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Heme is an essential cofactor for various biological processes although the pathways 

for cellular heme transport remain poorly understood. We identified HRG-1 as the 

first bona fide eukaryotic heme importer/transporter using C. elegans. The current 

study seeks to determine how HRG-1 paralogs function in heme transport. We show 

that CeHRG-6 specifically enhances the heme-dependent growth of the hem1� yeast 

strain and is therefore a potential heme transporter. HRG-6::GFP is expressed in the 

intestine, spermathecal valve and uterus. However, worms expressing the HRG-

6::GFP transgene reveal a growth defect at low heme concentrations, which is fully 

rescued with either the addition of heme or RNAi depletion of hrg-6, or hrg-4. 

Surprisingly, CeHRG-6 expression is attenuated by RNAi depletion of hrg-4. Our 

results suggest that CeHRG-6 may function in concert with CeHRG-4 to ensure heme 

uptake in C. elegans, and is plausibly regulated by CeHRG-4 under low heme 

conditions.  
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Chapter 1: Literature Review 

 

Introduction 

Almost all living organisms require iron to maintain life and therefore not 

surprising iron deficiency anemia is the most common nutritional disorder in the 

world, and is mainly common in developing countries, where malaria and worm 

infections are very frequent [1]. According to a World Health Organization report in 

2012, 66-80% of the world’s population is anemic, mainly due to iron deficiency [2]. 

A large contribution factor for wide spread iron deficiency anemia is that an 

estimated four billion people live primarily on plant based diet [3]. Even though plant 

foods are a good source of iron, they also contain compounds called phytic acids that 

reduce iron bioavailability [4]. A good bioavailable source of iron, heme-iron, is 

found in animal protein like red meat [5]. This form is absorbed through the intestine, 

but little is known about how heme is absorbed and trafficked through intestinal cells. 

Heme (iron-protoporphyrin IX) consists of a tetrapyrrole ring with an iron 

atom residing in the center [6]. Heme is an essential cofactor for many proteins like 

globins and cytochromes. Heme containing proteins function in diverse biological 

processes like oxygen transport, xenobiotic detoxification, oxidative metabolism, gas 

sensing, circadian rhythm, signal transduction, microRNA processing and thyroid 

hormone synthesis [7-12].  

Extensive studies have been done to understand heme synthesis and 

degradation in eukaryotes. In contrast, heme transport processes remain poorly 



 

 2 
 

understood because it was difficult to dissociate heme synthesis from trafficking 

which are normally coordinated. Additionally, mutations in the heme biosynthesis 

pathways lead to pleiotropic phenotypes and lethality [13]. Our research group has 

shown that C. elegans cannot synthesize heme, but require heme from the 

environment [14]. Thus, worms are a genetically tractable animal to study the heme 

transport process without interference from endogenous heme synthesis. Utilizing C. 

elegans, we identified Heme Response Gene-1/4 (HRG-1/4) as the first eukaryotic 

heme importers. However, the molecular basis for heme transport across biological 

membranes and whether these heme transporters cooperate with each other to 

maintain heme homeostasis is unclear. Identification of molecules involved in this 

pathway will provide novel insights into heme transport processes.  

 

Heme biosynthesis 

In most eukaryotes and prokaryotes, heme is synthesized via a highly 

conserved pathway shared between the mitochondria and the cytosol [15]. In 

eukaryotes, the first and last three steps occur in the mitochondria, while the other 

four intermediate steps take place in the cytosol (Figure 1). All eight of heme 

synthesis enzymes are identified and have been studied in detail [16].  
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Figure 1: heme biosynthesis pathway in eukaryotes. 

 Presumptive heme trafficking pathways that are currently unknown are marked with 

a (?). In most eukaryotes and prokaryotes, heme is synthesized via a highly conserved 

pathway shared between the mitochondria and the cytosol. In eukaryotes, the first and 

last three steps occur in the mitochondria, while the other four intermediate steps take 

place in the cytosol. The final step of heme synthesis occurs in the mitochondrial 

matrix. This figure is adapted from [7]. 
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The first step is the condensation of glycine and succinyl-CoA, which results 

in the formation of 5-aminolevulinic acid (ALA) [17]. This reaction is catalyzed by 

aminolevulinic acid synthase (ALAS). There are two forms of ALAS [18], where 

ALAS1 is expressed in all tissue types and ALAS2 is expressed only in erythroid 

cells. Both ALAS1 and ALAS2 are differentially regulated at the transcriptional level 

[19]. Mature ALAS is localized to the mitochondrial matrix and requires vitamin B6 

to function correctly [13]. Afterward ALA is transported from the mitochondria to the 

cytosol by unknown transporter. 

After transport to the cytosol, two ALA molecules are condensed by 

aminolevulinic acid dehydratase (ALAD) to form porphobilinogen (PBG). This 

reaction is dependent on zinc availability [20]. ALAD is composed of four 

homodimers with one active site per dimer. Each active site binds to two ALA 

molecules [21]. One ALA molecule provides the acetate and amino-methyl groups of 

PBG, while the other ALA molecule is responsible for the propionate side chain and 

the pyrrole nitrogen [22]. 

The next two enzymes work to generate a tetrapyrrole. The first reaction is 

catalyzed by porphobilinogen deaminase (PBGD), which forms the linear 

tetrapyrrole, hydroxymethylbilane (HMB). Then PBGD binds to HMB and add two 

additional pyrroles to form hexapyrrole. The four pyrroles distal from the active site 

of PBGD are cleaved and form HMB [23]. HMB is unstable and must be converted to 

uroporphyrinogen III (UROgenIII) by uroporphyrinogen III synthase (UROS). UROS 

catalyzes ring closure to form a tetrapyrrolemacrocycle [13].  
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The next step is formation of coproporphyrinogen III (CPgenIII) by 

uroporphyrinogen decarboxylase (UROD). This heme precursor is transported back to 

the inner mitochondrial space, presumably by ABCB6. However, this finding is still 

controversial because these studies used the planar oxidized form coproporphyrin III 

instead of the non-planar reduced CPgen III [24]. 

The next step is utilization of CPgenIII by coproporphyrinogen oxidase 

(CPOX), which is localized to the outer mitochondrial membrane with the active site 

oriented toward the inner mitochondrial space. In this reaction, CPgenIII is converted 

to protoporphyrinogenIX (PPgenIX) [25]. CPOX is the rate limiting enzyme in heme 

synthesis pathway [26]. This step is followed by oxidation of PPgenIX to 

protoporphyrin IX (PPIX) by protoporphyrinogen oxidase (PPOX). This enzyme is 

localized to the outer surface of the inner mitochondrial membrane and functions as a 

homodimer [27]. The final step of heme synthesis occurs in the mitochondrial matrix, 

where iron is inserted into a PPIX ring by ferrochelatase (FECH) to form heme. 

FECH is located on matrix side of the mitochondrial inner membrane [28]. Heme is 

somehow exported from the mitochondria to different intracellular compartments, 

including heme-binding transcription factors in the nucleus, guanylate cyclases and 

globins in the cytoplasm, cytochromes in the mitochondria, and cyclooxygenases I 

and II in the endoplasmic reticulum, catalases in peroxisomes, and peroxidases in 

lysosomes (Figure 2) [29]. 
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Figure 2: Schematic model of intracellular heme trafficking. 

Heme is transported through mitochondrial membranes and incorporated into a 

multitude of hemoproteins found in different cellular compartments. This process is 

may be dependent on hemochaperones and transporters. Heme transport proteins that 

have been already identified are highlighted in blue. Heme can be exported out of the 

cell or imported into the cell. The cell-surface FLVCR and the ABC transporter 

ABCG2 have been implicated in heme export in erythroid cells, whereas HRG-1 was 

identified as a heme importer. Question marks represent the presumptive heme 

trafficking pathways. This figure is adapted from [7]. 
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Transcription regulation by heme 

Heme has been shown to be involved in transcription regulation of many 

genes that function in circadian rhythm and oxidative respiration. According to 

microarray data from K562 cells, there are several genes transcriptionally regulated 

by heme [7]. It has been shown that the levels of Bach1, an endogenous basic leucine 

zipper protein (bZip), were significantly decreased in the presence of heme [30]. By 

contrast, treatment with succinylacetone, the inhibitor of heme biosynthesis, resulted 

in higher Bach1 levels in murine embryonic fibroblasts. Another heme-regulated gene 

that is involved in circadian clock control is the nuclear hormone receptor Rev-Erb� 

[11]. 

Heme has a role in transcriptional regulation of hemoglobin production. 

Under low heme conditions, globin chain production is reduced. Bach1 regulates the 

transcription of globin by binding to MARE sequences (Maf Recognition Element), 

which is located 60 kb upstream of globin genes. This leads to recruitment of Maf 

proteins which activate or repress globin genes expression according to heme 

conditions [31]. 

In order to identify genes that are regulated by heme, our group performed 

affymetrix whole genome microarray on C. elegans grown at low (4 �M), optimal (20 

�M), and high (500 �M) heme levels. The results showed that 288 genes have altered 

expression levels at high or low heme when compared to optimal heme conditions. 

These genes are classified as heme-responsive genes (hrgs). Among these genes, 

there are 41 transmembrane proteins predicted by TMHMM 2.0 [13, 32]. 
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Heme export 

 Living cells export heme to prevent heme toxicity and cellular damage. 

FLVCR1 and ATP-binding cassette transporter G2 (ABCG2) have been identified as 

heme exporters in humans. FLVCR was identified as a cell surface receptor for feline 

leukemia virus subgroup c receptor [33]. FLVCR1 shows tissue specific expression in 

hematopoietic cells and is weakly expressed in the fetal liver, kidney and pancreas 

[34]. FLVCR1 has been shown to reduce intracellular heme levels and mediate efflux 

of the fluorescent heme analog, zinc mesoporphyrin (ZnMP), in hematopoietic K562 

cells [35]. Knock out of FLVCR1 in mice results in failure of erythroid differentiation 

and death at midgestation stage [36]. These mice also have limb deformities and 

cranio-facial defects that are similar to the symptoms of patients with rare congenital 

erythroid anemia and Diamond-Blackfan anemia (DBA). The current model 

postulates that FLVCR1 exports heme when macrophages phagocytose senescent red 

blood cells (RBCs) [36].  

Interestingly, Tolosano et al recently showed that there is another FLVCR1 

isoform, FLVCR1b, which is a smaller protein that localizes to the mitochondria. 

Knockdown of FLVCR1b results in mitochondria heme accumulation, indicating that 

FLVCR1b is a mitochondrial heme exporter. In contrast, targeted deletion of 

FLVCR1a resulted in skeletal defects and vascular abnormalities. Recently, four 

missense mutations in FLVCR1 have been found in patients with the rare autosomal 

recessive disease posterior column ataxia and retinitis pigmentosa (PCARP) [37, 38]. 

Three of the four mutations occur in exon 1 of the gene and are FLVCR1a specific. 
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However, none of the patients carrying these gene variations is anemic. The 

physiological role of FLVCR1 remains unknown [38]. 

ABCG2 was initially discovered as breast cancer resistance protein (BCRP) 

that causes drug resistance in breast cancer cells and identified as a second heme 

exporter in mammals [39]. ABCG2 knockout mice that were fed modified diet 

showed skin photosensitivity [40]. The reason behind photosensitivity is 

accumulation of pheophorbide A, which is a degradation product of chlorophyll and 

is similar to PPIX [41].  

Our research group performed genome-wide analysis and identified MRP-5 as 

an intestinal heme exporter in C. elegans [42]. This inference is based on the fact that 

mrp-5 is upregulated in response to heme deficiency [43], depletion of mrp-5 by 

RNAi results in embryonic lethality which can be rescued by growth in the presence 

of excess heme, and that RNAi depletion of mrp-5 results in accumulation of ZnMP 

in worm intestinal cells. MRP-5 is the homolog of human ABC transporter ABCC5, 

which could possibly be a heme exporter in humans. 

Senescent red blood cells are phagocytosed by macrophages of the 

reticuloendothelial system, where their contents are digested and recycled. Heme 

released from engulfed RBCs is degraded by heme oxygenase-1 (HO-1) in 

macrophages. Heme is broken down to biliverdin, carbon monoxide and iron. Then 

biliverdin is converted to bilirubin by biliverdin reductase. Iron is either stored in 

ferritin or exported out of macrophages by the iron exporter, ferroportin-1 (FPN1, 

SLC40A1) [44].  
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Iron in the circulation is found associated with a protein called transferrin. 

When a cell requires iron, transferrin receptors are directed to plasma membrane to 

absorb iron-transferrin complexes by receptor-mediated endocytosis. Once 

internalized in coated vesicles, the complexes get delivered to early endosomes, 

where the acidic pH results in the release of Fe3+ from the protein. Iron is reduced in 

the endosomal compartments and then exits to the cytoplasm. The transferrin receptor 

and its cargo of transferrin are recycled to the plasma membrane, where the 

transferrin detaches from the receptor to re-enter the circulation [44, 45]. 
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Heme transporters 

HCP1 

Heme carrier protein 1 (HCP1/SLC46A1) is a membrane protein expressed by 

enterocytes in the duodenum [46]. Over expression of HCP1 in Xenopusoocytes 

resulted in increased heme uptake; however, other studies have shown that folate 

transport by this protein is higher than that observed with heme, suggesting that folate 

might be the physiological ligand for HCP1. HCP1 knockout mice showed 

macrocytic normochromic anemia, which could be fully rescued with folate 

supplementation, indicating defective folate transport, rather than a defect specific to 

heme or iron. RNA interference assays of HCP1 in CaCo-2 cells resulted in reduction 

heme and folate uptake but increase HO-1 expression [47]. 

FLVCR2 

Feline leukemia virus subgroup C receptor 2 (FLVCR2) was recently reported 

to import heme in mammalian cells [48]. Depletion of FLVCR2 by RNAi in human 

cells significantly decrease uptake of the fluorescent heme analog. However, ectopic 

expression of FLVCR2 does not rescue growth of a heme-deficient yeast strain. It is 

possible that FLVCR2 may efflux heme because it is a homolog of the heme effluxer 

FLVCR [32, 34, 49]. Currently, the physiological role of FLVCR2 is still unclear.  

HRG-1 

HRG-1 is located in endo-lysosomal compartments within intestinal cells in 

worms, releasing stored heme into the cytoplasm under low heme conditions [43]. 

Transient knockdown of hrg-1 in zebrafish results in hydrocephalus, yolk tube 
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malformations and severe anemia. CeHRG-1 fully rescued all phenotypes observed 

due to knockdown of hrg-1 in zebrafish. Additionally, significant heme-induced 

inward currents were observed in Xenopusoocytes injected with cRNA for HRG-1, 

indicating heme-dependent transport across cell membranes [43]. We and others have 

recently found that hrg-1 localized to the lysosomal compartments in HEK293 cells 

[43], and is also recruited and localizes to the erythrophagosomal membrane in bone 

marrow derived macrophages (BMDMs) after ingesting RBCs [50].  

 

HRG-1 paralogs in C. elegans 

To elucidate the role of these genes in heme homeostasis, we established 

RNAi assays in worms grown at various heme concentrations. The heme sensor 

IQ6011 strain (Phrg-1::gfp) expresses GFP specifically in the intestinal cells of 

larvae and adult worms. GFP is upregulated at low heme and downregulated at high 

heme. Depletion of hrg-4 in this strain resulted in increased GFP expression [43]. 

Knockdown of hrg-4 in wild type worms resulted in resistance to the cytotoxic heme 

analog, gallium protoporphyrin IX (GaPP). Depletion of hrg-4 in wild type worms by 

RNAi resulted in no detectable ZnMP uptake in the intestine. A fusion of HRG-4 

protein to GFP localizes to the apical intestinal membrane. Taken together, these 

results indicate that HRG-4 functions as an intestinal heme importer at low heme in 

 C. elegans.  

BLAST analysis of the C. elegans genome showed that hrg-1 and hrg-4 had 

two other paralogs, hrg-5 and hrg-6. hrg-6 is separated from hrg-4 by 1.6kb and they 

are divergent in the orientation of the ORF on chromosome IV. hrg-4, hrg-5 and  
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hrg-6 are nematode-specific genes, whereas hrg-1 has orthologs with about 21% 

amino acid identity in vertebrates. Whereas the expression of hrg-1 and hrg-4 are 

highly regulated by heme, hrg-5 and hrg-6 are not heme responsive. A multiple 

sequence alignment of HRG-1, -4, -5 and -6 paralogs was obtained using ClustalW 

(v. 1.83) [31] as shown in (Figure 3). We identified highly conserved residues that 

are important for CeHRG-1 and CeHRG-4 mediated heme transport, including 

invariant histidine/tyrosine in TMD2, a specific histidine in the 2nd exoplasmic loop 

E2 and the FARKY motif [51]. 
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Figure 3: Multiple sequence alignment of CeHRG-1, -4, -5 and -6 paralogs has 

obtained by using ClustalW (v. 1.83).  

Identical amino acids and conservative changes are indicated by reversed and shaded 

characters, respectively. Asterisk indicates conserved histidines in CeHRG-1 that are 

replaced by tyrosines in CeHRG-4 and CeHRG-6. Boxed residues denote the four 

putative transmembrane domains based on predictions by TMHMM 2.0 and SOSUI 

[31]. Amino acids shaded red is potential heme binding residues. HRG-1 proteins 

share certain characteristics with tetraspanin proteins, including polar residues (gray), 

and cysteines within TMDs that serve as putative palmitoylation sites. This figure is 

adapted from [43]. 
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                                                                TMD1      
CeHRG-1    1 MHQIYSSDVSSITSKSSIAKAEIITMEEEQQRQSCCTWFHSLKVQIWIAWLGVSAGVMAG 
CeHRG-4    1 ---------------------------MTAENRGFCQLICHINVRIGWTIFGIVFGISAI 
CeHRG-5    1 -------------------------MSSKISSSRCCTLFCHVNTRIALTILDILIGFSNI 
CeHRG-6    1 ---------------------------------MRWSLCCHINVRIAYTICGIIIGLFWA 
 
                                TMD2      *                        TMD3   
CeHRG-1   61 TVFAIQYQNWIAVTMCFISSGFATLVLHLHLAYKKTQMAGWSETRLRCLAAVGATVSFLS 
CeHRG-4   34 LTYAIKFHNWSATATTAIATLFACETLYLYWALKKNTIVNWKSSTFQLMIWPNVFIGLLG 
CeHRG-5   36 LSYAIQFHNWSALTLTAMVTLVACHTLQMFLAEKKNTITHWKYSTFKWIMWIDITLGFLA 
CeHRG-6   28 CVYIFAWKNWVALAACLTATAFAFETFYFYLSVKRDTILNWKSQTFQVLFWINLIVGFLS 
 
                           *                   TMD4          *****  
CeHRG-1  121 FIAMVFCLVVAGIEHQTLDK-QGLMGANLWIAAVWFFMTSKWSALTWRFARKYRAFCEES 
CeHRG-4   94 LLGCLVCYIIAGITHQGAGSIQAMYGENLWFTGSWSLVITKWTWQNAFFARKYLNKIGTA 
CeHRG-5   96 LGCFVVCFIIAGVTEIEFT---NLYGENLWFTGLWATAITKYTWQNALLARNYSNQKRIL 
CeHRG-6   88 IGGMITAIVLAATKHQGVSN-KDQHGLNWWSTATWFLVMLKWTWQNAFIARYYGKLLTKS 
 
                           
CeHRG-1  180 QPLLAAAPPEYSVTI- 
CeHRG-4  154 SEDGDIDDDDVEVIKS 
CeHRG-5  153 KSEIVEDA-------- 
CeHRG-6  147 IIHPEEPDDPSTWKF-  
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Mild growth delay in double deletion �hrg-1�hrg-4 mutant worms 

The �hrg-1�hrg-4 mutant worms were growth delayed only at low heme 

corresponding to a delay of up to three larval stages during development. They were 

synchronized and placed on 50 �M heme NGM plate (P0) then synchronized again 

and transferred (F1) to both low and high heme NGM plates. Growth defect was 

observed after two subsequent generations (Figure 4). Most importantly, the growth 

delay was fully rescued when the mutant worms were fed a heme-rich diet [51]. This 

phenotype observed in the �hrg-1�hrg-4 mutants indicate worms have other ways to 

acquire heme, possibly via HRG-1 paralogs which may provide the compensatory 

mechanisms for heme uptake in the worms that lack hrg-1 and hrg-4. The present 

study was conducted to identify if HRG-1 paralogs cooperate with each other to 

maintain heme homeostasis. 
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Figure 4: Mild growth delay in double deletion �hrg-1�hrg-4 mutant worms. 

Wild-type, �hrg-1, �hrg-4 and �hrg-1�hrg-4 worms were synchronized, placed on 

NGM plates seeded with RP523 bacteria grown at 50 �M heme (P0), synchronized 

again and transferred to RP523 plates of low (1 �M) and high (50 �M) heme (F1) and 

follow the growth for two subsequent generations (F2). The images represent F2 

progeny. “This figure is adapted from” [51]. 
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Chapter 2: Materials and methods 

 

Yeast Assays 

Growth Spot Assay 

Plasmids encoding HRG-1 transporters were transformed into the yeast 

hem1� strain using lithium acetate method [52]. Transformants were selected on 2% 

w/v glucose SC (-Ura) plates supplemented with 250 �M ALA. Five or six 

transformed colonies were picked and streaked on 2% w/v raffinose SC (-Ura) plates 

supplemented with 250 �M ALA to deplete glucose for 48 hours. Before splitting, 

cells were cultivated in 2% w/v raffinose SC (-Ura) medium for 18 hours to deplete 

heme. Cells were then diluted to an OD600 of 0.2. Ten-fold serial dilutions of each 

tranformant were spotted (10 �L /spot) onto 2% w/v raffinose SC (-Ura) plates 

supplemented with either 0.4% w/v glucose and 250 �M ALA (positive control), or 

0.4% w/v galactose and different concentrations of hemin, and incubated at 30°C for 

3 days before imaging [51]. 

 

Galactosidase Reporter Assay 

Plasmids encoding vector, CeHRG-4 and CeHRG-6 were co-transformed into 

the yeast hem1� strain together with the pRS314m-CYC1-LacZ plasmid. Selection of 

transformants was performed as described above using SC auxotrophic medium 

supplemented with 250 �M ALA. Cells were depleted for hemin in 2% w/v raffinose 

SC (-Ura, -Trp) medium for 12 hours, and then were suspended at an OD600 of 0.1 in 
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10 mL 2% w/v raffinose SC (-Ura, -Trp) medium supplemented with 0.4% w/v 

galactose, and different concentrations of hemin. Cells were cultivated at 30°C, with 

shaking at 225 rpm for 12 hours [51], and assayed for galactosidase activity, as 

described elsewhere[53]. Galactosidase activities were normalized to total protein 

concentration for comparison. 

 

Ferric Reductase Assay 

Plasmids encoding vector, CeHRG-4 and CeHRG-6 were transformed into the 

hem1�- fre1�- fre2�MET3-FRE1. Cells were depleted for heme in 2% w/v raffinose 

SC (-Ura, -Trp-Met) medium for 12 hours, and then were suspended at OD600 of 0.3 

in 2% w/v raffinose SC (-Ura, -Trp-Met) medium supplemented with 0.4% w/v 

galactose, 0.1 mM Na2S, and different concentrations of hemin. Cells were then 

cultivated in 96-well plates at 30°C, with shaking at 225 rpm for 16 hours [51], and 

assayed for ferric reductase activity [54]. Cells were washed with washing buffer (2% 

BSA, 0.1% tween-20 in 2× PBS) three times to remove hemin in the medium, then 

washed twice with reaction buffer (5% glucose, 0.05 M sodium citratebuffer, pH 6.5). 

They were suspended in reaction buffer and their OD600 was measured using a 

platereader (BioTek). The assay buffer (2mM bathophenanthrolinedisulfonate (BPS), 

2mM FeCl3 in reaction buffer) was added to the cells. The cells were incubated in the 

dark at 30°C until red color was developed. OD535 and OD610 of the incubated cells 

were measured and ferric reductase activity nmol/106 cells/min) was calculated [51]. 
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Immunoblotting 

For Western blotting experiments, yeast transformants were resuspended in 

lysis buffer (1% SDS, 8 M urea, 10 mM Tris-HCl pH 8.0, 10 mM EDTA) with 

protease inhibitors (1 mMphenylmethylsulfonyl fluoride, 4 mM benzamidine, 2 

�g/mL leupeptin, and 1 �g/mL pepstatin) and 0.5 mm acid-washed glass beads. Cells 

were heated at 65°C for 10 min and breaked using FastPrep-24 (MP Bio) for 3×30sat 

the 6.5m/s setting. The total protein concentration was quantified with the Bradford 

reagent (Bio-Rad). Protein samples were separated on 12% SDS-polyacrylamide gel 

and transferred to nitrocellulose membrane (Bio-Rad). The membranes were 

incubated with rabbit anti-HA (Sigma) as primary antibody at a 1:1,000 dilution over 

night at 4°C, followed by HRP-conjugated goat anti-rabbit antibody at a 1:10,000 

dilution for 1 hour at room temperature. Signal was detected using Super Signal 

chemiluminescence reagents (Thermo Scientific) in the Gel Documentation system 

(Bio-Rad) [51].  

 

Immunofluorescence 

Yeast transformants were cultivated in 2% w/v raffinose SC (-Ura) medium 

supplemented with 0.4% w/v galactose and 250 �M ALA for 12 hours and then fixed 

with 4% formaldehyde for 1 hour at room temperature. Immunofluorescence 

microscopy was performed as described elsewhere [53]. Images were taken using a 

DM IRE2 epifluorescence microscope (Leica) connected to a Retiga 1300 cooled 

mono 12-bit camera. 
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Statistical Analysis 

Statistical significance was calculated by using one-way ANOVA with the 

Student–Newman–Keuls multiple comparison test in GraphPad INSTAT version 3.01 

(GraphPad, San Diego). Data values were presented as mean ± SEM. A p value 

 < 0.05 was considered significant. 

 

Worms assays 

Generation of Reporter Constructs 

Phrg-6::hrg-6::ICS::GFP::hrg-6 3’ -UTR, Phrg-6(1.6kb)::hrg-6::GFP::hrg-6 3’ -UTR, 

Phrg-6(3kb)::hrg-6::GFP::hrg-6 3’ -UTR Phrg-6(3kb)::hrg-6::GFP::hrg-6 unc45 3’ -

UTR,vha-6::hrg-6::GFP::hrg-6 3’ -UTR, Phrg-6::hrg-6::GFP::hrg-6 3’ -UTR, Phrg-

6::hrg-6 FLAG::ICS::GFP::hrg-6 3’ -UTR and Phrg-4::hrg-4 FLAG::ICS::GFP::hrg-4 

3’ -UTR plasmids were constructed using the Gateway cloning system (Invitrogen). 

The promoter of interest, the gfp gene, and the 3’ UTR belonging to the gene or of the 

generic unc-54 3’ UTR were cloned by recombination into the entry vectors pDONR-

P4-P1R, pDONR-221, and pDONRP2R-P3, respectively, using the Gateway BP 

Clonase kit. The three entry clones were then recombined into a single destination 

vector, pDEST-R4-R3, using the Gateway LR Clonase II Plus enzyme kit. 

 

Nematode Growth Conditions 

C. elegans strains were maintained on nematode growth medium (NGM) agar plates 

seeded with OP50 bacteria at 20°C. For genotyping, individual worms were lyses in  
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5 �l lysis buffer (50 mM KCl, 10 mM Tris-HCl, 2.5 mM MgCl2, 0.45% NP-40, 

0.45% Tween-20, 0.01% gelatin, and 1mg/ml freshly prepared proteinase K) by 

freezing and heating (2 hours at -80°C, 1 hour at 65°C, and 30 min at 95°C). Worm 

lysates were then subjected to PCR reactions. 

 

Preparation of Hemin-Choride 

130 mg of hemin chloride (Frontier CAS#16009-13-8) was added to 18 ml of 

0.3 M NH4OH. Concentrated HCl was added until the solution had a pH of 7.5-8.0. 

The solution was brought to 20 ml with 0.3 M NH4OH, pH 8.0, to give a final 

concentration of 10 mM hemin chloride. 

 

Worm Synchronization 

Nematodes were centrifuged at 800 x g for 5 minutes. The worms were then 

suspended in 10 ml of 0.1 M Nacl and allowed to settle on ice for 5 min. After that, 

the supernatant was aspirated and 6 ml of 0.1 M NaCl was added to the worm pellet. 

1 ml of 5M NaOH was mixed with 2 ml of 5% bleach in a separate tube. The NaOH 

/bleach solution was mixed with the nematode population. The suspension was 

intermittently vortexed for 5 min until the cuticles of gravid worms dissolved and the 

eggs were released, then immediately worms were centrifuged at 800 x g for 45 sec. 

The supernatant was aspirated, and 10 ml sterile water was added to the egg pellet 

and vortexed for 5 sec. The suspension was centrifuged at 800 x g for 45 sec. After 

that, adding water and centrifugation step was repeated to wash the bleach solution. 

The worms pellet was resuspended in 10 ml M9 salt solution (86 mM NaCl, 42 mM 
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Na2HPO4, 22 mM KH2PO4, 1 mM MgSO4 7H2O). The eggs incubated overnight in 

the M9 solution at 20C on a platform shaker to 70 rpm. 

 

RNA-Mediated Interference 

 The transgenic worms were initially maintained on nematode growth medium 

(NGM) agar plates seeded with OP50 bacteria at 20°C. Synchronized L1 larvae were 

then exposed to HT115 (DE3) E. coli expressing vector, gfp, hrg-1, hrg-4, or hrg-6 

double stranded RNA from the Ahringer Library were grown in LB broth 

supplemented heme for 5.5 h [55]. Two wells of a 12-well nematode growth medium-

agar plate were spotted with bacteria transformed with each construct and allowed to 

induce for 24 h with 1 mM isopropyl -D-thiogalactopyranoside. GFP expression in 

the worms was analyzed 72 h after RNAi feeding with a Leica MZ16 FA 

stereomicroscope. Images were acquired with a Leica DMIRE2 inverted microscope 

equipped with a CCD camera. 

 

Microparticle Bombardment 

Mutant unc-119 (ed3) worms were grown for 7 days in flasks containing 90 ml 

meCHR-2 media supplemented with 20 �M heme. The worms were then transferred 

to 50 ml conical tubes and allowed to settle. The supernatant was aspirated to remove 

larvae, which take longer time to settle than gravid worms. The gravid worms were 

spread evenly onto 10 cm2 NGM agar plate and incubated on ice for 30 min. After 

the incubation, unc-119 (ed3) gravid hermaphrodite animals were co-bombarded with 

10 �g of reporter construct and 5 �g of the unc-119 rescue plasmid (pDM016B) using 
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the PDS-1000 particle delivery system (Bio-Rad) which was carried out following the 

protocol described by Praitis et al. [56]. The DNA mixture was coated onto 2uM gold 

beads. The worms were washed from bombardment plates and transferred to plates 

seeded with a lawn of E. coli JM109. After 2 weeks incubation at 25 °C, wild-type F2 

worms were removed from plates and maintained as transformed strains.  

 

Microscopy 

GFP levels were analyzed by fluorescence microscopy with a Leica MZ16 FA 

stereomicroscope. The worms were immobilized in 10 mM levamisole on a 2% 

agarose pad affixed to a slide. Differential interference contrast (DIC) and 

fluorescence images were taken with a Leica DMIRE2 inverted microscope attached 

to a CCD Retiga 1300 camera controlled by Simple PCI software (Hamamatsu, 

Bridgewater, NJ). 

 

Worm Growth Assay on RP523 E. coli 

  The heme-deficient E. coli strain RP523 [57] was grown overnight in Luria-

Bertani medium supplemented with 1 �M heme. The bacteria were diluted at a ratio 

of 1:6 into fresh LB medium supplemented with different concentrations of hemin 

and cultivated for 5.5 hours. The OD600 of these bacteria was determined and the 

culture was diluted to OD600 = 0.5 with corresponding LB medium. Each 35 mm 

NGM plate was seeded with 200 �l cell culture. Synchronized L1 larvae grown on 

OP50-seeded NGM plates were transferred onto NGM plates seeded with RP523 
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grown with 4, 20, and 50 �M hemin, and incubated at 20°C for 4 days (P0). The 

worms were imaged using a DMIRE2 epifluorescence microscope (Leica). 

 

Mammalian Assays 

Cells Transfection for Immunofluorescence 

HEK293 cells were maintained in Dulbecco’ s modified medium with 10% 

fetal bovine serum, 1% penicillin-streptomycin, and glutamine. HEK293 cells were 

seeded on glass coverslips and transfected with FuGENE 6 the following day at a 

confluence of 50%. FuGENE 6 transfection was performed according to the 

manufacturer’ s protocol, and cells were fixed two days after transfection and then 

analyzed by microscopy. 

 

Fluorescence Protease Protection Assay (FPP) 

The FPP Assay was carried out as previously described [58]. HEK293 cells 

were grown in LabTeK cover glass culture chambers (Nunc) and transfected with 

pECFP-N1 HRG-1 chimera constructs. Cultures were incubated for 24 hours and then 

the cells were washed three times with KHM buffer (20 mM HEPES, pH 6.5, 110 

mM potassium acetate, and 2 mM MgCl2). Images of selected cells were recorded 

using a DMIRE2 epifluorescence microscope (Leica) connected to a Retiga 1300 

cooled Mono 12-bit camera. Time-lapse images were acquired before and after 

proteinase K (50 mg/ml for 3 minutes) digestion. Following this, the cells were 
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treated with both 30 mM digitonin and proteinase K and images were recorded 1, 2 

and 3 minutes after treatment. 
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Chapter 3: Results 
 

HRG-6 mediates heme transport in yeast 

Our genetic investigations of C. elegans clearly indicate that CeHRG-1 and 

CeHRG-4 function to maintain heme homeostasis in worms. The presence of multiple 

paralogs of HRG-1 proteins in C. elegans makes it difficult to assess the function of 

each HRG-1-paralog individually. In order to assess CeHRG-6 for heme transport 

activity, we used yeast assays that have been extensively utilized in our lab [59]. We 

used Saccharomyces cerevisiae hem1� mutants that cannot make heme because they 

lack �-aminolevulinc acid synthase (ALAS), which is required for synthesis of �-

aminolevulinc acid (ALA), a precursor for heme synthesis. The hem1� mutant yeast 

strain is unable to grow in the presence of low amounts of heme because it utilizes 

exogenous heme poorly. This growth defect can be rescued by supplementation with 

increasing concentrations of exogenous heme or the heme precursor ALA [60]. The 

growth of this yeast in the presence of low heme (0.05 �M) can also be rescued with 

the ectopic expression of heme importers like CeHRG-1 or CeHRG-4 [51]. 

HRG-1-related proteins tagged at the C-terminus with a HA epitope were 

expressed in hem1� using the yeast-specific expression vector, pYES-DEST52, under 

control of the GAL1 promoter, which is induced in the presence of galactose and 

repressed by adding glucose. The degree of growth rescue and the heme 

concentration indicate relative uptake of heme by HRG-1 related proteins. For proper 

interpretation of the results from the yeast reporter assays, first we determined the 

subcellular localization of ectopically expressed CeHRG-6 in yeast. CeHRG-6-HA 
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was inserted into the yeast expression plasmid and transformed into hem1� yeast. 

Expression of CeHRG-6-HA was probed using an anti-HA antibody and it was 

localized using immunofluorescence and confocal microscopy. The data confirmed 

that CeHRG-6-HA was localized to the plasma membrane of yeast in a manner 

similar to CeHRG-4-HA (Figure 1A). Western blot analysis performed on yeast 

expressing CeHRG-4-HA and CeHRG-6-HA showed that both proteins were 

expressed at equal levels (Figure 1B). Similar to the expression of the heme 

importers, CeHRG-4-HA, CeHRG-1-HA, and human HRG1-HA, expression of 

CeHRG-6-HA resulted in increasing yeast growth in the presence of low heme when 

compared to cells transformed with empty vector (Figure 1C). Data showed that both 

CeHRG-4-HA and HRG-6-HA rescue the yeast growth better than CeHRG-1-HA and 

human HRG-1-HA. 

In order to determine if expression of CeHRG-6 resulted in a change in 

cytoplasmic heme levels, we took advantage of the yeast transcription factor, Hap1p, 

which is activates the CYC1 promoter in the presence of heme. Under low heme 

conditions, Hap1p is localized in the nucleus but remains inactive in large protein 

complexes. When heme is available, Hap1p dissociates from these complexes and 

activates CYC1, which encodes iso-1- cytochrome c, required for aerobic respiration 

[61]. To monitor heme availability in the cytosol, we used a CYC1::lacZ promoter 

reporter fusion. Expression of either CeHRG-4-HA or CeHRG-6-HA resulted in 

increased �-galactosidase activity significantly further confirming both CeHRG-4 and 

CeHRG-6 are capable of transporting heme into the cytosol (Figure 1D). 
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To measure heme availability in an intracellular compartment, we used a 

hem1�fre1�fre2�MET3-FRE1 yeast strain engineered to constitutively express a 

single ferric reductase from the PGK1 promoter [59]. Ferric reductases are heme-

dependent plasma membrane proteins that function to reduce iron from Fe3+ to Fe2+ 

before it can be imported into the cell. Ferric reductases receive their heme within the 

secretory pathway, and thus ferric reductase activity can be used as a measurement of 

heme availability in the secretory pathway. Similar to CeHRG1-HA and CeHRG4-

HA, expression of CeHRG6-HA in this system resulted in increased ferric reductase 

activity significantly in the presence of low heme (Figure 1E). Our interpretation of 

these data is that CeHRG-6 is importing heme into the yeast cell which becomes 

available to the secretory pathway through an as yet unknown mechanism. Together, 

these studies strongly demonstrate that HRG-1 related proteins transport heme in 

yeast as a heterologous system. Although these yeast experiments were strongly 

suggestive that CeHRG-6 can import heme, we conducted additional experiments in 

C. elegans and mammalian cells to confirm the membrane localization and heme 

transport activity of CeHRG-6. 

Localization of HRG-6 protein in mammalian cells  

We next wanted to determine whether CeHRG-6 shared topological and 

localization features with CeHRG-4 given the growth pattern and membrane 

localization of these two proteins in yeast (Figure 2A). Our studies have previously 

found that most worm proteins localize to similar membrane compartments when 

expressed in mammalian cells. For example, CeHRG-4 is found on the plasma 

membrane of worm’ s intestinal cells and when expressed in non-polarized HEK293 
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cells (Figure 2B). Our results reveal that YFP tagged CeHRG-6 also localizes to the 

plasma membrane in HEK293 cells, in support of the cell surface localization seen for 

CeHRG-6 expressed in worm intestinal cells (Figure 2A). Indeed FPP assays using 

CeHRG-1 and CeHRG-4 or chimers in HEK293 cells indicate that the C-terminus of 

both proteins is cytoplasmic (Appendices I & II& III). 

 

Tissue specific expression and subcellular localization of CeHRG-6 in  

C. elegans 

To determine which tissues express hrg-6 and evaluate the regulation of its 

expression, hrg-6 promoter::GFP::hrg-6 3’ UTR constructs were generated using the 

MultiSite Gateway system (Invitrogen) and transformed into worms by microparticle 

bombardment. hrg-4 and hrg-6 are found in tandem on chromosome IV, where they 

are separated by 1.6 kb and divergent in gene orientation. Two different promoters 

were used: a 1.6 kb upstream sequence of hrg-6 which included the intergenic region 

between hrg-4 and hrg-6 (Figure 3A), and a 3 kb sequence upstream of hrg-6 which 

also included hrg-4 and its 3’ -UTR (Figure 3B). None of these constructs expressed 

detectable GFP signals in the transgenic worms. A third construct was generated 

which contained the 3 kb promoter and included hrg-6 separated from gfp by an SL2 

intercistronic sequence (ICS): Phrg-6::hrg-6::ICS::GFP::hrg-6 3’ -UTR (Figure 3C). 

The SL2 sequence engineered between two genes results in both genes being 

transcribed into a single RNA, which is then spliced and subsequently translated into 

two separate proteins [62]. The advantage of this construct is that there is no 

interference from the GFP tag to the protein of interest, but expression of GFP is 
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indicative of transgene expression. Interestingly, this transgenic worm stain expressed 

GFP in the intestine, indicating that intergenic regions within hrg-6 are required for 

hrg-6 expression (Figure 4). 

To examine the subcellular localization of CeHRG-6 protein, translational 

reporter constructs containing the 1.6 kb and 3 kb upstream sequences as described 

above were generated. This was done using a PCR reaction to fuse HRG-6 to GFP, 

which was cloned into the entry vector pDONR-221using the MultiSite Gateway 

system (Invitrogen). Both of the upstream sequences of hrg-6 promoter and the hrg-6 

3’ UTR were cloned by recombination into entry vectors pDONR-P4-P1R, and 

pDONRP2R- P3, respectively, using the Gateway BP Clonase kit. The three entry 

clones were then recombined into a single destination vector, pDEST-R4-R3, using 

the Gateway LR Clonase II Plus enzyme kit. The final construct is the HRG-6 ORF 

fused to GFP, downstream of the putative hrg-6 promoter and upstream of the hrg-6 

3’  untranslated region. This construct was then transformed into the worm by 

microparticle bombardment. The subcellular localization of HRG-6 in transgenic 

worms was determined using fluorescence microscopy and confocal imaging. Both 

HRG-6::GFP expression from the 1.6 kb upstream promoter and from the intestinal-

specific vha-6 promoter is mainly on the apical surface of intestine (Figure 5A&B). 

However; the 3 Kb upstream construct, Phrg-6(3Kb)::HRG-6::GFP::hrg-6 3’ UTR 

worms, expressed HRG-6 on the apical plasma membrane of the whole intestine at all 

larval stages, uterus of young adult stage and spermathecal valve of young gravid 

larval stage (Figure 6). Changing the 3’ UTR of this transgene to the generic unc-54 

3’ UTR did not change the expression pattern of CeHRG-6 (Figure 7). These data 
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indicate that the functional 3 Kb hrg-6 promoter includes the entire hrg-4 gene and 

that HRG-6 is expressed in all intestinal cells, uterus and spermathecal valve.  

Analysis of genetic interactions between hrg-6 and its paralog hrg-4 

We sought to determine the effect of varying heme concentrations on the 

CeHRG-6 translational reporter worm stains. Phrg-6(3Kb)::HRG-6::GFP::hrg-6 

3’ UTR reporter worms were fed the heme-deficient E.coli strain, RP523, grown at 4, 

20, and 50 µM heme [57]. This bacterial strain requires exogenous heme for growth, 

which permits greater control of heme concentrations supplied to the worm than 

regular OP50 bacteria. In contrast to HRG-4::YFP transgenic worms in which YFP 

fluorescence was repressed at high heme concentration, HRG-6::GFP transgenic 

worms showed no change in GFP expression at different heme concentrations 

(Figure 8). This is consistent with our microarray studies, indicating that CeHRG-6 

expression is not regulated by heme levels in worms even at 500 �M heme [43]. It is 

also suggestive of the notion that CeHRG-6 functional across a wider range of heme 

concentrations compared to CeHRG-1 and CeHRG-4, which are not expressed 

beyond 20 �M heme.  

Surprisingly, transgenic worms expressing HRG-6::GFP from the 3 kb 

upstream sequence containing the entire hrg-4 locus showed growth arrest at low 

heme conditions and this phenotype could be rescued by addition of heme (Figure 9). 

Changing the 3’ UTR of this transgene to the generic unc-54 3’ UTR did not rescue 

this growth defect, indicating that HRG-6 3’ UTR has no effect on the growth arrest 

phenotype. Both HRG-6::GFP expressed from the 1.6 kb upstream promoter and 

from the intestinal-specific vha-6 promoter did not show a growth arrest but revealed 
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a slight growth delay comparing to wild type worms (Figure 10). These results are 

suggestive that either hrg-6 expression is not as strong in these constructs as from 3 

kb upstream sequence or that overexpression of HRG-6 has a negative effect on 

HRG-4, which is present in the 3 kb promoter, under low heme conditions. 

RNAi depletion is a good genetic tool to study the interaction between hrg-6 

and hrg-4 and to confirm that the growth arrest for CeHRG-6 reporter worms is due 

to CeHRG-6 overexpression. RNAi of gfp or hrg-6 in Phrg-6(3kb)::HRG-

6::GFP::hrg-6 3’ UTR transgenic worms rescued the growth arrest phenotype (Figure 

11A). By contrast, knockdown of either vector or hrg-1 did not rescue the growth 

arrest phenotype. These results indicate that the growth arrest is possibly because of 

hrg-6 overexpression. RNAi of hrg-4 at low heme concentrations in this transgenic 

worm strain resulted both in the attenuation of HRG-6::GFP expression only in the 

intestine and not in spermathecal-uterine valve as well as rescue of the growth arrest 

phenotype (Figure 11A). Also, RNAi of hrg-4 resulted in depletion of hrg-

6::ICS::GFP (Figure 11B). RNAi of hrg-4 at high heme conditions did not have any 

effect of GFP expression in this worm strain (Figure 12). These results suggest that 

CeHRG-4 and CeHRG-6 interact at a post-transcriptional level. 

To further investigate the genetic interaction between hrg-6 and hrg-4 and 

identify if hrg-6 can activate or repress hrg-4, the Phrg-4(3kb)::HRG-4::GFP::hrg-4 

3’ UTR worm strain was generated. Confocal microscopy analysis of this strain 

confirmed that CeHRG-4 was localized to the apical plasma membrane of the 

intestine. RNAi of hrg-6 in these transgenic worms resulted in attenuation of HRG-

4::GFP expression in the intestine at low heme concentrations. Knockdown of either 
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vector or hrg-1 did not have effect on hrg-4 expression. These results indicate that the 

both hrg-4 and hrg-6 regulate each other at low heme (Figure 13A& B).  

We next examined the effect of depleting hrg-1 paralogs on worm 

reproduction in the RNAi-hypersensitive worm strain, VH624 (rhIs13 V; nre-1(hd20) 

lin-15b (hd126). RNAi-hypersensitive VH624 worms were grown to the gravid adult 

stage on plates seeded with OP50 bacteria without additional heme. The adult P0 

worms were synchronized and transferred to RNAi plates grown at various heme 

concentrations. Live and dead progeny were counted in F1 generation. Depletion of 

hrg-4 at low heme concentrations resulted in a 50% reduction of live, hatched 

progeny when compared to worms fed vector control RNAi. No significant increase 

in unhatched progeny was observed when hrg-6 was depleted. By contrast, RNAi of 

hrg-4 at high heme did not have an effect on embryonic development because hrg-4 

is not expressed at this heme concentration (Figure 14A & B).  
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Figure 1: Improved hemin utilization in yeast overexpressing CeHRG-6 

(A) Immunoblotting using an anti-HA antibody was performed on yeast 

transformants overexpressing C-terminal HA-tagged CeHRG- 4 or CeHRG-6 in the 

hem1� strain. (B) Identical yeast transformants were subjected to indirect 

immunofluorescence microscopy to determine the intracellular localization of 

CeHRG-6- protein. (C) A heme-dependent growth assay was performed on hem1� 

yeast. Transformed yeast were grown overnight without heme, and plated in serial 

dilutions on medium supplemented with either 0.05 or 0.1 or 5 �Mheme. (D) hem1� 

yeast were co- transformed with pCYC1-LacZ and either vector, CeHRG-4-HA, or 

CeHRG-6-HA and grown at varying heme concentrations. Cell lysates were assayed 

for �-galactosidase activity. (E) hem1�fre1�fre2�MET3-FRE1 yeast were 

transformed with vector, CeHRG-4-HA or CeHRG-6-HA and grown with either 

1�M or 10 �M heme. Whole cells were assayed for ferric reductase activity. Error 

bar represent the standard error of the mean (SEM) from 3 independent experiments 

*** p < 0.001, ** p < 0.01. * p < 0.05. 
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Figure 2: Membrane Topology and Localization of CeHRG-4 and CeHRG-6. 

(A) Putative topology of CeHRG-4 and CeHRG-6 predicted by TMHMM 2.0 and 

SOSUI. The amino and carboxyl-termini are cytoplasmic, C1 is the cytoplasmic loop 

and E1 and E2 are the exoplasmic loops. Potential heme interacting residues are 

shaded in red. (B) CeHRG-4 and CeHRG-6 localization to the plasma membrane in 

mammalian cells. HEK293 cells were seeded on glass cover slips and transfected 

with GFP-tagged CeHRG-4 or CeHRG-6 using FuGENE 6.  
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Figure 3: Schematic representing hrg-6 transcriptional fusion constructs. 

A) Transgenic worms were generated expressing GFP from the 1.6 kb promoter 

upstream of hrg-6 transcriptional start site fused to GFP and the hrg-6 3’  UTR The 

promoter include intergenic region between hrg-4 and hrg-6 (B) Transgenic worms 

strain were generated using 3kb promoter upstream of the hrg-6 transcriptional start 

site fused to GFP and the hrg-6 3’  UTR. This construct included the hrg-4 ORF 

located upstream of hrg-6, which is found in the opposite orientation on the 

chromosome and shown in blue. (C) A third construct was generated which contained 

the 3 kb promoter (including the hrg-4 ORF) driving expression of hrg-6 (including 

introns) fused to GFP and the hrg-6 3’  UTR. An SL2 intercistronic sequence 

separates the hrg-6 ORF and the GFP ORF, causing them to be translated from 

distinct transcripts. 
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Figure 4: Transgenic worms expressing the Phrg-6(3kb)::HRG-6 SL2:GFP::hrg-

6 3’UTR construct express GFP in the intestine. 

This construct was generated which contained the 3 kb promoter (including the hrg-4 

ORF) driving expression of hrg-6 (including introns) fused to GFP and the hrg-6 3’  

UTR. This construct was then transformed into the worm by microparticle 

bombardment. The worms were exposed to OP50 bacteria grown on NGM plates and 

imaged using an inverted microscope.  
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Figure 5: Localization of HRG-6 in the intestinal cells of C. elegans 

(A) Transgenic worms expressing the Phrg-6(1.6Kb)::HRG-6::GFP::hrg-6 3’ UTR 

construct express mainly in the anterior intestinal cells. The 1.6 kb intergenic region 

of the hrg-6 promote or Vha6 promoter, HRG-6::GFP, and the hrg-6 3’ UTR were 

cloned by recombination into entry vectors pDONR-P4-P1R, pDONR-221 and 

pDONRP2R- P3, respectively, using the Gateway BP Clonase kit. The three entry 

clones were then recombined into a single destination vector, pDEST-R4-R3, using 

the Gateway LR Clonase II Plus enzyme kit. (B) Transgenic worms expressing the 

vha6 promoter::HRG-6::GFP::unc54 3’ UTR construct express on the apical surface 

of the intestinal cells. These constructs were then transformed into the worm by 

microparticle bombardment. The worms were exposed to OP50 bacteria grown on 

NGM plates and imaged using an inverted microscope.  
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Figure 6: Phrg-6(3Kb)::HRG-6::GFP::hrg-6 3’UTR transgenic worms express 

HRG-6 on the apical surface of worm’s intestine ,uterus, and spermathecal valve 

of young gravid larval stage. 

HRG-6 fused to GFP and cloned into an entry vector pDONR-221 using the MultiSite 

Gateway system (Invitrogen). 3 kb upstream sequences of hrg-6 promoter and the 

hrg-6 3’ UTR were cloned by recombination into entry vectors pDONR-P4-P1R, and 

pDONRP2R- P3, respectively, using the Gateway BP Clonase kit. The three entry 

clones were then recombined into a single destination vector, pDEST-R4-R3, using 

the Gateway LR Clonase II Plus enzyme kit. This construct was then transformed into 

the worm by microparticle bombardment. (A) HRG-6::GFP is localized to the apical 

membrane of the intestine. (B) LEFT – HRG-6::GFP under control of the 3 kb 

promoter is expressed in the uterus (white arrow) of young adlt worms. RIGHT – 

HRG-6::GFP under control of the same promoter is also expressed in the 

spermathecal valve (white arrow) of young adult worms. 
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Figure 7: Phrg-6(3Kb)::HRG-6::GFP::unc54 3’UTR transgenic worms express 

HRG-6 on the apical surface of worm’s intestine ,uterus, and spermathecal valve 

of young gravid larval stage. 

HRG-6 fused to GFP and cloned into an entry vector pDONR-221 using the MultiSite 

Gateway system (Invitrogen). 3 kb upstream sequences of hrg-6 promoter and the 

unc54 3’ UTR were cloned by recombination into entry vectors pDONR-P4-P1R, and 

pDONRP2R- P3, respectively, using the Gateway BP Clonase kit. The three entry 

clones were then recombined into a single destination vector, pDEST-R4-R3, using 

the Gateway LR Clonase II Plus enzyme kit. This construct was then transformed into 

the worm by microparticle bombardment. Middle - HRG-6::GFP under control of the 

3 kb promoter and generic 3’ utr is expressed in the uterus (white arrow) of young 

adult worms. RIGHT – HRG-6::GFP under control of the same promoter is also 

expressed in the spermathecal valve (white arrow) of young adult worms. 
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Figure 8: Expression of HRG6::GFP is not regulated by heme. 

Worms expressing the HRG-6::GFP translational fusion show GFP expression across 

varying heme concentrations. The worms were initially maintained on nematode 

growth medium (NGM) agar plates seeded with OP50 bacteria at 20°C. Synchronized 

L1 larvae were then fed heme-deficient E.coli (RP523) grown in the presence of 4, 

20, or 50 µM heme, and the expression was analyzed by microscopy. DIC and GFP 

images are 20x.  
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Figure 9: Transgenic worms expressing HRG-6::GFP from the 3 kb promoter 

containing the entire hrg-4 locus show heme-dependent growth arrest. 

HRG-6::GFP reporter worms and wild type N2 worms were initially maintained on 

nematode growth medium (NGM) agar plates seeded with OP50 bacteria at 20°C. (A) 

Synchronized L1 larvae were then fed heme deficient E.Coli RP523strain grown in 4, 

and 20 µM heme and the growth was analyzed under microscope. (B) Arrested HRG-

6::GFP worms grown at 4 µM heme that were transferred to 20 µM heme were able 

to develop to adult gravid stage. DIC and GFP images are 20x 
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Figure 10: Growth arrest of HRG 6::GFP worms at 4 µM heme. 

Transgenic worms were initially maintained on nematode growth medium (NGM) 

agar plates seeded with OP50 bacteria at 20°C. Synchronized L1 larvae were then fed 

heme-deficient RP523bacteria grown in the presence of 4 µM heme and the growth 

was analyzed.DIC and GFP images are 20x. Growth arrest was observed for only 

Phrg-6(3Kb)::HRG-6::GFP::hrg-3’ UTR and Phrg-6(3Kb)::HRG-

6::GFP::unc543’ UTR. Both HRG-6::GFP with 1.6kb upstream sequence and with an 

intestinal specific vha-6 promoter showed a slight growth delay comparing to wild 

type worms, but no growth arrest as observed in worms with 3kb upstream sequence. 
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Figure 11: The growth arrest of HRG-6::GFP transgenic worms may be due to 

hrg-6 overexpression. 

(A) HRG-6 GFP Transgenic worms were initially maintained on nematode growth 

medium (NGM) agar plates seeded with OP50 bacteria at 20°C. Synchronized L1 

larvae were then exposed to HT115 (DE3) bacteria grown in the absence of heme and 

induced to produce double stranded RNA against either vector, hrg-1, hrg-4, hrg-6,or 

gfp. GFP expression and growth were analyzed after 72 h by microscopy. DIC and 

GFP images are 20x. (A) Knockdown of hrg-6, gfp or hrg-4 

can rescue the growth arrest phenotype. The white arrow indicates spermathecal valve 

expression in the presence of hrg-4 RNAi. (B) RNAi depletion of hrg-4 reduces 

HRG-6::ICS::GFP expression in the worm intestine. 

 

 

 

 



 

 59 
 

vector hrg-1 gfphrg-6
RNAi

hrg-4

hrg-6 GFP hrg-6 
‘3-UTRhrg-6 promoter(3Kb) HRG-6 GFP hrg-6 
3’-utr

0 �M heme

A

 

 

 
 
 
 
 
 
 



 

 60 
 

Figure 12: RNAi of hrg-4 at high heme conditions did not have an effect of GFP 

expression in HRG-6 GFP worm strain.  

Transgenic worms were initially maintained on nematode growth medium (NGM) 

agar plates seeded with OP50 bacteria at 20°C. Synchronized L1 larvae were then 

exposed to HT115(DE3) bacteria grown in the presence 25 µM heme and induced to 

produce double stranded RNA against either vector, hrg-1, hrg-4, or hrg-6. GFP 

expression and growth were analyzed after 72 h by microscopy. DIC and GFP images 

are 20x.  
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Figure 13: RNAi of hrg-6 in results in attenuation of HRG-4::GFP expression in 

the intestine at low heme concentrations. 

Transgenic worms were initially maintained on nematode growth medium (NGM) 

agar plates seeded with OP50 bacteria at 20°C. (A) Synchronized L1 larvae were then 

exposed to HT115 (DE3) bacteria grown in the absence of heme and induced to 

produce double stranded RNA against vector, hrg-1, hrg-4, or hrg-6.  

 (B) Synchronized L1 larvae were then exposed to HT115 (DE3) bacteria grown in 

the presence of 25�M heme and induced to produce double stranded RNA against 

either vector,hrg-1,hrg-4, or hrg-6. GFP expression was analyzed after 72 h by 

microscopy. DIC and GFP images are 20x.  
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Figure 14: Depletion of hrg-4 but not hrg-6 in RNAi-hypersensitive worms 

results in decreased live progeny when worms are grown at low heme.  

The transgenic worms were initially maintained on nematode growth medium (NGM) 

agar plates seeded with OP50 bacteria at 20°C. Synchronized L1 larvae were then 

exposed to HT115 (DE3) bacteria grown in the absence of supplemeted heme or 

presence of 50�M heme and induced to produce double stranded RNA against vector, 

hrg-1, hrg-4, or hrg-6. (A) Hatched and unhatched progeny images were taken to 

larvae were exposed to HT115 (DE3) bacteria grown in the absence of supplemeted 

heme or presence of 50 �M heme. (B) Hatching rate of three gravid adults in each 

hrg-1 paralog RNAi plate that exposed to HT115 (DE3) bacteria grown in the 

absence of supplemeted heme or presence of 50 �M heme. The number of hatched 

and unhatched progeny was counted after 72 h.  
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Chapter 4: Discussion 
 

Heme is an essential cofactor for various biological processes. Although the 

synthesis and degradation of heme have been extensively studied, the mechanisms 

responsible for inter- and intra- cellular heme transport remain poorly understood. 

Utilizing C.elegans, we identified HRG-1 as the first eukaryotic heme 

importer/transporter. C. elegans has three additional putative paralogs of hrg-1, which 

we termed hrg-4, hrg-5, and hrg-6. While detailed studies have been conducted to 

characterize the role of CeHRG-1 and CeHRG-4 in mediating heme homeostasis, not 

much is known about the role of CeHRG-5 and CeHRG-6. Although both hrg-1 and 

hrg-4 are highly regulated by heme, microarray and qRT PCR analysis indicate that 

hrg-5 and hrg-6 are not heme responsive. In this study, we suggest that multiple 

HRG-1 paralogs (CeHRG-4, CeHRG-6) may play overlapping roles or function 

together to ensure heme homeostasis under varying heme conditions.  

The differences in regulation of individual hrgs could provide molecular 

insights into the functional aspects of these hrgs and their contribution to heme 

homeostasis. This inference is based on the following observations: a) Depletion of 

hrg-1 or hrg-4 by RNA mediated interference in wild type worms does not result in 

any obvious effect on growth and development; b) hrg-6 and hrg-4 share the same 1.6 

kb promoter region (though they are transcribed in opposite directions) and this 

organizational architecture is conserved in C. elegans, C. briggsae and C. remanei; c) 

the hrg paralogs have similar topology and conserved amino acids that have been 

shown to be important for heme transport; d) Both CeHRG-4 and CeHRG-6 are 

localized to the apical surface of the intestine and the plasma membrane in yeast and 
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mammalian cells; e) Our genetic studies in worms reveal that �hrg-1 �hrg-4 double 

mutant worms show a mild growth delay only when grown under low heme 

conditions. We reasoned that the other HRG-1 paralogs might be providing the 

compensatory mechanisms for heme uptake in the worms that lack hrg-1 and hrg-4. 

It is difficult to understand the role of each individual paralog in C. elegans 

heme homeostasis. To overcome this issue, we have used the hem1� yeast strain 

which is unable to synthesize heme and lacks the ability to utilize exogenous heme at 

low concentrations. In the current study, we used three independent functional assays 

in yeast to determine the molecular characteristics of HRG-1-related proteins [59]. 

Functional assays in S. cerevisiae reveal that like CeHRG-1 and CeHRG-4, CeHRG-6 

enhances the heme-dependent growth of hem1� yeast and is therefore a potential 

heme transporter. We attribute the strong ability of CeHRG-6 to rescue the growth of 

hem1� yeast to its plasma membrane localization; like CeHRG-4, it has greater 

access to extracellular heme than CeHRG-1, which is primarily localized to vacuolar 

membranes within the yeast cell. 

The highly conserved amino acid sequences and the similar predicted 

topologies of these proteins hint that the mechanistic model for heme import across 

membranes by CeHRG-6 may be similar to that of CeHRG-4. In 2012, Yuan et al 

identified highly conserved residues that are critical for CeHRG-4-mediated heme 

transport, including an invariant tyrosine in the second transmembrane domain 

(TMD2), a histidine in the second exoplasmic loop (E2 loop) and the FARKY motif 

[31]. As CeHRG-4 localizes to the apical plasma membrane of the intestine, it is more 

likely to encounter heme in an oxidized form. Tyrosine stabilizes heme and prevents 
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it from carrying out oxidative chemistry [63, 64]. Yuan et al proposed that the 

histidine in the E2 loop on the extracellular/luminal side binds and transfers heme to a 

tyrosine in TMD2 within the channel. The heme is subsequently translocated to the 

cytoplasmic side, a process that is facilitated by the FARKY motif in the C-terminal 

tail. The aromatic and positively charged amino acids in this motif may serve as heme 

ligands and stabilize or orient the vinyl and propionic acid side chains [51]. Many of 

these residues, including the tyrosine in TMD2 and a variant of FARKY motif, 

LARYY in CeHRG-6, are preserved in CeHRG-6. 

The ability of excess heme to rescue the defect associated with HRG-6 GFP 

reporter worms that were grown at low heme, as well as the fact that RNAi depletion 

of both hrg-6 and GFP increases their survival, indicated that CeHRG-6 may not be 

required for heme import under low heme conditions. When HRG-6GFP worms are 

placed as L1 larvae into low heme conditions (1-4�M), they arrested as early L4 

larvae. However, when these worms are placed at an intermediate heme concentration 

(20-50�M), they are able to develop to the adult stage. In order to successfully 

propagate this strain after being grown in the presence of low heme concentrations, 

these worms must be grown on bacteria supplemented with �20 �Mheme. We suggest 

three possibilities to explain why overexpression of hrg-6 causes growth arrest: 1) 

Overexpression of hrg-6 at low heme inhibits both endogenous and ectopically-

expressed hrg-4 at the promoter level by competing for transcriptional machinery in 

their shared promoters (promoter compatibility); 2) Overexpression of CeHRG-6 at 

low heme inhibits the function of CeHRG-4 at the protein level; and 3) As worms 

expressing HRG-6 GFP from the 3 kb upstream promoter region exhibit 
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extraintestinal expression, it is possible that hrg-6 expression specifically in these 

tissues interferes with intestinal heme transport. 

RNAi depletion of CeHRG-6 at low heme decreased GFP expression of 

CeHRG-4 worms. These data suggest that CeHRG-6 is functioning in relation to 

CeHRG-4. Moreover; RNAi of CeHRG-4 but not CeHRG-6 in RNAi hypersensitive 

worm strains decreases live, hatched progeny at low heme conditions. This may 

suggest that CeHRG-6 is not the primary heme transporter in low heme conditions. It 

is also possible that CeHRG-6 is a regulator of CeHRG-4. Such a regulation is 

observed between Ctr-1 and Ctr-2. Ctr1−/−mice fail to gastrulate and die in utero, 

while Ctr2 null mice show no growth phenotypes [65, 66]. Recent work showed that 

Ctr-2 in fact regulates the activity of Ctr-1 by directly interacting with Ctr-1 [67].  

Our studies showed plasma membrane localization for HRG-4 GFP and HRG-

6 GFP in yeast, mammalian cells, and worms. When the C-terminus of CeHRG-1 was 

replaced with the C-terminal domain of CeHRG-4, CeHRG-114CFP was seen on the 

plasma membrane of HEK293 cells (Appendix 1). Conversely, CeHRG-441, 

localized to the endosomal-lysosomal membranes. FPP assays in mammalian cells 

revealed the C-terminal domains of HRG-1-related proteins reside in the cytoplasm. 

These findings indicate that the C-terminal domains of CeHRG-4 are required for 

proper protein localization, which we speculate must also be true for CeHRG-6. 

Our previous studies showed that HRG-1-related proteins migrate as dimers 

and trimers on SDS/ PAGE gel in non denaturing conditions. This is raising the 

possibility that HRG-1-related proteins function as multimers [43]. Such a situation 

is observed in Ctr-family integral membrane proteins which assemble as multimers, 
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and form a channel lined with ligands for copper binding and transport [68-71]. The 

co-immunoprecipitation of proteins from cellular fractions will be the most 

convincing evidence that two or more proteins physically interact in vivo [72-74]. In 

addition to and complementary with the above, bimolecular fluorescence 

complementation (BiFC) assay can be used to verify if CeHRG-6 and CeHRG-4 

interact with each other. 

Our results indicate that CeHRG-1-related proteins are differentially regulated 

by heme, localized to distinct intracellular membranes and plausibly form 

heterotypic multimers. If true, these models of regulation will provide a diverse, 

multi-pronged mode of regulation for uptake of heme, an essential but toxic nutrient. 
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Appendices 

Appendix I: A cartoon of the FPP illustrates a single cell before and after 

digitonin and proteinase K treatments. 

Treatment of protinase K alone will degrade the C-termial tag if facing the 

exoplasmic surface of the cell, while the intracellular GFP tags will be protected. 

After a brief treatment with digitonin and proteinase K, the GFP tag of CeHRG-4 was 

degraded, while the C-terminal tag of CeHRG-1 remained protected. After further 

treatment with digitonin and proteinase K, the CeHRG-1 tag was degraded, indicating 

that the C-terminus is located in an intracellular compartment. 
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Appendix II: fluorescence protease protection assay indicates that the C-

terminus of HRG-4 is located in the cytosol and the C-terminus of HRG-1 is 

located within an intracellular compartment. 

A fluorescence protease protection (FPP) assay was performed using CeHRG-1 and 

CeHRG-4 CFP chimeras expressed in live HEK293 cells. The assay is based on 

ability of proteases to degrade exposed polypeptides versus their inability to digest 

protected polypeptides. 
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Appendix III: The C-terminal domains for both CeHRG-114-CFP and CeHRG-

441-CFP are cytoplasmic and are required for proper protein localization. 

Fluorescence protease protection (FPP) assay was done by using GFP chimeras 

expressed in HEK293 living cells. The assay is based on ability of proteases to 

degrade exposed polypeptides versus their inability to digest protected polypeptides. 

The C-terminus of CeHRG-1 was replaced with the C-terminal domain of CeHRG-4 

and named CeHRG-114CFP. The C-terminus of CeHRG-4 was replaced with the C-

terminal domain of CeHRG-1 and named CeHRG-441CFP. [61]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 76 
 

CeHRG-114- CFP

Untreated
Proteinase K 

(3 min)

Digotonin & 
Proteinase K  
(1min)

Digotonin & 
Proteinase K 
(2min)

CeHRG-441-CFP

B

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 77 
 

Appendix IV: Reporter constructs used in this study. 
 
 
 Strain 
name 

Genotype 

IQ6161 1.6 Kb upstream of hrg-6::hrg6-gfp::hrg-6 UTR 
 

IQ6162 3 Kb upstream of hrg-6::hrg6-gfp::hrg-6 UTR 
 

IQ6163 3 Kb upstream of hrg-6::hrg6-gfp::unc54 UTR 
 

IQ6164 vha6 promoter::hrg6-gfp::unc54 UTR 
 

IQ6361 3 Kb upstream of hrg-6::hrg6::SL2::gfp::hrg-6 
UTR 
 

IQ6362 3 Kb upstream of hrg-6::hrg6flag::SL2::gfp::hrg-6 
UTR 
 

IQ6341 3 Kb upstream of hrg4::hrg4flag::SL2::gfp::hrg-4 
UTR 
 

IQ6061 1.6 Kb upstream of hrg-
6:: gfp::hrg-6 UTR 

 

IQ6062 3 Kb upstream of hrg-6:: gfp::hrg-6 UTR 
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Appendix V: Oligonucleotides used in this study. 
 
 
Name Sequence (5’ to 3’) 

 
 
5'promotor 1.6kb 
 
3'promotor hrg-6p 
 
reverse prom hrg-6#1  
 
reverse prom hrg-6#2 
 
5'B23utr hrg-6 
 
5'B23utr hrg-6 
 
5’ hrg-6-gfp 
 
3’  gfp- hrg-6 
 
5’ attB1HRG-6 

 
GGGGACAACTTTGTATAGAAAAGTTGNACATTCAAAGATTGTAAACTTAAACA|TTAA 
 
GGGGACTGCTTTTTT GTA CAAACTTGCAACATAATTATGCAAAAAACAAATAGAACT 
 
GGGG ACTGCTTTTTTGTACAAACTTGCTCCATCTAATATAAACCCAATAATTTTAGTTACGGT 
 
GGGGACTGC TTT TTT GTACAAACTTGCTGGCAGTCGACCACCAATTTAAACCAT 
 
GGGG AC AAC TTT GTA TAA TAA AGT TGTCATGGGATAGATGTGATCATCGCG  
 
GGGG ACA GCT TTC TTG TACAAAGTGGCAAATGTTGATTTAGTTTTACATTTCGTGTG 
 
GAGCCAGATGAT CCA TCA ACT TGG AAG TTTATG AGT AAA GGA GAA GAA CTT TTC ACT 
 
AGTGAAAAGTTC TTCTCCTTTACTCAT AAACTT CCAAGT TGATGGATCATCTGGCTC 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTAATACGCGACCAGAAACACAACGTGTATTTGCA
AGCT 
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