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The nucleotide sequence of an almost double-stranded ¢cDNA copy [Cochet, M., Perrin, F., Gannon, F.,
Krust, A., Chambon, P., McKnight, G.S., Lee, D. C., Mayo, K. E., and Palmiter, R. D. (1979) Nucleic Acids Res. 6,
2435—2452] of chicken ovotransferrin (conalbumin) mRNA has been determined. Taking into account the pre-
viously reported 5'-end sequence [Cochet, M., Gannon, F., Hen, R., Maroteaux, L., Perrin, F., and Chambon, P.
{1979) Nature (Lond.) 282, 567 —574] we present the complete nucleotide sequence of the ovotransferrin mRNA
from which the amino acid sequence of the protein is inferred. A computer and statistical analysis of the nucelotide
sequence reveals a pattern of internal homology which confirms that the present-day chicken ovotransferrin gene
(and by extrapolation the transferrin genes of other species) has evolved by duplication and gives some support
to the quadruplication hypothesis of transferrin evolution.

The avian transferrin gene is interesing in several respects. It
is expressed both in the liver and in the oviduct, where its
protein products are known as serum transferrin and ovotrans-
ferrin (or conalbumin) respectively. The liver and the oviduct
proteins differ only in the nature of their attached glycan chain
[3, 4]. However, the modulation of the expression of the
transferrin gene by steroid hormones and iron levels is very
different in the two organs [2, 5, 6]. Determination of partial
amino-acid sequences of the N-terminal and C-terminal ends of
the protein, X-ray crystallography studies and partial proteo-
lysis experiments on human, chicken and rabbit transferrins
have led to the hypothesis that the present-day transferrin gene
has evolved by duplication from an ancestral gene [7—10).
Moreover, it has been proposed that this ancestral gene could
be itself the product of a more ancient duplication [8] and,
therefore, that the present-day transferrins could be the
product of a quadruplication event.

We have previously reported that the chicken transferrin
gene is split in 17 exons [2]. The complete elucidation of the
structure of the transferrin gene at the sequence level should
reveal some of the mechanisms involved in the generation of
split genes by duplication and possibly quadruplication of
ancestral genes. Such a study should disclose whether the
ancestral gene(s) was (were) already split and how the original
exon-intron pattern has evolved since the duplication events.
The presence of two homologous iron-binding domains in
transferrins [7, 9, 10] will also provide an opportunity to see if
the proposal that exons could correspond to functional do-
mains applies to this gene [11].

To address these questions and to form a basis for further
studies of the ovotransferrin gene structure, we have de-
termined the nucleotide sequences of an almost full-length
ovotransferrin double-stranded cDNA clone [1]. This se-
quence, together with the previously reported sequence of the 5

Abbreviation. dscDNA, double-stranded complementary DNA.

Enzymes. Restriction endonucleases Tag 1 (EC 3.1.23.39), Hinf1 (EC
3.1.23.22), Pwull (EC 3.1.23.33), BamHI (EC 3.1.23.6), EcoRI (EC
3.1.23.13), BstNI(EC 3.1.23. ), Aval (EC 3.1.23.3), Acc1 (EC 3.1.23.—),
Avall (EC 3.1.23.4), Sau3 A (EC 3.1.23.27), Bg/ll (EC 3.1.23.10), Hincll
(EC 3.1.23.20).

end of the ovotransferrin gene [2], provides a complete
sequence of chicken ovotransferrin mRNA and protein.
Analysis of the nucleotide sequence data reveals extensive
internal homologies in the ovotransferrin mRNA, which
confirms that transferrins have evolved by duplication of an
ancestral gene and gives some support to the quadruplication
hypothesis of transferrin evolution.

MATERIALS AND METHODS
Materials

Restriction enzymes were purchased from New England
Biolabs, BRL or Boehringer and used according to their
recommendations. [y-32PJATP (> 1000 Ci x mmol ™ ') was ob-
tained from Amersham or NEN.

DNA Sequencing

pBR 32-con 1 plasmid, containing the conalbumin double-
stranded cDNA (dscDNA) [1] was purified by the clear lysate
technigque [12], followed by CsCl equilibrium centrifugation.
DNA restriction fragments used for sequencing were purified
by centrifugation (SW41 rotor) through 5—209 sucrose
gradients (in 20 mM Tris/HCl pH 7.9, 2 mM EDTA, 200 mM
NaCl, 0.1% sarkosyl, 5 pug/ml ethidium bromide). The frag-
ments were detected using an ultraviolet lamp and recovered by
puncturing the wall of the tubes. After butanol extraction to
remove the ethidium bromide, the DNA was precipitated twice
with two volumes of ethanol.

Preparation and sequencing of DNA fragmenis, ?P-
labelled at the 5’end, were performed according to Maxam and
Gilbert [13]. Products of the chemical degradation reactions
were separated on thin, denaturing 8.3 M urea polyacrylamide
gels with acrylamide concentrations of 6 %, 8%, 109/ or 209,
[13, 14].

Statistical Analysis of Sequence Data

A computer program, written by R. Fritz, was used to
search for sequence homology. After a preliminary analysis the



292

g___Transcription 3
I} 500 1000 1500 2000 2500bp
a b1 1 I T S N A T U I T SR R (T S R R
PolyA
* »
+
UAA
b AUG
-] ——]
— t -t -—
B E—— b - - -y -———
+— e e ————— jmm—
——— e
—t "

Fig. 1. Strategy for sequencing the conalbumin dsc DN A. (a) Scale in base pairs (bp). (b) Restriction map of the conalbumin dscDNA inserted in the pBR 322
unique repaired Sa/l site generating two Tagl sites (noted ff in the figure). This map shows only the sites used for 5'-end labelling and sequencing. Direction
and extent of sequencing determination are indicated by the arrows. The 5" and 3" non-coding regions are hatched and the poly (A) tail is also indicated. The
light lines correspond to the flanking plasmid sequences. Dashed lines correspond to sequences which were not read. It should be noted that the localization
of some of the restriction enzyme sites is different from that reported in the preliminary mapping study of Cochet et al. [1]. A complete restriction enzyme
map of ovotransferrin dscDNA, as deduced from the sequencing data, is available upon request. (00) Tagl; ( x ) Hinf1; (0) Pvull; (a) BamHI; (V) EcoRI;
(0) BstNI; (B) Aval; (HAccl; (@) Avall; (A) Sau3A; (W) Bglil; (&) Hincll

mRNA sequence was divided into segments of 100 nucleotides
with an increment size of 30 nucleotides (in order to remain in
phase with the codon reading frame). Each of the 100
nucleotide segments was compared with all of the others. No
allowance was made for gaps and the homology between 100-
nucleotide blocks was expressed as a percentage. The validity of
a given homology between two sequences was then evaluated
as previously described by Sargent et al. [15]. Taken P (the
probability that any given position will be a match) equal to
0.25 (i. e. there is no preference for any of the four nucleotides at
any given position), a homology extending over 100 nucleotides
with a maximum P, of 7 x 10~ * was considered ‘legitimate’ [15].
(P, is the probability that a homology equal to or greater than
that being considered might arise accidentally). This value of P,
corresponds to a 439, homology between blocks of 100
nucleotides when P is equal to 0.25. In fact, there is some
deviation from ideal randomness. Empirical determination of
P for ovotransferrin mRNA sequences yields values falling
between 0.23 and 0.29. (A P, value of 7x10~* would cor-
respond to 40 % and 48 9, homologies between blocks of 100
nucleotides for P values of 0.23 and 0.29 respectively.)

RESULTS AND DISCUSSION
The Ovotransferrin mRNA Sequence

The cloning and preliminary characterization of an almost
full-length chicken ovotransferrin (conalbumin) dscDNA was
previously described [1]. We have used the method of Maxam
and Gilbert [13] to determine the sequence of this cloned
conalbumin dscDNA. The strategy for sequencing is outlined
in Fig. 1, where the sites used for 5’-end labelling, the direction
and extent of sequence determination are indicated. All of the
restriction sites used for sequencing were overlapped with the
exception of the two Tagl sites [1] located at the extremities of
the conalbumin dscDNA insert. { We are, however, confident
that no Tag! fragment was overlooked, since one of the Tuqg!
sites is located at the 3" end of the mRNA poly(A) tail, while the
other is situated at the 5" end of the cloned dscDNA in a region
which was previously sequenced in the cloned chromosomal
ovotransferrin gene [2).} Most of the sequencing operations
were performed on the two DNA strands with the exception of
about 300 base pairs in a region located at the 3" end of the
dscDNA, where sequencing was repeated twice from the Bg/11
and Tagql sites. Therefore, the resulting dscDNA sequence is
most likely free of errors, although we cannot exclude mu-

tations which could have occurred during the cloning. The
complete ovotransferrin mRNA sequence is shown in Fig. 2,
taking into account the first 20 nucleotides, which are not
represented in the dscDNA but were previously determined by
sequencing the 5" ends of the chromosomal gene and of the
ovotransferrin mRNA [2].

The ovotransferrin mRNA contains 2376 nucleotides [ex-
cluding the cap nucleotide and the poly(A) tail]. There is a 182-
nucleotide 3’-untranslated region and, as previously reported
[2], the 5-untranslated sequence is 76 nucleotides long. The
sequence 5-A-A-U-A-A-A-3', which is found in polyadenyl-
ated mRNAs 11 —30 nucleotides upstream from the start of the
poly(A) sequence and which forms part of the recognition site
for polyadenylation, is present 18 nucleotides upstream from
the poly(A) tail (for references, see [16]).

The ovotransferrin mRNA codes for a 705-amino-acid
preprotein. As previously reported [2, 17}, there is a 19-amino-
acid protein leader sequence (or signal peptide). The present
version of the leader sequence is in complete agreement with
that of Thibodeau et al. [17] obtained by amino acid sequenc-
ing. This is in contrast with our previous sequencing results [2]
in which an isoleucine was attributed to position 2 instead of a
phenylalanine. A detailed comparison of the sequence of the
686-amino-acid secreted ovotransferrin protein, as deduced
from the mRNA sequence, with the partial sequence estab-
lished by amino acid sequencing in presented in the accom-
panying paper of Williams et al. [18] in the light of the known
existence of ovotransferrin protein variants.

Internal Duplication of the Ovorransferrin mRN A

Several lines of evidence have suggested that the present-
day transferrin genes have evolved by duplication (for re-
ferences, see introduction an [19]). The mRNA sequence was
analyzed as described in Materials and Methods and in the
legend to Fig. 3 to search for extensive internal homology. We
looked for sequence homologies starting from position 134,
which corresponds to the first nucleotide coding for the
secreted protein, since a preliminary analysis did not reveal any
significant homology to the 5" untranslated region or to the
sequence coding for the leader sequence. As shown in Fig. 3,
two blocks of sequences (134 —934 and 1134 — 1934) exhibit a
striking homology (as shown by the discontinuous diagonal
series of squares), which strongly supports the duplication
hypothesis. Each block of homology appears to be divided into
two sub-blocks of similar lengths separated by a region of lower



. Ao . 80
5’-AUCACAGACCCAGAGGGGACGGUCUGUGACCAACACCGCUGCUCCCCCUCCUCAACACCCAGCUCCCUGCCCCAAC%EEAAGCUCAUCCUC
-1

egtLysLeuIZeLeu
120 160

UGCACCGUéCUGUCCUUGGGGAUAGCGGCUGUGUGUUUCGCCGCUCCCéCCAAGUCAGUCAUCAGAUGGUGCACCAUAUCCUCUCCAGAAGAGAAGAAA

CysThrValLeuSerLeuGlyIleAlaAlaVallysPhed ZlaA Z;zPrcProLyeSerVa LIleArgTrpCyeThrIleSerSerProGluGlulyslys
-1 X+ .
260 240 280

UGCAACAACCUCAGGGACCUCACACAACAAGAGAGGAUUUCCUUGACCUGUGUGCAGAAAGCAACGUACéUUGACUGCAUUAAAGCCAUUGCGAAUAAU
C;/:AsnAsnLeuArgAspLeuThrGZnGlnG.ZuArgIZeSerLeuThrCys ValGZnLysA‘}(;zThrTyrLeuABpraIleLysA ZaIZeA.ZaAsnAan
360

. 320 .
GAGGCAGAUGCCAUUAGCUUGGACGGCGGGCAAGUGUUUGAGGCAGGCCUUGCCCCAUACAAGCUGAAGCCCAUUGCUGCUGAGAUUUAUGAACAUACU
GluAlaAspA ZaIZeSerLeuAs%pGZyGZyGZn ValPheGluA laGlyLleuAlaProTyrLlysleulysProlleAlaA ZaGelouIleTyrGZuHisThr

GAAGGCUCCACAACCAGCUACUAUGCUGUGGCCGUUGUGAAAARAGGAAC CEAAULCACCEUGAACGACUUGCAGGECAAGAACUCCUGERACACEGES

GluGlySerThrThrSerTyrTyrAlaValAlaVal VaZLyell%sGZyThrGluPheThrVa lAsnAspLeuGlnGlyLlysThrSerCysHiaThrGly

CUGGGCAGGUCUGCEGGCUGGAACAUCCCCAUUGGGACACUCCUCCACUGEEGE6CCAUUGAGUGEGAAGGCAUAGAAUCEGECUCAGUGBAACAAGCS

LeuIGZZé/ArgSerA laGlyTrpAenIleProlleGlyThrLleuLleulieTrpGlyA ZaIleGZu’IT'J-JpGZuGZyIZeGZuSerGZySerVaZGZuGZnA la
600 * 610 680"

GUGGCCAAGUUUUUCUCUGCCAGCUGCGUGCCCéGUGCCACCAUCGAGCAAAAACUGUGCCGUCAGUGCAAAGGAGACCCCAAAACCAAGUGUGCCCGC

ValAlalLysPhePheSerA ZaSerICGz/os ValProGlyd laThrIleGluGZnLysLeuCysArgGlnCysLysGZyAspProLys?‘gxorLysCysA ladrg
760

AAUGCACCUUAUUCﬁGGAUAUUCUGGAGCUUU&E&UUGUUUGAAAGAUGGAAAAGGAGACGUGGCUUUUGUGAAGCACACAACUGUUAAUGAAAAUGCC

AsnAlaProTyrSerGlyTyrSerGlyA laPkeﬁieCysLeuLysonsopGZyLysGZyAepVa lAlaPheVallysHigThrThrValdenGludendla
890 . 840 . 880
CCGGAUCUGAAUGAUGAGUAUGAGCUGLUGUGCCUGGAUGGCAGCCGECAGCCUGUGGACAACUACAAGACCUGUAACUGGGCCAGAGUGGCUGCUCAC
ProAspleud snAepGluTyrGluleuleuCyaleudgpGlySerArgGlnProva ZAspAsnTyr,zﬁéjosThrCysAsnTrpA laArgValAlaAlaHis
q2c . 360
6CCGUCGUGGCUCGGGAUGACAACAAGGUUGAAGAUAUCUGGAGCUUCCUCUCAAAAGCACAGAGUGACUUUGGCGUGGACACCAAGAGUGACUUCCAC
AlaValValA ZaArgAepAspAsnLyszVGaoZGZuAspIZeTrpSerPheLe uSerLysAlaGinSerAspPheGlyVa ZAspThrLys?aeorAspPheh'ms
1000 1040 .

CUCUUUGGGCCACCUGGAAAGAAGGACCCGGUCCUCAAAGACUUCCUUUUCAAAGACUCUGCCAUAAUGCUGAAGCGCGUCCCCUCGCUGAUGGK&EEC

LeuPheGlyProProGlyLysLlysAspProValleulysa spLeuLeué’ohoeLysAspSerA lalleMetLeulysArgValProSerLeuMetAspSer
1120 1160

CAGCUCUACCUGGGCUUUGAGUACUACAGUGCCAUCCAGAGCAUGCGGAAAGAUCAGCUGACUCCCAGCCCCAGAGAAAACAGGAUCCAAUGGUGUGCA
GZnLeuTyr[a.euGZyPheGZuTy rTynSerd laIleGlnS?rMetArgLysAspGlnLeuThrProSerI;f(SArgGluAsnArgIleGZnTrprsA la
1200 1240

GUAGGCAAGGAUGAGAAGAGCAAGUGUGACCGCUGGAGUGUGGUGAGCAACGGGGACGUGGAGUGCACCGUGGUAGACGAGACAAAGGACUGCAUCALL

VaZGZyLysAspGZuLyaSerLysCysAsp,g.ggTrpSerVaZVaZSerAsnGZyAspVaZGZuCysThrVaZVaZAspGZuThrLysAspg%%IZeIle
1280 1320 1360

AAGAUCAUGAAAGGUGAAGCAGAUGCUGUUGCCCUUGAUGGAGGUCUGGUCUAUACUGCUGGUGUCUGUGGCCUGGUGCCAGUGAUGGCAGAACGAUAL
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CGGUUUGGAGUAAAUGGAAGCGAGAAAAGCAAGUUCAUGAUGUUUGAGUCUCAAAACAAAGAUCUUCUGUUUAAAGACLUAACCAAGUGCCUGUUUAAA
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UGAUGUGCAGAGGGCCCUCUGCCAUUGCUGCUUCCCCUBCCCUUCCUCGUCACUCUGAAUGUGGCUUCUUCGCUACUGCCACAGCAAGAAAUAAAAUCY
CAACAUCU-PoLY (A) =71

Fig. 2. The nucleotide sequence of conalbumin mRN A and the inferred protein sequence. The first 20 nucleotides were previous}y de.termin/ed by M. Cochet et/
al. [2]. The AUG initiator codon and the UAA terminator codon are boxed. The common eukaryotic mRNA polyaden.ylapon signal 5 -A-A—[‘J-A—.A-A-3

is underlined. The nucleotide and the protein sequences are numbered separately. For the nucleotide sequence, numbeqng is above the nucl_eogde line (the
0 of each number is placed above the corresponding nucleotide and there is a dot cvery 20 nucleotides). For the amino acid se?quence.numb.ermg is below the
amino acid line. The signal (leader) peptide extends from position 19 (Met) to 1 (Ala). * +1 indicates the first NH,-terminal amino acid of the secreted
protein; ** indicates the amino acid bearing the glycan chain [4]
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Fig. 3. Internal homology diagram of the conalbumin mRNA obtained by computer analysis ( Materials and Methods ). Bach side of the squares corresponds
to 100 nucleotides. The numbers associated to squares are the homology scores in percent. Only statistically significant homologies > 44 %, are represented
(see Materials and Methods). The homology search starts at the first nucleotide of the codon of Ala*! (the N-termina} amino acid of the secreted protein),

"1.e. nucleotide number 134

133
267
471
608

I 116 H1sTHRGLYLEUGLYARGSERALAGLYTRPASNILEPROILEGLYTHRLEULEU
1T 250 HisAuaVaLVaLALAARGASPASPASNLYSVALGLUASPILETRPSERPHELEY
11 455 HisTHRALAVALGLYARGTHRALAGLYTRPVALILEPROMETOLY——-LEUILE
592 ﬁl_s_ALAVALmVALﬁPRoGLuLYsALAASNLYs——~EARGASPﬂﬂJ

B,

1 479 CACACGGGECUGGECAGGUCUGCEGRCUGGAACAUCCCCAUUGGGACACUCUC 532
881 CACGCCGUCGUGGCUCGGGAUGACAACAAGGUUGAAGAUAUCUGGAGCUUCCUC 934

1 CAAGGUUG
{1 1496 CACACCROUSUGGBGAGACUGCUGGCLGGGUCAUCCCCAUSGRC-~-UUGALU 1546
V. 1907 CACGCUBUGBLCGUGCGCCCRRAGARAGCARACAAA---AUCCEUGAUCUGCUG 1957

c. COMPARISON OF THE FOUR REGIONS
|20V SRR V2 AN V2R A I S VAL AN 0 VAN
LENGTH IN NUCLEOTIDES S4/54 S4/51 54/51 54/51  54/51  51/51
NUMBER OF CODON DELETIONS -/- -/l -/1 -/ -/1 1/1

NUMBER OF HOMOLOGOUS
CODONS 2 6 2 2 2 1

NUMBER OF HOMOLOGOUS

NUCLEOTIDES 25

46

20
37

2
iy

Fig. 4. Comparison of sequences which suggests a fourfold homology in
chicken ovotransferrin. (A) Alignment of the relevant amino acid sequences
(see text); I, 11, 11T and IV correspond to amino acids 116 — 133, 250 —267,
455—471 and 592 - 608 of the secreted protein (Fig. 2). Gaps have been
introduced in III and IV in order to maximize the homologies. (B)
Alignment of the corresponding codons. (C) Homologies between the
nucleotide sequences I, I, IIT and IV. Amino acids or nucleotides present at
least three times at homologous positions in sequences 1, II, Il and IV, are
underlined in (A) and (B)

24
Y

24
44

36

% OF NUCLEOTIDE HOMOLOGY 67

homology. It is noteworthy that there is only weak evidence for
duplication of the region between nucleotides 935 and 1100.
Sequencing of the chromosomal gene (in progress) should
reveal whether the corresponding exons have not been dupli-
cated or whether they have diverged more rapidly than the
others since the duplication events occurred. Two other blocks
of homology (834—1034 to 1100—1300) are also present in
Fig. 3. Their occurrence in these positions cannot be readily
explained by a simple duplication scheme of ancestral gene and
it should be noted that similar homologies are not found in
these regions when the corresponding amino-acid sequences
are compared.

MacGillivray et al. [8] have suggested that the human
transferrin may have evolved by quadruplication, on the basis

of a weak fourfold homology present in the protein sequence.
Some amino acid residues, which may belong to the iron-binding
sites, are found four times at the same distance from each other.
These residues are the His and Arg represented in Fig. 4A.
When amino acid sequences in this region are compared,
additional homologies are apparent. Comparison of the cor-
responding nucleotide sequences (Fig. 4B, C) gives further
support to the quadruplication hypothesis, since regions I and
IL, II and 111 and T and TV exhibit 44 %, homology, much above
the value observed for 50 nucleotide blocks taken at random.
We hope that the complete elucidation at the sequence level
of the exon organization of the chick transferrin chromosomal
gene, presently in progress in our laboratory, will provide a
more valid approach to evaluate the quadruplication hypo-
thesis.
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