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        Abstract



        
          Background:


          Iron-responsive Elements (IREs) are hairpin structures located in the 5’ or 3’ untranslated region of some animal mRNAs. IREs have a highly conserved terminal loop and a UGC/C or C bulge five bases upstream of the terminal loop, which divides the hairpin stem into an upper stem and a lower stem.

        


        
          Objective:


          The objective of this study was to investigate the base-pair composition of the upper and lower stems of IREs to determine whether they are highly conserved among mRNAs from different genes.

        


        
          Methods:


          The mRNA sequences of six 5’IREs and five 3’IREs from several animal species were retrieved from the National Center for Biotechnology Information. The folding free energy of each IRE mRNA sequence was predicted using the RNAfold WebServer.

        


        
          Results:


          We found that the upper and lower stems of IREs are not highly conserved among the mRNAs of different genes. There are no statistically significant differences in the IRE structures or folding free energies between mammalian and non-mammalian species relative to either the ferritin heavy chain 5’IRE or ferroportin 5’IRE. There are no overall significant differences in the folding free energies between UGC/C-containing 5’IREs and C-bulge-containing 5’IREs, or between 5’IREs and 3’IREs.

        


        
          Conclusion:


          Further studies are needed to investigate whether the variations in IRE stem composition are responsible for fine-tuning the IRE/Iron-Regulatory Protein interactions among different mRNAs to maintain the balance of cellular iron metabolism, and to identify whether evolutionary processes drive the base-pair composition of the upper and lower stems of IREs toward any particular configuration.
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      1. INTRODUCTION


      The interactions between Iron-Responsive Elements (IREs) and Iron-Regulatory Proteins (IRPs) are among the most extensively investigated post-transcriptional regulatory mechanisms, as cellular iron metabolism is regulated through the IRE/IRP system [1-8]. When intracellular free iron content is low, IRPs bind to IREs in two locations: 1) the 5’ Untranslated Regions (5’UTRs) of certain messenger RNAs (mRNAs), where they inhibit ribosome binding and thus mRNA translation, and 2) the 3’ Untranslated Regions (3’UTRs) of several other mRNAs, stabilizing those mRNAs against endonucleolytic degradation. When intracellular iron concentration is high, IRP-IRE binding is inhibited, which allows the 5’IRE-containing mRNAs to be translated to produce proteins involved in iron storage (ferritin heavy chain, FTH; and ferritin light chain, FTL), iron export (Ferroportin, FPN), and heme biosynthesis catalysis (erythroid aminolevulinate synthase 2, ALAS2), as well as enzymes of the tricarboxylic acid cycle (mitochondrial aconitase 2, ACO2), and transcription factors produced in response to hypoxia (hypoxia-inducible transcription factor 2α, HIF2α). The inhibition of IRP-IRE binding at high cellular iron concentrations also destabilizes the 3’IRE-containing mRNAs, including the Transferrin Receptor (TFRC), Divalent Metal Transporter 1 (DMT1), and cell cycle regulator (cell division cycle 14A, CDC14A), which facilitates the degradation of these mRNAs and inhibits further iron uptake [1, 2, 6, 9-13].


      IREs are highly conserved hairpin stem-loop structures containing 26-30 nucleotides. The terminal loop sequence is 5’-CAGUGN-3’ (N can be C, U, or A, but never G). There is a conserved UGC/C or C bulge five bases upstream of the terminal loop, which divides the hairpin stem into an upper stem and a lower stem [9, 14]. In recent years, IRE-containing mRNAs, such as the mRNAs of amyloid precursor protein and α-synuclein, have been discovered by biochemical and computational approaches [15, 16]. Some newly discovered IREs do not contain the conserved 5’-CAGUG-3’ terminal loop sequence, and the C bulge is not located exactly five bases upstream of the terminal loop [15-18].


      The IRP mainly binds to IREs at two separate sites: the AGU apical loop and the C bulge [19, 20]. The upper stem of the IRE, between the terminal loop and the bulge, and the lower stem below the bulge, both play important roles in maintaining the orientation of the loop and the bulge for proper IRE-IRP binding. Few studies have investigated the stems of IREs, nor have the separate roles of the upper and lower stems been examined. We hypothesize that the base-pair composition of the upper and lower stems of IREs are not highly conserved among mRNAs from different genes (except those with the irregular terminal loop and bulge) and that the IREs with a UGC/C internal loop have a somewhat different stem composition than those with a single C bulge. To test this hypothesis, we investigated six 5’IREs and five 3’IREs from animal mRNAs and analyzed the number of Watson-Crick base-pairs, wobble base-pairs, and mismatched pairs in the upper and lower stems of each type of IRE.

    


    
      

      2. METHODS


      Among the IREs in the mRNAs of nine genes investigated in this study, six are located in the 5’UTRs of mRNAs (FTH, FTL, ACO2, FPN, ALAS2, and HIF2α), and the other three are located in the 3’UTRs of mRNAs (CDC14A, DMT1, and TFRC). The mRNA sequences were retrieved from the National Center for Biotechnology Information (NCBI, http: //www.ncbi.nlm.nih.gov/nuccore/). Each mRNA investigated was found under the “Nucleotide” category, with the following filters activated: Species-Animals, Molecule types-mRNA, and Source databases-RefSeq. Of the various mRNAs that were retrieved, only those that contain experimentally supported base sequences were analyzed; sequences labeled as “Predicted mRNA” were not included.


      From the mRNAs that were retrieved using these parameters, only the IRE sequences containing a conserved 5’-CAGUG-3’ terminal loop and a conserved UGC/C or C bulge five bases upstream of the terminal loop were analyzed. For example, the 3’UTR of TRFC mRNA contains five IREs. However, only three of them have the exact 5’-CAGUG-3’ loop sequence and a C bulge five bases upstream of the terminal loop; therefore, only these three 3’IRE sequences were analyzed.


      For a complete comparison, we investigated IRE sequences in both mammals and non-mammalian animals for the mRNAs of nine genes. Some species have incomplete UTR information; therefore, either no IRE sequence or only partial sequences were retrieved. We did not include transcripts with absent or partial sequences in our analysis but included them in Tables 1-9 with a brief note.


      The minimum folding free energy of each mRNA sequence in Tables 1-9 was predicted using the RNAfold WebServer (http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi), which is a component of the ViennaRNA package developed by the Institute for Theoretical Chemistry at the University of Vienna.


      Statistical analyses were performed using Excel to compare the differences in IRE structure and folding free energy between mammalian and non-mammalian species for the transcripts of each of the nine genes studied. Seven analyses were run to compare the mammalian and non-mammalian species relative to 1) the number of AU pairs in the upper stems of their IREs, 2) the number of GU pairs in the upper stems of their IREs, 3) the number of GC pairs in the upper stems of their IREs, 4) the number of AU pairs in the lower stems of their IREs, 5) the number of GU pairs in the lower stems of their IREs, 6) the number of GC pairs in the lower stems of their IREs, and 7) the predicted folding free energies of the IRE transcripts of each gene in this study. An F-test was performed to determine whether the variance (s2) was significant at the 95% confidence level, followed by a t-test (“two-sample equal variance” or “two-sample unequal variance,” according to the results from the F-test) to determine whether the difference between mammalian and non-mammalian species was significant at the 95% confidence level for each of the seven comparisons listed above. If Excel returned a calculated p-value of less than 0.05, a significant difference was indicated.


      Statistical analyses were also performed to compare the folding free energies between 5’IREs and 3’IREs, and between UGC/C-containing IREs and C-bulge-containing IREs. Non-mammalian species could not be analyzed due to a lack of available IRE mRNA sequence data. The results are summarized in Table 10.

    


    
      

      3. RESULTS AND DISCUSSION


      Fig. (1) illustrates the secondary structures of eleven of the human IREs contained in the transcripts of the nine genes investigated in this study. Data presented in Tables 1-9 provide the base-pair compositions of the upper stem (i.e., the five base-pair helix between the terminal loop and the bulge) and the lower stem (i.e., the five base-pair helix below the bulge) in the 5’IREs of FTH, FTL, ACO2, FPN, ALAS2, and HIF2α mRNAs, and in the 3’IREs of CDC14A, DMT1, and TFRC mRNAs, respectively. The five base-pair upper stems of IREs are shown in bold; the five base-pair lower stems are underlined. The predicted folding free energy of each mRNA sequence is also presented in Tables 1-9.


      [image: ]
Fig. (1)

      An illustration of the secondary structures of IREs in the 5’UTRs of human FTH, FTL, ACO2, FPN, ALAS2, and HIF2α mRNAs (top row), and in the 3’UTRs of human CDC14A, DMT1, and the three human TFRC mRNAs used in this study (second row). Note: A Watson-Crick base-pair is depicted by a dash, and a wobble base-pair is depicted by a dot. The line connecting the 1st nucleotide (C) and the 5th nucleotide (G) in the terminal loop of an IRE indicates the existence of a Watson-Crick base-pairing between these two nucleotides.

      Regarding the upper stems, in the FTH 5’IRE (Table 1), five of the mammalian species studied (Homo sapiens, Pongo abelli, Macaca mulatta, Sus scrofa, and Canis lupus familiaris) contain three AU Watson-Crick pairs, one GU wobble pair, and one GC Watson-Crick pair in their upper stems. Three other mammalian species (Bos taurus, Mus musculus, and Ovis aries) contain four AU pairs and one GC pair in their upper stems. Four non-mammalian species (Danio rerio, Salmo salar, Xenopus laevis, and Xenopus tropicalis) also contain four AU pairs and one GC pair, whereas the other two non-mammalian species (Gallus gallus and Anas platyrhynchos) contain two AU pairs, one GU pair, one GC pair, and one mismatched GA pair in their upper stems. Statistical analyses indicate that there are no significant differences (p > 0.05) between mammalian and non-mammalian species regarding the number of AU, GU, or GC pairs in the upper stem of the FTH 5’IRE.


      In the FTL 5’IRE (Table 2), nine out of ten mammalian species studied contain three AU pairs, one GU pair, and one GC pair in their upper stems, whereas Mus musculus has four AU pairs and one GC pair. For the FTL mRNAs, no non-mammalian species contains a complete IRE sequence, so a statistical comparison to mammalian species could not be conducted. In the ACO2 5’IRE (Table 3), all of the mammalian species studied contain four AU pairs and one GC pair in their upper stems, whereas the non-mammalian Gallus gallus contains three AU pairs, one GC pair, and one mismatched UC pair. Statistical analysis was not performed because data are available from only one of the non-mammalian species. In the FPN 5’IRE (Table 4), all of the species studied contain three AU and two GC pairs in their upper stems. There is no difference between mammalian and non-mammalian species. In the ALAS2 5’IRE (Table 5), all of the four mammalian species studied contain one AU, one GU, and three GC pairs in their upper stems, whereas the non-mammalian Danio rerio contains one AU, three GC, and one mismatched UU pair in its upper stem. Statistical analysis was not performed because data are available from only one of the non-mammalian species. In the HIF2α 5’IREs (Table 6), the 5’IRE structure was only identified in humans among the mammalian species, and contains one AU and four GC pairs in its upper stem. The non-mammalian Ictalurus punctatus contains one AU, one GU, and three GC pairs in its upper stem; Danio rerio contains two AU, one GU, and two GC pairs; the other two non-mammals, Xenopus laevis and Xenopus tropicalis, both contain two AU and three GC pairs in their upper stems. Statistical analysis was not performed because data are available from only one of the mammalian species.


      In the CDC14A 3’IRE (Table 7), two of the mammalian species studied (Homo sapiens and Rattus norvegicus) contain four AU pairs and one GC pair in their upper stems, whereas Mus musculus contains three AU, one GC, and one mismatched AC pair. No non-mammalian species contain a complete IRE sequence in its CDC14A mRNA, so a statistical analysis was not conducted. In the DMT1 3’IRE (Table 8), three of the mammalian species studied (Homo sapiens, Mus musculus, and Macaca fascicularis) contain two AU, one GU, and two GC pairs in their upper stems. The Rattus norvegicus mRNA has two 3’IREs: one contains two AU, one GU, and two GC pairs in its upper stem; the other has three AU, one GU, and one GC pair in its upper stem. No non-mammalian species contain a complete IRE sequence in their DMT1 mRNA, so a statistical analysis was not conducted. Of the three 3’IREs in mammalian TFRC mRNAs studied (Table 9), most fall into one of two categories of base-pair composition in their upper stems: either two AU and three GC pairs, or one AU, one GU, and three GC pairs. Two exceptions are Rattus norvegicus, which has one of the three 3’IREs containing one AU pair, three GC pairs, and one mismatched AC pair, and Cavia porcellus, which has one of the three 3’IREs containing one AU, one GU, two GC, and one mismatched AC pair. No non-mammalian species contain a complete IRE sequence in their TFRC mRNA, so a statistical analysis was not conducted.


      Regarding the lower stems, for the FTH 5’IRE (Table 1), seven mammalian and two non-mammalian species studied (Homo sapiens, Pongo abelli, Macaca mulatta, Sus scrofa, Bos taurus, Mus musculus, Ovis aries, Danio rerio, and Salmo salar) contain two AU, two GC, and one mismatched UC or AC pair in their lower stems. One mammalian (Canis lupus familiaris) and two non-mammalian species (Gallus gallus and Anas platyrhynchos) contain two AU and three GC pairs. The non-mammalian Xenopus laevis contains two AU, one GU, and two GC pairs in its lower stem. Statistical analyses indicate that there are no significant differences (p > 0.05) between mammalian and non-mammalian species regarding the number of AU, GU, or GC pairs in the lower stem of the FTH 5’IRE.


      In the FTL 5’IRE (Table 2), all ten mammalian species studied contain one AU, one GU, one GC, and two mismatched (UC and CA/AA/GA) pairs in their lower stems. No non-mammalian species contains a complete IRE sequence in its FTL mRNA, so a statistical analysis was not conducted. In the ACO2 5’IRE (Table 3), all of the mammalian species studied contain two AU, one GU, one GC, and one mismatched CC pair in their lower stems, whereas the non-mammalian Gallus gallus contains one AU and four mismatched pairs in its lower stem. Statistical analysis was not performed because data are available from only one of the non-mammalian species. In the FPN 5’IRE (Table 4), all of the mammalian species studied contain four AU pairs and one GC pair in their lower stems. The non-mammalian Danio rerio contains three AU, one GU, and one GC; Gallus gallus contains three AU and two GC pairs in its lower stem. Statistical analyses indicate that there are no significant differences (p > 0.05) between mammalian and non-mammalian species regarding the number of AU, GU, or GC pairs in the lower stem of the FPN 5’IRE. In the ALAS2 5’IRE (Table 5), all of the mammalian species studied contain two AU, one GU, one GC, and one mismatched (CA or GA) pair in their lower stems, while the non-mammalian Danio rerio contains two AU, one GC, and two mismatched (AG and AA) pairs. Statistical analysis was not performed because data are available from only one of the non-mammalian species. In the HIF2α 5’IREs (Table 6), the 5’IRE structure was only identified in humans among the mammalian species and contains three AU, one GC, and one mismatched AC pair in its lower stem, matching that of three non-mammalian species (Danio rerio, Xenopus laevis, and Xenopus tropicalis). The non-mammalian Ictalurus punctatus contains two AU, one GU, one GC, and one mismatched AC pair in its lower stem. Statistical analysis was not performed because data are available from only one of the mammalian species.


      
        Table 1 Characteristics of the 5’IRE stems in ferritin heavy chain (FTH) mRNAs of selected animals. The base pairs in the upper stem are shown in bold; the base pairs in the lower stem are underlined; the UGC/C internal loops are capitalized.


        
          
            
              	Species

              	GenBank Accession No.

              	5’IRE Sequence

              (5’→3’)

              	# of AU Pairs in the 5’IRE Stem

              	# of GU Pairs in the 5’IRE Stem

              	# of GC Pairs in the 5’IRE Stem

              	Predicted Folding Free Energy of the RNA (kcal/mol)
            


            
              	Homo sapiens

              	NM_002032

              	uuuccUGCuucaacagugcuuggaCggaac

              	3

              2

              	1

              0

              	1

              2

              	-6.70
            


            
              	Pongo abelli

              	NM_001132636

              	uuuccUGCuucaacagugcuuggaCggaac

              	3

              2

              	1

              0

              	1

              2

              	-6.70
            


            
              	Macaca mulatta

              	NM_001195380

              	uuuccUGCuucaacagugcuuggaCggaac

              	3

              2

              	1

              0

              	1

              2

              	-6.70
            


            
              	Sus scrofa

              	NM_213975

              	uuuccUGCuucaacagugcuuggaCggaac

              	3

              2

              	1

              0

              	1

              2

              	-6.70
            


            
              	Canis lupus

              familiaris

              	NM_001003080

              	guuccUGCuucaacagugcuuggaCggaac

              	3

              2

              	1

              0

              	1

              3

              	-8.70
            


            
              	Bos taurus

              	NM_174062

              	uuuccUGCuucaacagugcuugaaCggaac

              	4

              2

              	0

              0

              	1

              2

              	-7.20
            


            
              	Mus musculus

              	NM_010239

              	uuuccUGCuucaacagugcuugaaCggaac

              	4

              2

              	0

              0

              	1

              2

              	-7.20
            


            
              	Ovis aries

              	NM_001009786

              	uuuccUGCuucaacagugcuugaaCggaac

              	4

              2

              	0

              0

              	1

              2

              	-7.20
            


            
              	Rattus norvegicus

              	NM_012848

              	(partial IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Equus caballus

              	NM_001252054

              	(no IRE sequence in the very short 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Danio rerio

              	NM_131585

              	uuaccUGCuucaacagugcuugaaCggcaa

              	4

              2

              	0

              0

              	1

              2

              	-6.80
            


            
              	Salmo salar

              	NM_001139722

              	uuaccUGCuucaacagugcuugaaCggcaa

              	4

              2

              	0

              0

              	1

              2

              	-6.80
            


            
              	Xenopus laevis

              	NM_001096738

              NM_001086111

              NM_001090588

              	guucuUGCuucaacaguguuugaaCggaac

              	4

              2

              	0

              1

              	1

              2

              	-8.40
            


            
              	Xenopus tropicalis

              	NM_203677

              	CuucaacaguguuugaaCggaac

              (partial IRE sequence in the 5’UTR)

              	4

              	0

              	1

              	N/A
            


            
              	Gallus gallus

              	NM_205086

              	guuccUGCgucaacagugcuuggaCggaac

              	2

              2

              	1

              0

              	1

              3

              	-7.30
            


            
              	Anas platyrhynchos

              	NM_001310377

              	guuccUGCgucaacagugcuuggaCggaac

              	2

              2

              	1

              0

              	1

              3

              	-7.30
            

          
        


      


      
        Table 2 Characteristics of the 5’IRE stems in ferritin light chain (FTL) mRNAs of selected animals. The base pairs in the upper stem are shown in bold; the base pairs in the lower stem are underlined; the UGC/C internal loops are capitalized.


        
          
            
              	Species

              	GenBank Accession No.

              	5’IRE Sequence

              (5’→3’)

              	# of AU Pairs in the 5’IRE Stem

              	# of GU Pairs in the 5’IRE Stem

              	# of GC Pairs in the 5’IRE Stem

              	Predicted Folding Free Energy of the RNA (kcal/mol)
            


            
              	Homo sapiens

              	NM_000146

              	ucucuUGCuucaacaguguuuggaCggaac

              	3

              1

              	1

              1

              	1

              1

              	-5.30
            


            
              	Pongo abelli

              	NM_001133378

              	ucucuUGCuucaacaguguuuggaCggaac

              	3

              1

              	1

              1

              	1

              1

              	-5.30
            


            
              	Macaca mulatta

              	NM_001261207

              	ucucuUGCuucaacaguguuuggaCggaac

              	3

              1

              	1

              1

              	1

              1

              	-5.30
            


            
              	Macaca fascicularis

              	NM_001283240

              	ucucuUGCuucaacaguguuuggaCggaac

              	3

              1

              	1

              1

              	1

              1

              	-5.30
            


            
              	Sus scrofa

              	NM_001244131

              	ucucuUGCuucaacaguguuuggaCggaac

              	3

              1

              	1

              1

              	1

              1

              	-5.30
            


            
              	Bos taurus

              	NM_174792

              	ucucuUGCuucaacagugcuuggaCggaac

              	3

              1

              	1

              1

              	1

              1

              	-5.30
            


            
              	Canis lupus familiaris

              	NM_001024636

              	ucucuUGCuucaacaguguuuggaCggaac

              	3

              1

              	1

              1

              	1

              1

              	-5.30
            


            
              	Heterocephalus glaber

              	NM_001279866

              	ucucuUGCuucaacaguguuuggaCggaac

              	3

              1

              	1

              1

              	1

              1

              	-5.30
            


            
              	Rattus norvegicus

              	NM_022500

              	uaucuUGCuucaacaguguuuggaCggaac

              	3

              1

              	1

              1

              	1

              1

              	-5.10
            


            
              	Mus musculus

              	NM_010240

              	ugucuUGCuucaacaguguuugaaCggaac

              	4

              1

              	0

              1

              	1

              1

              	-5.60
            


            
              	Cavia porcellus

              	NM_001172858

              	(no IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Oryctolagus cuniculus

              	NM_001101688

              	(no IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Equus caballus

              	NM_001114540

              	(the 5’UTR sequence is not available)

              	−

              	−

              	−

              	N/A
            


            
              	Felis catus

              	NM_001048150

              	(the 5’UTR sequence is not available)

              	−

              	−

              	−

              	N/A
            


            
              	Ailuropoda melanoleuca

              	NM_001304921

              	(no IRE sequence in the very short 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Tursiops truncatus

              	NM_001280630

              	(no IRE sequence in the very short 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Xenopus laevis

              	NM_001086458

              	(no IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Gallus gallus

              	NM_204383

              	(the 5’UTR sequence is not available)

              	−

              	−

              	−

              	N/A
            

          
        


      


      
        Table 3 Characteristics of the 5’IRE stems in mitochondrial aconitase 2 (ACO2) mRNAs of selected animals. The base pairs in the upper stem are shown in bold; the base pairs in the lower stem are underlined; the C bulges are capitalized.


        
          
            
              	Species

              	GenBank Accession No.

              	5’IRE Sequence

              (5’→3’)

              	# of AU Pairs in the 5’IRE Stem

              	# of GU Pairs in the 5’IRE Stem

              	# of GC Pairs in the 5’IRE Stem

              	Predicted Folding Free Energy of the RNA (kcal/mol)
            


            
              	Homo sapiens

              	NM_001098

              	cucauCuuugucagugcacaaaauggc

              	4

              2

              	0

              1

              	1

              1

              	-2.80
            


            
              	Macaca mulatta

              	NM_001261164

              	cucauCuuugucagugcacaaaauggc

              	4

              2

              	0

              1

              	1

              1

              	-2.80
            


            
              	Sus scrofa

              	NM_213954

              	cucauCuuugucagugcacaaaauggc

              	4

              2

              	0

              1

              	1

              1

              	-2.80
            


            
              	Bos taurus

              	NM_173977

              	cucauCuuugucagugcacaaaauggc

              	4

              2

              	0

              1

              	1

              1

              	-2.80
            


            
              	Mus musculus

              	NM_080633

              	cucauCuuugucagugcacaaaauggc

              	4

              2

              	0

              1

              	1

              1

              	-2.80
            


            
              	Heterocephalus glaber

              	NM_001308662

              	uuugucagugcacaaaauggcg

              (partial IRE sequence in the 5’UTR)

              	4

              	0

              	1

              	N/A
            


            
              	Rattus norvegicus

              	NM_024398

              	(no IRE sequence in the very short 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Gallus gallus

              	NM_204188

              	auauuCucuuucagugucaagaucucg

              	3

              1

              	0

              0

              	1

              0

              	-0.30
            


            
              	Danio rerio

              	NM_198908

              	(no IRE sequence in the very short 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Xenopus laevis

              	NM_001092794

              	(no IRE sequence in the very short 5’UTR)

              	−

              	−

              	−

              	N/A
            

          
        


      


      
        Table 4 Characteristics of the 5’IRE stems in ferroportin (FPN, also called solute carrier family 40 member 1, SLC40A1) mRNAs of selected animals. The base pairs in the upper stem are shown in bold; the base pairs in the lower stem are underlined; the C bulges are capitalized.


        
          
            
              	Species

              	GenBank Accession No.

              	5’IRE Sequence

              (5’→3’)

              	# of AU Pairs in the 5’IRE Stem

              	# of GU Pairs in the 5’IRE Stem

              	# of GC Pairs in the 5’IRE Stem

              	Predicted Folding Free Energy of the RNA (kcal/mol)
            


            
              	Homo sapiens

              	NM_014585

              	aacuuCagcuacaguguuagcuaaguu

              	3

              4

              	0

              0

              	2

              1

              	-10.20
            


            
              	Pongo abelii

              	NM_001132161

              	aacuuCagctacaguguuagcuaaguu

              	3

              4

              	0

              0

              	2

              1

              	-10.20
            


            
              	Mus musculus

              	NM_016917

              	aacuuCagcuacaguguuagcuaaguu

              	3

              4

              	0

              0

              	2

              1

              	-10.20
            


            
              	Rattus norvegicus

              	NM_133315

              	aacuuCagcuacaguguuagcuaaguu

              	3

              4

              	0

              0

              	2

              1

              	-10.20
            


            
              	Bos taurus

              	NM_001077970

              	(no IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Danio rerio

              	NM_131629

              	gacuuCagcuacagugauagcuaaguu

              	3

              3

              	0

              1

              	2

              1

              	-8.80
            


            
              	Gallus gallus

              	NM_001012913

              	gacuuCagcuacagugcuagcuaaguc

              	3

              3

              	0

              0

              	2

              2

              	-11.10
            


            
              	Xenopus laevis

              	NM_001093357

              	(no IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Xenopus tropicalis

              	NM_001097277

              	(no IRE sequence in the very short 5’UTR)

              	−

              	−

              	−

              	N/A
            

          
        


      


      
        Table 5 Characteristics of the 5’IRE stems in erythroid aminolevulinate synthase 2 (ALAS2) mRNAs of selected animals. The base pairs in the upper stem are shown in bold; the base pairs in the lower stem are underlined; the C bulges are capitalized.


        
          
            
              	Species

              	GenBank Accession No.

              	5’IRE Sequence

              (5’→3’)

              	# of AU Pairs in the 5’IRE Stem

              	# of GU Pairs in the 5’IRE Stem

              	# of GC Pairs in the 5’IRE Stem

              	Predicted Folding Free Energy of the RNA (kcal/mol)
            


            
              	Homo sapiens

              	NM_000032

              	ucguuCguccucagugcagggcaacag

              	1

              2

              	1

              1

              	3

              1

              	-7.00
            


            
              	Pongo abelii

              	NM_001134158

              	ucguuCguccucagugcagggcaacag

              	1

              2

              	1

              1

              	3

              1

              	-7.00
            


            
              	Bos taurus

              	NM_001035103

              	ucguuCguccucagugcagggcaacag

              	1

              2

              	1

              1

              	3

              1

              	-7.00
            


            
              	Mus musculus

              	NM_009653

              	ugguuCguccucagugcagggcaacag

              	1

              2

              	1

              1

              	3

              1

              	-6.90
            


            
              	Rattus norvegicus

              	NM_013197

              	(no IRE sequence in the very short 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Danio rerio

              	NM_131682

              	aaguuCguccucagugcaggucaacag

              	1

              2

              	0

              0

              	3

              1

              	-3.60
            


            
              	Xenopus laevis

              	NM_001094030

              	(no IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Xenopus tropicalis

              	NM_001006925

              	(partial IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Gallus gallus

              	NM_001018012

              	(no IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            

          
        


      


      
        Table 6 Characteristics of the 5’IRE stems in the hypoxia-inducible transcription factor 2α (HIF2α, also called endothelial PAS domain protein 1, EPAS1) mRNAs of selected animals. The base pairs in the upper stem are shown in bold; the base pairs in the lower stem are underlined; the C bulges are capitalized.


        
          
            
              	Species

              	GenBank Accession No.

              	5’IRE Sequence

              (5’→3’)

              	# of AU Pairs in the 5’IRE Stem

              	# of GU Pairs in the 5’IRE Stem

              	# of GC Pairs in the 5’IRE Stem

              	Predicted Folding Free Energy of the RNA (kcal/mol)
            


            
              	Homo sapiens

              	NM_001430

              	acaauCcucggcaguguccugagacugu

              	1

              3

              	0

              0

              	4

              1

              	-4.80
            


            
              	Sus scrofa

              	NM_001097420

              	(no IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Bos taurus

              	NM_174725

              	(no IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Mus musculus

              	NM_010137

              	(no IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Rattus norvegicus

              	NM_023090

              	(no IRE sequence in the 5’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Ictalurus punctatus

              	NM_001350107

              	acgauCcucggcaguguucugagacugu

              	1

              2

              	1

              1

              	3

              1

              	-5.30
            


            
              	Danio rerio

              	NM_001039806

              	acaauCcucagcaguguucugagacugu

              	2

              3

              	1

              0

              	2

              1

              	-4.70
            


            
              	Xenopus laevis

              	NM_001092249

              	acaauCcucagcagugaccugagacugu

              	2

              3

              	0

              0

              	3

              1

              	-4.90
            


            
              	Xenopus tropicalis

              	NM_001005647

              	acaauCcucagcagugcccugagacugu

              	2

              3

              	0

              0

              	3

              1

              	-4.90
            


            
              	Gallus gallus

              	NM_204807

              	(no IRE sequence in the very short 5’UTR)

              	−

              	−

              	−

              	N/A
            

          
        


      


      In the CDC14A 3’IRE (Table 7), two of the mammalian species studied (Homo sapiens and Rattus norvegicus) contain four AU pairs and one mismatched UU pair in their lower stems, while Mus musculus has one AU, one GU, and three mismatched pairs. No non-mammalian species contains a complete IRE sequence in its CDC14A mRNA, so a statistical analysis was not conducted. In the DMT1 3’IRE (Table 8), three of the mammalian species studied (Homo sapiens, Mus musculus, and Macaca fascicularis) contain two AU, one GU, and two GC pairs in their lower stems. The Rattus norvegicus mRNA has two 3’IREs; one contains two AU, one GU, and two GC pairs in its lower stem; the other contains three GU and two mismatched pairs. No non-mammalian species has a complete IRE sequence in its DMT1 mRNA, so a statistical analysis was not conducted. Of the three 3’IREs in mammalian TFRC mRNAs (Table 9), there are two major categories of base-pair arrangements in their lower stems: 1) five AU pairs, or 2) three AU and two GU pairs. The exceptions are Mus musculus and Rattus norvegicus, both of which have one of their three 3’IREs that contains four AU and one GU pair in the lower stem. No non-mammalian species has a complete IRE sequence in its TFRC mRNA, so a statistical analysis was not conducted.


      
        Table 7 Characteristics of the 3’IRE stems in cell division cycle 14A (CDC14A) mRNAs of selected animals. The base pairs in the upper stem are shown in bold; the base pairs in the lower stem are underlined; the C bulges are capitalized.


        
          
            
              	Species

              	GenBank Accession No.

              	3’IRE Sequence

              (5’→3’)

              	# of AU Pairs in the 3’IRE Stem

              	# of GU Pairs in the 3’IRE Stem

              	# of GC Pairs in the 3’IRE Stem

              	Predicted Folding Free Energy of the RNA (kcal/mol)
            


            
              	Homo sapiens

              	NM_001319210

              	auuuaCauguacaguguuacauuauau

              	4

              4

              	0

              0

              	1

              0

              	-5.00
            


            
              	Rattus norvegicus

              	NM_001134856

              	auuuaCauguacaguguuacauuauau

              	4

              4

              	0

              0

              	1

              0

              	-5.00
            


            
              	Mus musculus

              	NM_001080818

              NM_001173553

              	auugaCauguacaguguuacacauaua

              	3

              1

              	0

              1

              	1

              0

              	-3.90
            


            
              	Pan troglodytes

              	NM_001280195

              	(no IRE sequence in the short 3’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Macaca fascicularis

              	NM_001319384

              	(no IRE sequence in the short 3’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Gallus gallus

              	NM_001177736

              	(the 3’UTR sequence is not available)

              	−

              	−

              	−

              	N/A
            

          
        


      


      
        Table 8 Characteristics of the 3’IRE stems in divalent metal transporter 1 (DMT1, also called solute carrier family 11 member 2, SLC11A2) mRNAs of selected animals. The base pairs in the upper stem are shown in bold; the base pairs in the lower stem are underlined; the C bulges are capitalized.


        
          
            
              	Species

              	GenBank Accession No.

              	3’IRE Sequence

              (5’→3’)

              	# of AU Pairs in the 3’IRE Stem

              	# of GU Pairs in the 3’IRE Stem

              	# of GC Pairs in the 3’IRE Stem

              	Predicted Folding Free Fnergy of the RNA (kcal/mol)
            


            
              	Homo sapiens

              	NM_001174128

              NM_001174129

              NM_001174130

              	gccauCagagccaguguguuucuauggu

              	2

              2

              	1

              1

              	2

              2

              	-6.10
            


            
              	Mus musculus

              	NM_001146161

              NM_001356952

              	gccauCagagccaguguguuucuauggu

              	2

              2

              	1

              1

              	2

              2

              	-6.10
            


            
              	Rattus norvegicus

              	NM_013173

              	gccauCagagccaguguguuucuauggu

              

              auguuCguuuacagugauagacgguuc

              	2

              2

              

              3

              0

              	1

              1

              

              1

              3

              	2

              2

              

              1

              0

              	-6.10

              

              

              

              -5.80
            


            
              	Macaca fascicularis

              	NM_001284816

              	gccauCagagccaguguguuucuauggu

              	2

              2

              	1

              1

              	2

              2

              	-6.10
            


            
              	Bubalus bubalis

              	NM_001290899

              	(partial IRE sequence in the very short 3’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Macaca mulatta

              	NM_001266689

              	(no IRE sequence in the 3’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Bos taurus

              	NM_001101103

              	(no IRE sequence in the 3’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Sus scrofa

              	NM_001128440

              	(no IRE sequence in the very short 3’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Danio rerio

              	NM_001040370

              	(no IRE sequence in the 3’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Xenopus tropicalis

              	NM_001123466

              	(no IRE sequence in the 3’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Gallus gallus

              	NM_001128102

              	(no IRE sequence in the short 3’UTR)

              	−

              	−

              	−

              	N/A
            

          
        


        

      


      
        Table 9 Characteristics of the 3’IRE stems in transferrin receptor (TFRC) mRNAs of selected animals. The base pairs in the upper stem are shown in bold; the base pairs in the lower stem are underlined; the C bulges are capitalized.


        
          
            
              	Species

              	GenBank Accession No.

              	3’IRE Sequence

              (5’→3’)

              	# of AU Pairs in the 3’IRE Stem

              	# of GU Pairs in the 3’IRE Stem

              	# of GC Pairs in the 3’IRE Stem

              	Predicted Folding Free Energy of the RNA (kcal/mol)
            


            
              	Homo sapiens

              	NM_003234

              Transcript variant 1

              

              NM_001313966

              Transcript variant 4

              	auuauCggaagcagugccuuccauaau

              

              auuauCgggagcagugucuuccauaau

              

              uguauCggagacagugaucuccauaug

              	2

              5

              

              1

              5

              

              2

              3

              	0

              0

              

              1

              0

              

              0

              2

              	3

              

              

              3

              

              

              3

              0

              	-6.20

              

              

              -5.50

              

              

              -9.00
            


            
              	Homo sapiens

              	NM_001128148

              Transcript variant 2

              	auuauCggaagcagugccuuccauaau

              

              auuauCgggagcagugucuuccauaau

              

              auuauCgggaacaguguuucccauaau

              	2

              5

              

              1

              5

              

              2

              5

              	0

              0

              

              1

              0

              

              0

              0

              	3

              0

              

              3

              0

              

              3

              0

              	-6.20

              

              

              -5.50

              

              

              -10.30
            


            
              	Homo sapiens

              	NM_001313965

              Transcript variant 3

              	auuauCgggagcagugucuuccauaau

              

              uguauCggagacagugaucuccauaug

              

              auuauCgggaacaguguuucccauaau

              	1

              5

              

              2

              3

              

              2

              5

              	1

              0

              

              0

              2

              

              0

              0

              	3

              0

              

              3

              0

              

              3

              0

              	-5.50

              

              

              -9.00

              

              

              -10.30
            


            
              	Pongo abelii

              	NM_001131591

              	auuauCggaagcagugccuuccauaau

              

              uguauCggagacagugaucuccauaug

              

              auuauCgggaacaguguuucccauaau

              	2

              5

              

              2

              3

              

              2

              5

              	0

              0

              

              0

              2

              

              0

              0

              	3

              0

              

              3

              0

              

              3

              0

              	-6.20

              

              

              -9.00

              

              

              -10.30
            


            
              	Mus musculus

              	NM_011638

              Transcript variant 1


              	auuauCggaagcagugccuuccauaau

              

              uauauCggagacagugaucuccauaug

              

              auuauCgggaacaguguuucccauaau

              	2

              5

              

              2

              4

              

              2

              5

              	0

              0

              

              0

              1

              

              0

              0

              	3

              0

              

              3

              0

              

              3

              0

              	-6.20

              

              

              -8.90

              

              

              -10.30
            


            
              	Mus musculus

              	NM_001357298

              Transcript variant 2

              	auuauCggaagcagugccuuccauaau

              

              auuauCgggagcagugucuuccauaau

              

              auuauCgggaacaguguuucccauaau

              	2

              5

              

              1

              5

              

              2

              5

              	0

              0

              

              1

              0

              

              0

              0

              	3

              0

              

              3

              0

              

              3

              0

              	-6.20

              

              

              -5.50

              

              

              -10.30
            


            
              	Rattus norvegicus

              	NM_022712

              	auuauCggaagcagugccuuccauaau

              

              auuauCgggagcagugucuuccauaau

              

              uauauCggagacagugaccuccauaug

              	2

              5

              

              1

              5

              

              1

              4

              	0

              0

              

              1

              0

              

              0

              1

              	3

              0

              

              3

              0

              

              3

              0

              	-6.20

              

              

              -5.50

              

              

              -6.10
            


            
              	Heterocephalus glaber

              	NM_001267852

              	auuauCggaagcagugccuuccauaau

              

              auuauCgggagcagugucuuccauaau

              

              auuauCgggaacaguguuucccauaau

              	2

              5

              

              1

              5

              

              2

              5

              	0

              0

              

              1

              0

              

              0

              0

              	3

              0

              

              3

              0

              

              3

              0

              	-6.20

              

              

              -5.50

              

              

              -10.30
            


            
              	Cavia porcellus

              	NM_001251822

              	auuauCggaagcagugccuuccauaau

              

              auuauCaggagcagugucuuccauaau

              

              auuauCgggaacaguguuucccauaau

              	2

              5

              

              1

              5

              

              2

              5

              	0

              0

              

              1

              0

              

              0

              0

              	3

              0

              

              2

              0

              

              3

              0

              	-6.20

              

              

              -2.00

              

              

              -10.30
            


            
              	Cricetulus griseus

              	NM_001246819

              	(no IRE sequence in the 3’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Sus scrofa

              	NM_214001

              	(no IRE sequence in the 3’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Bos taurus

              	NM_001206577

              	(no IRE sequence in the 3’UTR)

              	−

              	−

              	−

              	N/A
            


            
              	Macaca mulatta

              	NM_001257303

              	(the 3’UTR sequence is not available)

              	−

              	−

              	−

              	N/A
            


            
              	Callithrix jacchus

              	NM_001301847

              	(the 3’UTR sequence is not available)

              	−

              	−

              	−

              	N/A
            


            
              	Mustela putorius furo

              	NM_001310181

              	(the 3’UTR sequence is not available)

              	−

              	−

              	−

              	N/A
            


            
              	Felis catus

              	NM_001009312

              	(the 3’UTR sequence is not available)

              	−

              	−

              	−

              	N/A
            


            
              	Canis lupus familiaris

              	NM_001003111

              	(the 3’UTR sequence is not available)

              	−

              	−

              	−

              	N/A
            


            
              	Equus caballus

              	NM_001081913

              	(the 3’UTR sequence is not available)

              	−

              	−

              	−

              	N/A
            


            
              	Danio rerio

              	NM_001009917

              	(the 3’UTR sequence is not available)

              	−

              	−

              	−

              	N/A
            


            
              	Gallus gallus

              	NM_205256

              	(no IRE sequence in the 3’UTR)

              	−

              	−

              	−

              	N/A
            

          
        


      


      In canonical Watson-Crick RNA base pairing, A forms a base pair with U through two hydrogen bonds; G forms a base pair with C through three hydrogen bonds. Therefore, an RNA with high GC content is more thermodynamically stable than one with low GC content. The non-Watson-Crick wobble pair GU is a common element in the secondary structure of RNA, where G forms a pair with U through two hydrogen bonds. The thermodynamic stability of a GU pair is less than that of a GC pair but comparable to that of an AU pair [21, 22]. Since the glycosidic bond angles (i.e., the angle between the base and C1’ sugar atom) in a GU wobble pair are different from those in an AU or GC pair, an RNA stem containing a GU pair is conformationally softer because the backbone is more easily distorted or altered at the site of a GU pair.


      Among the IREs studied from the transcripts of nine different genes, three 5’IREs (FTH, FTL, and ACO2) and one 3’IRE (CDC14A) have lower GC content (only one GC pair) in their upper stems; the FPN 5’IRE and DMT1 3’IRE have medium GC content (two GC pairs); the ALAS2 5’IRE and TFRC 3’IRE have higher GC content (three GC pairs) in their upper stems. The 5’IRE in the human HIF2α mRNA is a special case. It contains the highest GC content (four GC pairs in its upper stem) among the IREs investigated. The non-mammalian species of HIF2α mRNA, however, have only two or three GC pairs in their 5’IRE upper stems. Overall, we found that the base-pair compositions of the upper stems of IREs are not highly conserved among mRNAs from the genes we investigated.


      Data analysis of the IREs indicates that, in general, the lower stems contain fewer GC pairs than the upper stems and often have mismatched pairs. The only exception is the FTH 5’IRE, which contains two or three GC pairs in its lower stem, and only one GC pair in its upper stem (Table 1). The more tightly bound (i.e., stiffer) lower stem may be necessary for the existence of a UGC/C internal loop instead of the single C bulge. However, another UGC/C-containing 5’IRE, FTL, has only one GC pair but two mismatched (UC and CA/AA/GA) pairs in its lower stem. Further studies are needed to elucidate this seeming contradiction.


      Statistical analyses indicate that there are no significant differences (p > 0.05) in the IRE structures between mammalian and non-mammalian species for the FTH 5’IRE or FPN 5’IRE. In addition, there are no significant differences (p > 0.05) in the folding free energies between mammalian and non-mammalian species for the FTH 5’IRE or FPN 5’IRE. Statistical analyses were not performed for the other IREs due to the lack of sequence data for the mRNAs of either the non-mammalian or mammalian species.


      Table 10 lists the results of comparing the folding free energies of mammalian IREs in the following groups: 1) the FTH 5’IRE and FTL 5’IRE both contain a UGC/C internal loop, but their folding free energies are significantly different; 2) the ACO2 5’IRE, FPN 5’IRE, ALAS2 5’IRE, and HIF2α 5’IRE all contain a C bulge, but their folding free energies are significantly different. Note that the HIF2α 5’IRE was not compared with other C-bulge-containing 5’IREs because data are only available for the HIF2α mRNA of one species; 3) between UGC/C-containing 5’IREs and C-bulge-containing 5’IREs, only the FTH 5’IRE and ALAS2 5’IRE comparison was not statistically significant. Nonetheless, the pooled analysis of the UGC/C-containing 5’IREs versus C-bulge-containing 5’IREs did not indicate a significant difference in their folding free energies.


      As for the 3’IREs, 1) TFRC contains three 3’IREs, and a comparison of the folding free energies of each of its IREs to the others resulted in statistically significant results for all analyses except between the first and second IREs; 2) there was no significant difference between the folding free energies of the CDC12A 3’IRE and DMT1 3’IRE; 3) the folding free energies of the CDC12A 3’IRE and DMT1 3’IRE were separately compared with those of each TFRC 3’IRE, and with the pooled TFRC 3’IREs, with varying results (Table 10). Overall, the folding free energies are not significantly different between the pooled 5’IREs and the pooled 3’IREs.


      
        Table 10 Significance results of the minimum folding free energies of selected mammalian IREs.


        
          
            
              	Group

              	Name of IREs whose Folding Free Energies were Compared

              	Is the Energy Difference Significant (p < 0.05)?
            


            
              	5’IREs containing a UGC/C internal loop

              	FTH 5’IRE vs FTL 5’IRE

              	Yes
            


            
              	5’IREs containing a C bulge

              	ACO2 5’IRE vs. FPN 5’IRE

              	Yes
            


            
              	ACO2 5’IRE vs. ALAS2 5’IRE

              	Yes
            


            
              	ACO2 5’IRE vs. HIF2α 5’IRE

              	N/A
            


            
              	FPN 5’IRE vs. ALAS2 5’IRE

              	Yes
            


            
              	FPN 5’IRE vs. HIF2α 5’IRE

              	N/A
            


            
              	ALAS2 5’IRE vs. HIF2α 5’IRE

              	N/A
            


            
              	5’IRE containing a UGC/C internal loop

              vs.

              5’IRE containing a C bulge

              	FTH 5’IRE vs. ACO2 5’IRE

              	Yes
            


            
              	FTH 5’IRE vs. FPN 5’IRE

              	Yes
            


            
              	FTH 5’IRE vs. ALAS2 5’IRE

              	No
            


            
              	FTH 5’IRE vs. HIF2α 5’IRE

              	N/A
            


            
              	FTL 5’IRE vs. ACO2 5’IRE

              	Yes
            


            
              	FTL 5’IRE vs. FPN 5’IRE

              	Yes
            


            
              	FTL 5’IRE vs. ALAS2 5’IRE

              	Yes
            


            
              	FTL 5’IRE vs. HIF2α 5’IRE

              	N/A
            


            
              	Pooled 5’IREs containing a UGC/C internal loop vs.

              Pooled 5’IREs containing a C bulge

              	No
            


            
              	TFRC 3’IREs

              	1st TFRC 3’IRE vs. 2nd TFRC 3’IRE

              	No
            


            
              	1st TFRC 3’IRE vs. 3rd TFRC 3’IRE

              	Yes
            


            
              	2nd TFRC 3’IRE vs. 3rd TFRC 3’IRE

              	Yes
            


            
              	3’IREs

              	CDC14A vs. DMT1

              	No
            


            
              	CDC14A vs. 1st TFRC 3’IRE

              	No
            


            
              	CDC14A vs. 2nd TFRC 3’IRE

              	No
            


            
              	CDC14A vs. 3rd TFRC 3’IRE

              	Yes
            


            
              	CDC14A vs. all of the TFRC 3’IREs

              	Yes
            


            
              	DMT1 vs. 1st TFRC 3’IRE

              	No
            


            
              	DMT1 vs. 2nd TFRC 3’IRE

              	No
            


            
              	DMT1 vs. 3rd TFRC 3’IRE

              	Yes
            


            
              	DMT1 vs. all of the TFRC 3’IREs

              	Yes
            


            
              	Pooled 5’IREs vs. Pooled 3’IREs

              	No
            

          
        


      

    


    
      

      CONCLUSION


      In summary, the base pairs within the upper and lower stems of IREs are not highly conserved among the mRNAs investigated for this study. Both AU-rich and GC-rich upper stems exist. The lower stems, in general, contain fewer GC pairs than the upper stems. One exception is the UGC/C-containing FTH 5’IRE, whose lower stem includes more GC content than its upper stem. No statistically significant differences were found in the IRE structures or the folding free energies when comparing either the FTH 5’IRE or FPN 5’IRE of mammalian versus non-mammalian species. In addition, there were no overall significant differences between the folding free energies of UGC/C-containing 5’IREs and C-bulge-containing 5’IREs, or between 5’IREs and 3’IREs. Future studies may focus on investigating whether the evolutionary characteristics of the IRE stems in animal mRNAs differentially fine-tune the IRE/IRP interactions among different mRNAs to maintain the balance of cellular iron metabolism and whether evolutionary processes drive the base-pair composition of the upper and lower stems of IREs toward any particular outcome (e.g., AU-rich, GC-rich, or a balanced composition).

    

  


  
    
      LIST OF ABBREVIATIONS


      
        
          	

          	
        


        
          	IRE

          	 = Iron-Responsive Element
        


        
          	IRP

          	 = Iron-Regulatory Protein
        


        
          	mRNA

          	 = Messenger RNA
        


        
          	5’UTR

          	 = 5’ Untranslated Region
        


        
          	3’UTR

          	 = 3’ Untranslated Region
        


        
          	FTH

          	 = Ferritin Heavy Chain
        


        
          	FTL

          	 = Ferritin Light Chain
        


        
          	FPN

          	 = Ferroportin
        


        
          	ALAS2

          	 = Erythroid Aminolevulinate Synthase 2
        


        
          	ACO2

          	 = Mitochondrial Aconitase 2
        


        
          	HIF2α

          	 = Hypoxia-Inducible Transcription Factor 2α
        


        
          	TFRC

          	 = Transferrin Receptor
        


        
          	DMT1

          	 = Divalent Metal Transporter 1
        


        
          	CDC14A

          	 = Cell Division Cycle 14A
        


        
          	SLC40A1

          	 = Solute Carrier Family 40 Member 1
        


        
          	EPAS1

          	 = Endothelial PAS Domain Protein 1
        


        
          	SLC11A2

          	 = Solute Carrier Family 11 Member 2
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