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Peptide sequences obtained from hen ovotransferrin are compared with the complete amino acid sequence 
of the protein deduced from a cDNA sequence (Jeltsch and Chambon, preceding paper). Of the 705 positions of 
the whole protein 605 can be matched by the peptide sequences. Some possible discrepancies between the two 
methods are pointed out. The two halves of the chain show marked similarities in their sequences with 37 iden- 
tical residues. The positions of the 15 disulphide bridges are shown; there are 6 homologous bridges in each half 
of the molecule and 3 extra bridges which occur only in the C-terminal half. The terminal residues of the half- 
molecule fragments obtained by limited proteolysis are identified. The two domains are joined by a 9-residue 
connecting peptide. Sequence variability has been found at 9 positions. The sequence of hen ovotransferrin IS 

compared with the partial sequence available for human transferrin. From this some tentative conclusions about 
the identities of the metal-binding residues and about the evolution of transferrin are reached. 

The iron-binding protein transferrin is present in all verte- 
brate species. The closely related protein lactoferrin (or lacto- 
transferrin) appears to be restricted to mammals. The amino 
acid sequences of these proteins have been studied for many 
years in order to elucidate their structure, evolution and iron- 
binding properties. Brew and his colleagues [1,2] have deter- 
mined about 80 % of the sequence of human serum transferrin 
and have discovered that the N-terminal and C-terminal 
halves of the chain have similar sequences, with about 40 
identical residues. X-ray crystallography [3] and partial pro- 
teolysis experiments [4,5] show that each half of the chain 
folds up into a largely independent, compact domain which 
carries a specific metal-binding site. Since the domains can be 
isolated as single-chain fragments after partial proteolysis it 
can be inferred that the disulphide bridges are located within 
the domains, none passing between them. These data suggest 
that the present-day bilobar protein has evolved by gene dupli- 
cation and subsequent fusion from a smaller ancestral protein, 
which apparently no longer exists. Partial sequence data on 
human lactoferrin show that this protein is homologous to 
transferrin and that it too possesses internal duplication of 
structure [6,7]. Lactoferrin may, thus, have arisen by a further 
duplication of the transferrin gene in the ancestors of the 
mammals. 

In birds expression of the transferrin gene in the oviduct, 
which is under steroid control, leads to the synthesis of ovo- 
transferrin (conalbumin), which differs from serum transferrin 
only in the nature of the attached glycan [8,9]. The sequences 
of cysteic-acid-containing peptides from digests of performic- 
acid-oxidized ovotransferrin have been determined [lo] ; 
34 unique cysteic acid residues were identified and some of 
the disulphide bridges were characterized after pepsin diges- 
tion of the unoxidized protein. A 102-residue sequence, which 
includes the point of attachment of the glycan, was later 
determined [l l] .  Further studies were carried out in this labo- 
ratory several years ago with the object of determining the 

Ahhr&ution.r. The one-letter system for abbreviating amino acid 
~. ~~ 

residues has been used, see Eur, J .  Biarhern. 5, 151 - 153 (1968). 

complete amino acid sequence but these were not concluded 
and have not been published. Recently, however, Jeltsch and 
Chambon [12] have determined the complete nucleotide 
sequence of hen transferrin cDNA transcribed from ovo- 
transferrin mRNA. In this paper we will compare the struc- 
ture of hen ovotransferrin as deduced from cDNA with 
previous studies of the protein and discuss the possible signifi- 
cance of certain aspects of this structure. 

THE AMINO ACID SEQUENCE 

Fig. 1 shows the amino acid sequence of hen ovotransfer- 
rin, in the usual one-letter code, as deduced from the cDNA 
sequence [12]: it will be referred to as the DNA/AA sequence. 
It comprises 705 residues including a 19-residue presequence. 
The N-terminal residue of the secreted protein is A(1). The 
amino acid composition of the DNA/AA sequence, excluding 
the pre-sequence, is shown in Table 1 where it is compared 
with the average of several published amino acid analyses. 
Discrepancies are greatest for isoleucine, serine, threonine 
and tryptophan where they exceed 10 %. The deduced compo- 
sition corresponds to a molecular weight of 77770, a figure 
which includes 1900 for the glycan [13], which is close to the 
value of 76000 obtained long ago from the iron content of 
the diferric protein [14]. 

PEPTIDE SEQUENCES (Fig. 1) 

Pretran.ferrin Sequence ( t )  

Palmiter and his colleagues [9] determined the sequence 
of pretransferrin, synthesised in vitro, by automatic sequential 
Edman degradation from M(-19) to P(3). 

N-Terminal Sequence (g) 

the maleylation method to be APPKS [18]. 
The N-terminal sequence of ovotransferrin was found by 
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Fig. t .  The amino acid sequence of hen ovotransjerrin us dediicedfiom the cDNA sequence [12]. The residue positions are numbered above the sequence 
from M(-19) to K(686). The lines below the sequence indicate those parts of the structure which have been determined directly: for details see the text 
and Table 2. The glycan is attached to asparagine (473) 

Half- Cysteine- Containing Pep tides (e) 

Elleman and Williams [lo] determined the sequences 
around cysteic acid residues and found 34 apparently unique 
cysteic acid residues, an excess of 4 over the actual number. 
Four of these sequences (CVK, CGK, CDI and CMNSF) 
cannot be fitted to the DNAIAA sequence and two of their 
sequences (those containing cysteic acid residues numbers 7 
and 32 in [lo]) are almost certainly the same, as will be shown 
below. Thus, 29 of the 30 half-cystines are verified by their 
work and one, C(358), was missed. 

Residue C(672) appears in two of the cysteic acid pep- 
tides studied by Elleman and Williams [lo]. In peptide Cq 
the sequence CNPSDIL, which agrees with the DNA/AA 
sequence, was obtained, but in peptide T3c4 the sequence 
was TCNSDPIL and Williams [19] had earlier obtained the 
sequence KTCNSDPIL. In both cases the evidence on which 
the sequence was based was completely convincing. 

A further problem concerns residue P(490) in the DNA/AA 
sequence. In our earlier work [lo, 1 I ]  the existence of a third 
proline near to the two located at positions 493 and 494 was 
evident from amino acid analyses. Nevertheless its location 
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Table 1. Amino acid composition of hen ovotransferrin 
The amino acid analysis given is the average of published analyses [4,8, 
15-17] 

~ ~~ 

Amino acid cDNA Analysis 

mol amino acid/mol protein 
-__ _____ ___~  

Lysine 58 59 
Histidine 12 12 
Arginine 29 31 

12 Aspartic acid 46 
Asparagine 32 
Threonine 37 33 
Serine 41 39 

66 Glutamic acid 45 
Glutamine 22 
Proline 28 21 
Glycine 52 51 
Alanine 53 54 
Valine 49 47 
Methionine 11 10 
Isoleucine 21 24 
Leucine 50 47 
Tyrosine 21 20 
Phenylalanine 26 26 
Cysteine 30 28 
Tryptophan 1 1  15 

in the sequence C(488)APG is surprising since the dansyl 
Edman technique gave FSEGCAGSPPNS in the two inde- 
pendently isolated peptides T2c1 [lo] and 1Tlcl [Il l .  This 
could be an artefact due to diketoperazine formation leading 
to simultaneous removal of the alanine and proline residues 
during Edman degradation [20]. In both these cases the 
proline is misplaced by two positions but we do not know 
whether this reflects sequence variability or incorrect sequence 
determination. 

The discrepancy between the DNAIAA sequence N(366)- 
GDV and the sequence DDG given as part of peptide C3 by 
us [lo], is probably due to the occasional failure of the 
Edman degradation to cleave asparaginyl-glycine bonds [21]. 
Thus the peptide sequence was deduced from amino acid 
analyses of subtilisin subpeptides and was not rigorously 
determined. The omission of Y(400) from peptide P3a [lo] is 
also erroneous. Tyrosine was detected (0.4 mol/mol peptide) 
by amino acid analysis but was not found during sequencing. 
It was, therefore, attributed to contamination. The presence 
of tyrosine at position 400 would explain the chymotryptic 
cleavage which gave rise to peptide Cg. 

Glycan-Containing CNBr Fragment ( k )  

Kingston and Williams [I l l  isolated a CNBr fragment 
(BCd) and determined the sequence. This matches the DNA/ 
AA sequence from T(461) to M(563) with the exception of 
P(490) which has been discussed above. 

Automatic Sequential Edman Degradations (ed) 

A CNBr fragment, which represents the N-terminal half 
of ovotransferrin, designated BCd by Kingston and Williams 
[ll], gave the sequencc APPKSVI-WC-I---E--KCNNL-DL 
both with the Beckman liquid-phase sequencer and the 
Anachem solid-phase sequencer. The N-terminal sequence 
of the proteolytic fragment, which represents the C-terminal 

domain of the protein (CT), gave the sequence EN-IQWCA- 
VGKDE, which corresponds to the DNAIAA sequence 
from 342 to 354. 

Additional Pept ides (Numbered) 

In this section we list 51 peptide sequences which have 
not been published before. The peptides were obtained from 
enzymic digests of ovotransferrin or of CNBr fragments of 
ovotransferrin. The following fragments were utilised : BCb, 
which is derived from the N-terminal half of the protein BC, 
which contains two sequences from the C-terminal half, and 
F which comprises the low-molecular-weight products of the 
CNBr treatment [l l] .  

Digestions were performed with trypsin, chymotrypsin. 
pepsin, thermolysin or subtilisin. Peptides were purified by 
ion-exchange chromatography on Dowex AG50X4 (mesh 
size 400) with a buffer gradient of pyridine/acetic acid from 
0.2 M at pH 3.1 to 2.0 M at pH 5.0 [20]. Further purification 
was carried out by paper electrophoresis and paper chroma- 
tography and sequences were determined by the dansyl 
Edman method [21,22] or by mass spectrometry. 

Many of the peptides studied merely confirmed sequences 
which were already published. Those which give new infor- 
mation and their positions in the DNA/AA sequence are 
shown in Table 2. It will be seen that several of the cleavages 
are unconventional ; especially common are chymotryptic 
cleavages in trypsin digestions. It is of interest that, although 
many enzyme digests were studied, some parts of the poly- 
peptide chain were not recovered in any of the digests and 
taking all the peptide sequences together, published and 
unpublished, 605 residues can be matched to the DNAIAA 
sequence (86 ”/,). 

Treatment of partially iron-saturated ovotransferrin with 
trypsin enables the N-terminal and C-terminal domains to 
be separated as fragments NT and CT [4,5]. From the 
sequence data the boundaries of the proteolytic fragments 
NT and CT can be defined. Treatment of the N-terminal 
fragment NT with CNBr released free arginine indicating 
the C-terminal sequence MR. CNBr treatment of the whole 
protein does not release arginine. Thus, the C-terminal residue 
of fragment NT is R(332). The N-terminal residue of the 
C-terminal fragment CT is E(342) by the sequencer runs on 
this fragment. The two domains are thus joined by a 9-residue 
connecting peptide. 

The ability of the cDNA sequence to predict molecular 
weight, amino acid composition and peptide sequences which 
are in close agreement with the observations made on the 
protein itself leaves no doubt that the DNA/AA sequence is 
very accurate. 

SEQUENCE VARIABILITY 

Intraspecific and intra-individual heterogeneity of ovo- 
transferrin is known from electrophoresis studies [23 - 251. 
The ovotransferrin used in our peptide studies was of the 
common B electrophoretic type. Nevertheless there was clear 
evidence of sequence variation at nine positions (Table 3). 
This list is clearly not complete. Further, there are some posi- 
tions where asparagine or glutamine in the DNA/AA sequence 
appeared as aspartic acid or glutamic acid in the peptide 
sequences. We have not included these as evidence of sequencc 
variation because of the ease with which deamidation can 
occur during peptide isolation. The DNA/AA sequence is 
only one of the sequences of hen ovotransferrin. 
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Table 2. Unpublished peptide srructures from hen ovotransferrin 
Peptide numbers and positions refer to Fig. 1. The source of each peptide 
is indicated. OT indicates ovotransferrin. BCb, BCe and D/E are CNBr 
fragments [ l l ] .  BCb is from the N-terminal domain; BCe and D/E from 
the C-terminal domain; NT is the N-terminal half-molecule obtained 
by partial proteolysis 

No. Structure Position Source of peptide 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

14 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

27 
28 
29 

30 
31 
32 

33 
34 

35 
36 
37 

38 
39 
40 
41 

42 
43 
44 
45 
45a 
46 a 

47 

48 

49 

APPKSVIR 

WCTISSPEEK 
DLTQQER 
IANNEA 
EADA 
DGGQVF 
EAGLAPYK 
EHTEGSTTSY 
YAVA 
AVAVVK 
KGTEF 
GTEFTVNDLQGK 
LGRSAG 

SAGWNI 

IESG 
AVAKF 
CARNAPYSGY 
YSGAF 
HCLKDGKGDVAF 
GDVAFVK 
TCNWAR 
ARVA 
VAAH(AVVAR) 
AVVAR 
ARDD(NKVED) 
DIW 

AQSDFGVDTK 
SDFHLFGPPGK 
GPPGKKN 

NPVLK 
DLLFK 
DSAIM 

DSAIMLK 
LKRVPSLM 

YLGF 
LGFEYY 
MR 

1- 8 

9- 18 
25- 31 
49- 54 
53- 56 
60- 65 
66- 73 
83- 92 
93- 96 
94- 99 

100-104 
101-112 
119-124 

122-127 

143-146 
151-155 
182-191 
191 - 195 
196 - 207 
203 - 209 
241 -246 
245 - 248 
247 - 255 

254 - 262 
262 - 264 

270-279 

251 - 255 

280 - 290 
286 - 292 

292 - 296 

302 - 306 
297-301 

302 - 308 
307-314 

319-322 
320 - 325 
331 - 332 

KGEADA(VALDGGLVY) 386-400 
DAVAL 399 - 394 
TDERPASYF 424 - 432 
FAVAVAR 432 -438 

DSNVNW 440 - 445 
ANVMDYR 576- 582 
AEVPTHA 587 - 593 
DLLER 606- 610 
KDLL 605 - 608 
FCVNCSQK 615 -622 
MM 626 - 627 

FE(SQNK)DLLFK 628 - 638 

K V R( ECTTY) 646 - 653 

trypsin digest of tri- 
fluoroacetylated BCb 
trypsin digest of BCb 
trypsin digest of BCb 
pepsin digest of BCb 
pepsin digest of BCb 
pepsin digest of BCb 
trypsin digest of BCb 
trypsin digest of BCb 
pepsin digest of BCb 
trypsin digest of BCb 
trypsin digest of BCb 
trypsin digest of BCb 
thermolysin digest 
of BCb 
sequencer run 
on thrombin fragment 
pepsin digest of BCb 
pepsin digest of BCb 
pepsin digest of BCb 
pepsin digest of BCb 
pepsin digest of BCb 
trypsin digest of BCb 
trypsin digest of BCb 
pepsin digest of BCb 
trypsin digest of BCb 
trypsin digest of BCb 
pepsin digest of BCb 
subtilisin digest 
of BCb 
trypsin digest of BCb 
trypsiii digest of BCb 
chymotrypsin digest 
of BCb 
trypsin digest of BCb 
trypsin digest of BCb 
trypsin digest of BCb 
(C-terminal of BCb) 
trypsin digest of OT 
CNBr digest of ovo- 
transferrin (OT) 
pepsin digest of OT 
trypsin digest of OT 
CNBr digest 
of NT. R351 terminal 
trypsin digest of D/E 
pepsin digest of D/E 
trypsin digest of BCc 
trypsin digest of BCc: 
also obtained with 
terminal K 
trypsiii digest of OT 
trypsin digest of OT 
pepsin digest of OT 
trypsin digest of D/E 
trypsin digest of D/E 
trypsin digest of D/E 
CNBr cleav- 
age-tHSL 
chymotrypsin digest 
of BCc 
chymotryptic digest 
of BCc 

Table 2 (Continued) 

No. Structure Position Source of peptide 
~~~~ - ~~ ~~ ~ ~ 

50 KEFLCDKFY 654-662 chymotrypcm digest 

51 TVI(SSL)K 663 - 669 trypsin digest of BCc 
of BCc 

a In peptide 46 Edman degradation failed to cleave the asparaginyl- 
glycine bond, the sequence was established by mass spectrometry. 

Table 3. Variable sites in ovotransferrin 

Position DNA/AA Peptide Comments 

33 serine serine or alanine [lo] 
292 aspartic acid asparagine peptides 29 and 30 
438 arginine arginine or lysine peptide 41 
512 lysine lysine or arginine [10,11] 
519 glutamic acid glutamic acid glutamic acid 

or glutamine in [lo] and [ I l l  
but an unpubl. 
peptic peptide 
HQKY 

540 isoleucine isoleucine or valine 1111 
605 arginine lysine peptide 45a 
62 1 glutamic acid glutamine peptide 46 
667 asparagine serine peptide 51 

INTERNAL DUPLICATION OF STRUCTURE 

A clear visual demonstration of the sequence homology 
of the N-terminal and C-terminal halves of the ovotransferrin 
chain is given (Fig.2) by the diagonal plot method of Gibbs 
and McIntyre [26]. Fig.3 shows an alignment of residues 
1-332 and 342-686, these sections corresponding to the 
N-terminal and C-terminal proteolytic fragments. Gaps have 
been inserted to give as many identical matches as possible. 
Out of the total 350 positions thus created there are 131 iden- 
tical residues (37.4 ”/,, each gap position being counted as 
one difference. The diagonal plot gives no strong visual 
evidence of the quadruplication suggested earlier [I] nor were 
attempts to align quarter-molecules convincing. However, 
Jeltsch and Chambon [I21 have discussed some peptide simi- 
larities which may reflect an ancient quadruplication. 

The conservation of residues in matching positions in the 
two domains probably indicates that they have common 
structural and functional roles. As Fig.3 shows, the con- 
served residues are distributed in an irregular manner and 
are not collected in any particular region of the chain. The 
most highly conserved type of amino acid is half-cystine since 
86% (24/28) of its occurrences are in conserved positions. 
The next most highly conserved amino acids are histidine 
(8/12), glycine (30/49), tyrosine (12/21) and leucine (26/47). 

THE ARRANGEMENT OF DISULPHIDE BRIDGES 

The structural role of the half-cystine residues is well 
shown in the arrangement of disulphide bridges in the two 
halves of ovotransferrin. By sequencing cystine-containing 
peptides from pepsin digests Elleman and Williams [lo] 
identified 12 of the 15 bridges. The half-cystine residues linked 
by these bridges are as follows: 10 to 45,115 to 197,160 to 174, 
171 to 182,228 to 242,348 to 380,405 to 680, 421 to 643,454 
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to 530, 478 to 671, 488 to 499 or 502 and 513 to 502 or 499. 
We can resolve the ambiguity in the last two bridges given 
in the list and also give probable identifications of the remain- 
ing three bridges by using the evident homology between the 
domains and the fact that no bridges pass from one domain 
to the other. Thus, we propose the following connections 488 

Fig. 2. Diagonal yloi qf’ the ovotrunsferrin amino acid sequence againsi 
itse/f [26/. The similarity of the N-terminal and C-terminal halves is 
shown by the strong diagonal clustering of points (arrows). If quadrupli- 
cation had occurred it would give two more diagonal clusters in the 
positions shown by the dashed arrows 

to 502, 513 to 499, 20 to 36, 358 to 371 and 570 to 584. This 
arrangement is shown in Fig. 4. 

It is clear that there are six homologous bridges in the two 
domains and an additional three bridges which are present 
only in the C-terminal domain. The extra bridges are of much 
longer range than the homologous bridges, since they connect 
parts of the chain separated by 193-275 residues. 

In the C-terminal domain the disulphide bridges numbered 
3, 4, 5 ,  7, 8 and 9 (Fig.4) probably impose severe constraints 
on the conformation of the polypeptide chain, as a ‘string 
model’ shows (Fig. 5 ) .  The central region of 125 residues from 
positions 405 to 530 forms an intricately cross-linked struc- 
ture, which probably possesses considerable stability. The 
outlying loops determined by bridges 1, 2 and 6 may be 
packed around this central region. Although not possessing 
as many cross-links it is likely that the overall conformation 
of the N-terminal half of the chain is similar to that of the 
C-terminal half, as is suggested in Fig. 5 .  The results of X-ray 
analysis will be of considerable interest in confirming or dis- 
proving these ideas. 

COMPARISON OF HEN A N D  HUMAN TRANSFERRINS 

Partial sequence data on human transferrin have been 
obtained by Brew and his colleagues [1,2]. Although these 
data are incomplete it is of great interest to compare them 
with the new picture of hen transferrin. 

21 half-cystine residues in human transferrin are clearly 
homologous with half-cystines in the hen sequence (Fig. 6) 
and it is likely that the still undetermined regions of the 
human protein contain further half-cystines. The disulphide 
bridges of human transferrin have apparently not been 
characterized yet but by assuming homology with hen trans- 
ferrin the following conclusions seem likely : the N-terminal 
domain possesses bridges numbered 1, 2, 3 and 6 (the region 

Q S M R  
S N L K T C N P S D I L Q M C S F L E G K  

Fig. 3. An alignment of the sequences of the N-terminal and C-terminal halves of hen ovotransferrin. Gaps have been introduced in order to maximise the 
matching identical residues. Identical residues are enclosed in boxes. The connecting peptide KDQLTPSPR is not shown. 0 marks those tyrosyl, 
histidyl and arginyl residues which are conserved in the N-terminal and C-terminal domains of both human and hen transferrins 
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9 

Fig. 4. A schematic diagram of the disulphide bridges of ovotransferrin. 
Residue numbers of the half-cystine residues are placed by the horizontal 
lines. The bridges in the N-terminal domain are numbered 1-6 and 
those of the C-terminal domain 1-9 

Fig.5. A string model of ovotransferrin to show the disulphide bridges. 
The N-terminal half is on the left 

3 

I '  ' I  
9 

Fig.6. A diagram of the positions of the half-cystine residues of human 
transferrin ( I ,  21. Disulphide bridge linkages have not been determined 
directly. Half-cystine residues which correspond to half-cystines in hen 
ovotransferrin are marked 0. Extra half-cystines which have no homo- 
logous counterpart in hen ovotransferrln are marked +. Dashed lines 
indicate undetermined parts of the structure 

Table 4. Percentages of identical residues in comparisons of N-terminal and 
C-terminal halves of hen and human transferrins 

Transferrin Hen C Human N Human C 
~~ 

Hen N 37 53 41 
Hen C - 45 50 

- 40 Human N - 

corresponding to bridges 4 and 5 remains unstudied), the 
C-terminal domain possesses bridges 1, 2, 3, 5 ,  6, 7, 8 and 9 
(the region corresponding to bridge number 4 remains un- 
studied). In addition to these bridges, which correspond to 
the hen protein bridges, two additional half-cystine residues 
occur near the C-terminal end of the N-terminal domain and 
three have been found in the C-terminal domain (Fig. 6). 
Since cysteine is not known to occur in transferrin it is likely 
that another half-cystine residue occurs in the undetermined 
region of the C-terminal domain. Nothing definite can be 
said about the connections of these extra half-cystine residues. 
The idea that human transferrin contains about 3 extra 
disulphide bridges in addition to those present in the hen 
protein is supported by the analytical half-cystine values. 
Values ranging from 31 mol to 39 mo1/80000 g transferrin 
have been obtained by different authors [27] giving a mean 
value of 36 mol/mol protein. 

When the sequences of the N-terminal and C-terminal 
domains of the hen and human transferrins are aligned, with 
gaps inserted to increase the number of matching identical 
residues, the percentages of identical residues in each pairwise 
comparison are as shown in Table 4. Thus, although all four 
half-molecules are homologous, the N-terminal domains of 
the two species and the C-terminal domains of the two 
species are more similar than an N-terminal domain and a 
C-terminal domain. Clearly the numbers in the table will 
need to be revised when the sequence of human transferrin is 
completed. 

Those residues which are critically involved in iron binding 
would be expected to be constantly present in all N-terminal 
and C-terminal domains. It is generally thought that each 
iron-binding site contains three tyrosyl residues and two 
histidyl residues [28]. The concomitantly bound anion may 
be held electrostatically to an arginyl side group. There are 
6 conserved pairs of tyrosine residues in hen transferrin 
(Fig. 3) ; five of them are also conserved in human transferrin. 
These are residues 82, 92, 188, 191 and 239 in the N-terminal 
domain and residues 415, 431, 521, 524 and 581 in the C-ter- 
minal domain. Similarly conserved histidyl residues are 11 6, 
210 and 250 in the N-terminal domain and 455, 542 and 592 
in the C-terminal domain. Conserved arginyl residues are 
121,233 and 255 in the N-terminal domain and 460, 574 and 
597 in the C-terminal domain. The positions of these residues 
are indicated in Fig.3. However, when more sequences are 
known there may be fewer constant residues. Chemical modi- 
fication experiments may enable the residues involved in 
iron binding to be identified more precisely. The fact that in 
both hen and human transferrins there are more disulphide 
bridges in the C-terminal domain than in the N-terminal 
domain may explain the resolution of the N-terminal and 
C-terminal monoferric protein complexes upon polyacryl- 
amide gel electrophoresis in the presence of 6 M urea [29]. 
In the absence of bound metal 6 M urea causes partial unfold- 
ing of the protein and a consequent reduction in electro- 
phoretic mobility. The unfolding of the N-terminal domain 
causes a greater decrease in mobility than does the unfolding 
of the C-terminal domain [30] and this may be due to the 
greater number of disulphide bridges in the latter. 

THE EVOLUTION OF TRANSFERRIN 

Clearly an early event in transferrin evolution was the gene 
duplication which produced the two-domain structure. Pre- 
sumably this was necessary to increase the molecular weight 
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and avoid loss of the protein from the circulation by diffusion 
through the glomerular membrane [31]. 

Since the available sequence data are very limited, only 
tentative suggestions can be made about the subsequent evolu- 
tion of the protein. Nevertheless, from the pattern of disul- 
phide bridges and the percentage of identical residues between 
N-terminal and C-terminal domains it is likely that the struc- 
tural differentiation of the initially identical domains had 
already occurred in the reptilian ancestors of birds and 
mammals. It would be of great interest to know whether this 
differentiation could be traced further back and the sequences 
of reptile, amphibian and fish transferrins may throw light 
on this. These structural differences are associated with differ- 
ences in the iron-binding properties of the two domains, so 
that the affinity of the two domains for iron is different [32] 
and they are clearly distinguished by their response to changes 
in pH and salt concentration [33,34]. Whether this structural 
differentiation of the domains is accompanied by physiological 
functional differences is an open question. Studies on the 
ability of the diferric protein to donate iron to primitive red 
blood cells show no differences between the two sites [35] but 
other possible physiological functions of transferrin have 
received little study. The still incomplete data on human trans- 
ferrin suggests that a further differentiation of the domains 
has occurred in mammals as shown by the acquisition of 
extra non-homologous disulphide bridges in both domains. 
In order to obtain a fuller picture of transferrin evolution it 
is to be hoped that the amino acid sequences and disulphide 
bridge patterns of a wide range of transferrins and lacto- 
ferrins will be studied. 
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