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Summary. The nature of the amino acids whose codons 
border introns in ferritin genes is novel; the disposition 
of these intron boundaries within the three-dimensional 
structure of the 24-subunit molecule differs signifi- 
cantly from that of other proteins. These observations 
are discussed in relation to the functions of isoferri- 
tins. 
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Introduction 

Ferritin molecules are protein shells storing an iron- 
containing mineral in their cavities. Their 24 subunits 
are structurally equivalent but the polypeptide fold can 
accommodate two distinct chains with differing amino 
acid sequences, known as H and L chains; the chains 
can assemble into the 24-mer either singly or as co-po- 
lymers. The three-dimensional structures of horse 
spleen apoferritin (85% L, 15% H) (Rice et al. 1983; 
Ford et al. 1984), rat liver apoferritin (65% L, 35% H) 
(Lawson 1990), and recombinant rat-liver L chain 
(Lawson 1990; Thomas et al. 1988) and human H chain 
(Lawson 1990) homopolymers are isomorphous. Nev- 
ertheless the two classes of polypeptide show only 
about 47% identify for H versus L amino acid se- 
quences as compared with about 85% identity within H 
sequences [human (Costanzo et al. 1986), rat (Murray et 
al. 1987), chicken (Stevens et al. 1987) and mouse 
(Miyazaki et al. 1988; Torti et al. 1988; Beaumont et al. 
1989)] and about 79% identity within L sequences [hu- 
man (Santoro et al. 1986), rat (Leibold and Munro 
1987), horse (Heusterspreute and Crichton 1981), rabbit 
(Daniels-McQueen et al. 1988) and mouse (Beaumont 
et al. (1989)]. Nucleotide sequences are known for H 
genes of human (Constanzo et al. 1986), rat (Murray et 
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al. 1987) and chicken (Stevens et al. 1987) and for L 
genes of human (Santoro et al. 1986) and rat (Leibold 
and Munro 1987). A striking feature of these sequences 
is the constant position of genomic intron splice junc- 
tions when examined with respect to the encoded pro- 
tein's chain fold and quaternary structure (although the 
introns are of different lengths). Here these positions 
are displayed and discussed in relation to structural 
subdomains and to isoferritin function. In addition, 
cDNA sequences have been determined for mature 
mRNAs of rabbit L chains (Daniels-McQueen et al. 
1988), mouse H chains (Miyazaki et at. 1988; Torti et al. 
1988; Beaumont et al. 1989) and L chain (Beaumont et 
al. 1989) and for three different types of tadpole red 
cell (Dickey et al. 1987) ferritin [named H, M, and L, 
from their relative electrophoretic mobilities although 
all three more closely resemble the other known H 
chains (61-71% identity) than L chains (48-59%)1. Anal- 
ysis of the nucleotides and amino acids in these ferri- 
tins suggests that the intron splice boundries are likely 
to occur in positions equivalent to those observed di- 
rectly in gene sequences. 

The conformation of a single horse spleen ferritin L 
subunit is shown in Fig. 1, together with its two-fold 
axis related neighbour and parts of adjacent chains 
within the protein shell. The positions of introns in the 
five known genomic H and L sequences are shown in 
Fig. 1. With respect to the horse L primary structure, 
the intron splice junctions fall between residues 33 and 
34, 82 and 83, and 124 and 125 (and not within codons). 
The first delimiter is placed towards the C-terminus of 
helix A (which comprises residues 9-39), the second 
near the centre of the long loop L (residues 74-90) and 
third near the N-terminus of helix D (residues 122- 
154). Thus, broadly speaking, the exons correspond to 
four sub-domains: (1) the N-terminus and most of helix 
A; (2) the C-terminus of helix A, the AB turn, helix B 
(residues 44-73) and half of loop L; (3) the C-terminus 
of L and the helix C (residues 91-121); and (4) helix D 
(residues 122-154), the DE turn, helix E (residues 158- 
171) and a C-terminal extension. Analysis of other pro- 
teins (Gilbert 1978; Blake 1978; Artymiuk et al. 1981; 
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Fig. 1. Part of the protein shell of horse spleen 
apoferritin (Ford et al. 1984) around one of its 
twofold axes. Regions of the shell containing 
intron splice junction positions (arrows) are 
circled and are reproduced in the enlarged 
insets. Intron splice junction 1 occurs in a 
buried intrasubunit position and junction 2 
near the centre of a long external loop (inset 
b). Splice junction 3 (inset a) is buried within 
the shell (residues on either side of the junction 
are either on a subunit interface making several 
interactions with residues from neighbouring 
subunits or buried within the subunit). The 
three-dimensional structures of human H chain 
and rat liver L chain ferritins are very similar 
(Lawson 1990) 

Gilbert  et al. 1986; Go and Nosaka  1987) suggests that 
introns may  mark  structural modules or domains.  Ferri- 
tin seems to fall within this pattern. Domains  or mod-  
ules are frequently separated by coil or loop regions 
and these are often found on the surface of  the folded 
protein. Hence such inter-domain exon / in t ron  splice 
junctions may  be expected to occur between surface re- 
sidues (Craik et al. 1982). In the large dimeric enzyme 
glycogen phosphorylase,  al though the 19 splice junc- 
tions do not necessarily mark  structural or functional 
subdomains,  17 of  them do occur on surface posit ions 
of  the folded dimeric molecule (Burke et al. 1987). This 
could be explained by a bias in the distribution of  nu- 
cleotides around the splice junction. Craik et al. (1982) 
analysed 31 splice junctions in 10 protein chains of  
known gene sequence and three-dimensional  structure; 
they found that  there was no restraint on the amino 
acid following the 3' splice junction, but on the 5' side 
of  the 5' junction, hydrophil ic  residues were over-repre- 
sented and hydrophobic  residues under-represented.  A 
consensus sequence [C or A] A G / G T based on the 
analysis of  400 exon/ in t ron  boundaries  in vertebrate 
genes (Padgett  et al. 1986) leads to the same conclusion. 

Most of  the proteins analysed (Craik et al. 1982; Burke 
et al. 1987) were either monomers  or oligomers of  small 
numbers  of  subunits. 

In ferritin, however, only two of the intron delimit- 
ers occur on or near the subunit surface, 82/83 and 
124/125, and only one, 82/83, on the surface of  the 
molecule. None  lies on the surface of  the internal cavi- 
ty. Residues 33 and 34 are buried within the subunit  
and within the shell. Residue 125 is buried within the 
subunit and residue 124, al though on the subunit sur- 
face, makes a number  of  interactions with neighbouring 
subunits. Table 1 lists the amino acid residues on either 
side of  the splice junction of  known genomic sequences 
and the residues that occur in equivalent positions of  
other ferritin H and L polypeptides.  Table 2 shows the 
exon lengths. Table 3, together with Fig. 1, locates the 
residues in the protein shell and gives the side-chain ac- 
cessible surface in a folded but isolated subunit and in 
a complete 24-mer. The high degree of  conservation of  
residues on either side of  the splice junct ion (which fall 
between residue codons in all cases) is notable for 124/ 
125 (residues involved in inter-subunit  interactions) 
and to a lesser extent for the other two junctions,  al- 
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Source Amino acid sequences Corresponding codons 

33/34 " 82/83 124/125 33/34 82/83 124/125 

HuL-L SL/GF IK/KP PH/LC CTG/GGC AAG/AAG CAT/CTC 
RaL-L SL/GF VQ/KP PH/LC CTG/GGC CAG/AAG CAC/CTC 
MoE-L SL GF VQ KP PH LC CTG GGC+ CAG AAG+ CAT CTC+ 
HoS-L SL GF LQ KP PHLC 
RbL-L SL GF VQ KP PH LC CTG GGC+ CAG AAG+ CAC CTC+ 
HuL-H SM/SY IK/KP PH/LC ATG/TCT AAG/AAA CAT/TTG 
RaL-H SM/SC IK/KP PH/LC ATG/TCT AAG/AAA CAC/TI'A 
MoM-H SM SC IK KP PH LC ATG TCT+ AAG AAA+ CAC TTA+ 
ChR-H SM/SY IK/KP PH/LC ATG/TTC AAG/AAA CAC/TTG 
TaR-L SM AS VE KP PH MT ATG GCC+ GAG AAA+ CAC ATG+ 
TaR-M SM YA IK KP PH LC ATG TAT+ AAG AA+ CAT CTG+ 
TaR-H SM AF VK KP PH LC ATG GCT+ AAG AAA+ CAT CTG+ 

Splice junctions are indicated by / and, in all cases, are located between amino acid codons in the mature mRNA. Possible junctions that 
are suggested by homology arguments are indicated by a space. Codon sequences that were determined for the cDNA copy of mature 
mRNA are flagged by +. Ferritin sequences are as follows: HuL-L, human liver L chain (Santoro et al. 1986); RaL-L, rat liver L chain 
(Leibold and Munro 1987); MoE-L, mouse erythroid cell L chain (Beaumont et al. 1989); HoS-L, horse spleen L chain (Heusterspreute 
and Crichton 1981); RbL-L, rabbit liver L chain (Daniels-McQueen et al. 1988); Hul-H, human liver H chain (Costanzo et al. 1986); 
RaL-H, rat liver H chain (Murray et al. 1987); MoM-H, mouse macrophage H chain (Miyazaki et al. 1988); ChR-H, chicken reticulocyte 
H chain (Stevens et al. 1987); TaR-L, -M, -H, tadpole reticulocyte L, M, H chain (Dickey et al. 1987) 

Table 2. Exon lengths in ferritin sequences 

Source Length of 

exon 1 exon 2 exon 3 exon 4 

HuL-L 33 49 42 50 
RaL-L 33 49 42 58 
MoE-L 33 + 49 + 42 + 58 + 
HoS-L 33 + 49 + 42 + 50 + 
RbL-L 33 + 49 + 42 + 60 + 
HuL-H 37 49 42 54 
RaL-H 37 49 42 53 
MoM-H 37 + 49 + 42 + 53 + 
ChR-H 37 49 42 52 
TaR-L 34 + 49 + 42 + 48 + 
TaR-M 34+ 49+ 42+ 51 + 
TaR-H 34+ 49+ 42+ 51 + 

Ferritin sequences are referenced in Table 1. Exons postulated by 
homology are flagged by + 

Table 3. Location of splice junction residues in apoferritin sub- 
unit 

Residue Radius 
vector 
(nm) 

Accessible surface area (nm 2) in 

monomer dimer 24-mer extended 
peptide 

Leu 33 5.2 0.01 0.01 0.01 1.70 
Gly 34 4.0 0 0 0 0.75 
Gln 82 6.1 1.27 1.02 1.02 1.80 
Lys 83 6.0 1.30 0.66 0.66 2.00 
His 124 5.2 0.90 0.90 0.09 1.95 
Leu 125 5.3 0 0 0 1.70 

Accessible surface areas of residues in an isolated extended pep- 
tide are taken from Chothia (1976). Accessible surface areas of 
residues in apoferritin sub-structures, an isolated monomer, a 
twofold related dimer, and the complete 24-subunit protein shell, 
were calculated by program DSSP of Kabsch and Sander (1983). 
The radius vector for each residue is the distance from the centre 
of the complete ferritin molecule to the a-carbon atom of that re- 
sidue 

though  there is cons ide rab le  conse rva t ion  wi th in  ei ther  
H or L chains.  Nex t -bu t -one  residues are also genera l ly  
conserved  or conservat ive ly  replaced.  This suggests tha t  
splice j u n c t i o n s  occur  in  equiva len t  pos i t ions  in all of  
the ferr i t ins l isted in Table  1. At the 5' side of  splice 
j unc t i ons  Cra ik  et al. (1982) no ted  the f requen t  occur-  
rence of  lysine,  a rg in ine ,  g lu tamate ,  g lu t amine  a n d  as- 
par ta te  residues and  the rare occur rence  of  hydro-  
phob ic  residues.  In  ferri t in,  we f ind leucine  or me th ion -  
ine at pos i t ion  33, in  keeping  with its bu r i ed  pos i t ion  
wi thin  the s u b u n i t ;  lysine,  g lu t amine  or g lu tamate  at 
pos i t ion  82 and  h is t id ine  at pos i t ion  124, a res idue no t  
found  in any  of  the 31 j u n c t i o n s  listed in  Cra ik  et al. 
(1982), the 19 j u n c t i o n s  in Burke et al. (1987) or in  the 
consensus  sequences  of  Padget t  et al. (1986). At the 3' 

side of  the j u n c t i o n  at pos i t ion  34, as in  other  prote ins ,  
we f ind a wide var iabi l i ty  of res idue type. At pos i t ion  
83, the high degree of conse rva t ion  of  Lys83 is unex-  
pected as the side cha in  poin ts  into solut ion,  whereas  at 
pos i t ion  125 the conserva t ion  of  Leu125 reflects its in- 
vo lvemen t  in  m a n y  hyd r ophob i c  in teract ions .  The co- 
dons  used are also listed in Table  1 for bo th  genomic  
a nd  c D N A  sequences.  It  is no tab le  that  these codons  
tend  to be of  the same type for res idues  in  the same 
posi t ions  in different  seqences whereas  at o ther  posi-  
t ions  di f ferent  codons  may be used. For  example ,  the L 
cha in  has c odon  C T G  for leucine  at pos i t ion  33 for hu-  
man ,  rat a nd  rabbi t  whereas C TC codes for leuc ine  at 
pos i t ion  125 in  all three species. O n  the other  hand ,  
T T A  or T T G  is used for Leu125 in  H - c ha i n  sequences.  
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The codon for Lys83 is AAA for all H chains but AAG 
for L chains. Examinat ion of  the intron sequences 
shows that  al though their lengths are quite variable, the 
usual pat tern of  bases (Breathnach et al. 1978), namely 
G T  at the 5' side and AG at the 3' side of  the junction, 
is maintained.  The junction 82/83 cuts the molecule 
into two pieces of  similar length, but there is no evi- 
dence for gene duplicat ion in the amino acid sequence. 
It is notable that exons 2 and 3 are of  identical lengths 
in all ferritin sequences (Table 2); this may reflect their 
importance  in the conservation of  three-dimensional  
structure. The number  of  residues in exon 1 is variable, 
but only in the N-terminal  region (9-13 residues) before 
helix A and this lies on the outside of  the protein shell. 
Similarly exon 4 varies only in the number  of  C-termi- 
nal residues that extend into the cavity, except for the L 
chains of  rat and mouse in which an eight-residue in- 
sertion is found in the DE turn on the outside of  the 
molecule,  making this inter-helical region eleven resi- 
dues in length insteads of  the three residues of  the other 
ferritins. 

Assignment  of  function among the four exons can- 
not be done with certainty at present. Ferritin mole- 
cules accelerate Fe(II)  oxidation (Neiderer  1970; Bak- 
ker and Boyer 1986; Macara  et al. 1973; Bryce and 
Crichton 1973) and promote  nucleation of  the mineral  
ferrihydrite in their central cavity (Macara  et al. 1972). 
Recent work  with recombinant  ferritins shows that 
rapid oxidative activity is confined to the H chain al- 
though ferritins containing only L chains are able to se- 
quester iron and form iron cores slowly at pH 7 (Law- 
son 1990; Thomas  et al. 1988; Levi et al. 1988; Levi et 
al. 1989; Lawson et al. 1989). The site of  Fe(II)  oxida- 
tion is at a metal  centre recently discovered in the crys- 
tal structure of  recombinant  human  H-chain ferritin 
and shown to account  for ferroxidase activity by fol- 
lowing the effects of  specific sequence changes (Law- 
son 1990; Lawson et al. 1989). This metal  site has li- 
gands f rom both  exon 1 and exon 2 (residues 23, 58, 
and 61 based on the number ing system used here). The 
second and third of  these lie on the B helix of  exon 2. 
Glu57, which may  be involved in moving iron f rom the 
oxidation centre to the central cavity, also lies within 
exon 2. Both H and L chains probably  contain nuclea- 
tion sites on the inside surface of  the cavity. These may 
also be located on the B helices of  exon 2 (Glu57, 
Glu61 and Glu64 have been suggested as ligands) al- 
though this is uncertain. However,  two other residues 
near the ferroxidase centre of  H chains which may  also 
be essential for activity are Glul03 and Glu137 placed, 
respectively, on the C and D helices (exons 3 and 4), so 
that residues essential for rapid ferrihydrite product ion  
in H ferritins are not confined to a single exon. The D 
helix, lying almost  entirely within exon 4, is also situ- 
ated on the inside of  the shell structure. The absence of  
any intron junctions on the internal surface of  the cav- 
ity may be related to its functional importance in iron 
storage. Of  the two types of  inter-subunit channel that  
pierce the shell and may allow access for iron or small 
molecules, the residues lining the largely hydrophobic  
fourfold channel lie entirely in exon 4. The narrow part  

of  the hydrophil ic  threefold channels are bounded  by 
residues Asp127 and Glul30,  lying within exon 4. How- 
ever, the outer, wider part  of  these channels is edged 
mainly by residues near  the C-terminus of  exon 3. The 
intron splice junct ion 124/125 also lies close to this re- 
gion. Exons 1 and 2, in addit ion to supplying ferroxi- 
dase centre ligands in H chains, are largely responsible 
for the stable inter-subunit interface around twofold 
axes shown in Fig. 1 that plays an essential role in sub- 
unit assembly (Rice et al. 1983; Ford et al. 1984). 

Sequence conservation among the various exons in 
H and L chains may reflect their divergence to different 
functions. Thus in their common  regions exons 1 and 2 
show, respectively, 81% and 84% identical residues in 
the five L-chain sequences and 84% and 98% identities 
in the four  sequenced H chains, as compared  with 50% 
and 45% when all nine sequences are included in the 
compar ison  (tadpole H, L and M were excluded). The 
values for exons 3 and 4 are 71% and 76% respectively 
for L chains, 83% and 83% for H chains and 45% and 
40% for equivalenced residues in both  L and H chains. 
The very high degree of  conservation in exon 2 of  H 
chains is notable. It has been calculated that the 45% 
divergence of H and L chains overall would require 
some 300 million years to be accomplished (Munro et 
al. 1985). 
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