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The principal original findings are as follows:

1.1 There 1is a complex Tagl-specific restriction fragment
length polyvmorphism assocliated with Satellite 111 DNA
sequences in the human genome. The primary probe sequence that
was developed to demonstrate this polvmorphism is coded 228S.

1.2 This polymorphism has its greatest variabilityv amongst the
Tagl restriction fragments in the size range about 25 to 4kb.
Such fragments are herein called the Tagl-deficient-
polymorphic-sequences (TDPS). Fragments smaller than this show
much less inter-individual varijation.

1.3 The TDPS are highly discriminating of individual dgenomes
and Tamily studies show them to be inherited in a Mendelian
manner.

1.4 The primary cause ot the Satellite 111 polymorphism
appears to be a specific C to G point mutation in the
pentameric repeat unit, 5’ TTCCA 3', tyvpical of Satellite I11.
However less frequent mutational events such as non-reciprocal
recombination cannot be excluded, although this i1s unlikely to

be responsible for the bulk of the polvmorphism.

1.5 At limiting probe concentration and extreme stringency,
the primary probe 228S specitically locates chromosomal region

Sgh. Despite this, the genomic location of the TDFS, based
upen the examination of a limited range of somatic cell
hyvbrids, avpears to be predominantly the centromeric

heterochromatin of c¢hromosomes 20, 21 and 22. These regions
may therefcre represent the largest blocks of homogeneous
Satellite 111 1n the genome and are thus 1likely to he the
locations for more 1recent Satellite 111 amplification events.
Chromosomal region 9gh is deduced to be predominantly composed
of small Taql fragments, ie. the non TDPS or Taql-rich
regjions. /

The Tagl-deficient polvmorphic regions differ from previously
described Satellite-lll-enriched ‘domains’ in the genome where
the Tagl site frequency 1is far greater, namelv the long arm of
the Y chromosome and so-called ‘K-domain’ regions located on
the short arm of chromosome 15.

A minor contribution to the TDPS may arise from chromosomes 9
(9gqh), 15 and possibly chromosomes 13, 14, 5 and 1.

1.6 The blocks of Satellite II1 sequence from which the TDPS
are derived are highly homogeneous in sequence being
completely or largely resistant to digestion with other common
restriction endonucleases. The TDPS are thus apparently only
rarely and intermittently interrupted by either non-Satellite
111 sequences or regions of mutationally degraded Satellite
I1I. This suggests the TDPS are evolutionary recent amplimers,
having incurred only limited levels of transposon invasion and
having accumulated, by random drift, 1little degeneracy 1in
their sequence. These conclusions do not necessarily and,
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indeed, probably do not applyv to the Tagl-rich regions of
Satellite 111.

1.7 Digestion of human DNA with Haelll and separation of the
products by field inversion electrophoresis shows the blocks
of homogeneous Satellite 111 DNA to range in length between
0.2 Mb and up to at least 2.0 Mb. This contrasts with the high
Haelll susceptibility of normal genomic DNA and re-confirmed

the unusual sequence homogeneity of such seguences. The
results also revealed megabase-scale inter-individual length
variations, as did digestion with a number of other

restriction enzvmes such as BamHI.

1.8 Within human cells, the TDPS show a marked stability in

mitotic division. Comparison of the DNA from a number of
clonal lines, each derived from a single human lvmphocvyvte from
the same individual, showed no detectable alteration in the

polvmorphic patterns associated with each individual. Further,
comparison of the DNA from primarv sites of malignant tissue
and the DNA from normal tissue from single individuals
likewise showed no detectable alteration in the poly¥morphic
fragments. There was however sugdestive evidence indicating
that Satellite 111 is not so stable in mouse/human hvbrids.

2. This work confirms the observations of other groups on the
following points:

2.1 The Satellite JIl1-like familyv of sequences is widespread
in the human <¢enome. The heterochromatin of chromosome 1 and
16 is, for example, a major source of Satellite II1 DNA but
contains little Satellite I1II DNA in the size range covered by
the TDPS.

2.2 It was confirmed that the so-called ‘K-domain’ Satellite

II1 - +typified by 3.6 and 1.8 kb Kpnl Satellite 11T tandem
repeating fragments - segregate from chromosome 15. The same
fragments were also reported to segregate from chromosome
region 9qh, but this could not be confirmed. Evidence was

obtained which suggested these ‘'K-domain’ fragments mayv not
however be confined to chromosome 15, one example arising from
another genomic region (either chromosome 20, 21 or 14). This
tended to support previous reports of chromosomal instability
of 'K-domain’ Satellite I1I DNA,

The Kpnl derived ‘K-domain'’ fragments are of recent
evolutionary origin, being specific to humans and absent 1in
non-human higher primates. (Note: this particular finding does
not appear to have been reported by other groups). Another
Satellite III1 sequence related repeat - the 3.5 kb Haelll
fragments segregating from the long arm of the Y chromosome -
was confirmed to be also of recent evolutionary origin being
specific to human males only.

2.3 Extensive cloning and sequencing of Satellite 111 and
other tandemly repeated sequences confirmed the generality of




previously published consensus sequences of Satellite 111,
Satellite TI and satellite alphoid. A slight modification .of
the previously reported consensus Satellite 111 sequence 1is
presented. Examples of these sequences were isolated by
creating an endonuclease-resistant repetitive sequence
library. This was created by digesting DNA with selected
endonucleases, the larger restriction fragments - about 5kb or
more - then being isolated and cloned. The enzyme-resistant
DNA fraction was found to contain an enriched proportion of
the major tandem repeats. Some clones were found to exhibit
chromosome-specific in situ-hyvbridization properties eg.
alphoid (chromosomes 7, 9 and 18) and Satellite II (chromosome
114,

2.4 Satellite 111 sequences were found to be hvpomethviated in
germline tissue 1in comparison to somatic tissue. This result
is consistent with the methylation status of other major
satellite DNA sequences. This relative de-methylation of
Satellite 111 sequences in germline tissue includes the TDPS,.

3. This work also c¢larifies previously conflicting reports
regarding the phvlogeny of major satellite seqguences:

3.1 It confirms the existence of the Satellite 1II-like tamily
of sequences and alphoid DNA sequences in the higher primates.
In particular, 1t clarifies that large amounts of Satellite
1171 DNA and csatellite alphoid are relatively characteristic of

hisher primates and also clarifies Satellite 11 DNA to be
human specific amongst the primates examined. This, as well as
seguence 1information, implies Satellite 11 probably evolved

very recently and likelvy after the divergence of humans from
the higher primates.

3.2 The results from examination of Satellite 1III sequences 1in
the higher primates are consistent with the view that the
molecular evolution of Satellite J11 has proceeded far fastier
than primate speciation has and, secondlv, that the radiation
of the human race has occurred in orders of magnitude Jless
time than primate divergence.

4, A number of inconclusive results arise from this work.
These are as follows:

4.1 Attempts were made to locate those sequences which form
Junction points between Satellite II1 and other DNA sequences
in the genome, either being the boundary or edge sequences to
Satellite 111, or as a consequence of sequence invasion by
transposons. No unequivocal evidence or examples of such
sequences were found. A few potential junction sequences were
isolated, notably a series of AT rich sequences. However,
their association with Satellite III in vivo is unconfirmed.

4.2 Investigations were made as to the existence of closed
circular extrachromosomal (CCC) Satellite 111 DNA 1in the
genome but this could not be confirmed. This may be either
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because its extrachromosomal existence 1is short-lived or it is
in guantities too small to be {tound by the isolation and

detection method emploved. However, the extrachromosomal
existence of such species might be inferred from the finding
by in situ methods of small marker chromosomes. The

chromosomal origin of two such marker chromosomes has been
located wusing the chromosome-specific in situ hyvbridization
properties of probes such as; 228S (Satellite 111) and RR17
(alphoid) - both to chromosome 9 ~ and RR6 (Satellite II) to
chromosome 1.

4.3 Sequence comparisons made between isolated Satellite 11
and satellite alphoid containing clones, showed the longest
commonality to be only nine base pairs in length: 5' TGCATTCAA
3’. (Note: this finding also does not appear to have been
reported by other groups). This sequence identity is however
potentially important, as this exact sequence has previously
been suggested, but never confirmed, as a possible centromere-
specific protein binding site in alphoid DNA. Its co-presence
in Satellite II, otherwise quite different 1in sequence to
satellite alphoid, mav be significant.

5. The following conclusions with practical applications can
be drawn from this work.

5.1 The Satellite 111 "macrosatellite” polvmorphism represents
an alternative method to those based upon '"minisatellite"
hvpervariation for either the discrimination of individual
genomes 1n c¢riminal forensic studies or 1in establishing
parentacge, Conservatively estimated, the average chance of two
individuals having the same DNA fingerprint with probe 228S in
1 in 100,000 people.

The probe_ 228S (patented and marketed bv Bresatec Limited as
Polysat 37") has 1ts principal practical advantage 1in the use

of the same probe {for either sexing human genomes (Haelll
digests) or for discriminating between individuals (Taqgl
digests). The probe is onlv known to hvbridise to higher

primate DNA and thus may be used for quantifying human DNA in
mixtures of human and non-human e.g. microbial DNA. Results
may be achieved wusing non-isotopic probe methods, using
rhotobiotinvliated probes.

The principal practical disadvantages are the complexity of
the polymorphic pattern, its interpretation and comparison.
The size range of the Satellitelll/Taql fragments require the
source DNA to have a high initial integrity, whereas both the
quantity and quality of DNA recoverable from typical forensic
specimens may often be limiting. There is also no potential
for in-vitro amplification of the satellite II1 polymorphism
as is now possible with some single locus ‘micro’ satellite
sequences.

In addition, sequence 216S also isolated and used in this
study, is marketed by Bresatec Ltd. as an invariate control
probe suitable for examination of band-shifting in the
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Satellite IIT1 fingerprint patterns, or in other DNA Lyping
svstems. Probe 216S is also a commercial product, PolyCon'.
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Hypervariable lengths of human DNA associated with a human satellite 111 sequence found in the
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Hunan Satellite III DNA contains a degenerate, pentameric tandem repeat
sequence TTCCA (1). A probe (Seq.2285 below) isolated from a human sperm
library enriched in repeat sequences, has disclosed that such sequerces are
associated with hypervariable lengths of DNA upon Taq 1 digestion of huran
genames. The resulting restriction fragments are highly discriminating of
individuals, (Fig. 1) a major cause apparently being random C-G point
mutations in the pentamer (TTCCA) thus creating Tag 1 sites (TCGA), though
further mutations of the resultant (CpG) dinucleotide may be contributory.
Equality of Taq 1 restrictions was checked by reprobing with centromeric
tandem repeat sequences where invariate patterms were obtained. Probe 2285
also identifies the 3.4 kb Y-specific fragrent (2) and other unspecified
autosomal fragments upon EcoRI digestion of human gencmes. Comparison of
Taq 1/228S patterms with mini-satellite probe patterms (3) produced
different but similarly camplex restriction patterms for individual genomes.
Mini-satellite hypervariation is revealed by enzymes restricting in regions
flanking the short tandem repeats. By contrast, this hypervariation is
revealed only by Taq 1 apparently restricting within the pentameric repeat.
References: (1) Prosser,J.,et.al., (1986) J.Mol.Biol. 187, 145-155.

(2) Nakahori,Y.,et.al., (1986) Nuc.Acids Res. 14, 75639-7380.

(3) Jeffreys,AJ.,et.al., (1985) Nature. 314, 67-73.

kb. Fig 1. Tag 1/228S analysis of individuals
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Human satellite-IIl DNA: an example of a “macrosatellite’ polymorphism

C.Fowler, R.Drinkwater, J.Skinner, and L. Burgoyne

School of Biological Sciences. The Flinders University of South Australia. Bedford Park, S. A. 5042, Australia

Summary. Human satellite 11 DNA contains a complex poly-
morphism. which appears to be Tagl-specific. Its likely cause
is a two-step point mutation in the pentameric repeat TTCCA,
tyvpical of satellite 111. Hybridization of the satellite-11l se-
quence-related probe that demonstrates this polymorphism is
directly attributable to clusters of “pure” pentameric TTCCA
repeats in the genome. The sites of such repeats include the
3.4-kb fragment specific to the Y chromosome and a limited
number of autosomes. The polyvmorphism arises from the latter
and is likely to include chromosomes containing so-called K
domain satellite 111 sequences found, for example, in chromo-
somes 9 and 15. Segregation of the polymorphic fragments ap-
pears to follow orthodox genetics.

Introduction

Eukarvotlic DNA contains many types of repeated sequences
(for a review see Hardman 1986). These consist of either indi-
vidual repeat elements interspersed throughout the genome
(Singer and Skowronski 1985). or as tandem arrays of repeat
sequences such as the major human satellites 1, II, 11I and
alphoid DNA (Singer 1982). Tandem sequences may demon-
strate long-repeat-length structures often within which occur
shorter tandem repeats of simple but divergent base sequences
(Prosser et al. 1986). This divergence means each major satel-
lite generally consists of a family of like sequences, the mem-
bers of which. as in the case of the alphoid family, are associ-
ated with specific chromosomes (Devilee 1986; Lund Jorgensen
et al. 1987; Way and Willard 1986). Human repetitive se-
quences are a source of exceptional genomic variation, many
such examples arising from a variation in the number of short
tandem repeats (variable number tandem repeats, VNTR)
(Nakamura et al. 1987a), also called “minisatellites™ (Jeffreys
et al. 1985a). These may either be site-specific in the genome,
(see examples listed in Nakamura et al. 1987a; Simmler et al.
1987) or dispersed at multiple sites in the genome (Jeffreys et
al. 1985a; Jarman et al. 1986; Vassart et al. 1987) or site-specific
but within a larger (i.e. greater than 250kb) “midisatellite”
(Nakamura et al. 1987b; Das et al. 1987).

Other tandemly repeating DNA sequences have also been
shown to be polymorphic in human genomes, e.g. centromeric
alphoid tandem repeats (Willard et al. 1986; Jabs et al. 1986),
the alphoid related Sau3A repeat sequences (Kivama et al.

1987). Bkm simple quadruplicate repeat sequences (Ali et al. .
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1986; Singh and Jones 1986) and satellite 111 (Fowler et al.
1987).

The family of sequences classified as satellite-111-like are
characterized by the presence of a tandem pentameric repeat
sequence TTCCA (Deininger et al. 1981: Frommer et al.
1982. Prosser et al. 1986; Nakahori et al. 1986). Classic satel-
lite 111 sequences are interspersed with regular Hinfl sites.
which produce a laddered array of bands 25-250bp in size in
5-bp increments (Frommer et al. 1982). Satellite 11 sequences
are strongly related to satellite 111 in that they also contain the
tandem pentameric repeat TTCCA. They are more degener-
ate, containing more and much less regular Hinfl sites and less
orderly tandem repeating (Frommer et al. 1982; Prosser et al.
1986).

In many instances of polvmorphism in human repetitive se-
quences it is still unclear how much of the variability is due to
simple accumulation of point mutations with reciprocal re-
combinaticn. and how much is duc to non-reciprocal events.
The complex satellite-111 polvmorphism (Fowler et al. 1987) is
suited to investigating this question. This work also investi-
gates the genomic location of this polymorphism and examines
its segregation.

Materials and methods

Preparation of DNA

Isolation of placental DNA was carried out by a published
method (Wolf et al. 1980). Sperm cells were washed in aqueous
buffer (10mM Tris, 10mM EDTA, 100mM NaCl. pH 8.0)
and demembranized in the same buffer containing 2% SDS.
The sperm head preparation was digested at 37°C for 14 h in
the above buffer to which was added 1% SDS. proteinase K
(50mg/ml) and 2-mercaptoethanol (0.04 A). The digest was
extracted with phenol and chloroform, and the DNA precipi-
tated in ethanol. DNA from standard Utah families (extended
family pedigrees maintained as cultures by the Human Genet-
ic Mutant Cell Repository, Institute for Medical Research,
Camden, N.J) was obtained from the Department of Histo-
pathology, Adelaide Children’s Hospital, Adelaide. DNA iso-
lated from a mouse/human hybrid cell panel (Callen 1986) was
a gift from Dr.D.Callen, Cytogenetics Unit, Adelaide Chil-
dren’s Hospital, Adelaide.

. Digestion of DNA

The DNA was digested with restriction enzymes EcoRl, Pst1,
Xbal, BamH], Haelll, Kpnl, Alul, Rsal, Hpall, Hinfl,
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AMspl. Tugl and Cl:l (Boehringer Mannheim) and Nspl
(Amersham). The digests were precipitated with ethanol and
then washed (with 807 ethanol, dried and redissolved in suit-
able volumes (generally 8pul) of an aqueous buffer (10 mM
Tris. I mAM EDTA. pH 8.0). and loaded into cach gel slot.

Elecrrophoresis

Electrophoresis was in agarose gels ranging in concentration
from 0.7% to 1.0% using 1 X TAE buffer-(10mA Tris, SmA/
sodium acetate. 0.5m3 EDTA. pH 7.8) a1 3V/cm for 2-5h.
orin4 x TAE buffer ai 2 V/em for 21-24 h at ambient temper-
ature. DNA molecular size markers were nick-translated with
[“P]JdATP and included in each gel.

Southern bloning

Gels were blotied by Southern transfer to nvlon membranes
(Bio-Rad Zeta Probe) using the method of Reed and Mann
(1985) modified as follows. After depurination in acid
(0.25 M HCI) gels were soaked in NaOH (0.4 M) for about
10min and then blotied by Southern transfer in NaOH (0.02 M)
for about 14 h. Gels o1 0.8% concentration or less were addi-
tionally soaked in 40m .M NaCl for 15 min prior to acid depuri-
nation.

Probe preparaiion

The sequences ZZ8S. 233S. 262F. 227S and 216S were ob-
tained from human DN A libraries (sperm S. fibroblast F) en-
riched in repetitive sequences. They were cloned into M13.
sequenced and classified bv comparison to sequence data
banks (Fig. 1}. The minisatellite probe 33.15 (Jeffrevs et al.
1983a). also cloned into M13. was a gift from Dr. A.J. Jef-
frevs.

Radioactive probes were prepared by primed svnthesis of
the complementary sirand of M13 using [“P]dATP (1.800 Ci/
mmole. Bresa S.A.1 or using [“S]dATP (1.000 Ci/mmole.
Amersham). and 3CTP. dGTP. dTTP (0.5mM each) and the
Klenow fragment of DNA Polvmerase I. This synthesis leaves
the insert sequences single-stranded and free for hybridiza-
tion. The whole construct was precipitated with ethanol. dried
and resuspended in approximately 3 ml of hybridization buffer
(0.7 M NaCl. 50m .\ NaH:PO,,4mM EDTA, 1% SDS, 0.5%
non-fat powdered milk, pH 7.7).

The synthetic oligonucleotide satellite sequence was ob-
tained by svnthesis of two complementary single strands each
of 25bp (Applied Biosystems Model 381A), one being 3’
[(TGGAA);)3" and the other 3'CCA,[(TTCCA),)]. TT3'. A
probe was prepared by the method of Hellman and Petterson
(1987). mixing the TGGAA sequence (5ng) with the TTCCA
sequence (12 ng) and immediately end-filling the hybridizing
strands using [“S]dATP, and dCTP, dGTP and dTTP (0.5 m A
each) and the Kienow enzyme. The probe (predominant size
approximately 25bp with minor species up to 40bp) was sus-
pended in the same volume of hybridization buffer as above,
but denatured before use by boiling at 100°C for 4 min.

Hybridization, washing and exposure

Membranes were prehybridized for 3h at 68°C in hybridiza-
tion buffer and hyvbndized for 16 h. Hybridization and washing
was conducted in perspex cassettes (chamber of 0.8§mm

SEQ-210%

LG, 7. T.CLa T AGCUT TG T A T.CT,CLGAA A GG ANANGT, (50)
T.C,A.A.C,T,C.T.G.T.G.A.G,T.T.G,A,A,T,6,C,A,A.G,C,A,T,C.A,C, (©0)
AALA.G,2.2,6,T,T,T.C,T,G,A,G,4,4,T,6,C,T,T.C.T.G,T.T.T.A,G, (90)
¢.T.7.7.C.C.T.G,T,G.A,A.G,A.T.7.C,T,C,C.C,G,T7.T.T.C.C,a,A,C, (120)

G,A,5,4,T,C,T,T.C,A.A,A,A,T,A.G.G,T.C,C,A,A,A.T.A,T,C,C,A,C.(150)

¢.7.6.C.T.C,T.T.G,A,A,0.6,G,£.%.C,C,T,C,AC,T.C,T,G,T.G,A,G.(210)
SEQ-2338

C.T.4.4.G,G,G,T,A,A,T.G.C,A.G.T.C,2.6,C.G,A.5.T.G,G,A,A,T,T, (30)
G.A,L.T.G.G,A. A T.G,G,A,A.T.GC.G.A,A, T, T,A,A.C.C.C,G,A,4,T,A, (60)

C,A.k,7,G.G,AA.T.G,G,A,AT.G.C.A,G,T,G.G,A.~2.C,G,G,A,A,T,G, (90)

T.T.C.~,T,T,C.C.A,T,T,C,C,k.G.~.C,C.A,T.T,C,C.AT,T,T,X,A,C, (30)
1.€.C.£,7.7.C.C.T,T.¥.C.G.A.G.C.C.C.T.T,T.C.A.A,T,T,T,X,A.G. (60)

1,,¢.2.7,T.C,C,T.7T,T,C,C,2,¢.7.C,C,A,7,T.T.C.&4.C,T,C.C.A.G. (90

SE0-2285 (see Fouler et a). 13E7)
SZC-2275 (see Drinkwater et &l. 1986)

Fig. 1. Nucleotide base sequences

width) rotating at 15° to the vertical. The membranes were
washed in four solutions of increasing stringency: wash A.
2% SSC (0.3 NaCll 0.02 M 1risodium citrate), 0.1% SDS.
15min: wash B, 0.5 x SSC. 0.1% SDS., 90 min; wash C. 0.1 x
SSC. 0.1% SDS. 15min: wash D. 0.1 x SSC. 1.0% SDS I53min.
with addition of proteinase K (250 ug/ml) 1o wash B. Washes
A. B. C were at 37°C and wash D at 55°C. Hybridization of
the oligonucleotide probe was conducted at 60°C. Unreported
experiments using this probe on a scrial dilution of whole
human DNA. and washing as above. produced a linear re-
sponse to DNA concentration, the limit of detection being
about 100 pg using [**S]dATP.

Membranes were dried and exposed at ambient tempera-
ture to X-rav film (Kodak XOMat RP Film). Probes were
stripped from membranes essentially as described by Reed
and Mann (1985).

Results

Restriction patterns using the satellite 111 probe (228S)

The probe 228S (Fowler et al. 1987) is sequence-related to
human satellite-111 DNA (Deininger et al. 1981). DNA from
male tissue digested with either Haoelll or EcoR1 enzymes
and probed with 228S showed a restriction fragment of 3.4 kb.
This was absent in female tissue. Both sources of DNA showed
unresolved high molecular weight satellite-1I1 sequence-re-
lated material resistant to Haelll digestion and fragments at
1.3, 1.8, 2.0kb common 1o both after EcoR1 digestion. The
228S sequence is not, therefore, sequence-specific to the 3.4-
kb Y-chromosome repeat previously described (Cooke et al.
1983) but is also present on autosomes.




The Apnl/228S restriction pattern showed two major
bands at 3.6 and 1.8kb. consisient with the resulis of Burk et
al. (1985) and Jeanpicrre et al. (1985).

The Taqgl/228S restriction patterns showed complex band-
ing. Most fragments werc less than about 2kb in size. The
3.4 kb male-specific fragment. evident after Haelll digestion,
was removed by Haclll Tagl double digestion. This con-
firmed the existence of multiple Tag! sites within it (Nakahori
et al. 1986). However many fragments in the 2-20kb size
range were low in Tugl sites and these provided complex pat-
terns. which appeared to be highly discriminating of individu-
als (Fowler et al. 1987). The equality of Tagl restriction digests
was checked by stripping membranes of 228S and reprobing
them with sequence 2168 (Fig. 1). which is related in sequence
to centromeric repetitive DNA (Wu et al. 1980). As long as
digestion was complete this probe gave an “invariate” banding
patierns for each genome (demonstrated in the family studies
below).

The Hinfl/228S restriction pattern showed a laddered
array of fragments ranging in size from 5kb to less than 1kb,
but with no discernible variation between individuals. When
the minisatellite probe 33.15 (Jeffrevs et al. 1985a) was used
to probe the same membrane. polymorphic patterns were re-
vealed. Comparison of the banding patterns achieved by
Taql/228S with those obtained using Hinfl/33.15 showed
them to be different when testing the same individual. An
analysis of 15 individuals using the Tugl/228S method showed
each 10 have between 12 and 20 fragments in the 4-20kb re-
gion. with a distribution and complexity of banding similar to
that of one minisatellite probe (Jeffrevs et al. 1985b). How-
ever the patterns appeared to differ in that the Taql/228S
method displays some fragments common to most individuals
and others that are highly discriminating.

Digestions using Clal (ATCGAT) and Nspl (TTCGAA).
both of which have an internal Taql (TCGA) sequence, did
not show polvmorphic patierns with probe 228S. The bulk of
these digests remained as unresolved (>20kb) fragments in
0.7% agarose gels. Attempts to resolve the Clal-digested
DNA by using field inversion gel electrophoresis gave smears
in the 15-30kb region with no clear banding pattern.

Digestions using the enzvmes Psrl. Xbal. BamH1, Cfol,
Alul. Hpall gave unresolved smears. while other enzvmes.
e.g. Mspl. Rsal gave smears with some discrete banding
which appeared to be constant between different individuals.

Comparison of other “saieliite-111-like” sequences
as probes for the Taql polymorphism

Blots of Tagl-digested human DNA samples were probed
with other satellite-111-like sequences (Fig. 1). The sequences
233F and 262F both revealed a polvmorphic pattern similar to
that of 228S. However neither was as effective as 228S, with
the extent of Jabelling and the fine resolution of bands being
inferior. Sequence 262F also gave different relative band in-
tensities from the sequence 228S. Sequence 2278 did not reveal
the polymorphism. The sequences 228S, 2628, 233F and 227F
were compared with sequences pPD9 and pPD17 (Deininger
et al. 1981) and their relative homologies plotied (Fig.2).
pPD 9 is a satellite 11l sequence, 65% pure in the pentamer
TTCCA and pPD17 is described by Prosser et al. (1986) as
typical of their “consensus™ satellite II sequence. The se-
quence 228S shows strongest homology to satellite I11 (pPD9)
and lesser homology to satellite Il (pPD17). Sequences 233S,
262S, and 227S show an approximately linear decline in their
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Fig. 2. Comparison of a number of satellite-111-like DNA sequences.
Sequence homologies were calculated by the method of Bucholtz and
Reisner (1986) giving homology coefficients with respect to two
extreme sequence tyvpes (see text)
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Fig. 5a,b. Examination of related
individuals for the satellite III polymor-
phism. a DNA was digested with Tagl and
probed with *S-labelled 228S. b The
membrane was then stripped and probed
with **S-labelled 216S. Lane ] DNA size
standard, /anes 2- 10 lymphoblastoid DNA
(3 ug). Film exposure 30h
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homology to either pPD9 or pPD17 consistent with a decline
in their effectiveness as probes for the Tugl polvmorphism.
This suggested that the number and distribution of the pen-
tamer S’TTCCA3’ (or its complement) in each sequence was
significunt in revealing the polymorphism. Thus the synthetic
oligonucleotide sequence of purc pentamers was hybridized to
fresh membranes of Tugl digests and compared directly to
228S hvbridization patterns. They gave identical results up to
the 20-kb rcgion of fragment size (Fig. 3a,b). Note that the
fragments greater than 20kb seen in Fig. 3a but weak to0 ab-
sent in Fig. 3b were no stronger when the membrane in Fig. 3b
was stripped and reprobed with 228S. indicating that handling
and/or blotting is setting the upper size-limits to the Tag! frag-
ments. Both 228S and the oligomeric probe highlighted the
same set of predominant restriction fragments (within a
smecarced hybridization signal) in a DNA sample isolated from
a mixture of human sperm (> 100 donors) (Fig. 3a.b).

Family studies

DNA from related individuals was digested with Tagl and the
resultant blots hybridized with the principal satellite-111 probe
(228S). The polvmorphic resiriction patterns and their pedi-
grees are shown (Figs. 4a.5a). The segregation of restriction
fragments in these pedigrees indicated that, within the present
limits of band resolution achieved across the most variable re-
gion (5-20kb), there were no fragments in the progeny that
were not present in either or both of the parents. but the in-
tensity variations at the lower molecular weights indicated
that these bands were the results of contributions from multi-
ple loci.

As expected, mixed sperm DNA (> 100 donors) showed a
smeared pattern. within which were a number of predominant
consensus restriction fragments (Fig. 4a).

Membranes were then stripped of probe 228S and re-
probed with sequence 216S. to establish that the digestions
were complete and that the amounts of DNA in each track
were approximaiely equal (Figs.4b,Sbh). The patterns from
the mixed DNA samples were then unsmeared and indistin-
guishable from individual DN A samples (Fig. 4b).

Analvsis of a mouselhuman hybrid cell panel

Autosomal sequences homologous to the human Y-chromo-
some 3.4-kb repeat have been described as existing in three

Table 1. Autosomal location of the Y 3.4-kb repeat homologues

Probe source Hybridization Restriction Reference
10 autosomes fragments
Fragment Major: 1.9. 13, Kpn-1:3.6,1.8 Burk et al.
(3.4kb) from 14,16, 21,22 (chromosome  (1985)
hybrid con- Minor: 11, 12,17 15)
taining Y 20 EcoRV:6.2
chromosome chromosome
only 16),3.6,1.8
EcoRI:3.4(Y
chromosome),
1.8 and others
Fragment from Major:9,13.14, Kpnl:3.6,1.8 Jeanpiere
chromosome 15,17, 20. 21, (chromosome et al.
22 library 22 9or15) (1985)
hvbridizing with Minor: 1. 5, 10, EcoRV:6.1
Y-chromosomal 16 (chromosome
3.4-kb fragment 16),3.6,1.8
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Table 2. Mouse/human hybrid cell panel®

Clone Selected chromosomes present Other human
chromosomes

Y2 der(N)1(X:16)(q26:q24) Nil

CY3 der(16)1(x: 16)(q26:q24) Nil

CYSs der(10)1(10:16)(q26:q922) Nil

CY7 der(3)1(3:16)(q13.2:q13) 10.12

Y9 del(16q) 4.13.21

CYIil der(16)1(11:16)(pi1:ql3) Nil

CcYI3 der(16)1(1:16) (q44:p13.11) 3.11.14.17.

20.21.22

CYI1S del(16p) 14.17.21

CY18 16 Nil

A9 Mouse parent line

>The hybrid cell panel was that described by Callen (1986)
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Fig. 6a, b. Examination of a mouse/human cell panel. a DNA was di-
gested with EcoRI and probed with **S-labelled 228S. b The mem-
brane was then stripped and probed with **S-labelled 216S. Lane I
DNA size standard, lane 2 CY7. lane 3 CY9. lane 4 CY11. lane 5 A9,
lane 6 CY18, lane 7 CY15, lane 8 CY13. lane 9 CY3, lanc 10 CY2, lane
11 CY5 (Spug each). A 700-bp fragment correlating with the presence
of extensive regions of chromosome 16 is marked by an arrowhead.
Film exposure 24h

separate “"domains™, one of these being centered on chromo-
some 16, the D “domain” (Burk et al. 1985; Jeanpierre et al.
1985 — see summary of their results in Table 1). Examination
was therefore made of a mouse/human cell panel useful in
mapping chromosome 16 (Callen 1986).

DNA from each cell line (Table 2) was digested with
EcoRI and the Southern blots probed with 228S. DNA from
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the cell lines CY7, CY9, CY15. CY13 and CYS5 showed multi-
ple restriction fragments but the DNA from the lines CY11.
CYI18. CY3 and CY2 showed very little hybridization with
2288 (Fig. 6a). The presence of extensive regions of chromo-
some 16 was found to correlate with a fragment of approxi-
mately 700bp (arrowed in Fig. 6b) when the same membrane
was reprobed with sequence 216. The results show that 228S
does not hvbridize with chromosomes 16, X or part of chro-
mosome 11.

DNA from the cell lines positive with 228S were then di-
gested with Tagl and the blot probed with 228S. Many frag-
ments in the size range 2-20kb were found in all these lines
except CY7 (Fig. 7). Some fragments were of similar size to
the predominant Taql/228S fragments in the mixed human
sperm DNA sample.

Discussion

The satellite 111 DNA family is a graded series of sequences.
These range from “pure” satellite 111 containing no Tagq] sites,
to examples with a high proportion of pure pentamer and
some Tagl sites. through to Satellite 11, which contains low
proportions of the TTCCA pentamer and many Tagq] sites.
Examples of such sequences are compared in Fig.2. This
shows that the sequences 228S, pPD18 (Deininger et al.
1981), pHY10 (Nakahori et al. 1986), and pKS36 (Sol et al.
1986), are all closely related. The sequence HS3 (Cooke and
Hindley 1979) is poorly related to these examples, showing
strongest homology to pPD17 and failing to hybridize with

another clone HSS derived from the Y chromosome (Cooke
and Hindlev 1979).

Hybridization of the probe 2288

The Tayl patterns displaved by both 228S and the oligomeric
probe indicate that the hvbridization of 228S to genomic DNA
is caused predominantly by the “clusters” of its pure pen-
tameric repeats. Thus the polymorphic fragments themselves
are cither pure satellite 111 sequences. or clusters of such se-
quences within more degenerate forms of satellite 111 or other
unrelated DNA sequences. It is predicted that sequences
closely related to 228S (related by the method of Fig. 2) will be
useful as probes for this Tagl polvmorphism.

Genomic location of the Taql/228 S polyinorphism

Location of the polymorphism is made unusually difficult by
the fact that satellite II1 is common. diverse and much of it is
not polvmorphic. However, the three domains identified as
containing autosomal homologues to the Y chromosome 3.4-
kb repeat are: domain K (Apnl 3.6-, 1.8-kb fragment pattern,
e.g. chromosomes 15 and 9). domain D (EcoRV 6.2-kb frag-
ment from chromosome 16) and domain R (Burk et al. 1985).
The latier domain was considered by Burk et al. (1985) to re-
side on chromosome 1, this being the site of a previously
mapped satellite-111-like sequence HS3 (Gosden et al. 1981).

The finding that 228S gives a Kpnl restriction pattern char-
acteristic of domain K-tvpe sequences and that chromosome
16 is negative for 2288 (Fig. 6a). indicates that domain K (e.g.
chromosomes 9 and 15) is the primary genomic site of hybrid-
ization for sequence 228S. The poor homology between se-
quence 228S and the sequence HS3 (Fig. 2) from chromosome
1. suggests also that 2285 mav not hybridize strongly with R-
domain chromosomes.

The presumptive source of the Tag1/228S polymorphism is
therefore autosomes containing K domains. e.g. chromosomes
9 and 15. However autosomes other than these may also be
contributory. This is because large (> 3kb) Taql fragments
were observed (Fig. 7) in the DNA from some of the cell lines
in the chromosome 16 panel examined. These lines included
chromosomes 13. 14, 17, 20. 21 and 22, all of which are listed
(see Table 1) as containing autosomal homologues to the 3.4-
kb Y-specific repeat. Thus results therefore implicate chromo-
somes 9. 15, 13, 14, 17, 20. 21 and 22 as the likely complement
of autosomes that make up the complex Taql/228S poly-
morphic patterns. Their relative contribution to these patterns
is as vet unclear.

Aetiology of the Taql/satellite 111 polymorphism

This polvmorphism appears to be Tagl-specific, suggestive of
some point mutational mechanism peculiar to Tagl. A possible
cause is the accumulation of random point mutations (C— G)
in the sequence TTCCA, thus creating Taql sites, TTCGA.
However the CpG dinucleotide created by such a mutation is
itself considered to be highly mutable (C— T) (Cooper ct al.
1985). This would convert the sequence to TTTGA, deleting
Tagl sites with a consequent re-escalation in the size of re-
striction fragments. Examination of published satellite-11I se-
quences shows that an increase in the frequency of the pen-
tamer TTCGA in a sequence is generally accompanied by a
proportionate increase in the pentamer TTTGA in the same

s Al 1 ke

L )nn‘”pwlﬁmrwmbw- CRNIRHE

§




Table 3. Number of pentamers TTCCA. TTCGA and TTTGA (aver-
age per kb) of satellite-111-like sequences

Sequence TTCCA TTCGA TTTGA  Reference

pPD9 131 - - Deininger et al.
(1981)

2288 108 6 - Fowleretal. (1987)

pPDI1S8 84 18 6 Deininger et ul.
(1981)

2338 73 - -

262F 42 10 -

pHY10 64 16 6 Nakahon et al.
(1986)

pKS36 72 10 N Sol et al. (1986)

HS3 40 16 14 Cooke and Hindley
(1979)

pPDI17 53 36 13 Deininger et al.
(1981)

sequence (Table 3). This is in accord with a point mutational
two-stage “decay” mechanism.

If the Taql polymorphism is not generated by point muta-
tional events, then it must arise from some alteration in DNA
lengths between the Taql sites. Recombination by integration
of foreign DNA into satellite 11l sequences is known. e.g. in-
tegration of the HL1 virus (Seiki et al. 1982). The 33-bp se-
quence (HLIPRO3) forming the junction between the 3'long
terminal repeat of this virus and the host satellite IIl shows
strong homolosy to other satellite II1 sequences (Fig.2).
Hepatitis B virus has also been reported to integrate into
satellite I (Shaul et al. 1986). though the same virus inte-
grates as readily with GC-rich host sequences (Zerial et al.
1987).

Some polvmorphisms in human repetitive DNA are atiri-
buted in part to the mobility of such sequences as extra-
chromosomal DNA, e.g. Sau3A polyvmorphism (Kivama et al.
1987). and possibly the Bkm polymorphism (Traut 1987). One
Satellite 111 sequence (clone pKS36) was isolated by virtue of
its cross hvbridization with clones of the Drosophila P element
(Sol et al. 1886). This hybridization, though conducted at rela-
tively low stringency, was not simply a result of AT composi-
tion as a viral sequence of similar AT proportion 1o the P ele-
ment failed to hvbridize to the same 1.8-kb EcoR1 human
fragment. The sequences 228S and pKS36 are very closely re-
lated (Fig.2) and both show Kpnl restriction fragment pat-
terns of 3.6 and 1.8 kb, typical of K-domain autosomal satel-
lite-11I sequences (Burk et al. 1985). The three longest regions
of homology between clone pKS36 and the P element were
within open reading frames 1 and 2 of the P-element-encoded
transposase (Sol et al. 1986). P elements are mobile genetic
elements causing hybrid dysgenesis and chromosomal instabil-
ity in selected Drosophila strains (Engels 1983). However the
direct evidence is that satellite Il sequences are not extremely
mobile. as no detectable hybridization of sequence pPDI18
(closely related to 228S, Fig. 2) was found in closed circular
extrachromosomal DNA (Riabowol et al. 1985).

If any of these non-reciprocal recombination events are
predominantly responsible for the Tagl polymorphism, then
the spacing of restriction sites, other than Tagl, in satellite 111
should also alter. If such alternative sites were of similar fre-
quency 1o Taql then a different presentation of the same poly-
morphism should occur. This has not been found. Thus al-
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though non-reciprocal recombination events cannot be en-
tirelv excluded. thev are unlikely to be responsible for the
bulk of the polymorphism. Thus the satellite 111 polymor-
phism appears to be quite distinct in its aetiology from that of
the (GC-rich) minisatellites (Jeffrevs et al. 1985a).

In summary the Taql/satellite 11 polymorphism is carried
by approximately a third of the chromosomal complement. it
is probably caused by point mutational events, it is highly dis-
criminating of individual genomes. and the restriction frag-
ments segregate in an orthodox manner with no evidence thus
far for production of new bands by recombination.

Examination of larger populations is required to establish
the frequency of the major restriction fragments. The ease of
its detection from small quantitics of DNA (3 pug) using a [*§]
labelled probe makes it potentially useful for forensic analy-
ses.
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Improved separation of multi-locus hypervariable DNA restriction
fragments by field inversion gel electrophoresis and fragment detection
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DN A probes to multiple hypervariable human genomic loci
are potentially highly informative as regards individual
gcnome identification and parentage studies. However the
resultant Southern blot patterns are generally highly
complex and their interpretation difficult, with one
important limitation bcing the extent of fragment
separation and resolution. The separation of large DNA
restriction fragments in agarose gels may be improved, in
comparison to separations obtained by conventional
electrophoresis, by the use of field inversion techniques.
This is demonstrated by the analysis of the complex human
Satellite 111 related DNA polymorphism. Detection of the
Satellite 111 related restriction fragments is achieved either
by using a |*Sj-labelled probe (228S) or by using the same
probe in a convenient non-isotopic form constructed by the
photobiotin process. In addition, the probe 228S is useful
for sexing the human genome, by the identification of a
Y -specific restriction fragment.

Introduction

Pulsed field gel electrophoresis (PFGE) and field
iversion gel electrophoresis (FIGE) have made possible
the separation ol extremely large DNA fragments e.g.,
PFGE up to 10 Mb (Anand 1986) and FIGE up 10 | Mb
(Carle et al.. 1986). These techniques will greatly benefit
the study of complex genomes (Barlow & Lehrach 1987;
McPeek eral.. 1986, Southern er al.. 1987, Gemmill er al..
1987. Holzwarth ¢r al., 1987; Lalande et al.. 1987). The
field inversion method is relatively simple since the
electrode geometry is the same as that for conventional
electrophoresis but improvement in DNA separation is
achieved simply by switching the field polarity and by
controlling the rate of this inversion (Carle ef al.. 1986).
Distinct ‘'windows’ of enhanced fragment separation are
obtained by altering the so-called forward and reverse
pulse times. Generally, the faster the switching rate. the
further the "window’ of enhanced separation moves 1o
smaller size fragments (Carle er al., 1986). Although
PFGE and FIGE will have their most important
application in the analysis of extremely large DNA
fragments, the field inversion method also has significant
influence upon the separation of DNA fragments less
than 30 kb in size (Carle er al., 1986).

Correspondence: C. Fowler
Reccived 15 March 1988: accepted 2 July 1988

Restriction fragment length polymorphisms which
arise from multiple loci in the human genome generally
present complex banding patierns over a broad size range
e.g.. (Jefireys ¢ al.. 1986; Fowler er al.. 1987) and are
associated with tandemly repeated DNA. Length
variations are revealed by either the restricion of DNA
externalto the block of variable number tandem repeats -
‘minisatellites” — (Jeffreys es «/.. 1986), or by restriction
within a long tandemly repeating sequence at point

"mutable sites which are distributed unevenly along its

length. The Taql specific human Satellite 111 related DNA
polymorphism is believed to be an example of the latter
tvpe (Fowlereral.. 1987; Fowlerer /.. 1988a, 1988b). The
most informative region of this genomic variation occurs
in the range of about 30 to 5kb. with the restriction
fragments apparently following orthodox segregation
based on family studies (Fowler ¢r a/.. 1988a). The field
mversion technique is adapted here to improve the
separation of the most informative subset of fragments in
the Satellite 11 polymorphism.

Since Satellite HI related sequences are abundant in the
human genome and the polymorphic fragments are in
multiple copies (Fowler et «l., 1988a). their detection
using a non-isotopic method is an attractive and safe
alternative 1o the use of 1sotopically labelled probes. Thus
the Satelhte 11! sequence related probe used previously
(Fowlereral.. 1987. 19884) has been recloned into a PUC
vector. photo-chemically labelled with biotin (Forster er
al., 1985; Mclnnes e¢r al., 1987) and used as a probe for the
Taql:Satellite 111 polymorphism.

Materials and methods

DN A samples

Frozen blood samples which had previously been drawn
and stored in tubes containing a heparin anticoagulant
were thawed in 2 volumes of 1 x SSC (150 mM NaCl,
15 mM trisodium citrate). Nucleated cells were recovered
by centrifugation at about 8000g for 20 min. The pellet
was digested at 37°C for 14 h in aqueous buffer (10 mMm
Tris, 10 mM disodium EDTA, 100 mM NaCl. pH 8.0) to
which was added 1% SDS and proteinase K (50 pg mi™*).
The digests were extracted with phenol and chloroform
and the DNA precipitated with ethanol. The DNA was
redisolved in TE buffer (10mM Tris, 1 mM EDTA
pH 8.0) and quantitated by spectrofiuorimetry.

DNA was digested with Taql or Haelll (Boehringer
Mannheim) using the buffer and conditions specified by
the manufacturer and at a five fold excess calculated to
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give complete digestion. The DNA was preapitited and
redissolved in TE buffer (generially & pl) prior to loading
into the get as deseribed previously (Fowler e al.. 198Ra).

Electrophoresis

Conventional electrophoresis was performed at condi-
tions and in buflers described previously (Fowler et al..
19884). -

Electrophoresis using the ficld inversion techmque was
generally in 1.0% agarose gels (Sigma grade 1a) using
TAE bufler (40 mM Tris-acetate.2 mM EDTA. pH 8.5)at
approximately 6 Viem for defined periods (see below).
Electrophoresis was conducted at ambient temperature
(24°C) with rapid recyching of the buffer in the direction of
anode to cathode (total electrophoresis tank volume was
1.91. pumping rate was 200 mlmin~'. temperature
differential outlet minus inlet was less than 2°C). The cast
eel was approximately 4.5 mm thick and 21 cm long. A
pre-cast strip (5 mm wide and 4.5 mm thick) of agarose
{1.0% 1n the same buffer) containing 0.5% clean DEAE
sephadex beads was positioned perpendicular to the path
of the DNA across the extreme anode end of the gel. This
trapped small DNA fragments (about 2.0 kb and less)
which would otherwise have migrated out of the gel and
been re-cycled by the buffer flow. The purpose of this was
to minimize background contamination of the Southern
blots.

Field inversion was attained by interfacing between the
power pack and the tank elecirodes. a iransistorised
switch controlled by a Commodore PC Model CBM 4016
N. The rate of switching was controlled by one of either
two programmes: either general ramp or mini-ramp.
General ramp increased both the forward and reverse
pulse rates from a selected start to a selected end time.
ramping evenly over the fuil anticipated duration of
clectrophoresis. Mini-ramps compieted the same ramp
process but in a senies of continuous cvcles of 15 min
duration. Electrophoresis 1s then continued to reach a
defined number of mini-ramps.

Molecular size markers (intact lambda 48.3 kb) and
fragments from combined Hindlll and Hindll EcoRI
digests (23.1.21.2,9.4,6.5.5.1,49.44.43.35.23%kb
and smaller fragments) were included in each gel. either
being stained with ethidium bromide and photographed,
or being mck-translated with 35S dATP and appearing on
the auto-radiographs themselves.

Gels were brought to a stable and uniform temperature
by electrophoresis at operating voltages for 30 min prior
to loading the DNA samples.

Sourthern blorting

Samples intended for subsequent analysis by isotopically
labelled probes were blotted to nvion membranes (Bio-
Rad Zeta Probe) as described previously (Fowler er al.,
19884). Samples intended for analysis by the biotin
labelled probes were blotied to nitro-cellulose membranes
(Schieicher & Schuell BA 85) as descnibed by Mclnnes ¢/
al., 1987.

Probe preparation

Probes of the Satellite 111 related sequence 228S (Fowler
et al., 1987) were prepared. using 35S dATP, and used as
described previously (Fowler ¢r a/.. 19884). Biotinylated

probes of the sequence 2288 (Fowler er wl.. 1987) and the
alphoid related sequence 2268 (Fowler ¢ af.. 1988a) were
prepared as follows.

The sequences 228S and 216S previously cloned into
the single- stranded phage M 13 vector were both
recloned into the Smal site of vector PUC 19. The puritied
plasmid was then biotinylated by the photobiotin method
(Forster er al., 1985, Mclnnes ¢r al., 1987) as detailed in
the BRESATEC protocol. The purpose of placing the
inserts into PUC 19 was that the biounylation of double
stranded plasmids gives about 5 X greater sensitivity of
sequence detection than that of the biotinviated single
stranded M 13 phage when used as probes (C. Fowler,
unpublished observations). The PUC biotinylated pro-
bes. containing either the insert 228S or 216S, were
denaturated by heating at 95°C for 4 min, snap cooled
and added 1o establish a final probe concentration of
50 ng ml™' of hybridization solution.

Hyhridizarion, washing and development

Both nylon and nitro-cellulose membranes were pre-
hvbridized for 2h at 68°C in the saume hybridization
buflfer (0.7 M NaCl. 50 mM NaH,PO,. 4 mM disodium
EDTA. 1% SDS and 0.5% non-fat powdered milk:
pH 7.7). The membranes were then hybridized in the
hvbridization buffer above containing the appropriate
probe: nyvlon membranes with 355 dATP 228S as de-
scribed previously (Fowler er al.. 1988a). and nitrocel-
lulose membranes with biotin labelled probes. Both were
hybridized at 68°C for 16 h.

The membranes were then washed in four solutions of
imcreasing stringency (wash A 2 x SSC/0.1% SDS for
13 min, wash B0.5 x SSC/0.1% SDS for 90 min, wash C
0.1 x SSC/0.1% SDS for 15 min. wash D 0.1 x SSC/1%
SDS for i3 min. Wash A. Band C were at 37°C and wash
D was at 35°C.

Membranes probed with 35S dATP 228S were dried
and exposed at ambient temperature to X-Ray film
(Kodak XOMart RP film).

Fragments complementary in sequence to the bio-
tinylated probes were detected by an avidin-alkaline
phosphatase conjugate following the method of Forster 7
al., 1985 and the protocol of the probe manufacturer
(BRESATEC photobioun-labelling and detection Kkit).
Membranes were incubated in the substrate reaction for
up to 6 h in the dark, before being stored in the stopping
buffer.

Results and discussion

Esitablishing a field inversion protocol

Swirching rates: Published results indicated switching
rates of 0.5sec forward and 0.25 sec backwards to be
appropriate for the separation of fragments in the size
range 30 to ISkb (Carle er al., 1986). Based on the
stability and accuracy of the switch constructed, our
switching was generally ramped between 0.3 sec forward,
0.15sec reverse at the start of ramping, and 0.7 sec
forward to 0.35 sec reverse at its end. Other settings were
also tested (sec below). Ramping of the forward and
reverse pulse times is necessary so as to optimize the field
mversion process over the size range of fragments which

-
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Figure2  Digestion of male and female DNA with Haelll. Southern
bloting to nitro-cellulose and probing with the biotinvlated probes
228S and 216S sitmuhtaneously. Male DNA: tracks 1.2 and 3 (3. 20.
100 ng respectively) Female DNA: twracks 4 and § (5. 20ng
respectively)

Demonstrarion of the combined use of field inversion
clectrophoresis and the biotinvlated probe 2288 1o deiect
the Tayl; Satellite 1T polvmorphism

This 1s demonstrated by the Southern analysis of 3
unrelated individuals for the Taql/Satellite 111 polymor-
phism (Fowler er «/., 1987, 19884) (Figures 3 and 4). The
analysis was made firstly using a blot 10 a nylon mem-
brane (Zeta-probe) and probing with 35S dATP;228S
(Figure 3). Electrophoresis time was 22.5h or 88
miniramps. Separation of the same lambda standard
markers by conventional electrophoresis is shown for
comparison (Figure 3, track 1). Electrophoresis here was
n 0.8% agarose for 27 h. This result was so chosen as to
show coincidence in the 23.1 kband 5.1 kb bands. but the
clear differences in fragment separation both within this
range and fragments smaller than this (Figure 3, compare
tracks 1 and 2).

The analysis was repeated using the same five individ-
uals. but this time blotting to a nitro-cellulose membrane
and probing with the biotinylated 228S probe (Figure 4).
The results were identical to those obtained earlier
(Figure 3). Electrophoresis time for the biotin result was
24 h (96 miniramps).

Comparison of these two methods showed that band
resolution was marginally superior in the 35S probed
membrane when compared to that of the biotin result.
This may be due in part to the greater speed and simplicity
of the alkali blotung protocol (Fowler er al., 1988a),
compared to thit of the high salt method (Mclnnes er al..

1987). thereby reducing band diffusion. Either method
requires DNA samples of between 210 4 pg lots. although
the isotopic method wis shighthy more sensitive. However.
the biotinvluted probe 2288 wis used without somication.
I this is done. itis known to improve the sensitivity of the
biotin;alkaline phosphatase detection at Jeast five fold
(Habibi er al.. 1987). Any difference in sensitivity between
these methods may not indeed be divectly related to ther
detection efficiencies. but may rather be u difference in the
quantity of the target DNA transferred by the different
blot protocols and/or the nature of DNA binding to the
different membranes. Although it is possible 10 use nylon
membranes such as Zeta Probe with biotinylated probes,
nitro-cellulose membranes generally do not show as much
backeround colour development. The colour develop-
ment of the banding patierns on nitro-cellulose mem-
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Figure 3 Field inversion gel clectrophoresis of DNA from five
unrelited individuals (2.5 pg each) for the Taql/Sateliite 111
polymorphism (tracks 3 1o 7). The separation of lambda standard kb
fragments (tracks 1 and 2) by conventional electrophoresis (track 1.
0.8% agarose. 2 V/cm, 27h) and field inversion (track 2. 1%
agarose. 5.2 Vjem. 22.5 h or 88 mini-ramps. 0.3 10 0.7 sec forward,
0.15100.35 sec reverse) may be compared. Blot was made to a nylon
membrane and probed with the radio-isotopically labelled probe
228S. 60 h film exposure
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arc of interest (Carle ¢r af.. 1986). By using mini-ramps. all
selected conditions are mel every 15Smin. and thus
fragment separation is representative of all selected
conditions should mid-run power failure occur.
Bufjer choice and buffer concentration:  So as 10 obtain
sufficient total migration of DNA. the voltage gradients
in FIGE need to be greater than those in conventional
electrophoresis if comparable separations are to be
obtained in similar times. Such gradients generate higher
currents. and thus better temperature controls arc
needed. The complete absence of sodium ions from the
buffer used (see Anand 1986 and Materials and methods)
greatly reduced the current from when sodium ions were
present. thus minimising gel heating.

Lowering the Tris ion concentration from 40 mM (o
20 mM also lowered currents and reduced heating, but
this generally worsened band shape and resolution.

Agarose concentration: Reported agarose concentra-
tions used were between 1.0 and 1.5% (Anand 1986; Carle
ei al, 1986). This is advantageous. providing greater
mechanical stability for both gel handling and in the
blotting process when compared to the lower concentra-
tion gels (0.8% and less) normally used in the separation
of DNA in approximately the size range 30 to 5kb
(Jeffreys er al., 1986: Baird er al.. 1986).

Figure 1 {Graph) shows the results from the trials
made. The plots are of log kb DNA size against the square
root of the band fragment mobility, for intact lambda and
combined fragments from lambda/Hindlll EcoR1 and
lambda/Hindl1ll digestions.

Conventional electrophoresis (1% agarose) shows the
plot to be linear about as far as 10 kb with DN A larger
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Figure 1 Plot of log kb of thc DNA band/fragment against the

square root of its mobility (mm). 2 Conventional electrophoresis at
5V/jem. 16 h. 1% agarose. O F1.G.E. 7.5 Vicm. 16 h (64 mini-
ramps). 1% agarose, 0.3 sec forward and 0.15 sec reverse at start of
the ramp and 0.7 sec forward and 0.35 sec reverse at the end of the
ramp. © F.1L.G.E,, as O, but using 1.5% agarosc. A FJ.G.E..as O,
but reverse voliage reduced 10 3.75 Viem. half of the forward voltage

than this being poorly scpuarated. eventually becoming
unresolved as a ‘reptating” (Carle e7 /.. 1986) bund. Field
inversion at the switching and ramp conditions specified
greatly eliminates the “reptating’ behaviour of DNA
fragments greater than about 15 kb. producing a lincar
plot beyond 23 kb (Figure 1). Small DNA fragments,
about 5kb and less. are less separated than in conven-
tional electrophoresis. becoming by comparison bun-
ched, and thus the gradient of the plot is steeper (Figure
1). Anincrease of agarose concentration from 1.010 1.5%
lessened the overall migration of DNA fragments, for
similar voltage gradients and run times (Figure 1).
Despite this higher concentration, separation of large
DNA fragments. ¢.g.. 48.5 to 15 kb. was sull possible
(Figure 1). Halving the reverse voltage compared 1o the
forward voltage, but maintaining the same pulse and
ramp conditions gave poorer separation of the large
fragments and a greater tendency to ‘reptation’
behaviour. more similar to that of conventional separa-
tions (Figure 1). Faster switching, e.g.. 0.3 sec to 0.5 sec
forward and 0.15 sec to 0.25 sec reverse was found 1o
reduce the separation in the 48.5 to 23 kb region.

As regards temperature control, most attention was
paid to minimizing any temperature gradients through
the 4.5 mm thick gel. This was best achieved by rapid
recycling of the buffer. and by casting and supporting the
gel level, and on a thin (3 mm) glass plate which was
raised (3 mm) in the electrophoresis tank so as to allow
the buffer to circulate rapidly both above and below the
gel. Although some trials were made controlling buffer
temperatures to between 10 and 14°C. lower temperatures
slows DNA mobility (West 1987). thus lengthening
analvsis ume. Electrophoresis at ambient temperature
(24°C) gave good results provided that the precautions
noted above were made and that voltage gradients did not

N~ P . 27 < 7 mamn
exceed about 7.5 V/em.

Properries of the probe 228S

The probe 228Sisa Satellite 1] sequence related fragment
containing 4 high proportion of the repeated pentameric
sequence STGGAA3J tvpical of Satellite 111 (Fowler e7
al., 1987). It has two useful properties. Firstly, it detects a
3.4 kb Y-specific human specific fragment (Cooke er al.,
1983), and therefore may be used to sex human genomes.
This is demonstrated by the conventional electrophoresis
and Southern analysis of Haelll digested human male
and female DNA, where the probe 228S detects the 3.4 kb
Y -specific fragment in males and an unresolved band.
greater than 20 kb, in both male and female DNA (Figure
2). Simultaneous use of the biotinylated, alphoid probe
2168 is advised as an internal control upon the adequacy
of Haelll digestion and to provide an estimate of the
quantity of DNA present. The probe 216S detects a
‘ladder” of autosomal fragments of an alphoid related
sequence (Figure 2).

The second and more important property of the
Satellite 111 probe 228S is that it detects, upon Tagl
digestion of human genomes, a series of hypervariable
fragments (Fowler er al., 1987, 1988a). The region of
greatest inter-individual variation is a subset of bands in
the size range approximately 25 to 5 kb. The fragments in
this subset are of autosomal origin only (Fowler ez al,,
1988a), forming the unresolved DNA seen as the intense
band, greater than about 20 kb, in the Haelll digests used
for sexing (Figure 2).

P

!




FIELD INVERSION AND BIOTIN DETECTION OF HYPERVARIABLE DNA FRAGMENTS 27

el .
T."" .
';;( .M"n - ,‘
= [ S o et ~ e
PN L
] bl
L]
: -~ ot el
- i AT LRt
| L
AP
. o - e meat
9-4 “ .. - P i
%‘1.. - PR N
P X ‘
? et

i
N

1
i i)
| i
8

112 3 4 5 6 7

A <—"g
Figure 4 Field inversion gel electrophoresis of DNA from the same
five indinviduals (4 pe cach) as seen in Figure 3. The siandards arc
intact fambda (track 1) and lambda standard kb fragments (iruck 2).
Condiuons as in Figure 3 (except electrophoresisat 6 V em for 24 h
or 96 mini-ramps). Blot was made 1o a nitro-cellulose membrane und
probed with the biotinvlated probe 228S. Detection time was 3 h

branes is normally evident after 30 min. fully developed
after about 5h but should not be prolonged beyond
about §h when background colour becomes unaccep-
table.
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of the Taql-deficient polymorphic sequences
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Abstract. Human Satellite II1 DNA is a major tandem re-
peat in the human genome and presents a Taql-specific
hypervariable restriction fragment length polymorphism
when a Satellite 111 related sequence (228S) is used as a
probe. In situ examination shows this sequence to be near
specific for the region 9gh on chromosome 9 when it is
used at low probe concentrations. However the region 9gh
does not appear to be the only or even the primary source
of the Tagl-deficient polymorphic sequences (TDPS). Rath-
er, such sequences appear to be mostly present in chromo-
somes 20, 21. and 22, and these represent the largest regions
of homogeneous Satellite 11l in the genome; they are also
resistant to digestion with a range of other restriction endo-
nucleases. The TDPS do not arise from either of the two
currently recognized Satellite I11-enriched genomic regions.
namely autosomal "K-domains™. which form part of 15p
in chromosome 15 or the heterochromatin of chromosome
Y.

Introduction

The human Satellite 111 like family of sequences comprises
major tandem repeats located tvpically in the pericentric
and centric heterochromatin of about one-third of the chro-
mosome complement (Burk et al. 1985). They are diverged
in sequence, the major recognised division being between
Satellite 111 and Satellite IT (Prosser et al. 1986). The former
has a high proportion of the *core’ pentameric tandem re-
peat sequence STTCCA 3, whilst the latter is believed to
be a degenerate and more recently diverged form of this
(Hollis and Hindley 1988). The proportion of these two
related sequences within individual chromosomes differs,
and thus chromosome-specific *domains” enriched in one
or the other sequence type exist (Burk et al. 1985; Cooke
and Hindley 1979; Higgins et al. 1985; Jeanpierre et al.
1985; Moyzis et al. 1987).

Satellite 111 enriched domains are a source of extreme
interindividual variation (Fowler et al. 1987, 1988a). The
principal cause of this appears to be a C-G point mutation
in the pentameric repeat STTCCA 3’, thereby creating a
Tagl site (TCGA). These Taql restriction sites are ran-
domly located in the tandemly repeating blocks of Satellite
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I11 and thus provide the observed polymorphism (Fowler
et al. 1988a).

This Taql-specific Satellite HI polymorphism is best ob-
served in fragments of size range about 4 to 25 kb. About
10 to 20 such fragments exist in any one individual and
these show Mendelian inheritance (Fowler et al. 1988a).
There are in addition abundant numbers of Satellite 111
related fragments smaller than this in size, but these become
increasingly difficult to resolve electrophoretically. There-
fore the fragments greater than about 4 kb in size are the
most informative. These sequences are only a minor portion
of total Satellite 11l DNA and are here called the Tagl-
deficient polymorphic sequences (TDPS).

It has been suggested (Fowler et al. 1988a) that the
TDPS arose from autosomes, and probably those contain-
ing so-called * K-domain~ (Burk ¢t al. 1985) Satellite III re-
gions. These are tvpified by 3.6 and 1.8 kb Kpnl tandem
repeat fragments which have been mapped to chromo-
some 15 (Burk et al. 1985; Higgins et al. 1985) and chromo-
some 9 (Jeanpierre et al. 1985). This study further resolves
the genomic location and properties of the TDPS.

Materials and methods

Tritium-labelled probes. A probe was prepared from the
Satellite ITI related sequence 228S (Fowler et al. 1987) by
primed synthesis of the complementary strand of the M13
template as previously described (Fowler et al. 1988a), but
for in situ techniques [*H]dATP (65 Ci/mmol) and
[*HJdACTP (50 Ci/mmol) were incorporated rather than
[3*S]dATP.

Biotin-lubelled probe. The single-stranded M 13 vector con-
taining the sequence 228S (Fowler et al. 1987) was biotiny-
lated by the photobiotin method (MclInnes et al. 1987) fol-
lowing the Bresatec protocol (Bresatec, South Australia).

Preparation of metaphase chromosomes. Phytohaemagglu-
tinin-stimulated lymphocyte cultures were prepared from
individuals of normal karyotype. The lymphocyte cultures
were treated with 200 pg/ml bromodeoxyuridine for 16 h,
then the cells were washed and incubated in fresh medium

containing 2.4 pg/ml thymidine for 6 h. Colchicine (5ng/

ml) was added 20 min before harvest. Cells to be probed
with the biotin-labelled probe were not pre-treated with
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Table 1. Human rodent hybrid cell panel® sodium citrate), 50% deionized formamide. 5% dextran sul-
phate, 0.1 mM disodium EDTA, 0.05mM Tris-HCI,
Ccliline  Human chromosomes present pH 7.3. 50 ug/ml sheared salmon sperm DNA). Washing

, of the shdes, and detection and amplification of the biotin

64063° 9q were done essentially by the method of Burns et al. (1985).
HORL I* 15
CY14¢ 16(p13.3~qter), 4(q31 —~4qter), 1,4, 12,14, 20, 21 Source and isolation of genomic DNA. DNA was isolated

PK14¢ 46. XY .-16. +der(16)1(4.16)(q31:p13.3) from nucleated cells in human blood and human sperm

Cy9? del(16q). 4, 13. 21 cells b . . r )

7 o - y standard methods described previously (Fowler
g::;d 12((311,3;: plq;ile‘l:r()q?f Ilq;?,r)‘,i‘l1‘]4‘17"20'21’22 et al. 1988a, b) as was the DNA from rodent/human hy-
T85-43¢ 46.X,\:.de|(I(;)(p12 or‘p,'3) T brids. DNA from two rodent/human hybrids (64063 and
CY4c der(13)1(13:16)(q34.q22.1) HORL 1) was a gift from Dr. P. Goodfellow, The Imperial

Cancer Research Fund. Lincoln’s Inn Fields, London, UK.
* All hybrids are mousc/human cexcept 64063 which is a hamster/ Hybrids examined are detailed in Table 1.

human hybrid . ) o

* Obtained from Dr. P. Goodfellow, Imperial Cancer Research Digestion of DNA. The DNA was digested with restriction

Fund, London. UK enzymes Taql, Haelll, Kpnl, Mspl, Hpall, Aval, Pstl,
¢ D.F. Callen (unpublished) Mbol, Alul, Rsal, or EcoR1 (Boehringer Mannheim), pre-
¢ Callen (1986) cipitated and prepared for electrophoresis as described pre-

viously (Fowler et al. 1988a). DNA was recovered from

s .y . tiv 1s using Gene-Cl Bio-101).
bromodeoxyundine and thymidine, but rather incubated preparative agarose gels using Gene-Clean (Bio )

with colchicine only. added 60 min prior 1o harvest. The  Ejecirophoresis and Southern bloiting. The DNA was sepa-
cells were fixed and spread on slides, treated with RNAse  rated by either conventional electrophoresis (Fowler et al.
and the chromosomes denatured and dehydrated (Simmers 1988a), or by field inversion gel electrophoresis (FIGE).
et al. 1986). Polarity switching, at constant voltage, was ramped in time

intervals from 0.3 s forwards, 0.15s reverse at the start,
In situ hybridization using tritium-labelled probes. The probe to 0.7 s forwards, 0.35 s in reverse at the finish, in continu-
(0.01 rg/pl) was hybridized to metaphase spreads, the slides 6515 min cycles so as to reach a defined number of * minir-
then being dipped in Kodak NTB-2 emulsion and devel-  amps” as described in detail elsewhere (Fowler et al. 1988 b).
oped after 1 to 4 days (Simmers et al. 1986). Chromosomes Gels were blotted 1o nylon membranes as described pre-
were then banded as previously described (Callen et al. viously (Fowler et al. 1988a). DNA molecular size stan-

1987). dards were labelled with [*3S]-dATP and included in each
gel or measured after staining the gel with ethidium bro-

In situ hybridization using biotinviated probe. Hybridization mide.

was for 17 h at 37° C in a humid chamber. Probe concentra-
tion was between 0.01 and 0.02 ng/ul dissolved in 25 pl hy- Probe preparation. hybridizarion. washing and exposure. The
bridization buffer, pH 7.0 (2 x SSC (300 mM NaCl, 30 mM Satellite 111 sequence related probe 228S and the satellite
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Fig. 1. Chromosomal location and distribution of sequences homologous to (*H-labelled) clone 228S by in situ hybridization. Final
wash stringency 2 x SSC, 50% formamide, 39° C. e single grain; @ multiple grain clusters
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alphoid sequence related probe 216S were labelled with
{**SJdATP and used as previously described (Fowler et al.
1988 a).

Results

In situ hybridization using probe 228S

The distribution of grain counts on 15 metaphases is shown
for probe 228S (final wash stringency 2 x SSC, 50% forma-
mide at 39° C; Fig. 1). The major region of in situ hybrid-
1zation is region 9gh. Other genomic regions also contrib-
ute. These are: the short arms of chromosomes 13, 14, 15,
21 and 22; the centromeric heterochromatin of chromo-
somes 1 and 20: and region Yq (Fig. 1). The biotinylated
probe 228S is near specific for region 9gh (Fig. 2) when
used at probe concentrations less than about 0.01 ng/u! and
high stringency (0.1 x SSC at 65° C). This suggests that the
Tagql/Satellite 111 polymorphism revealed by probe 228S
in Southern analyses (final wash stringency 0.1 x SSC at
55° C) may predominantly arise from region 9gh. Alterna-
tively, this 9gh-specific result may be due to the reduced
sensitivity of the biotin 228S probe compared with the same
sequence labelled with tritium and the relatively large quan-
tity of Satellite 111 in region 9gh.

The in situ hybridization results indicate only the geno-
mic distribution of 228S homologous sequences. They do
not necessarily correlate with the genomic location of the
TDPS. Previous evidence has indicated that the Satellite
II1 polymorphism is of autosomal origin, excluding Yq,

Fig. 2. In situ hybridization of biotinylated probe 228S to un-
banded metaphase chromosomes. Hybridization (arrowed) is near
specific for region 9gh (established in Fig. 1). Final wash stringency
0.1 x SSC, 65°. Bar represents 10 pym

and also excluding chromosome 16 and probably chromo-
some 1 (Fowler et al. 1988a). Therefore attempts were made
better to define the location of the TDPS.

Genomic location of the Satellite 111 polynmorphism

Examination of K-domains. Human DNA was digested with
Kpnl. The DNA from the 3.6 and 1.8 kb regions was recov-
ered from a preparative agarose gel. Part of the recovered
DNA was digested further with Tagl. The resultant frag-
ments were examined by Southern analysis using 228S as
a probe (Fig. 3). The initial Kpnl digest showed 3.6 and
1.8 kb K-domain Satellite 111 fragments. The same frag-
ments were however extensively digested with Tagl, and
therefore neither can be included in the TDPS, since these
are represented by sequences whose Taql spacing is greater
than about 4 kb. Furthermore, if such Kpnl tandem repeats
were to represent all the Satellite 111 component of chromo-
some 15 (Burk et al. 1985) and chromosome 9 (Jeanpierre
et al. 1985), this would tend to exclude these chromosomes
from contributing to the Satellite 1I1 polymorphism.

Examination of rodent!/human somatic cell hybrids. The
DNAs from seven different somatic cell hybrids (Table 1)
were digested with Taql and the fragments separated by
FIGE and then blotted and probed with 228S. Background
mouse and hamster genomic DNA do not hybridize with
the satellite III related probe 228S (Fowler et al. 1988a;
see also Discussion).

Hybrid 64063 (Fig. 4, lane 8) showed about six distinct
Taql fragments greater than about 4 kb (within a moderate-
ly intense background smear) but by companson an in-
creasing number of fragments smaller than this size, partic-
ularly below about 2 kb. Hybrid 64063 contains 9q as the

kb |
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Fig. 3. Taql digestion of isolated 1.8 and 3.6 kb Kpn} *K-domain’
Satellite 111 fragments. Electrophoresis (1.8% agarose) and South-
ern analysis using 3%S-labelled 228S. Lane 1 lambda molecular size
standard; lane 2 Kpnl+ Taql double digestion of Kpnl 1.8 kb
isolate; lane 3 original Kpnl 1.8 kb isolate; lane 4 Kpnl+ Tagl
double digestion of Kpnl 3.6 kb isolate; lane 5 original Kpnl 3.6 kb
isolate. Film exposure 48 h
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Fig. 4. Taql digestion, field inversion gel electrophoresis (FIGE,
54 miniramps), and Southern analysis of somatic cell hybrids (Ta-
ble 1) using 3*S-labelled 228S. Lane 7 lambda molecular size stan-
dard; lane 2 CY'9; lane 3 CY13; lane 4 CY15; lane 5 T85-43; lane 6
as 1; lane 7 HORL 1; lane 8 64063 ; lane 9 CY14; lane 10 PK 14,
lane 11 CY4. Each lane, 5 pug except T85-43 and PK 14, 2 ug each.
Film exposure 60 h

only human chromosome. About ten fragments greater
than about 4 kb (with seven being smaller than 6 kb) were
present in hybrid HORL 1 (lane 7). This hybrid contains
chromosome 15 as its only human chromosome. There were
also far fewer fragments smaller than 4 kb in hybrid HORL
I than were seen in hybrid 64063, particularly below 2 kb
(Fig. 4).

Hybrids CY9, CY13,CY14 and CY15 (Table 1) showed
a larger proportion of their Taql fragments to be greater
than 4 kb in size compared with either hybrid 64063 or
hybnd HORL 1 (Fig. 4). For example, 17 fragments were
seen in hybrid CY14, 14 in hybrid CY9, 10 in hybrid CY13
and 2 intense bands in CY15. These hybrids contained var-
1ous combinations of chromosomes 20, 21, and 22 (Table 1)
as their predominant Satellite IIl DNA containing chromo-
somes. The band intensity of their Tagl fragment patterns
was very varied. Hybrid CY4, which contains only chromo-
some 13 as its Satellite 1] source showed limited hybridiza-
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Fig. 5. Kpnl digestion and Southern analysis of sclected somatic
cell hybrids using 3*S-labelled 228S. Lane / lambda molecular size
standard; lane 2 CY9; lane 3 CY13; lane 4 CY15; lane 5 CY14;
lane 6 64063 ; lane 7 HORL 1. Each lanc, 4 pg; film exposure 20 h

tion 1o the probe 228S with only a few fragments greater
than about 4 kb (Fig. 4).

The DNAs from two human cell lines, PK14 and T85-
43, which were used to generate CY 14 and CY15 respective-
ly were also digested with Tagl and the results compared
with their respective hybnids (Fig. 4). Hybnd CY14 has 17
out of 23 fragments greater than about 4 kb in common
with its parent PK 14. However it appears that one frag-
ment, at about 13 kb, and possibly another at about 6 kb,
were unique to the hybrid itself. This cannot be immediately
explained. Hybrid CY15 has 6 (2 intense and 4 minor) out
of 17 fragments greater than about 4 kb in common with
its parent T85-43. One band in this hybrid, at about 10 kb,
was markedly more intense than the same fragment in its
parent, as were a number of other, much smaller, poorly
resolved fragments.

Digestion of hybrid HORL I with Kpnl and Southern
analysis using probe 228S showed 1.8 and 3.6 kb Kpnl frag-
ments, confirming them to originate from chromosome 15
(Fig. 5). No like fragments were detected in Kpnl digests
of the other hybrids (Table 1), including hybrid 64063
(Fig. 5). The exception was hybrid CY14 (Fig. 5). The pres-
ence of 1.8 and 3.6 kb Kpnl fragments in this hybrid was
surprising in that distamycin/;DAPI staining had failed to
identify whole or part of chromosome 15 in it. Further-
more, the band intensity of these fragments would suggest
that this should have been easily identified. The presence
of two Taql hybnd-specific fragments in CY 14 (see above)
suggests some de novo alteration of Satellite 111 sequences
in this hybrid. Alternatively this Kpnl/Satellite 111 tandem
repeat may exist in chromosomes other than 15 in some
individuals (see Discussion).

Sequence homogeneity of the TDPS. The Satellite 111 TDPS
are generally resistant to double digestion with a range of
other restriction enzymes. For example, double digestion
of the DNA from one individual firstly with Taql and then
either Haelll, Alul or Rsal little altered the polymorphic
pattern of this person (Fig. 6a), though it did appear to
alter the relative intensity of some Tagl fragments. This
may in part have been due to losses resulting from the




270

Zg 5 more extensive manipulations required in preparing double

digests. Double digestion with Rsal showed the greatest
effect with, for example, the disappearance of u band at
231 about 27 kb and the appearance of a band at about 13 kb.
’ Stripping the membrane of probe 228S and reprobing with
216S clearly confirmed that the additional digestions had
actually taken place (Fig. 6b). .
Similar double digest experiments were made using Taql
with either Pstl, Kpnl, EcoRI or Mbol (results not shown).
- The TDPS were similarly resistant to digestion with these
enzymes. The greatest alterations in Taql patterns were seen
when either EcoRI or Mbol were used, the results being
similar to those seen with Taql+ Rsal (Fig. 6a). Double
digestion with Taql + Kpnl little altered the polymorphic
patterns, confirming that the K-domain Kpn 3.6 and 1.8 kb
fragments are not themselves part of the TDPS.
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Discussion
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Satellite 111 like sequences represent the dramatic expansion
of the pentameric repeat TTCCA (Frommer et al. 1982;
Prosser et al. 1986), mostly in the centric and pericentric

§

L

S, regions of some autosomes and the long arm of the Y chro-
e 72 mosome (Fig. 1). The amplification of this sequence is re-
ot = cent in evolutionary time. Satellite 111 sequences are com-
D - mon to humans and higher primates only, while the related
e ks Satellite I1 repeat is apparently unique to humans (Mitchell
g g et al. 1981).

b

Genomic location of the TDPS in human Satellite Il DN A

The in situ distribution of genomic sequences homologous
to the 228S probe (Fig. 1) is similar to that of a cloned
Satellite III sequence specific to a chromosome 22 library
(Jeanpierre et al. 1983). There is less simtiarity with a cloned
23 Satellite 111 sequence near specific for 15p (Higgins et al.
21.2 - 1985), and sull less with an uncloned satellite 111 sub-frac-

E tion (Yq 3.4) isolated by gel electrophoresis (Burk et al.
e 1985).
: The results show that the TDPS detected by the probe
228S do not arise from either of the two currently recogn-
ised Satellite 111 domains, namely autosomal K-domains
(Burk et al. 1985) or Yq (Nakahon et al. 1986). Both these
regions, though relatively pure in TTCCA repeats, have

L85

1

W 2 many Taql sites in their repeat units and thus would not
’ B contribute to the polymorphism. Rather, the TDPS arise
g from other Satellite 111 regions characterised not only by
s their few Tagl sites per unit length, but also by a more
6 %‘;" b= general lack of restriction endonuclease sites, other than
5 b P Hinfl (Prosser et al. 1986).
i A" The primary locations of these Taql-deficient domains
:':: .;’{. e 2 and hence the TDPS are probably the heterochromatin of
o~ e qeepam
_’ Q = Fig. 6. a Taql and Taql + other double digestion of DNA from
L3 e one individual (no. 1) compared with Taql digestion of three other
e 2 2 unrelated individuals (nos. 2, 3, 4). FIGE (88 miniramps), and
L o ? W Southern analysis using (3*S)-labelled 228S. Lane 1 lambda molec-
35 T B3 A N ular size standard; lane 2 Taq} control no. 1; lane 3 Taql + Haelll
' il (- no. 1; lane 4 Taql + Alul no. 1; lane 5 Taql + Rsal no. 1. Compare
iy - e g ge with single Tagl digests in lane 6, no. 2; lane 7, no. 3, lane 8, no. 4.
Q 3 " About 2.5 ug each lane; film exposure 60 h. b Membrane in a
Y g .f stripped and reprobed with 2*S-labelled 216S to confirm equiva-
b b Q '. . lence of all Taql digestions and to confirm Tagl + other double
> - . digestions. Film exposure 24 h
1 2 3 & 5 6 7 8




chromosome 20, and the short arms of chromosomes 21
and 22. Limited support for this is the similarity of the
situ distribution using 228S and that from the Satellite II1
sequence specific for the chromosome 22 library (Jeanpierre
et al. 1985). Other minor contributory regions are the peri-
centric heterochromatin of chromosome 9 and the short
arms of chromosomes 15 and perhaps 13 and 14. There
may well be marked inter-individual variation in the pro-
portion of the contribution from each of these.

Given the near specificity of the biotinylated probe 228S
for region 9gh at high stringency and low probe concentra-
tion (Fig. 2) it was expected this region would be the pre-
dominant source of the TDPS. This appears not to be so,
since this region contributed relatively few bands to the
TDPS. The 9qh-specific in situ hybridization result may
thus be explained by either the biotinylated 228S probe
preferentially locating this major block of Satellite III se-
quence at limiting probe concentration, or else the sequence
228S is most complementary to a region of Satellite III
of relatively high Taqgl frequency.

The TDPS represent only a minor proportion of total
genomic Satellite I1I and it is not known if they are contigu-
ous or are in any way separate from the bulk of Satellite
111 sequences which have a far greater Taql frequency per
unit length. Cytogenetic evidence using high resolution in
situ techniques indicates that there are separate regions of
Satellite III within individual chromosomes, e.g. within re-
gion 9gh and separate regions localized to the centromere
and terminal knobs of all Satellite I11-containing acrocent-
rnic chromosomes (Frommer et al. 1988). It is confirmed
that K-domain fragments segregate from chromosome 15.
However, not all the Satellite III DNA in this chromosome
15 K-domain (normally well digested with Taql - Fig. 3)
because hybrid HORL 1 also contained some moderately
large Taql-deficient fragments (lane 7, Fig. 4). This distinc-
tion in Satellite IT11/Taql fragment size may eventually be
found to correlate with their separate locations on chromo-
some 15 (Frommer et al. 1988).

These results also show that some 1.8/3.6 kb KpnlI Satel-
lite 111 fragments could arise from chromosomes other than
15 (Fig. 5). It is possible that such regions of localized am-
plification are individual specific. Alternatively, the results
may be evidence for the instability of such sequences, partic-
ularly in hybrids. Reported examples of the instability of
15 pisits translocation to chromosome 22 (Buhler and Ma-
lik 1988) and to chromosomes X, 3 and 9 followed by ex-
pansion of the 1.8 kb Kpnl Satellite I1I unit by unequal
sister chromatid exchange (Holden et al. 1987).

Homogeneity of the TDPS

The general inertness of TDPS to restriction enzymes such
as Haelll, Alul, Pstl, Kpnl, and to a lesser degree EcoRI,
Mbol and Rsal is unusual compared with the frequency
of restriction by these enzymes in other genomic sequences.
This inertness appears to be greater the fewer the number
of Tagl sites per unit length of Satellite I11. The restriction
map of Yq, for example, includes 64 Taql sites and 5 Rsal
sites within 3.5 kb (Nakahoni et al. 1986) but one TDPS
fragment apparently contained only a single Rsal site in
27 kb (Fig. 6a). The TDPS therefore appear featureless and
difficult to map by conventional methods.

Two conclusions can be made. First, the TDPS are only
rarely and intermittently interrupted by either non-satellite

2N

111 sequences or regions of Satellite 111 which have a low
frequency of ‘rare’ restriction sites. The extensive regions
of apparently homogeneous Satellite 111 sequences which
comprise the TDPS have not themselves accumulated by
random drift any marked degeneracy in sequence and there-
fore probably represent examples of very recent TTCCA
amplification events in the genome. Previous evidence has
shown the Satellite 111 polymorphism to be Tagl specific
and unlikely to have arisen from non-reciprocal recombina-
tion events (Fowler et al. 1988a). It is therefore more likely
caused by DNA amplification, with post amplification Taqgl
point mutation or perhaps pre-existing Taql sites being
caught up in an amplification event(s).

Second, this restriction enzyme immunity suggests a
very low level of transposon invasion, e.g. by Alu or LI,
into such regions, either because of environmental unsuitab-
lity or because of their very recent amplification. These
observations are broadly consistent with the reported mini-
mal hybridization of Alu and LI sequences to heterochro-
matin (Korenberg and Rykowski 1988) and consistent with
induction of C-banding in human chromosomes by restric-
tion enzymes (Babu et al. 1988).
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Letter to the Editor

Satellite DNA and Higher-Primate Phylogeny

J. C.S. Fowler, J. D. Skinner. L. 4. Burgovne. and R. D. Drinkwater’
School of Biological Sciences. Flinders University of South Australia

The major human satellite sequences are tandemly repeating DNA sequences -
generally associated with centric and pericentric heterochromatic regions (Singer 1982).
In humans, the major forms are satellites I, 11, 111, 1V, and alphoid. Satellites 1-1V
were onginally isolated by gradient centrifugation (Singer 1982), each fraction being
of similar DNA composition—and thus of similar buoyvancy—but not necessarily
being of similar sequence. For example, satellites II and I1I are cobuoyant with some
alphoid sequences (Frommer et al. 1982; Prosser et al. 1986). The consensus base
sequence of each of the predominant components of these human satellites is well
defined [satellites -1V by Frommer et al. (1982) and Prosser et al. (1986), satellite
11 by Hollis and Hindley ( 1988), and satellite alphoid by Waye and Willard (1987)].

Examples of such sequences have here been used to investigate higher-primate
phylogeny. The DNA from one human, two chimpanzee, one gorilla, and one oran-
gutan (al] males) was digested with the following three different restriction enzymes:
Haclll, EcoRl, and Kpnl. The fragments were examined by Southern analysis (for
methods, see Fowler et al. 1988). The same membrane was analyzed three times with
satellite DNA probes of known sequence, by probing, stripping, and then reprobing
the membrane (for details, see legend to fig. 1.).

Satellite 111 (fig. 1a)

The human/Haelll digest shows a Y chromosome-specific fragment (Cooke et
al. 1983) at 3.5 kb (lane 6). The human/Kpnl digest shows two fragments at ~1.8
and ~3.6 kb (lane 16) that are believed to segregate from chromosome 15 (Higgins
ctal. 1985). These fragments appear unique to humans, being absent in similar digests
of nonhuman-higher-primate DNA.

Digestion of nonhuman-primate DNA with either Haelll (lanes 2-3) or EcoR]
(lanes 7-10) and probing with human satellite HI shows extensive hybridization. There
are extensive interspecies differences in the restnction-fragment patterns. There is also
interindividual vanation in the fine-band structure of the DNA {rom the two male
chimpanzees (Haelll, lanes 2 and 3; EcoR], lanes 7 and 8). This is quite unlike similar
digests of human DNA, which normally show little or no interindividual variation
with Haelll and EcoRI digests (Fowler et al. 1988).

-«atellite II (fig. 1b)

The human/ EcoRI digest (lane 11) shows an orderly series of satellite II-related
fragments at 1,340, 1,770, 2,190 and 2,410 bp (Dninkwater et al. 1986 ) that is coincident
with a similar human/ EcoRI fragment series—1,350, 1,770, and 2,200 bp—obtained
with a probe of a satellite 11 mixture prepared by gradient centrifugation (Mitchell et
al. 1981). The results (fig. 1b) suggest that human satellite Il is virtually human
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specific. This finding is in accord with that of Mitchell et al. (1981) but not with that
of Gosden et al. (1977). The only strong evidence of human satellite 11 hvbndization
to nonhuman primates is a single band at ~ 3.3 kb in the Kpnl digest of orangutan
DNA (lane 15).

'

Satellite Alphoid (fig. 1c)

The Haelll (Janes 2-6) and EcoR1 (lanes 7-11) digests of human and nonhuman-
primate DNA show an orderly series of restriction fragments in each species, these
being based on 170- and 340-bp alphoid repeat units ( Wave and Willard 1987). How- -
ever, the differing extent of the laddering and the varying band intensities suggest that
the alphoid sequences are moderately diverged in sequence in these species. This is
confirmed by the Kpnl/alphoid results (lanes 12-16), in which the nonhuman primates
may be distinguished from one another by their fragment patterns.

The two chimpanzee samples show similar results (with minor band intensity
variations) in each of their Haelll (lanes 2 and 3), EcoRI (lanes 7 and 8), and Kpnl
(lane 12 and 13) digestions. These results act as internal controls for the results above,
as they confirm that the satellite 11 interindividual differences seen in these two samples
(fig. 1a) are not technical artifacts.

These results may be compared with those of other investigators. In the past,
when human-derived satellite sequences have been used to examine DNA from non-
human higher primates, the probes used were generally prepared by gradient centnf-
ugation (e.g., see Gosden et al. 1977; Mitchell et al. 1977, 1981). Such probes were
heterogenous mixtures of satellite DNAs, and, as noted by Singer (1982), this rendered
the results more confusing than if clones of known sequence and property had been
used. For example, the results of Mitchell et al. (1981) and Gosden et al. (1977) are
conflicting. Mitchell et al. (1981) found human satellite ]I DNA to be absent from
chimpanzees, gorillas, and orangutans, but Gosden et al. (1977) found it to be present
in gorillas and orangutans but absent from chimpanzees. Gosden et al. (1977) also
reported that human satellite IV was present in chimpanzees, gonllas, and, in the Y
chromosome only, orangutans. Holmquist et al. (1988), in their review, incorrectly
cite the satellite 1l and IV results of Gosden et al. (1977).

A summary of our results and those of previous investigators would suggest the
following: First, human satellite 11 is present in humans, chimpanzees, gornllas, and
orangutan (Mitchell et al. 1977, 1981). This is likely to be true for human satellite
IV as well, since the evidence of Frommer et al. (1982) and Prosser et al. (1986)
suggests that the major sequences and properties of sateilites il and IV are the same.
Second, satellite alphoid is present in humans, chimpanzees, gornlla, and orangutan.
This is established from the results of Miller et al. (1988) and Lund Jorgensen et al.
(1987). The results of Mitchell et al. (1981) are also in accord with this. However,
the probe used by Mitchell et al. (1981) was probably a mixture of satellite 1l1I and
alphoid sequences, giving for Haelll-digested human male DNA a tvpical alphoid

FIG. 1.—Southern analysis of primate and human DNA (1% agarose). The membrane was probed
first (panel a) with sequence 228S-satellite 111 (Fowler et al. 1988}, then stripped and reprobed (panel b)
with sequence 227S-satellite 11 ( Drinkwater et al. 1986), then stripped and reprobed (panel ¢) with 216S-
satellite alphoid (Fowler et al. 1988). Final membrane wash for each probing was 0.1 X SSC (20 » SSC
= 3 M Na(l, 0.3 M trisodium citrate) at 55°C. Samples (1 pg from male animals)/digest enzvmes were as
follows: lane 1, lambda molecular-size standard; lane 2, chimpanzee 1/ Haelll: lane 3, chimpanzee 2/ Haelll:
lane 4. gonlla/Haelll: lane 5, orangutan/ Haelll; lane 6, human/}aclll; lane 7, chimpanzee 1/ EcoRl: lane
S. chimpanzee 2/EcoRl1; lane 9. gorilla/ EcoRI; lane 10, orangutan/EcoRI; lane 11, human/EcoRl: lane
12, chimpanzee 1/ Kpnl; lane 13, chimpanzee 2/Kpnl; lane 14, gorilla/ Kpnl; lane 15. orangutan/Kpnl: lane
16, human/Kpnl; lane 17, lambda molecular-size standard. Probes were labeled with [*S] dATP (Fowler
et al. 1988). Exposure times were as follows: panel a, 20 h: panel b, 96 h; panel ¢, 14 h.
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ladder as well as a satellite Hl-associated 3.5-kb Y-specific fragment (as would a com-
posite of fig. 1a and fig. 1¢). Last, the collective evidence of Miichell et al. (1981) and
Miller et al. (1988) is that human satellite 111/1V and satellite alphoid are found in
higher primates only. whereas satellite 11, on the basis of our results and those of
Miichell et al. (1981). is close to human specific.

These results show no compelling evidence supporting any phylogeny of the
higher primates. They do show, however, that, while satellite 111 is apparent across all
higher primates, it is evolving rapidly—and probably more rapidly than speciation of
the higher primates, as indicated by the extent of the interspecies variation as compared
with the interindividual variation in satellite 111 patterns. Furthcrmore, the differences
between the two chimpanzee individuals is much greater than what would be expected
between two humans. If significant, this would imply that the chimpanzee, as a species.
is more ancient than the present-day human species. The radiation of the human race
would thus have occurred in orders of magnitude less time than the speciation of the
higher primates. These conclusions assume satellite 111 to have diverged at a relatively
fast but constant rate.
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