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Abstract

Background: Iron-storage protein, ferritin plays a central role in iron metabolism. Ferritin has
dual function to store iron and segregate iron for protection of iron-catalyzed reactive oxygen
species. Tissue ferritin is composed of two kinds of subunits (H: heavy chain or heart-type subunit;
L: light chain or liver-type subunit). Ferritin gene expression is controlled at translational level in
iron-dependent manner or at transcriptional level in iron-independent manner. However,
sequencing analysis of marine mammalian ferritin subunits has not yet been performed fully. The
purpose of this study is to reveal cDNA-derived amino acid sequences of cetacean ferritin H and
L subunits, and demonstrate the possibility of expression of these subunits, especially H subunit, by
iron.

Methods: Sequence analyses of cetacean ferritin H and L subunits were performed by direct
sequencing of polymerase chain reaction (PCR) fragments from cDNAs generated via reverse
transcription-PCR of leukocyte total RNA prepared from blood samples of six different dolphin
species (Pseudorca crassidens, Lagenorhynchus obliquidens, Grampus griseus, Globicephala
macrorhynchus, Tursiops truncatus, and Delphinapterus leucas). The putative iron-responsive element
sequence in the 5'-untranslated region of the six different dolphin species was revealed by direct
sequencing of PCR fragments obtained using leukocyte genomic DNA.

Results: Dolphin H and L subunits consist of 182 and 174 amino acids, respectively, and amino acid
sequence identities of ferritin subunits among these dolphins are highly conserved (H: 99-100%,
(99—98) ; L: 98-100%). The conserved 28 bp IRE sequence was located -144 bp upstream from
the initiation codon in the six different dolphin species.

Conclusion: These results indicate that six different dolphin species have conserved ferritin
sequences, and suggest that these genes are iron-dependently expressed.
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Background

Ferritin is a ubiquitous iron storage protein found in all
living organisms [1-3]. It also functions to segregate iron
in a non-toxic form to prevent iron-catalyzed reactive oxy-
gen species production [3-7]. Mammalian tissue ferritins
consist of two functionally different subunits, termed as H
(heavy chain, heart-type) and L (light chain, liver-type),
and a central cavity accommodating up to 4,500 iron
atoms [1,8]. A novel mitochondrial ferritin has also found
in humans and rodents, and their ferritins only consist of
a novel H-type subunit with 80% identity to their H sub-
units [9]. The H subunit plays a crucial role in incorporat-
ing iron through its ferroxidase activity [10,11]. The L
subunit lacks ferroxidase activity, but is involved in iron
nucleation to allow more iron to be sequestered [8,11-
13].

The H and L subunits of many mammalian ferritins have
been sequenced; each subunit shows high amino acid
sequence identity with the corresponding subunit of other
species despite there being low identity (50-56%)
between the H and L subunits within species [2,3,7,14].
Amino acids associated with the ferroxidase center are per-
fectly conserved in all known mammalian H subunits,
and the residues involved in iron nucleation are highly
conserved in all known mammalian L subunits
[2,3,7,8,14].

Translation of both H and L subunits of mammalian fer-
ritins is iron-dependently regulated through the interac-
tion of the iron-responsive element-binding protein (IRE-
BP) with the IRE found in the 5'-untranslated region of
ferritin mRNAs [3,15]. Ferritin H and L subunits are also
transcriptionally activated by oxidative stress through the
antioxidant-reactive element (ARE), a region far upstream
of the 5'-untranslated region of H and L subunit genes
[16,17].

Although amino acid sequences of mammalian ferritin H
and L subunits were high conserved over species, full
sequence analysis of marine mammal ferritin has not yet
been performed. This study reveals ferritin coding
sequences from six different dolphin species (Pseudorca
crassidens, Lagenorhynchus obliquidens, Grampus griseus, Glo-
bicephala macrorhynchus, Tursiops truncatus, and Delphina-
pterus leucas). Sequence analysis of the 5'-untranslated
region of the H subunit gene also provides strong evi-
dence of iron-dependent ferritin expression through an
IRE.

Materials and methods

Preparation of total RNA and genomic DNA from blood
samples

Blood samples were obtained from the tail veins of appar-
ently healthy individuals of six different species of dol-
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phin (P. crassidens, L. obliquidens, G. griseus, G.
macrorhynchus, T. truncatus, and D. leucas) kept at Yoko-
hama Hakkeijima Sea Paradise (Yokohama, Japan). Leu-
kocytes were prepared from heparinized blood samples
by centrifuging at 1,700 x g for 20 min. Preparation of
total RNA and genomic DNA from leukocytes was carried
out using the RNeasy midi kit (Qiagen Inc., CA, USA) and
QIAamp DNA Blood midi kit (Qiagen Inc.), respectively.

Reverse Transcription-polymerase chain reaction (RT-
PCR) and cloning

First-strand cDNA was synthesized using total RNA (500-
1,000 ng) in 20 pl of reaction buffer containing 10 units
of transcriptor reverse transcriptase (Roche Diagnostics
GmbH, Mannheim, Germany), dNTPs (20 nmol each),
and oligo(dT) primer (20 pmol). PCR was performed in
reaction buffer (25 pl) containing 1 ul of the above first-
strand cDNA, PrimeSTAR HS (Premix, 1x) (TaKaRa Bio
Inc., Shiga, Japan), and 25 or 2.5 pmol each of sense and
antisense primers. The sense and antisense primers were
as follows: H sense: 5'-CCCGCCGCCGCTCCAGCG
CCGCGCAGCC-3'; H antisense: 5'-GGTAAAGGAAAC-
CCCAACATGCATGCA-3"; L sense: 5'-ATGAGCTCCCA-
GATTCGTCAGAATTATT-3'; L antisense: 5'-CTAGTCGT
GCTITGAGGGTAAGCCTTITCG-3'". In addition, for direct
sequencing of PCR fragments, sense and antisense primers
were designed to contain the coding sequence, including
the 5'- and 3'-untranslated regions of the L subunit, from
nucleotide sequences of known mammalian L subunits
[14,18,19]. Sense and antisense primers were 5'-
CGGGACCAGCCACCATITITTAACTCCT-3"' and 5'-TTTC-
CATATGGTCCAAGGCTT-3', respectively. Reaction condi-
tions were 2 min at 98°C followed by 35 cycles of 10 sec
at98°C, 30 secat 65°C, and 60 sec at 72°C. The PCR frag-
ment (approximately 600 bp) was excised and purified
from a 3% agarose gel using the MinElute Gel Extraction
Kit (Qiagen) and cloned into Zero-blunt TOPO plasmid
(Invitrogen Life Technologies, Tokyo, Japan) for transfor-
mation of E. coli cells. The cloned fragment was sequenced
in both directions using appropriate primers by an auto-
mated ABI PRISM 310 Genetic Analyzer (Applied Biosys-
tems, Tokyo, Japan).

Sequencing of IRE of H subunit gene

Sequence analysis of the IRE and its flanking region was
performed using dolphin leukocyte genomic DNA. Sense
and antisense primers were designed based on the human
H subunit gene (AF139813): sense primer: 5'-CGGG
GCGGGCGGCGCTGATTGGCCGGGG-3'; antisense: 5'-
CATGGACAGGTAGACATAGGAGGCGTAG-3'. PCR con-
ditions were the same as described above except using
genomic DNA (100-200 ng). After electrophoresis, PCR
fragments were purified from the gel and used for direct
sequencing as described above.
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Sequence analysis

Amino acid sequences were deduced from nucleotide
sequences determined by cDNA sequencing and direct
sequencing of PCR fragments. Sequence analyses were
performed using the computer software GENETYX-MAC
(Soft Development Co. Ltd., Tokyo, Japan). Secondary
structural prediction of the IRE and its flanking sequences
was also performed using GENETYX-MAC.
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Results

Sequence analysis of dolphin ferritin H and L subunits
Two or more cDNA (~4 clones) clones were sequenced for
each ferritin subunit with the exception of the L subunits
of L. obliquidens and T. truncatus, for which only one clone
each was sequenced. Mammalian ferritin may undergo
modification by release of the initiating Met and acetyla-
tion of the next residue (Ser or Thr) [18-22]. We suggest

-20 -10
cgccaccgtttcacctcagccgaccgcc
40 50 60

ATGACGACCGCGTCCCCCTCGCAGGTGCGCCAGAACTACCACCAGGACTCGGAGGCCGCC
M T T A S P S Q VR Q N Y H QD S E A A
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ATCAACCGCCAGATCAACCTGGAGCTCTACGCCTCCTACGTCTACCTGTCCATGTCGTAC
I NR Q I N L E L Y A S Y V Y L S M S Y
130 140 150 160 170 180
TATTTTGACCGCGATGATGTGGCTTTGAAGAACTTTGCCAAATACTTTCTTCACCAATCT
Y FDRDU DUV ATLTZKNTFATIKTY F L HDQ S
190 200 210 220 230 240
TCTGAGGAGAGGGAACATGCTGAGAAACTGATGAAGCTGCAGAACCAACGGGGTGGCCGA
S E E R E H A E K L M K L Q N Q R G G R
250 260 270 280 290 300
ATCTTCCTTCAGGATATCAAGAAACCAGACCGTGATGACTGGGAGAATGGGCTGAATGCA
I F L QDI K KUPODT RTDT DWENTGTL N A
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CTGGCCACTGAGAAAAATGACCCCCATTTGTGTGACTTCCTTGAGACTCATTATCTGAAT
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GAGCAGGTGAAATCCATTAAAGAATTGGGTGACCACGTGACCAACTTGCGCACGATGGGG
E Q v K § I K E L G D H V T N L R T M G
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GCCCCCGAATCTGGCATGGCACAGTATCTCTTTGACAAGCACACCCTGGGAAACAGTGAT
AP E S GM A Q Y L F D K H T L G N S D

550 560 570 580 590 600
AATGAGAGCTAAgccttaggctggcttcccgtagccacaggggtgacctccctggtcacc
N E S Stop

aaggcag

Figure |

Nucleotide and deduced amino acid sequences of ferritin H subunit cDNAs from dolphin (P. crrassidens) leuko-
cytes. The sequence contains the coding (capital letters) and noncoding (lower-case letters) regions. Amino acids underlined
represent the putative glycosylation site. This sequence data has been submitted to the DDBJ/GenBank/EMBL nucleotide

sequence database under accession number AB371409.
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that dolphin ferritin may be subjected to the same modi-
fications. Figures 1 and 2 show the nucleotide sequences
and predicted amino acid sequences of P. crassidens.
Nucleotide sequences of the H subunits of the six different
dolphin species contained a 28-bp 5'-untranslated region
followed by a 182-amino acid protein (excluding the N-
terminal methionine) and a 55-bp 3'-untranslated region.
Nucleotide sequences of the L subunits contained a 15-bp
5'-untranslated region followed by a 174-amino acid pro-
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tein (excluding the N-terminal methionine), and a 113-bp
3'-untranslated region. Sequences of the L subunit coding
regions, including the 5'- and 3'-untranslated regions were
determined in P. crassidens, G. griseus, G. macrorhynchus,
and T. truncatus of the six different dolphin species. How-
ever, the 3'-untranslated region of L. obliquidens, and both
the 5'- and 3'-untranslated regions of D. leucas could not
be determined because sufficient amounts of PCR product
for sequencing could not be produced for unknown rea-

-10
tattaccgatcaacc
40 50 60

ATGAGCTCCCAGATTCGTCAGAATTATTCCACCGAGGTGGAGGCCGCCGTCAACCGCCTG
M S S Q I R Q N Y S TEVEAAVNR RL
70 80 90 100 110 120
GTCAACATGCATCTGCGGGCCTCCTACACCTACCTCTCTCTGGGCTTCTATTTCGACCGC
V.MHLZ RASTYTYILSTLGTFY F DR
130 140 150 160 170 180
GACGATGTGGCTCTGGAGGGCGTGCGCCACTTTTTCCGCGAATTGGCCGAAGAGAAGCAC
D DV A LETGVRUHTFTFTR RTETLATE E K H
190 200 210 220 230 240
GAGGGCGCCAAGCGTCTCTTGAAAATGCAAAACCAACGCGGCGGCCGCGCCCTCTTCCAG
E G A KR L L KMQNUI QU RTGTGTZ RATLF Q
250 260 270 280 290 300
GACGTGCAGAAGCCATCTCAAGATGAGTGGGGTAAAACTCAGGACGCTATGGAAGCCGCC
D V Q K P S QD E WG KTQDAME A A
310 320 330 340 350 360
ATTAAAATGGAGAAGAACCTGAACGAGGCCCTTCTGGATCTGCATGCCCTGGCTTGTGCC
I K M E KN L N EALLTUDTLTGHATLATC A
370 380 390 400 410 420
CGCGCAGACCCCCACCTCTGCGACTTCCTGGAGAGCCACTTCCTAGATGAGGAGGT GAAA
R ADPHULTCTDTFTLTETSHTETLTDTEE V K
430 440 450 460 470 480
CTCATCAAGAAGATGGGTGACCACCTGACCAACCTCCGCAGGCTGGCTGGTCCCCAGGCT
L I K K M G D H L T N L R R L A G P Q A
480 490 510 520 530 540
GGGCTGGGCGAGTATCTCTTCGAAAGGCTCACCCTCAAGCATGATTAGgagcctccggag
G L G E Y L F E R LT L K H D Stop

550 560 570 580 590 600
cccagtggcctttgaggagcccctctggtgtcagggcttctgcctgaagcccctctcttc
610 620 630 640

agccagtaggcagcttgttaaccacactggagccctctccc

Figure 2

Nucleotide and deduced amino acid sequences of the ferritin L subunit of dolphin (P. crrassidens) leukocytes.
The sequence contains the coding (capital letters) and noncoding (lower-case letters) regions. Amino acids underlined repre-
sent the putative glycosylation site. This sequence data has been submitted to the DDBJ/GenBank/EMBL nucleotide sequence

database under accession number AB371411.
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son. Nucleotide sequences of the H subunit were highly
conserved among the six different dolphin species. Substi-
tutions as compared with P. crassidens in Figure 1 were as
follows: G480A in G. macrorhynchus; T255C and T492C in
G. griseus; a(-6)c, T408G, G504A, and G528T in L. obliqui-
dens; a(-6)c, C18T, C165T, G363A, T408G, and G528T in
T. truncatus; A177G, C182G, C208T, A228G, T255C,
C400A, G449T, T450G, G459A, G480T, G528C, C534T,
and ¢588t in D. leucas. Amino acid sequences of the H
subunit were identical in five of the six dolphin species,
the exception being D. leucas with three amino acid sub-
stitutions (S56C, L1291, and G145V), resulting in 98%
sequence identity as compared to the canonical cetacean
H subunit sequence shown in Figure 3.

Nucleotide sequences of the L subunits among the six dif-
ferent dolphin species were also highly conserved when
compared to the P. crassidens sequence shown in Figure
2.The 5'-untranslated regions of the L subunits sequenced
were identical, and the 3'-untranslated regions that were
sequenced were identical except for one substitution
(t599 g). The L subunit coding region is also markedly
conserved. Substitutions as compared with P. crassidens
were as follows: no substitution in G. macrorhyncus;
T522C in L. obliquidens; G21A and T522C in G. grisseus;
C73T, C100T, G482T, and T522C in T. truncatus; G184A,
G325C, C510T, and T522C in D. leucas. Amino acid
sequences of the L subunits of P. crassidens, L. obliqui-
dens, G. griseus, and G. macrorhynchus were identical. T.
truncates is 99% identical with one substitution (G160V),
and D. leucas is 98% identical with two substitutions
(G61S and E108Q)), as compared with the canonical ceta-
cean L subunit (P. crassidens, L. obliquidens, G. griseus,
and G. macrorhynchus) shown in Figure 3. Amino acid
identities between the H and L subunits of P. crassidens,
T. truncatus, and D. leucas were 51, 50, and 51%, respec-
tively.

Amino acid sequences of the H and L subunits of P. crassi-
dens, L. obliquidens, G. griseus, and G. macrorhynchus were
designated as canonical cetacean ferritin sequences and
aligned with other known mammalian ferritin H and L
subunits (Figure 3). Seven amino acids (E23, Y30, E57,
E58, H61, E103, and Q137)[2,17] associated with the fer-
roxidase center were perfectly conserved in all mamma-
lian H subunits including cetaceans. Residues in the iron
nucleation site (H49, R52, E53, E56, E57, R59, E60, R64,
K67, E136, K139, K142, K172, H173, and D174)[2,8,17]
were highly conserved in mammalian L subunits, with
cetaceans containing only one substitution (R59H). Resi-
dues involved in dimer formation and the 3-fold axis
(iron channel) are highly conserved in amino acid charac-
ter even in the presence of substitutions for cetacean H
and L subunits. In the 4-fold axis, the H and L subunits
may be functionally different as the hydrophobic Leu 169,
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present in all L subunits except for mouse, is substituted
for the hydrophilic amino acid His in all H subunits. A salt
bridge formed between K58 and E103 in all L subunits
provides physical and chemical stability of the ferritin
molecule despite the loss of ferroxidase activity [2,8,23].
Cetacean L subunits do not have the extra octapeptide
found in rat and mouse L subunits. Amino acid sequence
identities among mammalian H subunits are high (91-
97%), and those among L subunits also high (78-91%),
with cetacean H and L subunits showing especially high
identity with canine and feline H and L subunits (97 and
96% in canine and feline H subunits, respectively, and
91% in canine and feline L subunits) (Table 1).

The IRE sequence of dolphin H subunits

The H subunit 5'-untranslated region nucleotide
sequences of the six different dolphin species were aligned
with the corresponding region of the human H subunit
gene (AF139813)[24](Figure 4). The boxed cetacean IRE
sequences have one substitution, except for P. crassidens
with two substitutions, as compared to the human IRE
sequence. The predicted secondary structure of the ceta-
cean IRE and its flanking sequences is similar to that of the
human IRE based on the previous report (data not
shown). The hairpin loop of these conserved IRE regions
contains a terminal hexaloop sequence with CAGUGU
and conserved UGC/C which distorts the stem loop; these
regions are known to contribute to IRE-BP binding [24].

Discussion

Although a partial ferritin subunit sequence of the seal
Phoca vitulina (AF246195, unpublished data) has been
determined, the entire coding sequences of ferritin subu-
nits in marine mammals were previously unknown. The
present study shows the ferritin coding sequences coding
for the H and L subunits of six different dolphin species
(P. crassidens, L. obliquidens, G. griseus, G. macrorhyncus, T.
truncatus, and D. leucas). The predicted secondary struc-
tures using the GENETYX-MAC computer program (Rob-
son method) of dolphin ferritin H and L subunits show A,
B, C, D, and short E-helices and the L loop connecting B
and C helices (data not shown) as in other mammalian
species [1-3,18]. Sequence comparisons between dolphin
ferritin and that of other mammalian species strongly sug-
gest similar functions for the H subunit unique ferroxi-
dase [2,3,18], the L subunit salt bridge [2,8,23] and iron
nucleation site [2,8], subunit dimer formation [8,18], and
the iron channel [8,18]. A putative glycosylation site was
found and is conserved in both H and L subunits of mam-
malian ferritin, including dolphin ferritin. However, at
present, glycosylated ferritin has only been found in
humans [25]. Amino acid sequences of the H and L subu-
nits among the six different dolphin species were highly
conserved, but D. leucas is more divergent as compared
with the other species, most likely because D. leucas is a

Page 5 of 10

(page number not for citation purposes)


http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AF139813
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AF246195

Acta Veterinaria Scandinavica 2008, 50:42

Figure 3
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GSAHTDPHLCDFLENHFLDEEVKLLKKMGDHLTNIRRLSGPQ---~----~ ASLGEYLFERLTLKHD

GSAQADPHLCDFLESHFLDKEVKLIKKMGNHLTNLRRWQGPQPAQTGVAQASLGEYLFERLTLKHD
GSARTDPHLCDFLESHYLDKEVKLIKKMGNHLTNLRRVAGPQPAQTGAPQGSLGEYLFERHTLKHD

ATEKNDPHLCDFLETHYLNEQVKSIKELGDHVTNLRTMGAPE-------- SGMAQYLFDKHTLGNSDNES
ATDKNDPHLCDFIETHYLNEQVKSIKELGDHVTNLRKMGTPE--=-----~ SGMAEYLFDKHTLGNSDSES
ATDKNDPHLCDFIETHYLNEQVKSIKELGDHVTNLRKMGAPE-------- SGMAEYLFDKHTLGNSDNES
ATDKNDPHLCDFLETHYLNEQVKAIKELGDHVTNLRRMGAPE - ------- SGMAEYLFDKHTLGECDES
ATEKNDPHLCDFIETHYLNEQVEAIKELGDHITNLRKMGAPG-------~ SGMAEYLFDKHTLGHSES

ATDKNDPHLCDFIETHYLNEQVKAIKELGDHVTNLRKMGAPE-------~ SGLAEYLFDKHTLGDSDNES
ATDKNDPHLCDFIETHYLNEQVKSIKELGDHVTNLRKMGAPE-------- SGMAEYLFDKHTLGHGDES
ATDKNDPHLCDFIETHYLNEQVKSIKELGDHVTNLRKMGAPE -------- SGMAEYLFDKHTLGHGDES

t t tt  ttt f f ff f
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Alignment of mammalian ferritin H and L subunits. The amino acid numbering is derived from mammalian L subunit
sequences, but does not include the additional octapeptide. Both H and L subunits contain residues associated with dimer for-
mation (d) and 3-fold (t) and 4-fold (f) symmetry axes. Identical amino acids are indicated by asterisks. Gaps indicated by dashes
were inserted to optimize the alignment. Amino acids associated with iron nucleation sites and ferroxidase activity were
underlined and double-underlined, respectively. Sequence data (GenBank accession data) were as follows: feline H (AB193257)
and L (AB193258), canine H (AB175610) and L (AB175612), horse H (AY112742) and L (AB175617), bovine H (AB003093)
and L (AB003094), human H (NM_002032) and L (NM_000146), rabbit L (X07830), rat H (U58829) and L (NM_022500),
mouse H (NM_010239) and L (J04716). Amino acid sequences of cetacean ferritin H and L subunits are from P. crassidens, L.
obliquidens, G. griseus, and G. macrorhynchus.
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Table I: Amino acid sequence identities between mammalian ferritin subunits

Subunit type | 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
|: Cetacean ferritin H! 96 97 91 91 93 93 94
2: Feline ferritin H 98 91 92 95 95 95
3: Canine ferritin H 92 92 96 96 97
4: Equine ferritin H 88 9l 92 92
5: Bovine ferritin H 91 92 92
6: Human ferritin H 94 95
7: Rat ferritin H 99
8: Mouse ferritin H
9: Cetacean ferritin L! 51 91 91 88 90 84 86 78 79
10: Feline ferritin L 52 96 90 93 86 91 86 84
I I: Canine ferritin L 52 92 90 86 89 85 82
12: Equine ferritin L 51 86 84 87 84 79
13: Bovine ferritin L 53 83 86 83 83
14: Human ferritin L 56 85 80 78
15: Rabbit ferritin L 85 84
16: Rat ferritin L 50 92

17: Mouse ferritin L

50

Amino acid sequences of cetacean ferritin H and L subunits were from P. crassidens, L. obliquidens, G. griseus, and G. macrorhynchus.

member of the Monodontidae, whereas the others are
members of the Delphinidae.

Interestingly, sequence comparisons among mammalian
ferritins showed that cetacean (dolphin) is closest to car-
nivore (canine and feline). Cetacea (whales, dolphins,
and porpoises) are believed to have evolved from Mes-
onychia according to dental characters [26,27]. However,
phylogenic analyses based on molecular and morphol-
ogogical data have shown that Hippopotamidae are the
closest extant relatives of Cetacea, and that Hippotamidae
and Cetacea are closely related to the Artidactyla (cows,
camels, and pigs) [26-31]. On the other hand, compara-
tive genomic analyses that take into account genome
organization (rearrangement, exchange, gene order, and
association) have inferred varied rates of genome evolu-
tion among mammalian orders [32]. These rates have
been found to be slow in certain species of mammals,
from several different orders, including feline, mink, fer-
ret, dolphin, and human [32]. Putative ancestral chromo-
somes consist of homologs of human chromosomes
11+15+19q [32]. Interestingly, human ferritin H and L
subunit genes are on chromosomes 11 and 19q3, respec-
tively [33]. This finding suggests that ferritin subunit
sequences are highly conserved in mammals, and may
therefore provide insufficient phylogenetic information
to resolve the relationships of mammalian orders.

Cetaceans get their nutrition mainly from fish and other
animal protein, as do carnivores. The iron concentration
in the liver of striped dolphin (Stenella coerulealba) is rela-
tively high (200 + 12 ng/g wet weight) [34], and the iron
content of ferritin prepared from the spleen of common
dolphin (Delphinus cetacea) is also relatively high (Fe/pro-

tein ratio = 0.21) when compared to that of tuna spleen
(0.14)[35]. The number of amino acids (182) in cetacean
H subunits is the same as in canine and feline, and the C-
terminal region shows high identity to that of canine and
feline. This is significant since the ferritin iron uptake rate
depends on the C-terminal region of the H subunit
[36,37]. The L subunit is responsible for taking up more
iron by adjusting the microenvironment within the ferri-
tin complex [3,8,11]. Although whether or not the
sequence evolution of ferritin may have been affected by
factors such as body iron stores, food, or other environ-
mental factors remains to be clarified, further study is
needed to determine the sequences of ferritin subunits
from Hippotamidae (hippopotamuses) which are phylo-
gentically close to Cetaceca. In addition, the 15 amino
acids involved in iron nucleation in dolphin ferritin are
highly conserved, with only one substitution (R59H).
However, histidine is similar to arginine as basic amino
acid. Further study need to examine whether this substitu-
tion may be unique to marine mammals or not.

Ferritin synthesis is regulated at both the transcriptional
and translational levels by oxidative stress and cellular
iron conditions, respectively [3,4,15-17]. In order to
determine if an IRE sequence was present, dolphin leuko-
cyte genomic DNA was used because the stem loop
formed by the IRE hinders the advance of the RT reaction
for first-strand ¢cDNA synthesis from mRNAs [15]. The
presence of the IRE in dolphin mRNA was reveled by
sequence analysis of the 5'-untranslated region of the H
subunit gene, and its predicted secondary structure is sim-
ilar to that of the human IRE. The dolphin ferritin H sub-
unit IREs had conserved a base pair formed between the G
in the UGC bulge and the C in the other strand unique to
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Figure 4

Alignment of nucleotide sequences of the 5'-untranslated dolphin H gene with that of the human 5'-untrans-
lated region. IRE sequence (28 bp) was boxed. Nucleotide sequence numbering is derived from the human sequence
(AF139813). Gaps indicated by dashes were inserted to optimize the alignment. |: Human, 2: P. crassidens, 3: L. obliquidens, 4: G.
griseus, 5: G. macrorhynchus, 6: T. truncatus, 7: D. leucas.
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other mammalian ferritin IREs in addition to canonical
CAGUGN loop sequences [38]. Therefore, we surmise
that cetacean H and L subunits are synthesized iron-
dependently at the translational level as in other mamma-
lian species [3,15,24]. Additionally, the ARE is responsi-
ble for up-regulating ferritin expression in response to
oxidative stress in order to segregate cellular Fe2+ to pre-
vent iron-catalyzed reactive oxygen species through the
Fenton reaction [4,16,17]. Further study is needed to
locate putative AREs expected to be found far upstream of
the dolphin ferritin subunit genes.

The sequence data reported in this article has been sub-
mitted to the DNA Data Bank of Japan (DDBJ) and
appears in the DDBJ, EMBL, and GenBank data banks
with the following accession numbers (order of the num-
bers are P. crassidens, L. obliquidens, G. griseus, G. macro-
rhynchus, T. truncatus, and D. leucas). H subunit:
AB3714009, AB371412, AB371415, AB371418,
AB371421, AB371424; L subunit: AB371411, AB371414,
AB371417, AB371420, AB371423, AB371426; 5'-
untranslated region of H subunit: AB371410, AB371413,
AB371416, AB371419, AB371422, AB371425.

Conclusion

Sequence analyses of cetacean ferritin H and L subunits
were performed by direct sequencing of PCR fragments
from cDNAs generated via RT-PCR of leukocyte total RNA
prepared from blood samples of six different dolphin spe-
cies (Pseudorca crassidens, Lagenorhynchus obliquidens,
Grampus griseus, Globicephala macrorhynchus, Tursiops trun-
catus, and Delphinapterus leucas). Dolphin H and L subu-
nits consist of 182 and 174 amino acids, respectively, with
each subunit showing high sequence identity with the cor-
responding subunit of mammalian ferritin (H: 91-97%;
L: 78-91%). The putative iron-responsive element
sequence in the 5'-untranslated region of the six different
dolphin species was demonstrated by direct sequencing of
PCR fragments obtained using each leukocyte genomic
DNA.
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