC (Figure 4), while the LCH message is increased maximally in 
response to 75 µM FAC (~59%, p<0.001, Figure 4).  The addition of DES to cells 
exposed to 100 µM FAC restores message to pretreatment levels indicating that iron is 
responsible for these effects.  These findings agree with those of others that show both 
messages are increased in response to iron treatment in larvae, adults and in embryonic 
Aag2 cells [6, 9, 11].  Data to date support that this increase reflects increased 
transcription [10].  Since the LCH mRNA lacks a canonical IRE, we think it likely the 
substantial increase in mRNA accounts for the increase in LCH protein we observed.  
However, HCH message is maximal at a lower iron dose. Yet, the increase in HCH 
protein is linear relative to iron concentrations.  Thus, we hypothesized that a decline in 
IRP1/IRE binding activity also contributes to the substantial increase in HCH ferritin that 
we observed. 
 
Characteristics of mosquito IRP1/IRE binding activity. 
 
Figures 5A-B shows that a protein is present in CCL-125 cell cytoplasmic extracts with 
similar binding characteristics to the recombinant human (rHIRP) and Aedes (rAIRP1) 
IRP1. These data also demonstrate IRE binding of the Aedes IRP1 is specific (Figures 
5A-B) and of relatively high affinity (Figure 5B).   In vertebrate cells, IRP1 exists in a 
disulfide bridge configuration that does not bind to the IRE.  The addition of increasing 
concentrations of reducing agent to cytoplasmic extracts of human cells [20] or to the 
rHIRP1 [21] increases IRP1 binding activity indicating the presence of the bridge form.  
We evaluated the effects of β-mercaptoethanol (βME) on mosquito IRP1/IRE interaction.  
In contrast to the findings in mammalian cells, A. aegypti larval cell extracts showed no 
increase in binding activity with increasing concentrations of βME (Figure 5C). 
Interestingly, these findings also contrast with our work in Manduca sexta (M. sexta, 
tobacco horn worm) larval extracts where the IRP1 binding activity of larval tissue 
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extracts declined in linear relationship to increasing concentration of βME in this dose 
range [22-27].  IRP1 binding activity of both M. sexta larval extracts and our A. aegypti 
larval cell extracts reached their lowest levels at 6% βME.  We also found 0.5% βME 
significantly increased rAIRP1 binding activity indicating that the recombinant mosquito 
IRP1 is capable of the bridge formation.  Higher concentrations of reducing agent did not 
further increase rAIRP1 binding activity and activity significantly declined at 6% βME 
(Appendix D, Fig. D.7). From these data we conclude that although the disulfide bridge 
form could exist in the Aedes IRP1, little of this form is present in A. aegypti larval cells 
under our experimental conditions and despite high similarities, structural differences 
exist among these IRP1 proteins. 
 
Mosquito cell IRP1/IRE binding activity is responsive to iron treatment. 
 
When we evaluated the response of larval cell IRP1 binding activity to iron treatment, we 
found that IRP1 binding activity is unresponsive to iron exposure to 50 µM FAC (Figure 
6).  At 75 µM FAC, IRP1 binding activity significantly decreased, and then increased at 
100 µM FAC. The addition of DES to cells exposed to 100 µM FAC restored IRP1 
binding activity to pretreatment levels indicating that iron was responsible for these 
effects.  Mammalian IRP1 binding activity declines significantly in response to 
increasing iron exposure [28, 29] and correlates with an increase in cytoplasmic iron 
levels.  A comparison of binding activity with cytoplasmic iron of CCL-125 cells 
exposed to 50 µM FAC shows a threefold increase of cytoplasmic iron and approaches a 
threshold where IRP1/IRE binding significantly declines. 
 
IRP1 controls the translation of HCH in vitro. 
 
The changes in IRP1 binding activity that we observed were significant, but the decline is 
minimal.  In order to clarify whether the Aedes IRP1 controls the translation of the 
ferritin HCH by interaction with the IRE, we conducted studies of the in vitro translation 
of the ferritin HCH in the presence of the recombinant mosquito IRP1.  We found that in 
vitro translation of the HCH decreases with increasing concentrations of recombinant 
Aedes IRP1 (Figure 7A).  This indicates that IRP1 represses translation of the HCH.  In 
order to demonstrate that repression of synthesis occurs by interaction of the IRP1 with 
the IRE in the HCH message, we added IRE transcript to the translation mixture.  As 
shown in Figure 7B, repression of HCH translation by IRP1 is relieved by the addition of 
the IRE transcript.  From these data we conclude that mosquito IRP1 is able to repress 
translation of the HCH and that this occurs by interaction with the IRE found in the 
5’UTR of the HCH mRNA.  These data support that the decline in IRP1 binding activity 
we observed is partially responsible for the increase in HCH synthesis. 
 
Down regulation of IRP1 binding activity of mammals in response to iron occurs without 
a change in either IRP1 mRNA or protein levels and results from the formation of an iron 
sulfur cluster in the protein core.  In keeping with these data, we found that IRP1 protein 
and mRNA levels did not vary with iron treatment (Appendix D, Fig. D.8).  Our data are 
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in agreement with our previous findings in mosquitoes, that IRP1 mRNA is unresponsive 
to the iron load of the mosquito blood meal [19]. 
 
Discussion 
 
We are interested in reducing mosquito fecundity by interfering with nutrient utilization 
for egg development.  The mechanisms that allow mosquitoes to adapt to and to utilize 
the iron load of a blood meal could serve as potential targets for chemical or biological 
control strategies (reviewed in [2]). 
 
We have shown that mosquito cells synthesize and secrete ferritin in response to iron 
exposure.  To our knowledge this is the first demonstration that insect cells secrete 
ferritin in response to iron dose.  This represents a distinct departure from the findings in 
most mammalian cells where iron exposure results in an increase in cytoplasmic ferritin 
only. Our data agree with findings in mosquitoes of increased hemolymph ferritin 
following blood feeding and iron administration [9]. 
 
Mosquito cells synthesize all three ferritin subunits in response to iron, but the ratios of 
the subunits in cytoplasmic ferritin differ from those of secreted ferritin.  Cytoplasmic 
ferritin consists of both subunits, while secreted ferritin is composed primarily of the 
catalytic subunit (HCH).  This also concurs with work in animals where the catalytic 
subunit predominates in hemolymph and is dramatically increased in this tissue in 
response to hemin [9, 18].  We speculate that the presence of the catalytic subunit in both 
cytoplasmic and secreted ferritin reflects a requirement of this subunit for rapid iron 
oxidation [7, 8, 30].  Although the presence of the noncatalytic LCH in cytoplasmic 
ferritin could imply a role in long term iron storage, the mosquito LCH lacks some 
residues that are important for this function in mammals [7].  Alternatively, the LCH 
prominence in cytoplasmic ferritin could imply a role for this subunit in the retention of 
ferritin inside the cell [31]. 
 
We previously reported that ferritin synthesis in mosquitoes is controlled at both the 
transcriptional and translational levels [6, 10, 19].  The LCH mRNA has no canonical 
IRE and available data support that synthesis results primarily from an increase in LCH 
mRNA [6].  On the other hand, our data indicate that HCH synthesis reflects not only an 
increase in mRNA, but also a decline in IRP1/IRE interaction.  These findings agree with 
work done in other insects [22-27].  However, the changes in HCH mRNA and IRP1 
binding activity were modest relative to the up regulation of HCH synthesis we observed.  
We did not evaluate ferritin content of the secretory pathway as part of this work.  We 
speculate that ferritin present in the secretory pathway prior to iron stimulation could 
have contributed to the linear increase in secreted ferritin we observed. 
 
When mammalian cells are exposed to iron, cytoplasmic ferritin is increased and IRP1 
binding activity declines in proportion to an increase in available intracellular iron.  Thus, 
ferritin and IRP1 binding activity are considered indicators of intracellular iron status. 
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We report similar findings for IRP1 binding activity and cytoplasmic ferritin for 
mosquito cells.  However, in contrast to mammalian cells, high levels of iron exposure 
resulted in a decline in cytoplasmic iron accompanied by an increase in secreted ferritin.  
Although the mechanisms for iron uptake in mosquitoes are unknown, down regulation 
of uptake could have contributed to the decline we observed in cytoplasmic iron levels.  
However, the linear increase in secreted ferritin in proportion to iron exposure argues 
against this as the primary mechanism controlling intracellular iron status in these cells.  
A more plausible alternative is the removal of excess iron stored inside secreted ferritin. 
The latter hypothesis is supported by the decline in cytoplasmic iron at 100 µM FAC.  In 
addition, others have shown that holoferritin is present in the secretory pathway in vivo in 
flies, another dipteran, [32, 33] and that blood feeding increases hemolymph ferritin in 
mosquitoes [9].  Secretion of ferritin by mosquito cells as a means of reducing an 
intracellular iron load would represent a major departure from the findings in mammals 
where intracellular iron is stored inside cytoplasmic ferritin  [34, 35]. 
 
Available evidence indicates that the HCH subunits are the primary components of 
secreted ferritin.  It is tempting to speculate that the IRP1 serves a unique role in 
maintaining the intracellular iron levels of mosquitoes by increasing HCH synthesis and 
thereby, ferritin secretion.  Our data show that mosquito IRP1/IRE interaction is 
responsive to cytoplasmic iron levels without a change in IRP1 protein.  The mechanisms 
that allow the mosquito IRP1 to function as an iron biosensor remain unknown.  In 
mammals, iron exposure results in the formation of an iron sulfur cluster in the IRP1 core 
that prevents IRE binding [15, 36].  The cluster form of the protein is exclusive from the 
disulfide bridge form because Cys437 is required to form either the cluster or the bridge 
[13, 29].  Cys437 as well as other residues involved in cluster formation are conserved in 
the mosquito IRP1.  We attempted to reconstitute the iron sulfur cluster in vitro in the 
rAIRP1.  Although we obtained cluster formation for both recombinant human [37] and 
M. sexta IRP1 (Gailer and Winzerling, unpublished), as of this writing, we have not 
obtained cluster formation in rAIRP1 expressed and purified under the same conditions 
(Gailer and Winzerling, unpublished). Data presented here suggests that the mosquito 
IRP1 also differs from either the human or M. sexta IRP1 in response to reducing agent. 
Thus, we think despite high similarity among the IRP1 proteins, the mechanisms 
involved in iron sensing of the mosquito IRP1 could differ from those of mammals or 
moths. 
 
In view of the available information, we suggest a model of iron metabolism in 
mosquitoes where iron required for short term nutrient needs is retained in cytoplasmic 
ferritin, whereas excess iron is stored inside ferritin that is subsequently secreted from the 
cells into hemolymph. Such a model implies that secreted ferritin is a primary iron 
storage protein of mosquitoes and that hemolymph is a primary iron storage tissue.  
Furthermore, it suggests that ferritin secretion could be one mechanism whereby 
mosquito cells protect against iron overload and reduce the intracellular potential for 
iron-mediated oxidative stress.  In keeping with the latter suggestion, we recently 
reported that both ferritin HCH and LCH messages are up-regulated in mosquito 



 74

embryonic cells by hydrogen peroxide [6].  Ferritin is considered a cytoprotective protein 
in mammals [38, 39] and over-expression in mammalian cells is associated with 
oxidative stress protection [40-42]. 
 
Our findings also raise several questions.  How and where is iron loaded into ferritin?  
Although iron could be transported from the cytoplasm into the secretory pathway bound 
to low molecular weight compounds, it seems probable that a protein chaperone is 
involved in this process.  If secreted ferritin is the primary iron storage protein of 
mosquitoes, how do these animals acquire iron from secreted ferritin?  Female 
mosquitoes lay hundreds of eggs that develop within two to three days of blood feeding.  
Does secreted ferritin represent a rapid transport mechanism for delivering iron to the 
developing embryos during this time?  Recent data indicates that mosquitoes also secrete 
transferring in response to blood feeding [43].  How might these two proteins work 
together in mosquito iron metabolism?  These questions await further studies of this 
important pathway in mosquitoes. 
 
Experimental Procedures 
 
Cell Culture and Experimental Protocol 
 
A. aegypti larval cells (CCL-125) were obtained from the American Type Culture 
Collection (Manassas, VA).  The cells were maintained in Medium A: 75% DMEM high 
glucose Medium (Invitrogen Corporation, Carlsbad, CA) and 25% Sf-900 II SFM 
Medium (Invitrogen) supplemented with 15% heat-inactivated fetal bovine serum 
(Gemini Bio-Products, Calabasas, CA) and 0.15% antibiotics/antimycotics (Invitrogen), 
as stock cultures in a water-jacketed incubator with 10% humidity and a 95% air-5% CO2 
atmosphere at 28oC.  Confluent cells were split 1:2 and were 80% confluent in three days.  
All experiments were performed on cells at >80% confluence under sterile conditions.  At 
the start of each experiment the complete medium was removed and the cells were 
washed twice with Hank's Balanced Salt Solution (HBSS; Invitrogen).  Serum-free, 
antibiotics/antimycotics-free Medium A was placed on the cells and the cells were 
incubated for one h (28oC with 5% CO2).  Following this incubation the medium was 
replaced with fresh serum-free, antibiotics/antimycotics-free Medium A and HBSS, 25 to 
100 µM FAC (Sigma, St Louis, MO, 18.3% iron, 1 µg Fe/µg FAC) in HBSS as 
designated or 100 µM FAC and 100 µM DES (Sigma) in HBSS, and incubated for 18 h 
at 28oC in vented 75 cm2 tissue culture flasks (Corning Incorporated, Corning, NY).  At 
the time of harvest the cells were scraped into the medium, transferred to a 15 ml conical 
tube and centrifuged at 900g for 10 min, 4oC.  The supernatant (10 ml) was removed, 
flash frozen in liquid nitrogen and stored at -80oC for subsequent use.  The cell pellet was 
suspended in cold HBSS (5 ml).  One ml (~1.5x106 cells) of the cell suspension was 
taken from each sample and microcentrifuged at 9000g for 2 min, 4oC.  The supernatant 
was removed and the cell pellet was frozen in liquid nitrogen and stored at -80oC for 
RNA isolation.  Aliquots were also taken to perform cell viability and total cell number 
assays.  The remaining cells were centrifuged at 900g for 10 min, 4oC.  The supernatant 
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was removed and the cell pellet was suspended in 250 µl hypotonic buffer (10 mM 
HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, freshly added 0.2 mM PMSF and 0.5 mM 
DTT), transferred to a 1.5 ml microcentrifuge tube and frozen in liquid nitrogen for 
cytoplasmic extraction. 
 
Cell Viability and Cell Number 
 
Cell viability was determined in triplicate for all flasks by CellTiter 96® Aqueous One 
Solution Cell Proliferation Assay per manufacturer’s instructions (Promega Corporation, 
Madison, WI).  This assay measures the reduction of Owen’s reagent by NADPH or 
NADH produced by metabolically active cells.  Total cell number was measured in 
triplicate for all flasks by the LIVE/DEAD® Viability/Cytotoxicity Assay per 
manufacturer’s instructions (Molecular Probes, Eugene, OR). 
 
Cytoplasmic Extracts 
 
Cell extracts were prepared as previously described with some modification [44].  
Briefly, cell pellets suspended in hypotonic buffer and stored at -80oC were thawed on 
ice.  The cell suspensions were centrifuged at 100,000g for 30 min, 4oC to remove debris 
and membranes.  Cytoplasmic extract supernatants were frozen in small aliquots and held 
at –80oC until use. 
 
Immunoblots 
 
Proteins were resolved on 18.5% homogeneous sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) slab gels.  Ferritin gels were run at 60 volts overnight at 
4oC.  Purified A. aegypti ferritin [6] served as a positive control.  Proteins were 
transferred to nitrocellulose membranes in a Trans-Blot SD Semi-Dry Transfer Cell 
(Bio Rad, Hercules, CA) apparatus according to manufacturer's specifications.  Efficient 
transfer was confirmed by Ponceau S staining and Kaleidoscope molecular weight 
markers (Bio-Rad).  The ferritin membranes were blocked overnight in 4.0 % non-fat dry 
milk, 25 mM phosphate, 25 mM acetate buffer, 0.02% sodium azide pH 7.0 at 4oC.  After 
blocking, the membranes were incubated with anti-A. aegypti ferritin rabbit antiserum 
(1:4000 v/v, a kind gift from Dr. John Law, Tucson, AZ) diluted in the blocking buffer 
for two h at room temperature (RT).  The ferritin membranes were washed three times in 
25 mM phosphate, 25 mM acetate, 0.02% sodium azide, pH 7.0 and developed with anti-
rabbit alkaline phosphatase conjugate antibody (Jackson Immuno, West Grove, PA) 
according to the manufacturer’s methods (Bio Rad).  Digital images were accessed using 
a ScanJet 6200C (Hewlett Packard) and quantified with Quantity One software (Bio 
Rad).  Data were analyzed by densitometry of a defined volume and corrected for 
background.  Volume units are arbitrarily assigned. 
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Semi-Quantitative RT-PCR 
 
Total RNA was isolated from ~1.5 x 106 CCL-125 cells using the RNeasy® Mini Kit 
(Qiagen Inc., Valencia, CA). Purified total RNA was treated with DNase (Invitrogen) 
according to the manufacturer's instructions for 15 min at 25oC and for 10 min at 65oC.  
The DNase-treated total RNA was used for semi-quantitative RT-PCR. RT was done 
according to the manufacturer's instructions using SuperScript II RNase H- Reverse 
Transcriptase (Invitrogen).  The primers for the semi-quantitative PCR reactions were 
designed to obtain specific PCR products of similar size for the ORF of each message: 
Ferritin Heavy Chain (198 bp): 5’-ccaggcccaggaacaaacag-3’ and 3’-
tcaaaaagaaggtgcggcgg-5’; Ferritin Light Chain (438 bp): 5’-ctgtaccgcaagatctccgac-3’ and 
3’-cttatggacctgttccacctc-5’; S7 (263 bp): 5’-ggccgccgtgaccccaac-3’ and 3’-
cttaagggcctcgggatgga-5’.  PCR reactions were conducted using Taq™ DNA Polymerase 
(Invitrogen) with the buffers provided at: 94oC, 1 min; 60oC, 1 min; and 72oC, 1 min; for 
35 cycles.  As part of this project, S7 was sequenced for use as an internal control 
(Accession # AY380336).  All primer pairs were optimized with the S7 primers for equal 
intensity bands.  PCR products (10 µl) were separated on 1.5 % agarose gels and 
visualized using ethidium bromide stain.  Digital images were accessed using a CCD 
camera (Ultra Lum, Carson, CA) and quantified with Quantity One software (Bio Rad).  
Data were analyzed by densitometry of a defined volume and corrected for background.  
Volume units are arbitrarily assigned.  Volume data were analyzed as a ratio of the 
desired product to the S7 internal standard.  All PCR products were cloned and 
sequenced to determine that the product sequence represents that of the desired message. 
 
Electrophoretic Mobility Shift Assays (EMSA) 
 
EMSA were performed as described by Schalinske & Eisenstein [45].  IRP1/IRE 
interactions were measured by incubating a molar excess of radio-labeled probe with 
recombinant IRP1 or A. aegypti larval cell cytoplasmic extract.  Briefly, 50 ng of 
recombinant human or Aedes IRP1 [19] or 8 µg of cytoplasmic extract and 50 fmol of 
either human or Aedes ferritin heavy chain IRE [32P] labeled-transcript were incubated in 
37.5 mM KCl-Hepes, 12.5 mM DTT, 1.9 mM MgCl2 6.3% glycerol and 0.6 U RNase 
Inhibitor (Invitrogen) for 20 min, RT.  RNase T1 (6U) was added and the mixture 
incubated for 10 min, RT.  Finally, heparin (100 µg) was added and the sample incubated 
for 10 min, RT. Human or Aedes ferritin heavy chain IRE [35S] trace-labeled transcripts 
were added to the initial reaction as specific cold competitor at the level noted or 100-
fold excess.  Non-specific competition was assessed by the addition of 10 ng of RNA 
Ladder (Invitrogen). For assays involving β-mercaptoethanol, serial dilution of 6% stock 
βME was added to the reactions. All samples were run on 6.5% polyacrylamide gels and 
binding activity was assessed by autoradiography exposure to Blue XB-1 film (Eastman 
Kodak Company).  Digital images were accessed using a ScanJet 6200C (Hewlett 
Packard) and quantified with Quantity One software (Bio Rad).  Data were analyzed by 
densitometry of a defined volume and corrected for background.  Volume units are 
arbitrarily assigned. 
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In vitro Transcription/Translation 
 
DNA template for the HCH subunit was generated from the A. aegypti ferritin HCH 
clone [18] using the following primers: sense primer: 5′-
TGGGCCCGGACTAGTACCGGACACC-3′ and antisense primer: 5′-
CTGGTACCGCCCATACTGCCTCGCG-3′.  PCR was conducted at 95oC, 1 min, 60oC, 
1 min, and 72oC, 1 min for 30 cycles using Pfu DNA polymerase (Gibco BRL).  The 
product was purified (Amersham Pharmacia Biotech, Inc., Piscataway, NJ) and cloned 
(T/A Cloning Kit).  In order to remove a fragment of the vector that contained a start 
codon, the clone was digested with ApaI and the larger fragment containing the ferritin 
cDNA was circularized by T4 ligase.  In vitro transcription/translation assays were 
conducted using the TNT-coupled Wheat Germ Extract System (Promega) using 0.5 µg 
of linear, purified DNA per 12.5 µl reaction, according to the manufacturer’s instructions 
as described previously [22].  Recombinant A. aegypti IRP1 was over-expressed in 
bacteria and purified as previously described [19].  To determine whether mosquito IRP1 
inhibits ferritin translation, reactions were conducted in the absence or presence of 
increasing concentrations of recombinant A. aegypti IRP1.  To demonstrate that IRP1 
inhibits ferritin translation by interaction with the IRE, reactions were conducted in the 
presence or absence of purified A. aegypti ferritin heavy chain IRE transcripts (5.5 
pmole) prepared as described elsewhere [19] and recombinant Aedes IRP1 (50 ng) as 
indicated in the figure legend.  The translation product was radiolabeled by incorporation 
of [35S]-methionine (10 mCi/ml, 1000Ci/mmol; Amersham Life Science Products, 
Arlington Heights, IL).  Two µl of reaction from each assay were separated by SDS-
PAGE (15% homogeneous gel); the gels were dried and exposed overnight to X-ray film 
(Custom X-ray Imaging Service, Inc., Phoenix, AZ).  Digital images were accessed using 
a ScanJet 6200C (Hewlett Packard). 
 
Iron Determination 
 
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) was performed by the 
Environmental Laboratory in the Department of Soil, Water and Environmental Science 
at the University of Arizona (Tucson, AZ) using the Elan DRC II (PerkinElmer Life and 
Analytical Sciences, Boston, MA) to measure total iron in the cytoplasmic extract 
samples. The samples were prepared by diluting 20 µl of each sample in 5 ml of 1% 
HNO3.  MilliQ H20 and 1% HNO3 were used as negative controls for iron contamination 
of diluted samples and equipment. NH3 was used to purge to the cell to avoid polyatomic 
complexes formed by the presence of argon. This gives the most sensitive detection limit 
by avoiding interfering oxides. A hotter than normal plasma was used to reduce oxide 
formation and it was monitored by the CeO/Ce ratio.  The ICP-MS readings were 
corrected to µg Fe/µg total protein.  All protein concentrations were determined by the 
method of Bradford [46]. 
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Statistics 
 
Data for subunit messages, protein and binding activities were analyzed by auto-
radiography, laser scanner ScanJet 6200C (Hewlett Packard), and/or CCD camera (Ultra 
Lum) and quantified with Quantity One software (Bio Rad).  Treatment differences were 
determined by one-way analysis of variance using the Tukey’s multiple comparisons test 
or one-tailed unpaired t-test for comparison of selected data sets, these data and line of 
best fit were done using GraphPad software (Graph Pad Software, Inc., San Diego, CA).  
The experiment was conducted in triplicate and the data sets were analyzed at the same 
time. 
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Figure 1.  Larval cells secrete ferritin that differs in composition from cytoplasmic  
ferritin.  Immunoblot of purified Aedes aegypti ferritin (0.5 µg, control), cytoplasmic 
extract (15 µg protein, extract) and culture medium (15 µg protein, media) from cells 
treated with 100 µM ferric ammonium citrate (FAC), resolved on 18.5% SDS-PAGE and 
transferred to a nitrocellulose membrane.  Ferritin was detected using Aedes ferritin 
specific antiserum as described in the methods. 
 
Figure 2.  Iron increases ferritin synthesis and secretion by CCL-125 cells.  
Cytoplasmic extracts (15 µg protein) or culture medium (6 µg protein) from CCL-125 
cells treated as described in the methods were resolved by 17.0% SDS-PAGE and 
transferred to nitrocellulose membranes where ferritin was detected using Aedes ferritin 
specific antiserum as described in the methods.  Purified A. aegypti ferritin (1.0 µg) was 
used as a positive control.  The linear relationship for ferritin secretion in response to iron 
dose is r2=0.99 at p<0.04.  *Significantly different from cytoplasmic extract for 100 µM 
FAC p<0.05, and from culture medium for 100 µM FAC p<0.03.  Representative 
immunoblot panels are shown above the graphed data.  Graphed data represent means + 
SEM of triplicates. 
 
Figure 3.  Cytoplasmic iron and cytoplasmic ferritin follow a similar pattern in 
CCL-125 cells in response to iron dose.  Total iron was detected by inductively coupled 
plasma-mass spectrometry (ICP-MS).  CCL-125 cell cytoplasmic extracts were prepared 
for ICP-MS as described in the methods.  (A) Cytoplasmic iron levels decline with high 
iron exposure.  *Significant difference for cytoplasmic extract at 25 and 75 µM FAC is 
p<0.01 and for 50 µM is p<0.001 relative to 0 µM FAC.  (B) Cytoplasmic ferritin reflects 
cytoplasmic iron levels.  Graphed data represent means + SEM of triplicates. 
 
Figure 4.  Iron significantly increases LCH and HCH message levels in CCL-125 
cells.  Ferritin subunit homologue mRNA levels were evaluated using semi-quantitative 
RT-PCR with S7 ribosomal RNA as an internal control for total RNA isolated from CCL-
125 cells treated as described in the methods.  Volumes were determined by densitometry 
and set in ratio to S7.  Representative agarose gel panels are shown above graphed data.  
Significance for ferritin heavy chain homologue (HCH) at 25 µM FAC is p<0.05 and for 
all other concentrations, p<0.01, relative to 0 µM FAC. Significance at all concentrations 
for the ferritin light chain homologue (LCH) relative to 0 µM FAC is p<0.001.  
*Significantly different from HCH at 100 µM FAC, p<0.01 or from LCH at 100 µM 
FAC, p<0.0001.  Graphed data represent means + SEM of triplicates. 
 
Figure 5.  IRP1 binds transcripts of the ferritin heavy chain IRE.  Electrophoretic 
mobility shift assays (EMSAs) were conducted using recombinant human iron regulatory 
protein 1 (50 ng, rHIRP1), recombinant Aedes IRP1 (50 ng, rAIRP1) or CCL-125 cell 
cytoplasmic extract (8 µg, Aedes CE) as described in the methods.  (A) Cytoplasmic 
extracts have an IRP1 that binds specifically to transcripts of the Aedes HCH iron 
responsive element (IRE) as shown on the gel shift X-ray film.  The appropriate reaction 
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constituents were incubated with their respective [32P] IRE transcripts (50 fmol, C) in the 
presence or absence of [35S] trace-labeled IRE transcript (5000 fmol, S) or RNA ladder 
(10 ng, NS).  (B) Binding of recombinant Aedes IRP1 with transcripts of the HCH IRE is 
specific with high affinity as shown on the gel shift X-ray film.  Reaction constituents 
were incubated in the presence of Aedes HCH IRE [35S] trace-labeled transcript at the 
fold-excess indicated or with RNA ladder (10 ng, NS) as described in the methods.  (C) 
Reducing agent at moderate concentrations does not alter mosquito IRP1/IRE interaction.  
Appropriate reaction constituents were incubated with Aedes ferritin HCH IRE [32P] 
transcript (50 fmol) in the presence of increasing concentrations of β-mercaptoethanol 
(βME) as described in the methods.  A representative gel shift X-ray film panel is shown 
above the graphed data.  *Significantly different at p<0.05 relative to 0 and 0.5% βME 
and at p<0.01 relative to 1, 2 and 4% βME.  Graphed data represent means + SD of 
triplicates.  C=control, S=specific competitor, NS=nonspecific competitor. 
 
Figure 6.  IRP1/IRE interaction declines in response to increasing cytoplasmic iron.  
Cytoplasmic extracts were prepared as described in the methods.  Reactions were 
conducted as described in the methods with extracts (8 µg protein) and Aedes ferritin 
HCH IRE [32P] labeled-transcript (50 fmol).  Total iron was detected in cytoplasmic 
extracts by ICP-MS (Figure 3A).  Significance for IRP1/IRE interaction at 75 µM FAC is 
p<0.01 relative to 0 µM FAC and p<0.05 relative to 25 and 50 µM FAC.  *Significance 
for IRP1/IRE interaction from 100 µM FAC, p<0.04.  A representative gel shift X-ray 
film panel is shown above the graphed data. Graphed data represent means + SEM of 
triplicates. 
 
Figure 7.  Recombinant Aedes IRP1 represses A. aegypti ferritin HCH synthesis in 
vitro.  (A) DNA template was prepared as described in the methods from an HCH clone.  
In vitro transcription/translation assays were conducted as described in the methods using 
the TNT-coupled Wheat Germ Extract System.  The synthesized protein was labeled with 
[35S]-methionine (10 mCi/ml, 1000 Ci/mmol) and separated by 15% SDS-PAGE and 
exposed to X-ray film.  (B) Translational repression of HCH occurs by interaction of the 
IRP1 with the IRE.  In vitro transcription/translation assays were conducted as described 
in the methods.  Aedes ferritin HCH (HCH, 50 fmol) was used as well as recombinant 
Aedes IRP1 (50 ng) and Aedes ferritin HCH IRE (IRE transcript, 5.5 pmol) where 
indicated and shown by exposing the gel to X-ray film. 
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APPENDIX D 
 
Supplementary Data 

Iron Determination in Mosquitoes. 

In order to establish that blood fed, female Aedes aegypti absorb iron from their 

diet the concentration of iron in the carcasses and tissues of blood fed, female mosquitoes 

was compared to sugar fed, female mosquitoes 72 hours post-ingestion by inductively 

coupled plasma-mass spectrometry (ICP-MS). 

Adult, virgin, female A. aegypti were allowed to feed on a porcine blood meal 

or a 10% glucose meal ab libitum.  The mosquitoes were harvested at 72 hours and 8 

animals from each meal group were dissected for each organ type or hemolymph.  Eight 

mosquitoes from each meal group were taken to determine iron content of the whole 

animal.  ICP-MS was performed as described in Chapter 5, with modifications, to 

measure total iron in A. aegypti whole animals and tissues.  The samples were prepared 

first by digesting the animals and tissues in 50% HNO3 in a microwave acid digestion 

bomb and then by diluting 20 µl of each these sample in 5 ml of 1% HNO3.  MilliQ H20 

and 1% HNO3 were used as negative controls for iron contamination of diluted samples 

and equipment.  Treatment differences were determined as described in the methods of 

Chapter 5 using GraphPad software (Graph Pad Software).  The ICP-MS readings were 

corrected to ng Fe/whole animal or tissue or ng Fe/µl meal. 

Blood fed whole mosquitoes contained more iron (~84%, p=0.0555; Fig. D.1) 

than sugar fed animals.  The hemolymph of blood fed mosquitoes had increased iron 

content (~247%); however it was not significantly different with the large variance.  On 
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the other hand, the ovaries of blood fed mosquitoes had significantly more iron (~395%, 

p<0.0002) than sugar fed animals.  Surprisingly, the gut of sugar fed mosquitoes had a 

higher iron concentration (~291%, p=0.0764) than blood fed animals.  The fat body iron 

concentration remained stable with both meal types even though the porcine blood meal 

contained two orders of magnitude more iron than the 10% glucose meal (p<0.0001). 

Our results indicate that blood fed, female A. aegypti absorb iron from their diet 

that causes systemic change in the deposition of iron in different tissues of the animals as 

compared to sugar fed, female mosquitoes. 

Figure D.1. A blood meal causes systemic changes in the concentration of iron in blood fed 
mosquitoes as compared to sugar fed animals. Aedes aegypti adult, virgin, females were raised 
and harvested as described in the methods above. Inductively coupled plasma-mass spectrometry 
(ICP-MS) was performed as described in the methods above. Iron absorbed by mosquitoes 72 
hours after a blood meal causes systemic changes in the concentration of iron found in the tissues 
and carcasses as compared to sugar fed animals when measured by ICP-MS. Graphed data 
represent means + SEM of duplicates. 
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Determination of Iron Deposition in CCL-125 Cells. 

In order to elucidate the location of iron deposition in iron-treated A. aegypti 

CCL-125 larval cells, the concentration of iron was measured in the membrane and 

cytoplasmic fractions of control, iron-treated and FAC/DES-treated cells by ICP-MS. 

CCL-125 cells were treated as described in the methods of Chapter 5.  ICP-MS 

was performed as described in the methods of Chapter 5.  Treatment differences were 

determined as described in the methods of Chapter 5 using GraphPad software (Graph 

Pad Software).  The ICP-MS readings were corrected to µg Fe/µg protein of each sample. 

The difference in the deposition of iron in the membrane fraction of control and 

iron-treated CCL-125 cells was much more dramatic than difference in the cytoplasmic 

fraction of control and iron-treated cells (Fig. D.2A and B).  The addition of DES to iron-

treated cells returned the membrane iron concentration to control levels indicating these 

effects were caused by iron. 

Our results indicated that iron deposition occurs mainly in the membrane fraction 

of iron-treated cells, while the concentration of iron remains stable in the cytoplasmic 

fraction of CCL-125 cells with or without iron-treatment. 

Immunofluorescent Microscopy in CCL-125 Cells. 

In order to visualize the location of ferritin in control and iron-treated CCL-125 

cells with time, ferritin was detected in the cells by immunofluorescent microscopy. 

CCL-125 cells were treated as described in the methods of Chapter 5.  The cells 

were rinsed in HBSS and fixed in 2% paraformaldehyde/HBSS for 30 min at RT and then 

permeabilized with 0.2% Triton X-100 (Sigma).  To reduce non-specific binding of 
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antibodies, the cells were incubated in 2% BSA/1% donkey serum/PBS for 30 min at 

37oC.  All primary antibodies were used at the appropriate working dilution for 1 h at RT 

and washed in HBSS for 15 min each.  All rabbit polyclonals were followed with either 

Cy 2 TM conjugated goat anti-rabbit IgG (Pierce) at a dilution of 1:200 or Cy 3 TM 

conjugated donkey anti-rabbit IgG (Jackson Immuno) at a dilution of 1:800 for 45 min.  

Gogli staining was done on live cells using NBD C6-ceramide.  Cells were examined for 

fluorescence on a Nikon ECLIPSE TE300 (Melville, NY) microscope using a 100x oil 

immersion objective.  Stained cover slips were photographed as digital images on a 

CoolSNAP cooled CCD camera (Photometrics, Tucson, AZ).  Overlaid images were 

merged and processed using Adobe Photoshop 6.0 software (Seattle, WA). 

Figure D.2. Iron treatment of CCL-125 cells significantly increased iron concentration in 
the membrane fraction of the cells, while the cytoplasmic iron concentration remained 
stable. CCL-125 cells were treated as described in the methods of Chapter 5. ICP-MS was 
performed as described in the methods of Chapter 5. A. Iron-treated cells had significantly higher 
iron concentration in the membrane fraction of the cells (p<0.0001) than control cells. B. Iron 
treatment did not change the iron concentration of the cytoplasmic fraction of these cells. 
T0=Initiation time; Control=Hank’s balanced salt solution (HBSS); FAC=100 µM ferric 
ammonium citrate; FAC/DES=FAC/100 µM deferoxamine mesylate salt; h=Hour. Graphed data 
represent means + SEM of triplicates. 
 

Ferritin was visualized in not only the iron-treated, but in the control cells at 9 

and 18 h as well (Fig. D.3).  Ferritin co-localizes with the Golgi in a specific pattern for 
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control and iron-treated CCL-125 cells.  Iron-treated cells demonstrate ferritin and Golgi 

co-localizing in punctuate vesicles through out the cytoplasm, while in control cells 

ferritin and Golgi co-localize in a tight perinuclear pattern. 

Our results indicate that CCL-125 cells constitutively express ferritin and iron 

treatment affects the distribution of ferritin and the Golgi inside the cells. 

Ferritin Subunit Composition in CCL-125 Cells. 

In order to characterize the pattern of ferritin subunits in the membrane and 

cytoplasmic fractions of CCL-125 cells, ferritin was detected by denaturing gel 

electrophoresis and immunoblotting. 

CCL-125 cell samples were cultured in serum media and membrane and 

cytoplasmic extracts were processed and quantified as described in the methods of 

Chapter 5.  Proteins were resolved on 18.5% homogeneous SDS-PAGE as described in 

the methods of Chapter 5.  The gel was loaded with 15 µg total protein from cytoplasmic 

and membrane extracts.  Purified A. aegypti ferritin (1 µg, [15]) was loaded onto the gel 

to serve as a positive control.  Proteins were transferred and detected as described in the 

methods of Chapter 5.  Digital images were accessed using a ScanJet 6200C (Hewlett 

Packard) and processed using Adobe Photoshop 6.0 software. 

The 24, 26 and 28 kDa subunits were resolved from the ferritin control, while in 

the CCL-125 cell membrane and cytoplasmic fractions only the 24 and 28 kDa ferritin 

subunits were visualized (Fig. D.4).  The 24 and 26 kDa bands are the ferritin HCH 

subunits and the 28 kDa band is the ferritin LCH subunit. 
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Figure D.3. Ferritin is present in the Golgi apparatus with or without iron treatment over 
time in CCL-125 cells. CCL-125 cells were treated as described in the methods of Chapter 5. 
Immunofluorescence was performed as described in the methods above. Cells treated with FAC 
demonstrated a punctuate ferritin distribution at 9 and 18 h. Control cells showed tight 
perinuclear distribution of ferritin that co-localizes with the Golgi at 9 and 18 h. Cells are stained 
for Golgi (red), ferritin (green) and overlapping areas of Golgi and ferritin (yellow). 
Control=Hank’s balanced salt solution (HBSS); FAC=100 µM ferric ammonium citrate; h=Hour. 
Adapted from Shen, Mayo and Winzerling (unpublished). 
 

Our results would indicate that only the 24 kDa HCH and 28 kDa LCH ferritin 

subunits are present in the cytoplasmic and membrane fractions of CCL-125 cells. 

Cell Viability and Cell Number in CCL-125 Cells. 

In order to show iron treatment of CCL-125 cells does not have an effect on 

cell morbidity and mortality, cell number and viability were quantified. 

CCL-125 cells were treated as described in the methods of Appendix C.  Cell 

viability was determined as described in the methods of Appendix C.  Total cell number 
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was measured as described in the methods of Appendix C.  Treatment differences were 

determined as described in the methods of Appendix C using GraphPad software (Graph 

Pad Software). 

 
Figure D.4. Ferritin is present in CCL-125 cell membrane and cytoplasmic extracts. CCL-
125 cell samples were processed as described in the methods above, loaded on a 18.5% SDS-
PAGE and transferred to a nitrocellulose membrane where ferritin was detected on the 
immunoblot using Aedes ferritin specific antiserum as described in the methods of Chapter 5. 
Purified A. aegypti ferritin (Control, 1 µg), membrane (Mem, 15 µg protein) and cytoplasmic 
extract (Cyto, 15 µg protein) and Kaleidoscope molecular weight markers (MW Standard) were 
visualized.  The 24, 26 and 28 kDa subunits were visualized in the control.  Only the 24 and 28 
kDa subunits were visualized in the membrane and cytoplasmic samples. 
 

CCL-125 cell viability does not change significantly with iron dose (Fig. 

D.5A).  CCL-125 total cell number does not change significantly with iron dose (Fig. 

D.5B).  The addition of DES to iron-treated cells returned cell viability to 0 µM FAC-

treated levels indicating the changes in cell viability that did occur with iron treatment 

were caused by iron. 

Our results indicate that iron treatment of CCL-125 cells does not significantly 

influence cell morbidity or mortality. 
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Figure D.5. Cell viability and cell number do not change with iron treatment in CCL-125 
cells. CCL-125 cells were treated as described in the methods of Appendix C. A. Cell viability 
was measured by MTS absorbance as described in the methods of Chapter 5. Cell viability does 
not change with iron dose. B. Total cell number was detected by ethidium bromide fluorescence 
as described in the methods of Chapter 5. Total cell number does not change with iron dose. 
FAC/DES=100 µM ferric ammonium citrate/100 µM deferoxamine mesylate salt. Graphed data 
represent means + SEM of triplicates. 
 
Thiobarbituric Reactive Substances (TBARS) Assay in CCL-125 Cells. 

In order to demonstrate potential oxidative stress in iron-treated CCL-125 cells, 

lipid peroxidation was measured by the TBARS assay. 

CCL-125 cells were treated as described in the methods of Appendix C.  The 

extent of peroxidation of CCL-125 cells by iron dose was determined by measuring 

TBA-reactive substances using a modified method from Morel et al. [60].  Briefly, 500 µl 

of 0.2% BHT was added to the tops of 10 ml frozen media aliquots from the CCL-125 

cells.  These samples were allowed to thaw on ice.  The TBARS master mix was made by 

adding a 1:1 ratio of 25% TCA: 0.7% TBA in a 1 ml aliquot for each sample.  Once the 

samples were thawed 100 µl of each sample was added to its aliquot of TBARS master 

mix.  The samples were incubated for 20 min at 95oC and then placed on ice for 10 min.  

The samples were centrifuged at 1000g for 30 min and then 100 µl of each sample was 

measured in triplicate in a 96 well plate.  TBARS absorbance was measured using a Lucy 
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2 plate reader (Anthos Labtech Instruments GmbH) at 550 nm.  Freshly diluted 

malonyldialdehyde (MDA) was used as a standard and values are reported as TBARS 

(mM MDA).  Treatment differences were determined as described in the methods of 

Appendix C using GraphPad software (Graph Pad Software). 

The addition of iron dose to cultured CCL-125 cells does not significantly 

increase lipid peroxidation in these cells (Fig. D.6). 

Our results indicate that iron treatment of CCL-125 cells does not cause 

oxidative stress. 

 
Figure D.6. Oxidative stress does not change significantly with increasing iron dose in CCL-
125 cells. CCL-125 cells were treated as described in the methods of Appendix C. The TBARS 
assay was performed as described in the methods above. Oxidative stress does not change 
significantly with increasing iron dose as measured by TBARS. FAC/DES=100 µM ferric 
ammonium citrate/100 µM deferoxamine mesylate salt. Graphed data represent means + SEM of 
triplicates. 
 
Electrophoretic Mobility Shift Assay (EMSA) with Recombinant IRP1 and β-

mercaptoethanol. 

In order to characterize the binding activity of recombinant IRP1 for ferritin 

HCH-IRE transcript, EMSA was performed using β-mercaptoethanol (βME). 
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EMSA was performed as described in the methods of Appendix C, with 

modifications.  Briefly, IRP1/IRE interactions were measured by incubating a molar 

excess of radio-labeled probe (50 fmol of Aedes ferritin heavy chain IRE [32P] labeled-

transcript) with recombinant Aedes IRP1(50 ng, [21]).  Serial dilution of 6% stock βME 

was added to all reactions.  All samples were run on 6.5% polyacrylamide gels and 

binding activity was assessed by autoradiography exposure to Blue XB-1 film (Eastman 

Kodak Company).  Digital images were accessed using a ScanJet 6200C (Hewlett 

Packard) and quantified with Quantity One software (BIORAD).  Treatment differences 

were determined as described in the methods of Appendix C using GraphPad software 

(Graph Pad Software).  Data were analyzed by densitometry of a defined volume and 

corrected for background.  Volume units are arbitrarily assigned. 

Recombinant AIRP1binding activity significantly increases with the addition of 

0.5% βME (p<0.01; Fig. D.7) relative to control (no reducing agent).  Increasing the 

concentration of βME to 4% does not significantly change binding activity from the 

control.  However, 6% βME significantly decreases (p<0.05) rAIRP1 binding activity 

relative to control. 

Our results indicate that rAIRP1 is capable of disulfide bridge formation at low 

concentrations of reducing agent (0.5% βME).  However, higher concentrations of 

reducing agent (1-4% βME) do not further increase rAIRP1 binding activity, while at the 

highest concentration of reducing agent (6% βME) rAIRP1 binding activity significantly 

declines.  From these data we conclude that although the disulfide bridge form could 

exist in the rAIRP1, structural differences exist among these IRP1 proteins. 
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Figure D.7. Recombinant IRP1 binding activity decreases for transcripts of the ferritin 
heavy chain IRE with the increasing concentration of β-mercaptoethanol (βME). 
Electrophoretic mobility shift assay (EMSA) was conducted using recombinant Aedes IRP1 (50 
ng, rAIRP1) as described in the methods above. 0.5% βME significantly increases rAIRP1/IRE 
interaction (p<0.01) relative to control (no reducing agent) and 6% βME significantly decreases 
rAIRP1 binding activity (p<0.05) relative to control. A representative gel shift X-ray panel is 
shown above the graphed data. Graphed data represents means + SD of triplicates. 
 
Semi-Quantitative RT-PCR and Immunoblotting of IRP1 in CCL-125 Cells. 

In order to measure the change in expression of IRP1 in iron-treated CCL-125 

cells, IRP1 mRNA transcript and protein levels were quantified. 

CCL-125 cells were treated as described in the methods of Appendix C.  Total 

RNA isolation and DNase-treatment was performed as described in the methods of 

Appendix C.  Semi-quantitative RT-PCR was conducted as described in the methods of 

Appendix C, with modifications.  Briefly, the primers for the semi-quantitative PCR 

reactions were designed to obtain specific PCR products of similar size for the ORF of 

the messages: IRP1 (567 bp): 5’-ggctctcggcgtggaaatgat-3’ and 3’-
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ctaaaggatttctatcccccaagcgaaat-5’; S7 (263 bp): 5’-ggccgccgtgaccccaac-3’ and 3’-

cttaagggcctcgggatgga-5’.  The IRP1 primer pair was optimized with the S7 primers for 

equal intensity bands.  PCR products were separated on 1.5 % agarose gels and visualized 

using ethidium bromide stain.  Digital images were accessed using a CCD camera (Ultra 

Lum) and quantified with Quantity One software (BIORAD).  Treatment differences 

were determined as described in the methods of Appendix C using GraphPad software 

(Graph Pad Software).  Data were analyzed by densitometry of a defined volume and 

corrected for background.  Volume units are arbitrarily assigned.  Volume data were 

analyzed as a ratio of the desired product to the S7 internal standard.  All PCR products 

were cloned and sequenced to determine that the product sequence represents that of the 

desired message. 

IRP1 protein (98 kDa)in the cytoplasmic extract of CCL-125 cells treated as 

described in the methods of Appendix C was resolved on a 7.5% homogeneous SDS-

PAGE slab gel.  The gel was run at 100 volts for 2 h at RT.  Recombinant AIRP1 (250ng, 

[21]) served as a positive control.  Proteins were transferred as described in the methods 

of Appendix C.  The nitrocellulose membrane was blocked overnight in 4.0 % non-fat 

dry milk, 25 mM phosphate, 25 mM acetate buffer, pH 7.0 at 4oC.  After blocking, the 

membrane was incubated with anti-rat IRP1 specific rabbit antiserum (1:4000 v/v, a kind 

gift from Dr. Richard Eisenstein, Madison, WI, [61]) diluted in the blocking buffers for 2 

h at RT.  The membrane was washed 6 times in 25 mM phosphate, 25 mM acetate, pH 

7.0 and was detected by enhanced chemiluminescence using an anti-rabbit horseradish 

peroxidase conjugate antibody and the SuperSignal® West Pico chemiluminescent Kit per 
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the manufacturer (Pierce) with exposure to Blue XB-1 film (Eastman Kodak Company).  

Digital images were accessed using a ScanJet 6200C (Hewlett Packard) and quantified 

with Quantity One software (BIORAD).  Treatment differences were determined as 

described in the methods of Appendix C using GraphPad software (Graph Pad Software).  

Data were analyzed by densitometry of a defined volume and corrected for background.  

Volume units are arbitrarily assigned. 

IRP1 mRNA levels in CCL-125 cells do not change significantly with iron dose 

(Fig. D.8A).  IRP1 protein levels in CCL-125 cells do not change significantly with iron 

dose (Fig. D.8B). 

Our results indicate that IRP1 expression is constitutive in CCL-125 cells with or 

without iron treatment. 

FigureD.8. Iron does not change IRP1 mRNA or protein levels in CCL-125 cells. CCL-125 
cells were treated as described in the methods of Appendix C. A. IRP1 mRNA levels were 
evaluated using semi-quantitative RT-PCR as described in the methods above. IRP1 mRNA 
levels do not change with iron dose. A representative agarose gel panel is shown above the 
graphed data. B. Cytoplasmic extracts (15 µg) were detected by immunoblot using rat IRP1 
specific antiserum as described in the methods above. Recombinant AIRP1 (250 ng) was used as 
a positive control. IRP1 protein levels do not change with iron dose. A representative immunoblot 
panel is shown above the graphed data. NS=Non-specific protein; FAC/DES=100 µM ferric 
ammonium citrate/100 µM deferoxamine mesylate salt. Graphed data represent means + SEM of 
triplicates. 
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