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ABSTRACT  The complete amino acid sequence of human
serum transferrin has been determined by aligning the structures
of the 10 CNBr fragments. The order of these fragments in the
polypeptide chain is deduced from the structures of peptides over-
lapping methionine residues and other evidence. Human trans-
ferrin contains 678 amino acid residues and—including the two
asparagine-linked glycans—has an overall molecular weight of
79,550. The polypeptide chain contains two homologous domains
consisting of residues 1-336 and 337-678, in which 40% of the res-
idues are identical when aligned by inserting gaps at appropriate
positions. Disulfide bond arrangements indicate that there are
seven residues between the last half-cystine in the first domain and
the first half-cystine in the second domain and therefore, a max-
imum of seven residues in the region of polypeptide between the
two domains. Transferrin—which contains two Fe-binding sites—
has clearly evolved by the contiguous duplication of the structural
gene for an ancestral protein that had a single Fe-binding site and
contained ~340 amino acid residues. The two domains show some
interesting differences including the presence of both N-linked
glycan moieties in the COOH-terminal domain at positions 413 and
610 and the presence of more disulfide bonds in the COOH-ter-
minal domain (11 compared to 8). The locations of residues that
may function in Fe-binding are discussed.

The iron-transport protein of serum, transferrin, is a monomeric
glycoprotein with M, =80,000. The properties and functions of
serum transferrins have been recently reviewed in detail (1).
Briefly, the transferrin molecule possesses two independent
metal binding sites, each of which can bind a ferric ion with a
K, of =10?22 M~ together with a bicarbonate anion. The pro-
tein ligands for Fe®* at each site include two or three tyrosine
residues, one or two histidine residues, and the concomitantly
bound bicarbonate anion (1). The view that transferrin consists
of two homologous domains—each associated with one metal
binding site—is supported by the demonstration -of internal
homology in a partial sequence for human transferrin (2) and
by the production of fragments of various transferrins by partial
proteolysis that have approximately half the molecular weight
of the native protein and single sites for Fe>* binding (3-6). Low
resolution x-ray crystallographic studies also support a two-do-
. main structure for rabbit serum transferrin (7).

The delivery of iron from transferrin to cells is mediated by
the binding of transferrin-Fe* complexes to specific cellular
receptors (e.g., see refs. 8—10). Transferrin molecules therefore
possess a specific receptor-recognition site in addition to the two
metal binding sites.

We report here the complete amino acid sequence of human
serum transferrin, which confirms the presence of extensive
internal homology within the polypeptide chain and permits the
identification of the locations of the substitutions in some pre-
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viously reported genetic variants. Together with structural in-
formation from chicken ovotransferrin (11, 12), the locations of
conserved residues of possible functional interest are identified.

MATERIALS AND METHODS

Materials. Transferrin from pooled human sera was obtained
from Behring (San Diego, CA) or from Sigma and was used
without further purification. Trypsin (L-1-tosylamide-2-phe-
nylethyl chloromethyl ketone-treated) and chymotrypsin were
from Worthington; thermolysin from Calbiochem; Staphylo-
coccus aureus protease from Miles; and pepsin from Sigma.
Sequencer reagents were from Beckman or Pierce.

Methods. CNBr fragmentation of human transferrin was per-
formed without prior cleavage of disulfide bonds. As reported
previously (13), on separation by gel filtration with Sephadex
G-75 in 5% formic acid, two groups of disulfide-bonded frag-
ments (CNA and CNB) and three cystine-free fragments (CN7:
residues 257-309, CN8: residues 383-389, and CN9: residues
310-313; see Fig. 2) were obtained. After reduction and al-
kylation with iodoacetamide or ethylenimine, fragments des-
ignated CN5 (residues 27-109) and CNG6 (residues 1-26) were
obtained from CNB by gel filtration, whereas CNA yielded five
fragments: CN1 (residues 500-678), CN2 (residues 110-256),
CN3 (residues 390-463), CN4 (residues 314-382), and CN10

(residues 465-499).

Digests of fragments with trypsin, chymotrypsin, thermo-
lysin, or S. aureus protease were performed in 0.1 M ammo-
nium bicarbonate or in unbuffered solution at pH 8.0 and 37°C
for about 4 hr; protease to protein (wt/wt) ratios were between
3:100 and 5:100. Pepsin digests were performed in 5% formic
acid. Cleavage at arginine residues was achieved by trypsin
digestion of acetylated or citraconylated fragments (14). Pep-
tides were -purified by a variety of methods; in different cases,
ion exchange chromatography with DEAE-cellulose (Whatman
DE52) eluted with ammonium bicarbonate gradients, CM-cel-
lulose (CM 52) eluted with gradients in pyridine acetate buffer
at pH 5.0, or sulfonated polystyrene resins (Aminex A5) eluted
with pyridine acetate gradients (15) were used. Impure fractions
were repurified by gel filtration with Bio-Gel P4, Sephadex G-
25 (superfine), or Sephadex G-50 (superfine) and by reverse-
phase chromatography (16). Criteria for peptide purity were
single NH,-terminal groups by the dansyl chloride procedure
(17), stoichiometric ratios on amino acid analysis, and ulti-
mately, sequence analysis. Amino acid analyses of acid hydroly-
sates were performed with a Durrum D-500 amino acid ana-
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lyzer. During earlier phases of this work, the sequences of
peptides were determined by the dansyl chloride/Edman deg-
radation procedure (18); for much of the sequence, automatic
sequence analysis with a Beckman 890C sequencer was per-
formed by employing the fast peptide dimethylallylamine pro-
gram (Beckman program no. 021979) or the 0.1 M Quadrol pro-
gram (program no. 121078) in combination with polybrene.
Phenylthiohydantoin derivatives of amino acids were identified
by gas chromatography and back hydrolysis with 6 M HCI con-
taining 0.1% SnCl, (19) or—more recently—by HPLC (20).

RESULTS AND DISCUSSION

The amino acid sequence of human transferrin was assembled
by aligning the sequences of the 10 CNBr fragments. The struc-
tures of these fragments were separately determined by a com-
bination of direct sequence analysis and from the structures of
overlapping peptides obtained from a variety of proteolytic di-
gests. The evidence for the sequences of the CNBr fragments,
and some of the evidence for their order, is summarized in Fig.
1. Sequences for CN7, CN8, and CN9 have been published
(18) and the evidence for their structures is omitted. The order
of the fragments in the polypeptide chain was determined from
a number of lines of evidence. (i) Peptides overlapping methi-
onine residues were isolated from large fragments prepared by
partial proteolysis of transferrin (unreduced) with pepsin. Three
fragments isolated from such digests by gel filtration were
cleaved by reduction and carboxamidomethylation and were
reseparated. In some cases, further proteolysis with trypsin was
performed, followed by reseparation. In this way peptides over-
lapping the following pairs of fragments were obtained:
CN6—CN5, CN5—CN2, CN4—CN8, and CN3—CN10, to-
gether with a peptide containing the amino terminus of CN3
preceded by a methionine residue. (ii) From a digest of per-
formic acid-oxidized transferrin with thermolysin, peptides
overlapping CN7—CN9 and CN7—CN9—CN4 were ob-
tained, as reported previously (2, 21). (iif) The locations of CN6
and CN1 at the NH,- and COOH-terminal ends of the trans-
ferrin polypeptide chain are indicated by their structures. (iv)
An Fe-binding fragment of M, 35,000, obtained by thermolysin
digestion of diferric transferrin, contained CN6, CN5, CN2, and
CNT7 in a contiguous sequence, together with a fragment of CN4
(6). Therefore, CN7 must follow CN2 in the overall sequence.

Although overlaps were not obtained at every methionine
residue, the combined evidence unambiguously indicates the
order CN6—CN5—CN2—>CN7—CN9—CN4—CN8—
CN3—CN10—CN1l. In numerous CNBr cleavages of trans-
ferrin, no fragments in addition to these 10 were observed, and
amino acid analyses of transferrin are consistent with the pres-
ence of 9 methionine residues. Therefore, it can be concluded
that the structure shown in Fig. 1 represents the entire amino
acid sequence of transferrin.

Disulfide Bond Arrangements. The pairing of half-cystine
residues has been examined by the isolation and analysis of cys-
tine-containing peptides from a tryptic digest (pH 6.0) of CNB
(CN6 and CNS5). Peptides generated by reduction and carboxy-
methylation of these cystine peptides indicated that Cys-9 is
linked to Cys-48 and Cys-19 to Cys-39. Cleavage of the ther-
molysin-produced Fe-binding “half molecule” with CNBr gave
a disulfide-bonded fragment containing CN2 (residues 110-256)
and part of CN4 (residues 326-341). Cystine-containing pep-
tides isolated from a peptide digest of this fragment indicated
the presence of disulfide bonds between half-cystines 117 and
194, cystines 137 and 331, and cystines 227 and 241. Half-cys-
tines 158, 161, 171, 174, 177, and 179 were present in a single
peptide that has proved difficult to subcleave. The arrangement
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of these three bonds remains uncertain. Cys-339—which is also
present in the thermolysin fragment—was found to be linked
to a cystine in the sequence Ala-Cys, probably corresponding
to residues 594-595. The arrangements of the remaining di-
sulfide bonds in the carboxylterminal half of the molecule must
still be investigated.

General Features of the Molecule. The polypeptide chain
of human transferrin contains 678 amino acids and—together
with the two glycan moieties, M, 2207 each (22)—has an overall
molecular weight of 79,550. The most striking feature of the
sequence is the presence of strong 2-fold internal homology
previously suggested from partial sequence studies (2). As
shown in Fig. 2, when residues 1-336 are aligned with residues
337-678 by the inclusion of gaps (23 in the former sequence and
19 in the latter) to optimize the similarity, 143 residues in cor-
responding positions (40%) in the two sequences are identical
and a considerable proportion of the residues that are not iden-
tical are similar in chemical nature. The most reasonable hy-
pothesis compatible with this finding is that the structural gene
for the transferrin molecule arose during the course of evolution
by the contiguous duplication of the structural gene for an an-
cestral protein of =340 amino acids. Together with previous
studies of Fe-binding fragments of transferrin, the internal ho-
mology indicates that transferrin consists of two Fe-binding
domains—corresponding to residues 1-336 and 337-678—and
that the smaller ancestor of the modern transferrins was a single-
domain molecule containing a single Fe-binding site. Studies
of the disulfide bond arrangement show that Cys-331 is linked
to a residue within the NH,-terminal domain and Cys-339 to
aresidue deep within the COOH-terminal domain. Therefore,
the two domains must be closely packed together with any link-
ing region being limited to a maximum of 7 residues (332-338).

The functional significance of the presence of two domains
with separate Fe-binding sites is uncertain as, although the two
sites have some distinguishable physical properties (see ref. 1),
present evidence indicates that in human transferrin there is
no difference in the in vivo behavior of the sites with respect
to iron uptake and delivery to cells (24). The evolutionary ad-
vantage of the doubled structure may instead lie in the reduc-
tion of losses on glomerular filtration.

The sequence reported here was determined with transferrin
from pooled human sera and represents the structure of the
predominant genetic form, transferrin C. No sign of sequence
variability was observed in any regions of the structure. How-
ever, the sites of substitutions in the sequence in a number of
genetic variants can be assigned on the basis of difference pep-
tides isolated by previous workers. A chymotryptic peptide
isolated by Wang and Sutton (25) from transferrin C appears to
correspond to residues 275-282; the corresponding peptide
from the D1 variant indicates a substitution of Gly for Asp at
position 277.

Peptides isolated from a tryptic digest of CN7 of transferrin
Dg¢y; by Wang et al (26) and Howard et al. (23) show that His-
300 is replaced by Arg in this variant. On the basis of peptides
isolated by Wang and co-workers (27), Gly-651 appears to be
replaced by Glu in transferrin B2.

Comparisons of the Domains. When the nature of the amino
acids conserved between the two domains is analyzed, a con-
siderable proportion appears to be of potential structural sig-
nificance (e.g., cystines, glycines, and hydrophobic resi-
dues)—possibly reflecting the preservation of a similar three-
dimensional structure in the two domains. Some conserved res-
idues can be expected to have a functional significance, as it can
be reasonably expected that the stereochemical restrictions on
the arrangements of liganding groups in the Fe-binding sites
would result in a conservation of the residues involved in these
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Fig. 1. The amino acid sequence of human serum transferrin. Thick bars indicate portions of fragments that were subjected to sequence analysis
and thin bars, portions that were not. The highest bar below each line of sequence shows the region of each CNBr fragment that was determined
by direct automatic sequence analysis. Peptides were generated as follows: T, trypsin (on AE, CAM, or CM fragments); C, chymotrypsin; TH, ther-
molysin; SP, S. aureus protease; PP, partial peptic hydrolysis of whole protein; PP/T, partial peptic hydrolysis with subsequent trypsin cleavage;
Pf TH, thermolysin cleavage of performic-oxidized protein. Glycosylated asparagine residues are indicated by %. The evidence for the structure
of CN7 (residues 257-309) has been omitted as it was published previously (18).

binding sites. There are five histidine and nine tyrosine residues
that are conserved in the two domains of human transferrin.
Some of these can be eliminated from consideration as liganding
residues as they are not conserved in corresponding sequences
from chicken ovotransferrin. Thus, His-14 is changed to Pro
(see ref. 28) and His-242 to Asp in a peptide that is clearly ho-
mologous with residues 237-249 of human transferrin [peptide
29, Elleman and Williams (11)]. In contrast, histidines 249, 119,
and 451 are conserved [peptides 30 and 31, Elleman and Wil-
liams (11)]. Therefore, .one or two of the homologous pairs of

histidine residues 119/451, 207/535, or 249/584 must probably
provide the imidazole ligands for binding the Fe* ions. Of the
conserved tyrosine residues (9 pairs), only the pairs at positions
314/649 and 319/654 can be eliminated, ‘as residues 314 and
319 are components of the region missing from the amino ter-
minal Fe-binding fragment obtained by thermolysin digestion
(6).

There are some pronounced differences between the NH,-
terminal (N) and COOH-terminal (C) domains. Thus, the N-
domain contains fewer disulfide bonds than the C-domain (8
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Fic. 2. Comparison of the primary structures and predicted secondary structures (23) of the two domains (residues 1-336 and 337-678). Gaps
have been placed in the two sequences to maximize the homology. Boxes denote residues that are identical in the two domains. The symbols used
for secondary structure features are 9 9, a-helix; », extended conformation (B-structure); —, bends.
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compared to 11), whereas the C-domain contains both sites of
glycosylation of the human transferrin molecule (asparaginine
residues 411 and 610); the glycosylation sites are the only as-
paragines in human transferrin that are contained in N-glyco-
sylation “signal sequences” of the type Asn-X-Ser/Thr. It is of
some interest that the glycosylation site in chicken transferrin
corresponds to residue 469 of human transferrin and is therefore
also in the C-domain (12). The corresponding sequence in hu-
man transferrin, Asn-Lys-Ile, is not a potential site of glyco-
sylation. This asymmetry of distribution of carbohydrate be-
tween the domains may be a general feature of transferrins (e.g.,
see ref. 5).

Many of the gaps in the alignment in Fig. 2—which presum-
ably represent deletions that have occurred since the gene du-
plication that initially gave rise to the ancestral two-domain
transferrin structure—are located in regions where the distri-
bution of cystine residues differs in the two domains. These
deletions may reflect structural adaptations to the addition or
excision of disulfide bonds during the course of evolution.

Secondary Structure. Fig. 2 also shows regions of secondary
structure predicted from the sequence by computer analysis
(29). This indicates that 97 residues (14% of the polypeptide
chain) have a high probability of being in an a-helical confor-
mation, whereas 70 residues (10%) are probably in an extended
configuration. This is in reasonable agreement with the results
of circular dichroism analyses of transferrin that suggest that
17% of the polypeptide chain is in an a-helical conformation
(30).

Many gaps in the sequence comparison between the domains
are in regions that are predicted to have no ordered structure
or to form a bend and may therefore be accommodated with
little modification in the overall three-dimensional structure.

In contrast, the gap between residues 477 and 478 corre-
sponds to 6 residues in the N-terminal domain that are pre-
dicted to be in an a-helical conformation. In view of the con-
siderable differences in structure between the domains between
residues 137-184 and 469-513, this region may be the site of
considerable conformational differences between the N- and C-
domains. Although empirical predictions of secondary structure
from amino acid sequences may be unreliable, the results are
consistent with the view that the two domains have generally
similar three-dimensional structures.
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