
Volume 9 Number 22 1981 Nucleic Acids Research

The primary structure of bovine satellite 1.715

Claire Gaillard, Janine Doly, Jordi Cortadas and Giorgio Bernardi

Laboratoire de GCn&tique Moleculaire, Institut de Recherche en Biologie Moleculaire, 75005 Paris,
France

Received 21 September 1981

ABSTRACT: The primary structure of the 1402 bp repeat unit of bovine
satellite 1.715 has been determined using a dimer inserted at the SalI site
of plasmid pBR322 and cloned in E. coli. In contrast with bovine satellites
1.706, 1.720b and 1.711a, the 1.715 satellite has a complex sequence with no
obvious internal short prototype repeat. The sequence consists however of
repeats ranging in length from 6 to 13 nucleotides. In addition, the hexa-
nucleotide, AGATGA, present in the prototype sequences of satellites 1.706,
1.720b and 1.711a, is found in satellite 1.715 ih repeats as long as, or
longer than, 8 nucleotides, establishing a homology link among those satel-
lites on one hand and satellite 1.715 (and the related satellite 1.711b) on
the other. In turn, this suggests a common evolutionary origin. A comparison
of the maps for 16 restriction enzymes of cloned and uncloned satellite
indicates very little sequence divergence among the repeat units of the
latter, most of the differences being due to methylation.

INTRODUCTION

Previous investigations from our laboratory, involving density gradient

centrifugation in the presence of DNA ligands (1-3), have shown that 23% of

the bovine genome is formed by 8 satellite DNAs (3, 4). This allowed us to

study their long-range periodicities (5), extending previous results (6-10),

and to show that the bovine satellites share identical repeat lengths, a fact

suggesting a common evolutionary origin.

The problems of the internal periodicities and of the evolutionary rela-

tionships among bovine satellite DNAs have been studied more recently at the

nucleotide sequence level in a series of investigations. These showed that

the 1.706 satellite, which is organized in an unusual structure of superim-

posed long- and short-range repeats (11), consists of different variants of

a basic 23 nucleotide sequence, which is itself composed of a dodecanucleotide

and a related undecanucleotide (12). The basic prototype repeat of the 1.706

satellite exhibits a very high homology to the 46 nucleotide repeat of the

1.720b satellite, which is in turn composed of two related 23 nucleotide se-

quences (13). On the other hand, the 1.711a satellite also largely consists
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of variants of a basic 23 nucleotide repeat closely related to the prototype

sequence of the 1.706 satellite; the rest of the repeat unit of the 1.711a

satellite consists of an unrelated 611 nucleotide sequence, which is not in-

ternally repetitive. A similar insert exists in the repeat unit of the 1.711b

satellite, which is otherwise very close to the repeat unit of the 1.715

satellite (14). While the 1.706, 1.720b and 1.711a satellites have a common

origin well established by the homologies found at the sequence levels, it

is not yet known whether the two related satellites 1.711b and 1.715 also

share a sequence homology with them. In the present work we have determined

the primary structure of the 1.715 satellite after cloning in E. coli, and

we have compared the restriction map of the cloned repeat unit with those of

non-cloned satellites. The aims of these investigations have been the fol-

lowing. First of all, we wanted to elucidate the point first mentioned con-

cerning the evolutionary relationship of the 1.715 (and of the related 1.711b)
satellite with those previously studied. Second, we considered of interest

to obtain sequence information in the case of a satellite in which restric-

tion analysis indicated a complex structure with no simple short internal

repeat; in fact, the available sequence data essentially concern satellites

formed by very short internal repeats. Third, we wanted to check the existence

of sequence heterogenities which have been suggested for several satellites and

in particular for the 1.715 satellite (10, 15).

MATERIALS AND METHODS

DNAs. The 1.715 calf satellite DNA was prepared as previously described (3,

4). Plasaid pBR322 DNA was prepared according to Clewell and Helinski (16).
Digestion with restriction enzymes and gel electrophoresis. Restriction

enzymes were obtained from BioLabs (Beverly, MA) or Bethesda Research Labora-

tory (Rockville, MD) and were used as recommended by the suppliers. Agarose

gel electrophoresis was done as described (17). Polyacrylamide gels (0.12
x 20 x 40 cm) were run in Peacock's buffer (18). Ethidium bromide staining

and photography of the gel were done according to Prunell et al. (19).
Construction of recombinant plasmids. Ligation of the SalI satellite

digest to pBR322 was done with T4 DNA ligase from PL-Biochemicals (Milwaukee,

WI) as recommended by the suppliers. Transformation of competent cells of

E. coli strain HB101 with the recombinant plasmids was done according to

Bolivar et al. (20). Transformants were plated on ampicillin containing

media, selected for their tetracycline sensitivity and purified by streaking

on ampicillin plates.
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DNA sequencing. Isolation and purification of cloned DNA fragments, 5'

terminal labeling and sequence analysis were performed according to the pro-

cedures of Maxam and Gilbert (21 and personal commun.). Sequencing gels

were 6%, 8% and 20% in polyacrylamide; 7M or 8.3 M urea was used. Gel dimen-

sions in early experiments were 1 x 200 x 400 m, in later experiments 0.35

x 200 x 400 mm or 0.35 x 200 x 900 mm for long range sequence analysis.

Autoradiography was done at -20°C overnight or at room temperature after

previous fixation of the gel with 0.3% CTAB (cethyl trimethyl ammonium bro-

mide) for longer exposures (Kryoukov, personal communication). Kodak NS2T

films were used. DNA segments 150 to 250 bp long were sequenced in each

experiment. The strategy adopted was such that the restriction sites used

for the 5' end labeling were always contained in another sequenced fragment.
Both strands were sequenced on 80% of the satellite repeat unit. In several

cases this was necessary because of sequence artefacts which appeared in one

strand only. These consisted in a non-specific breakage which made sequence

reading impossible over 2-8 nucleotides at specific sites, namely at positions

915, 1252 and 1341 on the light strand (the last two positions correspond to a

Sau3A and an AluI site, respectively) and positions 295 and 1005 on the heavy

strand (corresponding to a Sau3A and a HaeIII site, respectively). These

artefacts were not dependent upon the enzyme used in the preparation of the

fragment and were always close to tetra-C sequences.

RESULTS

Cloning and sequencing of the 1.715 satellite DNA. The satellite, purified

as described in the preceding section, was digested to completion by SalI

restriction endonuclease. The restriction pattern of the digest consisted

of a series of bands corresponding to a 1,400 bp unit and its oligomers.

The satellite digest was ligated to SalI-digested pBR322 plasmid. Twelve

clones from E. coli cells transformed by recombinant plasmids were analyzed.

Seven of them contained as an insert in their plasmids the 1,400 bp fragment

and five the corresponding dimer. One of the latter clones was used for all

subsequent experiments; a schematic restriction map of the plasmid is given

in Fig. 1.

The EcoRI fragment from the cloned SalI dimer and its flanking segments

were sequenced as indicated in Fig. 2. The primary structure of the repeat

unit of the EcoRI fragment is given in Fig. 3; the flanking regions (see Figs.

1 and 2) were identical in sequence with the corresponding segments located

within the EcoRI fragment.
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Fig. 1. Schematic restriction map of the hybrid plasmid used for sequencing
the 1.715 satellite. The filled-in segment indicates the region of the
satellite dimer which was sequenced (see Fig. 3).

Computer analysis of the sequence of the 1.715 satellite DNA. Table 1

presents the base composition and the frequencies of dinucleotides and tri-

nucleotides of the light strand (2) of satellite DNA. Figs. 4 and 5 display

the difference histograms of dinucleotides and trinucleotides as obtained

from the satellite and as calculated from its base composition. The most

remarkable features are on one hand the abundance of GA, AGA and GAG, and,

to a lesser extent of AG, TC, TCC, TCG and TCT, and on the other the shortage

of TA and of the trinucleotides containing TA.

A computer analysis of the repeated sequences in satellite DNA is pre-

sented in Table 2. The numbers and frequencies of all repeated sequences

(> 6 nucleotides) are given as well as those of repeated sequences identical

100 bp
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Fig. 2. Sequence strategy used in determining the primary structure of cloned
satellite 1.715. Arrows pointing to the right or to the left indicate the
starting points and the extent of the sequences determined on the light or on
the heavy strand, respectively.
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TABLE I

Base composition, and frequencies of di- and tri-nucleotides of the
light strand of 1.715 satellite DNA

Base composition

A C G T

21.11 34.52 25.04 19.33

Frequencies of dinucleotides

A C G T

A 5.1 5.7 7.2 3.1
C 6.1 14.0 6.4 8.0
G 8.9 5.8 6.3 4.1
T 1.0 9.1 5.1 4.1

Frequencies of trinucleotides

A C G T

AA 1.07 1.50 1.50 1.00
AC 1.43 2.21 0.79 1.29
AG 2.79 1.21 2.21 1.00
AT 0.21 0.93 1.29 0.71

CA 1.79 2.07 1.50 0.79
CC 2.21 5.71 2.21 3.86
CG 2.43 1.36 1.07 1.50
CT 0.36 3.86 2.29 1.50

GA 2.00 1.71 3.93 1.29
GC 1.36 2.50 0.93 1.00
GG 2.00 1.79 1.29 1.21
GT 0.36 2.00 0.79 0.93

TA 0.21 0.43 0.29 0.07
TC 1.14 3.57 2.43 1.93
TG 1.64 1.43 1.71 0.36
TT 0.07 2.29 0.79 0.93

to parts of longer repeats. Table 2 also gives the fraction of satellite DNA

sequences covered by the repeats and the amount of nucleotides present in all

repeats neglecting the overlaps. A large number of inverted repeats was also

found.

Table 3 presents the repeated sequences 8 nucleotides long or longer

and their positions on the satellite DNA unit. The repeats are arranged

in such a way as to show the sequence homology they share. The results in-
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Fig. 5. Difference histogram between the frequency of trinucleotides as found
in satellite DNA (light strand) and as calculated from its base
composition (see Table I). Third positions in trinucleotide sets are
in the order A,C,G,T.
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TABLE II

Repeated sequences of 1.715 satellite DNA

Length of repeated sequences 13 12 11 10 9 8 7 6

Total number of repeated sequences (a) 4 1 2 1 11 18 54 131

Number of repeated sequences (b) 4 1 2 1 11 15 47 100
1 1 7

Number of sequences identical to part 2 5 20
of longer repeated sequences (c) 1 4

Cumulative percentage of the satellite 7.4 9.1 11.6 13.0 24.3 37.2 63.9 92.4
DNA covered by repeated sequences

Cumulative percentage of nucleotides 7.4 9.1 12.3 13.7 27.8 47.8 99.8 206.3
present in all repeated sequences
neglecting overlaps

The computer search was done for precise repeats (without mismatch and
deletions/additions). Repeated sequences as long as or longer than 8
nucleotides are listed in Table III along with their positions in the
1-402 bp repeat unit.

(a) No repeated sequences longer than 13 nucleotides were found.
(b) The first line concerns sequences repeated twice, the second one sequences repeated

three times. No sequences were found to be repeated more than three times.
(c) The first line concerns sequences present only once, the second one sequences

present twice. The other copies of these sequences are present in the longer repeated
sequences. No sequences were found to be repeated more than two times neglecting the
copies found in the longer repeats.

dicate that the octanucleotide CTCGAGAG is highly represented in the satellite

DNA unit. This sequence is present (with at most a 2 nucleotide mismatch) 31

times in the satellite repeat unit. On the other hand, besides repeats made

according to the pattern just described and comprising the first four groups

of sequences of Table 3, other repeats were found which appear to have a

different pattern characterized by high levels of C. As shown in Fig. 6,

the repeat unit begins with a tandem of a 21 nucleotide sequence duplication

(with a 15% mismatch) containing both types of sequences.

It should also be noted that two long open reading frames were found in

the cloned unit of the 1.715 satellite, extending from position 321 to 641

and from positions 698 to 1120, respectively. Nevertheless, no transcription

or translation signals were found in contrast with the case of the insertion

of the 1.711a satellite (14).
Comparison between the restriction patterns of cloned and uncloned satellite

DNAs. The restriction patterns for 16 enzymes of the cloned and sequenced

repetition unit were compared with those of uncloned satellite. Fig. 7

shows the restriction patterns for enzymes which cleave at the same sites in
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TABLE III

Repeated sequences (> 8) of the 1.715 satellite DNA

and their positions (see fig. 3)

CGTAACTCGAGAA
CTCGAGAA

CACTCGAGA
ACTCGAGA
CCTCGAGAG
CTCGAGAG
CTCGAGAGG
TCGAGAGA
TCGAGAGCA
CGAGAGGC
GAGAGGAACACTG

GAGATGAGG
AGATGAGG
GATGAGGCC

CGCCTCAGGAG
CCTCAGGA

GTCTGGAA
TCTGGACA

TCCCGGTC
CCGGTCTC
CCTCTCTCC

TCTCCCCGGG
GCTCCCCC
TCCCCCGTCATCG

CCGTCGTA

TTCCTGCCTCAAC
TGCCTCAACCC

TCAACACG

TTCCCTGGC
CTGGCTTCT

CGTGGCCT

CAACCCCGAGAT

CCACATTCC

AGCCCTTTC

ACCCTGCG

CCCCTCCT

12
36

1199
35

189
553
190
841
1170
555
193

679
1048
320

95
97

281
251

179
181
534

538
54
56
8

664
576
460

745
749

351

1021

370

77

625

220

31
1013
1323
1200
839
1325 840
553
1043
1326
721 954
1267

1047
1298
681

1107
314 1109

1231
1283

393
327
1095

1218
907
1033
974

816
820
855

939
1277

1070

1241

871

231

655

241
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GAATTCCCCGTCGTAACTCGA

GAA TCCC GCCGTAACTCGA

GAA

Fig. 6. Sequence of the first 46 nucleotides of the cloned repeat unit of
Fig. 3.

both cases. While for some enzymes (AvalI, EcoRII, HincII, MboII and RsaI)

no difference was found, for other ones, some of the sites were not cleaved,

because modified or absent in some of the units of uncloned satellite. For

example, the AluI site at position 1341 and the KpnI and SacI sites were not

cleaved in about 20% of the units; similarly, 10% of the PstI sites were

resistant. The HhaI and SalI sites showed high resistance to cleavage prob-

ably due to the methylation of the CpG dinucleotide present in them. This

could also be the case for a few Taq I sites giving rise to faint bands.

On the other hand, in the cloned material some restriction sites were

not completely cleaved by some of the enzymes, although the sequencing data

showed unambiguously that the sites were present. This was the case for the

AluI, HinclI and TaqI sites at positions 1341, 459 and 265, (see asterisks

in Fig. 6). In the case of AluI, 80% of the cloned material showed cleavage

at this site, while TaqI cleavage occurred in 45% of the sites. Cleavage of

the HincII site at position 259 occurred in 60% of the cases.

/AIU

Ava 11

Eco R 11

Hha

H:nc 11

Kpn

Mbo 11

Pst
Rsa

Sac
Sal

Taq

u

0 500 1000 1400

Fig. 7. Restriction maps of the EcoRI repeat unit of cloned and uncloned
satellite. These maps concern enzymes whose sites have the same location in
the two cases. Asterisks indicate sites showing a partial resistance in
cloned satellite (see Text).
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Hoe III

HinF

MspI '

MboI
0 0

Sau3a --1

o 500 '000 400

Fig. 8. Restriction maps of EcoRI repeat unit of cloned satellite. Circles
and triangles indicate sites absent or only present, respectively, in the un-
cloned satellite. Asterisks indicate sites showing a partial resistance in
cloned satellite (see Text).

Fig. 8 displays the restriction pattern for the enzymes which showed

differences in the cleavage or the presence of some of their sites in cloned

and uncloned satellite DNA. The following points deserve mention. (a) The

HaeIII main band patterns are the same in cloned and uncloned DNA, except

that the site at position 137 is not cut in uncloned DNA. Some very faint

bands are present in the uncloned material, some of which are due to the

resistance of some sites. (b) The HinfI restriction pattern shows two main

differences. 1. The site at position 1167 is not cut in uncloned satellite,

probably because of the methylation of the CpG dinucleotide formed by the

site (GANTC) and the following G. 2. An extra site appears at position 874

in the uncloned material where the sequence is CATTC in the cloned unit; this

site could have arisen by a transversion of the 5'C. It should also be noted

that the 1122 site is resistant in about 40Z of the cases in both cloned and

uncloned satellite, despite of the existence of the HinfI site in the cloned

unit. (c) An extra MspI site at position 828 is present in most of the

uncloned repeat units. Some other faint bands are present in uncloned satel-

lite deriving either from sites which do not exist in cloned satellite or

from sites present in some units only. The isoschizomer HpalI cuts the

cloned unit at exactly the same sites as MspI, whereas uncloned satellite

DNA is not cleaved by HpalI revealing that these sites is methylated. (d)

MboI does not cut the cloned unit due to methylation of the site although

the sites are present at the positions indicated in Fig. 7. The only dif-

ference found is that the site at position 298 is not cut or is absent. Sau3

(an isoschizomer of MboI) does not cut uncloned satellite at positions

298 and 632. It is interesting to note that although the site at position

632 is present in uncloned units (as revealed by the Mbol digestion) methyla-

tion does not allow the Sau3A enzyme to cut. The site at position 298 in
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the cloned unit shows some resistance to degradation. (This corresponds to

the sequence artefact in one of the strand mentioned in the Materials and

Methods Section).

Finally, it should be pointed out that the restriction maps of Figs. 7

and 8 differ from previously published maps (10,15). A comparison of our

results with the previous ones shows, however, that all differences can be

easily explained. In the case of AvaIl, sites at positions 382 and 397 were

taken as a single site. Similarly EcoRII sites at positions 748 and 809

were taken as a single site; in addition the next two fragments were inter-

changed (fragments I and II of Fig. 7). In the case of MboI the extreme

fragments were interchanged (fragments I and II of Fig. 8). Finally, a new

AluI site at position 1341 was found.

DISCUSSION

The comparison between the restriction maps for the uncloned 1.715

satellite and its cloned repeat unit show that the sequence of the latter

is representative of the native uncloned material. In fact, the restriction

maps obtained with 16 enzymes showed that only 7 out of 84 restriction sites

were different in the cloned satellite unit relative to the uncloned satellite

DNA. If these changes were due to random point mutations, this would corres-

pond to a sequence divergence of 2% between the cloned unit and the uncloned

satellite. The actual sequence divergence, however, is certainly much smaller

because most of the differences in the restriction maps are due to post-

synthetic modifications (methylation) of nucleotides present in restriction

sites. In particular, all of the HpaII sites and the Sau3A site at position

632 are methylated in the uncloned satellite DNA. Similarly, methylation at

Hhal and SalI sites also must be frequent, the latter one accounting for the

high dimer/monomer ratio (5:7) found for the cloned material. Interestingly,

the sequenced regions flanking the EcoRI repeat (covering the first and last

260 nucleotides) were found to be identical to the corresponding sequences

located within the EcoRI repeat. Our findings favor the view of a small

degree of sequence divergence among the repeat units, where it is accompanied
by a quantitatively higher level of differences in the methylation pattern.

The analysis of the sequence of Fig. 3 has revealed that, in contrast

with the other bovine satellite 1.706, 1.711a and 1.720b (11-14), the 1.715

satellite is not organized in short tandem repeats. Its sequence is made up,

however, of a very large number of repetitive elements, 92% of it being formed

by repeats as long as, or longer than, 6 nucleotides (Table II). The data of
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Table III suggest that these repeats are largely related to two basic se-

quences. The main one is represented by the octanucleotide CTCGAGAG, while

the other one is characterized by high levels of C. The abundance of repeats

related to these sequences is also shown by the large excess of AG, GA, TC,
AGA, and GAG over statistical expectations. In addition, both types of basic

sequences are represented in the first 46 nucleotides of the sequence of Fig.
3, which are a tandem duplication of a 21 nucleotide sequence. It is of

interest that the sequence AGATGA, which is present 5 times in the 1.715
satellite is also found in the prototype sequence of the 1.720b satellite (13)
and that the related sequence GAGATGA of the 1.715 satellite is present in

the prototype sequence of the 1.706 satellite (13), because this establishes

a homology link between the 1.706, 1.711a and 1.720b satellites, which are

highly homologous with each other (11-14), on one hand, and the 1.715 satellite

and its 1.711b relative, on the other. The homology link indicates, in turn,
a common evolutionary origin for all the satellites just mentioned. The

strong internal sequence divergence of the repeat units of the 1.715 satellite,
which has led to the almost complete disappearance of recognizable shorter

internal repeats, suggests that this satellite (as well as the related 1.711b)
are evolutionarily older than the 1.706, 1.711a and 1.720b satellites. In

this connection, it may be of interest that while the 1.715 satellite (and,
in all likelihood, the 1.711b satellite) is strongly localized at the centro-

meres of all autosomes, the 1.706 satellite, though also confined to the

centromere regions of autosomes, is absent from four of them (22). Since the

localization of the 1.706 satellite is likely to concern also those of the

1.711a and 1.720b satellites (because of their very high sequence homology),
this suggests that these satellites are only present on some of the acrocentric

autosomes of the bovine caryotype, which are known to undergo centric fission

and fusion. In turn, this may suggest that the latter, more recent satellites

have arisen from the ancestral form of the older one(s) in amplification events

occurring independently on different chromosomes.
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