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ABSTRACT
We have determined the sequence of ovalbumin RNA (ov-mRNA)

using a double-stranded cDNA (dscDNA) plasmid. We have also
determined the sequence of the previously characterized exonic
regions of the chicken ovalbumin gene. The comparison of these
various sequences has shown that there are no additional
interrruptions in the mRNA-coding sequences above those 7 already
characterized. There is only one single base discrepancy between
the two mRNA sequences determined using the dscDNA or the gen-
omic clones. This demonstrates the accuracy and reproducibility
of the cloning and sequencing techniques. The ovalbumin mRNA
sequence was found to be 1872 nucleotides in length, 13 nucleo-
tides larger than the previous value reported by McReynolds et
al. [Nature 273, 723-728 (1978)].

INTRODUCTION

The cloning of extensive sequences of ovalbumin double-
stranded cDNA (dscDNA) has been reported by Humphries et al.
(1). We have used this plasmid to show that the ovalbumin gene
is split in chicken DNA (2) and to isolate genomic clones
containing the 8 identified ovalbumin exons (3-6). These exons

were mapped on the cloned fragments by electron microscopy and
use of restriction enzymes. These techniques are not sufficient-
ly sensitive to detect intervening sequences less than about
50 bp, however, and so the possibility remained that some or
all of the exons might contain additional hitherto undetected
interruptions. To investigate this possibility, we have sequen-
ced the cloned double-stranded cDNA of Humphries et al. (1)
and the regions of our ovalbumin genomic clones known to
contain messenger-coding sequences. Comparison of these dscDNA
and genomic clone sequences has shown that the 8 ovalbumin
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exons defined by our previous work (6, 7, 8) are not further

interrupted in the chicken genome. This allows us to present a
definitive map of the chicken ovalbumin gene [Fig. 4(b)].

While this work was being completed, McReynolds et al. (9)
reported the sequence of an independently constructed ovalbumin
dscDNA plasmid. The sequences are in very good agreement - we
detect, however, a sequence of 13 nucleotides in the 3' non-
translated region of the messenger missed by McReynolds et al.

MATERIALS AND METHODS.

DNA fragments

Cellular DNA fragments shown in Fig. 4 were prepared as
described in Breathnach et al. (8). The ovalbumin dscDNA insert
in pCRlov2.1 was prepared as an HhaI or HpaII ovalbumin-contain-
ing fragment (Fig. 2) by digestion with these enzymes and
separation of the digest on 5-20% sucrose gradients (HhaovorHpaov).

DNA sequencing

The strategies used for DNA sequencing are shown in figures
2 and 4. End-labelling and sequencing using the Maxam-Gilbert
(10) technique was as described as in Breathnach et al. (8).
Electrophoresis of cleavage products was on 90 cm long, 2 mm

thick, 8 or 20% polyacrylamide gels or on "thin" gels as descri-
bed by Sanger and Coulson (11). Sources of material have already
been described (8). Further details on the sequencing strategies
and autoradiographs of the sequencing gels are available on
request.

mRNA sequencing
Direct sequencing on ovalbumin mRNA was performed by elong-

ation of a primer with reverse transcriptase in the presence of
chain-terminating inhibitors (12). The RNA used as template was

an oligo-dT cellulose purified oviduct RNA preparation kindly
provided by A. Krust. Reverse transcriptase from avian myelo-
blastosis virus was from Dr. J. Beard.

To overlap the HgaI site at position 1125 (Figs 1 and 2)
an MboII fragment defined by the sites at positions 1197 and
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1229 was used as a primer (P in Fig. 2). (Here and throughout

this paper the position given for a restriction enzyme site is

the first (5') nucleotide of the recognition sequence and not

the point of cutting). The primer was prepared from the cloned

2.6 kb Eco2-Hindl fragment which contains the entirety of exon 7

(corresponding to nucleotides 830 to 1872 of the messenger) as

this produced fewer small fragments than did Hhaov on digestion

with MboII (our unpublished observations). The DNA was digested

with MboII and electrophoresed on a non-denaturing, 10% poly-

acrylamide 0,35 mM thick gel (A.J.H. Smith, personal communica-

tion). The DNA was recovered by diffusion into 50 mM Tris HCl
pH 8, 0.2 M NaCl, 10 mM EDTA overnight at 370C and precipitated

with ethanol in the presence of 50 vg of tRNA as carrier. An

amount equivalent to 2.5 pg of the 2.6 kb fragment was used with

8 ug of RNA. Sequencing was exactly as described by Zimmern and

Kaesberg (13) using their 2:2 mixtures of chain-te-rminating

inhibitors.
Biohazards associated with the experiments described in this

publication were examined previously by the French National
Committee. The experiments were carried out under L3-B1 conditions
(Le Progres Scientifique No 191, Nov/Dec 1977).

RESULTS AND DISCUSSION.

Ova ibumin mRNA sequence deduced from a cloned doubZe-s-randed cDNA.

The hybrid plasmid pCR1ov2.1 containing a double-stranded

cDNA (dscDNA) copy of ovalbumin mRNA was constructed by Humphries
et al. (1). Briefly, an oligo-dT primer hybridised to ovalbumin

mRNA was extended by reverse transcription, the resulting cDNA

made double-stranded, treated with S1, and the S1-treated
double-stranded cDNA then tailed with dG residues before cloning
into pCRI plasmid previously cut at the EcoRI site and tailed

with dC residues. The resulting dscDNA clone pCRlov2.1 contains

the cDNA insert flanked by poly [dG:dC] tracts. We have

determined the sequence of this insert using the technique of

Maxam and Gilbert (10). The sequence obtained is shown inFig. 1.

The sites used for 5' end-labelling and the direction and extent

of the sequences determined are shown in Fig. 2. Where possible,
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LEADER EXON 1-
5'.,.. (MGACAUACAGCUAGAA)AGCUGUAUUGCCUUUAGCACUCAAGCUCAAAAGACM CUXAGAGUUCACC 60CUCCAUC6GC6CA6CAAGl10 30 50 70 90

110 130 150 170 190
MEXON 21EX-O 3

UACCUGGGUGCAAAAGACAGCACCAGGACACAGAUAAAUAAGGUUGUUCGCUUUGAUAAACUUCCAGGAUUC6GAGACA6UIAUUGAAGCUCAGUlYilJ6CA
210 230 250 270 290

CAUCUGUMAACGUUC-ACUCUUCACUUAGAGACAUCCUCAACCAAAUCACCAAACCAAAUGAUGUUUAUUCGUUCAGCWUUGCCAGUAGACUUUAJGCUIGA
310 330 350 370 390

iEXON 4-.-
AGAGAGAUACCCAAUCCUGCCAGAA UACUUGCAGUGUGUGAAGGAACUGUAUAGAGGAGGCUUGGAACCUAUCAACUWIAACGGAACAAC

410 430 450 470 490
1EXON 5-

AGAGAGCUCAUCAAUUCCUGGGUAGAAAGUCAGACAAMUGGAAUUAUCAGAAAUGUCCUUICAGCCAAGCUCCGUGGAUUCUCAAMUCAAIGUtXCU66
510 530 550 570 590

1EXON 6-
UUAAUGCCAUUGUCUUCAAMGGACUGUGGGAGAAAACAUUUAAGGAUGAAGACACAC AAGCAAUGCCWUCAGAGIA UGAGCIA6CAAACCUGU

610 G 630 650 670 690

GCAGAUGAUGUACCAGAUUGGUUUAUUUAGAGUGGCAUCAAUGGCUUCUGAGA MAUGAAGAUCCUGGAGCUUCCAUUU 6C CAG710 730 750 770 790
iEXON 7--

UUGGUGCUGUUGCCUGAUGAAGUCUCAGGCCUUGAGCAGCUUGAGAGUAUAAUCAACUUUGAAACUGACUGAAUGGACCAGUtUCUAA1 UU1UGG6M6
810 830 850 870 890

AGAGGAAGAUCAAAGUGUACUUACCUCGCAUGAAGAUGGAGGAAAAAUACAACCUCACAUCUGUCUUAAUGGCUIAUGGGCAUUACUGACG6UGUUUA6WC
910 930 950 970 990

UUCAGCCAAUCUGUCUGGCAUCUCCUCAGCAGAGAGCCUGAAGAUAUCUCAAGCUGUCCAUGCAGCACAUGCAGAAAtCAAUGAAGCAGGCAAA66116
1010 1030 1050 1070 1090

GUAGGGUCAGCAGAGGCUGGAGUGGAUGCUGCAAGCGUCUCUGAAGAAUUUAGGGCUGACCAUCCAUUCCUCUUCUGUAUCMGCACAUCGCAACCAACG
1110 1130 1150 1170 1190

CCGUUCUCUUCUUUGGCAGAUGUGUUUCCCCLVG8AAGAAGAAAGCUGAAAAACUCUGUCCCUUCCAACAAGACCCA6A6CACUGUAGIAUCA6661UA
1210 1230 1250 1270 1290

AAAUGAAAAGUAUGUUCUCUGCUGCAUCCAGACUUCAUAAAAGCUGGAGCUUAAUCUAGAAMMMAAUCAGAAAGAAAUUACACUGUGAGAACAG6Ul6CA
1310 1330 1350 1370 1390

HintI HinfI

AUUCACUUUUCCUUUACACAGAGUAAUACUGGUAACUCAUGGAUGAAGGCUUAAGGGAAUGAAAUUtGCUC0ACAGUACIAUCACACUGAAAAAU
1410 1430 1450 1470 1490

1510 1530 1550 1570 1590

1610 1630 1650 1670 1690

1710 . 1730 1750 1770 1790

UUGUUUUCCUUGUACCCAUAUGUAAUGGGUCUUGUGAAUGUGCUCUUUUGUUCCUUUAAUCAUMUMAAACAU6UUUAA6(C)-POLY A
1810 1830 1850 1870
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Fig. 1 : Sequence of ovalbumin mRNA. The data shown is the
result of sequencing of both ovalbumin dscDNA (see Fig. 2) and
cellular exons (see Fig. 4).Nucleotides are numbered from the
5' end. The termination codon (UAA) and initiation codon (AUG)
are boxed. Bracketed nucleotides were not present in the
dscDNA, but were present in ovalbumin exons and are taken for
the 5' end from McReynolds et al.(9), and Cannon et al.(6), and for
the 3' end from Cheng et al.(14)andour sequence of the ovalbumin
gene exon 7. Vertical arrows define the messenger nucleotides
encoded by the leader-coding sequence and each of the ovalbumin
gene exons. Two HinfI sites located around position 1470 and
discussed in the text are identified. The ovalbumin dscDNA has
a dA residue at position 626. The corresponding residue in the
ovalbumin gene exon 5 is a dG. This is indicated on the figure
by a G residue below the A residue at position 626.

the sequence was determined on both strands; otherwise several

sequence determinations were made on the one strand. In this

way more than 90% of the sequence we present has been confirmed

either on the complementary strand or on the same strand from a

different site. In addition, we have used the chain-terminator

method of Sanger et al. (12) with reverse transcriptase for

direct sequencing on the messenger RNA in order to overlap the

5 Transcription 3'

0 200 400 600 800 1000 1200 1400 1600 1800 2000 bp
a I

. P
+x~~ ~ ~ ~ ~ ~

bILVLtiT tt TTItIF UTv T
L 1 2 3 4 5 6 7

* Hpa vTaql HphI + HhaI x SacI HinfI A Sau3AI

o PstI A Sau96I o Hme HgaI Mbol v XbaI

Fig. 2 Strategy for sequencing ovalbumin dscDNA. a) scale,
b) restriction map of an HpaII fragment containing the ovalbumin
dscDNA insert in pCRlov2.1. The restriction enzyme sites used
for 5' end-labelling and the direction and extent of sequences
read are indicated by arrows. Double lines correspond to the
inserted sequence, and the light lines to the flanking plasmid
sequences. L and 1-7 indicate areas of the dscDNA corresponding
to the leader-coding sequence and the various exons of the
cellular gene [see Fig. 4(b)]. P indicates an Mbo II primer
used to overlap the HgaI site using direct priming on the
messenger (see Materials and Methods).
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HgaI site at position 1125 (Figs. 1, 2, and Materials and
Methods), as this proved difficult to accomplish using the
chemical degradation technique. Thus all restriction sites used
for sequencing were overlapped. The accuracy of the sequence
presented in Fig. 1 was further cross-checked by sequencing the

ovalbumin exons on cloned genomic fragments (see below).

Extent of ovalbumin sequences in pCRlov2.1

If the insert in pCRlov2.1 contained a complete copy of
the sequences at the 3' end of the messenger, there would have
been a poly [dA:dT] tract (from the oligo-dT primer, see above)
in the insert immediately before the poly [dG:dC] tract marking
the end of the insert. As we did not find such a tract, we
compared our sequence with that deduced by Cheng et al. (14)
for the extreme 3' end of the ovalbumin messenger. In this way
we could show that the insert in pCRlov2.1 lacks only one coded
nucleotide at the 3' end (shown bracketed in Fig. 1). This
nucleotide, and the poly [dA:dT] tract, were presumably removed
during the Si nuclease treatment of the dscDNA prior to tailing
and cloning (see above).

The extent of the 5' terminal messenger sequences missing
in pCRlov2.1 was similarly determined by comparison of the
insert sequence with the sequence of the 5 ' end of the messenger

(Fig. 3a). The 5' end of the rnessenger has been sequenced by
reverse transcription of ovmRNA using a restriction enzyme
fragment as primer by McReynolds et al. (9 ), and we have verified

the sequence they obtained by sequencing on the corresponding
genomic clone (6) (Fig.3b ). It is clear from Fig. 3 c that
the first 14 nucleotides of the messenger are not represented
in pCRlov2.1, and they are therefore shown bracketed in Fig. 1.

We conclude that pCRlov2.1. contains an ovalbumin dscDNA

insert lacking the first 14 nucleotides from the 5' end of the
messenger, and the last nucleotide at the 3 ' end of the messenger.

A peculiar sequence arrangement in the ovaibumin dscDNA pZasmid,
pCR1ov2. I

As shown in Fig. 3c, the insert in pCRlov2.1 contains an

extra 48 nucleotides between the end of the sequences correspond-
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1 10 20 30 40 50 60
a 5' ALIACAUUACUUUAGCAGU )CMGA4GAAAACUCAGAGUU. 3'

1 10 20 30 40 50 60
b 5' AC[GGACAATCAGA6G.. 3'

,-T\ 20 30 40 50 60
c C AGCTGTATrGCCMTAGCACTCAAGCTCAAAAGACAACTCAGAG]T.. 3'

11 11 11 11 1 11 1 11 1 11 11 111 1 111 1 1 11 11 111 11
T TCGACATAACGG ATCGTGATTTCAGCT[CTGTTGAGTCCCCCC 5'

Fig. 3 The sequence of the 5' end of ovalbumin mRNA (a)
derived by McReynolds et al.(9). by reverse transcription on the
messenger using the chain terminator technique of Sanger et al.
(12) is compared with the corresponding sequences we have
determined (6) fromthe ovalbumin exon L (b) and the ov dscDNA in
pCRlov2.1(c).Only the non-coding DNA strand sequences are shown.
The sequence of the dscDNA is presented so as to emphasise the
complementarity of the "extra" nucleotides to nucleotides 15 to
58 of the messenger. See text for further discussion.

ing to the messenger and the poly [dG:dC] tract. These nucleo-

tides are exactly complementary to nucleotides 11 to 58 of the

mRNA. Such a sequence arrangement may have been created during

the synthesis of the dscDNA, perhaps because of the synthesis

of some double stranded cDNA by reverse transcriptase during

the reaction to make full length single-stranded cDNA performed

by Humphries et al. (1). If such over-long cDNA were then

unfolded and made completely double-stranded during the DNA

polymerase I step (1), it would ultimately produce an insert

which was longer than the mRNA with the "extra" nucleotides

being an inverted copy of the 5' end of the mRNA, as we have

found for pCRlov2.1. Alternatively the "extra" nucleotides may

have been copied by DNA polymerase I,then slippage could have

occured followed by complete conversion to a full double-stranded

molecule. A not dissimilar mechanism involving the slippage

of DNA polymerase in vivo has been proposed for the generation
of the mini-insertion element IS2-6 during replication of the prokaryotic
insertion sequence IS2 (15). Such schemes are not incompatible
with the known properties of the enzymes and may have been
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favoured in this instance by the conformation of the mRNA or
cDNA. McReynolds et al. (9) have pointed out that the sequence
at the 5' end of ovmRNA may be folded into a hairpin loop and
it has not proved possible to 5' end-label ovmRNA after
"decapping" under conditions where globin mRNA was efficiently
labelled (16). It is also possible that events during the
cloning and propagation of pCRlov2.1 have contributed to the
generation of this sequence arrangement.

Correspondence between mRNA sequence and ovalbumin exons.

Our previous studies (2-8) have shown that the sequences
coding for ovalbumin mRNA are interrupted at least seven times
in the chicken genome so that the gene consists of at least
eight exons and seven introns [Fig. 4 (b)]. We have sequenced

b

C

d

0 1 2 3 4 5 6 7 8 9 10 11 17.4
- kb

5' Transcription 3' db EcoV -

Hlnd4Hlnd3Hlnd' .--EcdWd= -L 2,6kb Eco2 Hindl.1_
H*nd4Hhd3 Hind2 Hind1

| L ° i21~31 4 34w a T 7 |
A D' ~~E Fw G

Eco4 Hind2 Ea>3
T rt 7

B
t T Ct t

D *{ E'; B D I

Eoo3 Eco3' Eco2

E
T t W T T j °L 10 2oo30o40o

E F - F G bs pairs

Eco2 Hi' 1
I tttt 1 t11 T I T tttt

G 7

"HphI A Sau3AI vXbal v HpaI 0Hga I *HpaK PatI

A Sou96I oeH aHinfI Nboll x Sacl + HhaI

Fig. 4 : Strategy for sequencing the ovalbumin gene exons. (b):
Restriction map of the cellular ovalbumin gene. The eight exons
(L and 1-7) are shown by heavy lines (2-8). The location of
EcoRI fragments "b" and "c" and the 2.6 kb EcoRI-HindIII fragment
(Eco site 2-Hind site 1) used for sequencing are shown. (c), (d),
and (e): Restriction maps of EcoRI fragments "b", "c", and the
2.6 kb EcoRI-HindIII fragment, respectively. Arrows indicate the
restriction enzyme sites used for 5' end-labelling and the
direction and extent of sequences read. Numbers identify ovalb-
umin exons (heavy lines) as in (b).
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the limits of these exons previously, to determine the corres-

pondi ng exon-i ntron juncti ons (8 ). I t i s, however , necessary to

sequence the exons in their entirety to rule out the possibility

of further small intervening sequences within them which might

have been beyond the limits of detection of electron microscopy

or restriction enzyme mapping. We have done this using the

technique of Maxam and Gilbert (see Fig. 4, and Materials and

Methods for sequencing strategy) on the appropriate genomic

clones. The full sequence of the exon L was reported in ref. 6.

The sequences obtained for the previously identified exons are

exactly those predicted from the mRNA sequence presented in

Fig. 1 (with one single nucleotide exception at position 626,

see below). The RNA nucleotides encoded by the various exons

are indicated on Fig. 1 by the vertical arrows, assuming that

the GT-AG rule ( 8 ) for splicing applies to all of them.

From this result we conclude that there are no additional

interruptions in the hitherto characterised exons of the ovalbu-

min gene, and that the ovalbumin gene map shown in Fig. 4 (a)

accounts for all the nucleotides of the messenger and is definitive.

Sequence heterogeneity in the ovalbumin gene and fidelity of the

dscDNA synthesis/cloning procedure.

Three sequences are now available for ovalbumin mRNA

the one we have deduced from the cloned dscDNA present in

pCRlov2.1, that deduced by McReynolds et al. (9) from an indepen-
tly cloned dscDNA, called pov230 (17) and the one we can deduce
from the ovalbumin exon sequences. As each of these sequences

represents messenger from different individual chickens (and for

the data of McReynolds et al., a different breed) any differences

could be due to sequence heterogeneity in the gene or to sequenc-

ing errors or could have arisen during the construction and prop-

agation of the clones. There are in fact very few differences

between the two dscDNA sequences and only one between our dscDNA

and exon sequences. These are shown in Table 1.

Of the single base differences, that at position 79 creates

an HhaI site in pCRlov2.1 which is present in the appropriate
genomic clone constructed by Garapin et al. (4) but is absent

both from a genomic clone (our unpublished observations) from a

bank constructed by Dodgson, Strommer and Engel (18) and from
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Table 1 : Differences between 3 available sequences for ovalbu-
min mRNA. Data for pCRlov2.1 and ovalbumin exons are those
presented in this paper. Data for pov230 are taken from McReynolds
et al. (9). Nucleotides are numbered as in Fig. 1. The HinfI
sites at 1458 and 1471 boxed in this figure are shown in Fig. 1.

pov230 (9). Similarly the difference at position 43 creates a

TaqI site in pov230 which is absent from pCR1ov2.1 and our

genomic clones (6). The remaining single base differences do not

affect the pattern of restriction enzyme sites so that the only

evidence for their existence is the sequencing data. However we

are confident that our identification of nucleotides at positions

34,223 and 1307 is correct for our messenger since we found the

same nucleotide in the corresponding positions of the genomic

exons. We have in addition confirmed our identification for

nucleotides 34 and 43 by reverse transcription on ovmRNA using

the chain terminator technique and an HhaI-SacI restriction en-

zyme fragment as primer (see Fig. 1, data not shown). These

experiments confirmed that there are no differences between our

sequence for ovnRNA and that of McReynolds et al. (9) in the

first 14 nucleotides (ie, those not present in pCRlov2.1) and

also produced no evidence for heterogeneity at the 5' end of the

messenger as has been found for SV40 mRNAs (19,20).

The differences at positions 79 and 223 are in the third

base "wobble" position and do not change the amino-acidencoded.
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Source of sequence

Nucleotide number pCRlov2.1 Ovalbumin exons pov230
(Fig. 1)

34 C C G
43 A A G
79 C C T

223 G G A
626 A G G
1307 C C A

1456-1477 A[T UTTGT
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The difference at positions 626 changes an alanine codon in the

mRNA sequences derived from our genomic clones and from pov230
to a threonine codon in the mRNA sequence from pCRlov2.1. We do
not believe that this is a sequencing error but rather that in
addition to the known variants of ovalbumin protein (21) thereis

one (as yet undescribed) with such an amino-acid substitution.

It is also possible that this difference is due to an error by
reverse transcriptase or DNA polymerase. Indeed recent estimates

on the frequency of mis-matching by reverse transcriptase indi-
cate that an error rate of one in 1872 nucleotides is not to be

unexpected (22).
From the nature of the discrepancy between our sequences

and that of McReynolds et al. around the HinfI site at position
1458 it is clear that the difference is due to sequencing error
rather then variance. McReynolds et al. did not overlap this

HinfI site and therefore did not realise that a second close
HinfI site exists at position 1471 (see Fig. 1 for the two sites
and Fig. 5 for sequence). By sequencing outward in both directions
from what they assumed to be a single site, they missed the 13
nucleotides between the two sites. In our experience, it is not

possible to identify with certainty nucleotides very near the
site of 5' end-labelling so that it becomes necessary to deter-
mine the sequence around each site by reading the sequence from

another distant site.
Two of the single base differences between our ov-mRNA

sequence and that of McReynolds et al. are in the 5' non-

translated region, one in the 3' non-translated region and the

remaining three in the coding region. It is perhaps surprising
that there are two differences in the 64 nucleotide long 5' non-

translated region which is thought to have a role in ribosome

binding and only one in the 650 nucleotide long 3' non-translated
region whose only role may be to link the stop codon with a

poly A addition site. However, it is clear that there is not mich

more sequence heterogeneity in the non-translated regions than

in the coding region.
In general our results testify to the remarkable fidelity

of the techniques used to clone and propagate cDNA copies of

RNA and eukaryotic DNA fragments in prokaryotes. However, it
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Fig. 5 : Sequence
C between the two HinfI

sites. The autoradio-
graph shows the sequence
between the two HinfI
sites at position 1458
and 1471 as determined on
an XbaI end-labelled
fragment cut with TaqI
(see Fig. 2).

_-.

is equally clear that peculiar sequence arrangements (5' end of

the insert in pCRlov2.1), single base deletions (23) and perhaps

single base changes (position 626 in pCRov2.1) may be generated.
Our results also show how reproducible the modern sequencing
techniques are.
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In accordance with the current policy of this journal concerniing sequence papers, our complete
data was made available to the Editors and reviewers, but is not presented.
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