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. We have hybridized the vertebrate telomeric sequence (TTAGGG)n on DNA
compositional fractions from 13 mammalion fpecies and 3 avian species, rep-
resenting 9 and 3 orders, respectively. Qur results indicate that the S0- to 100-kb
fragments devived from telomeric regions are composed of GC-rich and GC-
‘richest isochores. Previous vorks from vur laboratory demansirated that singfe-
copy sequences from the human H3 isachore Jawiity (the GC-richest and gene-
richest isochore in tfe human genome} share fiomolagy. with compositionally

-Lorretaled compartments of warm-blooded vertebrates. This correlation . sug-..

gesled that the GC-richest isochores ure, as in the human genowe, ile gene-.
richest regions of warm-blooded vertebrates' genome. Moreover, this evidence
suggests that telomeric regions are. the most gene-dense region aof all wann-
bloaded vertebrates. The implications of these findtngs are discussed.

uﬁ{i‘kﬂﬂb&:lim:hm‘“ GC composition; !€j9m“‘°5; Wam-hlﬁéhad veriebrales,

5 s

INTRODUCTION

Vertebrate genomes are mosaics of isochores, namely, of tong, compositionally
homogeneous DNA segments (hat can be subdivided into a small number of
families characterized by different GC contents (Bernardi, 1989, 2000). In the
human gename, which is by far the most extensivel ¥ studied, the compositional
range of isochores is 30~60% GC. Five families of isochpres have been iden-
tified in lhis geneme: two GC-poor families, LI and L2, representing together

! Laboratoire de Généliqgue Moléculsire, Université de Paris VI, 2 Place Jussicu, 75005 Paris,
France,

’Dipaﬁimcnln di Biologia Animule, Universitd di Catanin, vir Androne 81, Y5125 Catania. faly.
?To whom comespordence should be addressed. Fux: +33 1 40 SO 0] 95,

227
0DA-292RDACG00-02175 14,00 © 2060 Plenum Puhlishing Compwmiian



Sirerant;Crccld; ~"Sntcnne,:;mdrcnmlf and Dernardi

629 ofthe-genome; and. 1hrcc GC-tich families, H1,-H2;-and H3, n:pmr.ennng
“73%9; and 3=5%of the neuome, ‘respectively (the remamlngDNA is formed by
_satellite and ribosomal DNAR)

“+A striking featurc of the human genome is lhat lhe gcn: conceritration is

cxiremel} wonunilorm and paruilels GC levels (Bemardi ef af., 1985; Mouchir-~ -

~old ef al.; 1991). The gene cancentration is low nnd-constanl over GC-poor
—isoeliore famitics L1 and L2t incaases over GC-rich isochares and reaches the
righestlevel; aboiit: 20 umcﬂ_ihal “of the GC-poor isochores, in the GC-richest
istichre fdinily H3. This-
well as the-highest lmmcn]munal and recombinationa) activities (Ajssani.and

“Beraardi, 19915 Rynditch ef af., 1991), ond is also fargely endowed wilh a i

dmmct open chromntin Structure (Bernardi, 1993).

“Thifgenome organizilion appears 16 hc canserved in warm -b]onded verte- —

brates.-In facl, the majority of the mammalian and the totality of the avian

e~ genomes that have been-studted al the level of large DNA (Kadi et al.; 1994;
Sabcur er af., 1993) displayed an isochore patiera that is similar 1o that described
for 1he human genome, thatis;-a pattem characterized by lbe presence of sizable
amounls (6-109%) of very GC-rich isochores {operationally defined as mam -band
DN'\ wilh a buoyant density higher than 1.710 g/cm®).

We have hybridized, under conditions in which repetitive scquences ore
cumpmcd cut, the human H3 isochores on DNA compositional fractions of
DNAs fram [3 mammalian and 3 avian specics. The probe hybridized with the
GC-richesl“isochores of the genome of ult the specles studied (Caccid ef af.,
1994). 1 all likelihood highly conserved single-copy sequences (that is, coding
seguenccs) are responsible for Ihe hybridization, since the noncoding sinple-copy
scquences are divergent enough not ta contribute {o-the observed paiterns. These
cxperiments confimted results obtained by comparison of isochore patterns
(Sabeur ef-af., 1993) and added further evidence 1o the fact that GC-richest
isochores:-are also the gene-richest part of the genome of the warm-blonded
vertcbrates (De-Sario et al., 1991; Tkemura et al., (990).

I sifie hybridizstion experiments on human metaphuse chromosonies
showed that the H3 isochore family is focated prevalently in telomeric bands,
adding furlher evidence {o the fact that the gene-riches! regions are the telomeric
regions (Saccone ef ql., 1992).

Our present gl is lo exlend the correlntion found at t‘ne genome level in
warm-blooded vertebrates. For (his reason we addressed the guestion of the
composiliceal properties of the lclomeric regions by means of hybridization of
the verlebrale telomeric repeat on composilional DNA fractions of DNAs from
warm-blooded vertebrates. The hybridization paiterns observed are compatible
with H3 isochore famnilies in wiwrm-bloeded vertebrales having a prevalent
telomeric localization,

mily hos the highest CpG-istand-concenlralion, as

i
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MATERIALS AND METHODS

DNA Fractionation and Analysis

The compositional DNA fractions of mammalian and avian species used in this
work were previously described by Caccid et al. (1954), In Fig. [ are presented

two newly prepared gradients from horse and rabbit.
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Southern and Slot-Blot Preparation and Hybridization

One microgram of each DNA fraction was digested overnight with EceRE
(Promega) at 37°C and at o final concentration of 10 units of enzyme per mg of
DNA. The digesied fractions were électophoresed on an 0.7% egarose gel for
6B hr and alkafine transferced on a Bio-Rad membrane. Hybridizations were
performed according lo a standard procedure {(Sambrook et al., 1989). Filters

were washed for 20 min at room temperature in 2X standard saline citrate (S5C),
0.1% sodium dodecyl sulfate (SDS), and then for 30 min in 0.4 X SSC, 0.1% =

SDS at 68°C. Exposurc times for autoradiography were 48—72 br at -70°C.

The probe used was pHuR93, which contains 240 bp of the telomeric
tandem repeat (Meyne ef al., 1990) and was purchased (rom the American Type
Culture Collection; the prote was labeled+by random-priming, using a-dCTP%,
to a specific sctivity of 10" cpmimg.. «, ' :

The slot-blot was prepared as foliows: each DNA fraction (0.5 mg) was
transferred to a Bio-Rad membrane using a slot-blot apparatus (Bio-Rad) ac-
cording to the wnaoufacturer’s instructions. The filters were hybridized and
washed as described above.

RESULTS

Localization of the Telomeric Universal Repeat on Fractionated
R co “Mammalian DNAs~ o

Figures 2 to 7 display the hybridization patlerns obtained using the vertebrate
telomeric sequence, (TTAGGG),, as 4 probe on compositional DNA fractions
from 13 mammalian species and 3 avian species. In our exposition, we follow the
same order as in Sabeur et of. (1992). Rabbit, mouse, horse, and cat DNAs were
analyzed by Soulhem hybridization (Figs. 3, 4, 6, and 7, respectively).

In the case of the sivew the strongest hybridization sigral was in fraction 7
{1.7107 glcmy™; fractions 6 {1.7041 gfem®) and B (1.7108 gfem®) showed weaker
signals (Fig. 2). Although the signals in fractions 6 and 8 have the same intensity,
there is a greal difference in the genomic percentages that these fractions
represent, In Fact while fraction 8 represcnts only 2%, fraction 6 represents 23.8%
of (e shrew genome (11 times more). As the DNA loads on (he filler are
identical for afl Lhe fractions, the signal of fraction 8 is, therefore, “enriched"
almost 11-fold relative to fraction 6, Therefore the telomeric repeat js localized
in compasitionat fractions of the shrew genome having a modal buoyant density
between |.7041 (density of fraclion 6) and 1.7108 cm¥/ml (density of fraction 8)
(Fig. 8). This resul coincides with Lhe H3 cross-hybridization experience, which
shiows a peak of hybridization ceniercd at 1,708 plcm?® (Caccid ef af., 1994).

The fruif bat genome showed hybridization signals in fractions 6 (1.7044

Telpmeres in Warm-Blooded Vertebrates
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Fig. 2. Slat-blot hybridization pajterns oblained using tle vericbraie telomeric repeat {TAGGG), as
n

‘:l ns::al;!srgzrc’iels] }enr(tn l:i‘n':::'«:gt::ll] n: the I?T.\hcflcach Tinc. Tl:e modal buoyant densily of the fractions
trer e botlem of the linc, as tndicated at i i
indicated nt the lefi; Traction ] always corresponds to li:c :e.ﬂtl.mc S THE (ration e ate

g/eni®) and, much more so, in fract-ion 7 (17117 gfem®) (Fig. 2). As in the case
of e shrew, lfrachon 8 is not considered {being only 3.9% of the fruit bat
g-znomé). Fraction 7 c.omaincd satellite DNAs together with main-band DNA (for
dtsu}ss:on see (Caccid et ol, 1994; Sabeur of al., 1993). The hybridization
densily range ?f lhe‘lelomcn’c pmbc_ is from 1,7044 1o 1.708 gicm® (f*‘ig. 8). The
pmsqnfe of tt'ns main-band DNA component in fraction 7 is confirmed by both
resend e i i Gl idizati '
fr ey ]g;[;;nence and previous experience with H3 cross-hybridization (Caccid
1 71';‘2:: bar genome sh?wed strong hybridization signals in fractions 7 and 8
(f.1 o and 1.7146 gfem’, respectively) (Fig. 2). Fractions 4, 5, and 6 (densities
%e. hylt:‘ (:'.?01‘34, agd 17075 gfem?, respectively) displayed less intense signals
ybridization densit i i '
e iy y range is therefore from 1.7014 10 1.7146 gfem®
. Te]omfeﬁc probes hybridize in fuman DNA from fraction 4 to Fraction 7
{Fig. 2.) (with a_buoyanl density range between 1.7017 and 1.7136 glcm®) (Fig
8). This range is largely comparable with that (1.702F-1.7145 gfem®) afread ;
reported by De Sario ef al, (1991). ’
Pangolin DNA showed a strong si i i
. . - signal in fraction 7 (1.7080 g/icm®) and
weik signals in fraction 6 ([.7065 g/cm®) and fraction 8, whose madal bu()wam
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_ density of the major band is 1.7099 pjfom’ as estimated by Sabeur et af. (1993)
(Fig. 2). Therefore the hybridization density range is from 1.7065 (fruction 6) to
1.7099 p/em’® (Fig. 8). Sabeur ef al. estimated fraction 7 to be composed of
satellite DNA bul H3 cross-hybridization experiments revealed the presence of
main-band DNA. This is further confirmed by the present experiment.

Analysis of the rabbir Southern blot (Fig. 3) shows weak hyhridization in
fractions 7 (1.7069 g/cm®) and 8 (1.710S gfco®) ond very strong hybridization in
fraction 9 {1.7162 gfcm™). For the last fraction the estimation of main band DNA
density is difficult. Probably a coimponent of 1.713 gfem? is hidden by the huge
satellites prescnt in this fraction. Accordingly the estimated density range of the
hybridization is 1.7069 to 1.703 g/cm’ {this uncertainty about the upper limit of
the densily range is shown as a dashed line in Fig. 8).

Squirvef DNA showed hybridization in fractions 6 and 7 (densities of 1.7043
and [.7094 p/cm”, tespectively) and fractions 8 and 9. with the highest intensity
in fraction 8 (Fig. 2}. The densily of the main band DNA in fractions 8 and 9 is
difficult 1o evaluate because of the presence of a huge satellite. Sabeur ef af.
(1993) considered a value of 1.737 gfem® for the main-band component of
fraction 8. The same authors considered fraction 9 1o be compused of three
components: two satellite DNAs (densities of 1.7004 and 1.7187 gfcm™) and the
main-band component, with  density of 1.7150 gfem®. We should thus consider

* fem of wenise gedomic fracfionaiions -
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thal the hybridization density
1.7150 gfcm® (Fig. 8).

Mofe rat DNA showed hybridization in fractions 6, 7, and 8 (densities of
(7064, 17097, and 1.7104 gfem’) (Fig. 2)-  hsbridization range §
e 100 £ e g/cmglmg).g‘.lg 2}; therefore the hybridization fange is

'Mou.re D.NA showed, as analyzed by Southern hybridization, a smear i
fractmn' ]0'{F1g. 4); there is also an intense signal in the pellet, probably due 1o
contamination of Lhe pellet with some GC-rich isochores, which occurred durin
ihe collection of the fraction. Faint bands ate seen in fractions 7,8, and 9 at hi f
mo]ecula_ar weights: this is probably due to the presence in ([tes'e fractions if
telemfelrlc repeats phiysically linked to mouse minor sateflite repeats that do‘ not
cantain EcoRI sites (and therefore produce discrete bands) (Kipling et al,, [991),

range of the telomeric probe is from 1.7043 g
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Fig. 5. Slef blod iiybridization paltemns oblalned vsing the vertcbrate felomeric repeat {TTAGGG)n
25 @ prohe. Species nre indicaled al the fop of each Jine. The modal tunyant density of the Tractions
inceeases from the top to the tottorn, as indicated L the Aght. The fraciion numbers ore indicated at
the left; fraction | ahways corresponds ta the pellel.

The main-band density hybridizing with the lelomeric probe is 1.7108 glem®
(fraction 10) (Fig. B} .

Guinea pig DNA showed hybridization in fractions 7 and B (Fig. 5) thot
contnins satellile DNAs. Sabeur ef el’s. (1993) estimations of the main-bands
DNAs densitics are 17112 and 1,7130 gfem?, respectively. The hybridization
range is therefore from 1,7112 to 1.7130 g/lom” (Fig. 8).

Colf DNA showed hybridization in fractions 4 (1.7043 gfem), 5 (1.7076
glem®), 6 (1.7107 g/icm®), 7 {1.7110 g/cn®), and 8 (whose main-band DNA
density is difficult 10 estimate because of the very large amount of satellite DNA),
with the highest inteasily in fraction 6. Our estimation of the main-band DNA
densily of fraction 8 is 1.712 gfem?. This is because the increase in the main-band
DNA density from fruction 6 lo 7 is ~1 mg. The increase is theoretically to be
kept constant passing from fraction 7 to [raction §, thus giving a valueof 1.7L1 £
0.001 glem®. The hybridizalion range is therefore from [.7043 to 1.712 glem®
(this uncertainly about the upper limit is given as a dashed linc in Fig. 8).

Horse fractionation analyzed by Southern hybridization shows strong sig-
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nals with fraction 9 (Fig. 6) and, to a lesse
 with frac . l,toa T extent, fractions 6, 7, and 8. Fracti
8 and 9 contain a small amount of sateltite DNA (Fig, ). The h y'bridizati(:: Cl::;:

of the telomeric probe is therefore from 1.704 ion @i i
o5 itk s g;cm_‘ Pl 7043 (fraclion 6 is not considered being

The car shows, in the Southern blot, & hybridization signu) locafized jn

fgac:n't;]n 8 (Fig. 7). This fmclion? is composed mainly of satellitc DNA but a
ain-band component should be present, The estimation of the inain band DNA

compenent of fraction 8 is 1.710 gfcm®. The hybridizati
npo; , . . bridization i
probe is therefore tocated around this valus [;ig. 8). i

Localization of the Telomeric Universal Repeat on

. Fractionated Avian DNAs
Rﬁ;t; DNA shawed ilybd:dization iy fractions 5 (1.7058 g/em’), 6 (1.7120 glom™)
g; i b{ le.Zi':Zegs;‘f:m t) 2F1ﬁ. 5). Fragtion 7 is composed mnainly of satellite DNA.
- estimated the main band component of this fract; .
Therctons o otned { ; raction to be 1.7[2.
P y lon signalk should range from 1.7058 to 1.712 glem?

Duck DNA shawed the strongest hybridization signal

e 5 7000 g/cm3)l e, in fractions 6 ¢1.7043

hich shows a broad profile. Kadi ef af, (1994)
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estimated the main-band densily of fraction 8 to be 1.7109 .gfcm";. The range of
the bybridization signal is thereforc from 1.7043 to 1.7109 g}cr_n . :

The case of Lhe pigeon is similar Lo that of the duck because it ShQ\i{S a stgngl
in fractions 6 (1.705[ gfem?), 7 (1.7097 gfem™), and 8. Fraction 8 contains a very
small amonnl of main-band DNA {whose density is difficult :(.1 esuma{t}). The
peak of the hybridization signal ranges from 1.7051 ta a'valu.e lngher than 1.710
glem®. This lack of confidence is indicated by dashed lines in Eg. 8. :

Figure 8 presenis a scheme of the estimated buoyant density of masn—ban‘d
DNA components from the genomes of the warm-blooded vertebrates investi-
gated here thal hybridize wilh the telomeric tepeat.

DISCUSSION

We reporied the use of hybridization techniques in the comparative anal}lsi.s‘ of
the isochare organization in the genames of warm-blooded vertebrates (Caccid ef
al., 1994). Our results further confirmed that the single-copy seguences present
in (he H3 isochore families are composilionally cormelated among different

<@
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" Fig. B. Schematic Epmsenlnt‘mn of the hybridization paltems observed.

Horizontal dashed lines represent the incertitnde in-the evaluation of the
buoyant densily (see texl).

" mammalian and avien species, in agreement with data obtained at the level gf

large DNA fiagments (Kadi er al., 1994; Sobeur ef af., 1993).

In the hwtman genome, the H3 isochore family is localed mainly in telomeric
bands, ‘a5 revealed by in ritu hybridization of the H3 isochore’ on melaphase
chromosomes (Saccone et af., 1992, 1993). A complementary approach, hybridiza-
tion of the felomeric sequence to luman compositional DNA fractions, demonstrated
that telomeric regions are formed by GC-rich and very GC-rich isochores {our data
and De Sario e af., 1921). Moreover, telomeric regions in man are the ene-richest
regions, as revealed by the analysis of gene distribution [see Bernardi (2000) for a
recent review] and by data from in sir hybridization at a high resolution (Craig and
Bickmore, £993; De Sario ef al.,, 1991; Ikenura et al., 1990). All this evidence
prompted our analysis of the correlation between telomersic regions and isochores in
warm-blooded vertebrates, which is the subject of this report.

We have investigated the isochore structure at telomeric regions by hybridizing
the vertebrate telomeric sequence, (TTAGGG),, on compositional DNA fractions
from several mgmmalian and avian genomes; Figs. 2 through 7 display the h ybrid-
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ization patterns obtained using thc telomeric probe. All the signals are lochted in the
“GE-rich and GC-richest isochores of the-investigated species (sce Fig. B).

We interpreted t those results as evidence in favor of a common chromosomal
organization; i warm-blooded vem:bmtes, ot ‘only arc the GC-nchcst 1sochom

families correlated in terms of the sequcnce% lhat Lhey-harbor, but a!sn y uccupy . ”

: le!omenc tegions Direct evidence in favor of lh:s pmposal h&s been;

both telomeric anc[ m!ercalalcd R- bands with a distribution patlem close to that
described for (he human genome (Saccone ef al,, 1992). Furthermore, other authors
have naled (hat human intercalate T-bands often corespond to !enmna[ bands of
other mammals, and vice versa (papcrs‘i:ltcd by Ikemura ef al., 1990).

In evkaryoiic organisms, telomeres are responsible for essential functlons such
as preservation of chromosome mlegnlj and complete DNA relication at chromo-
some ends (Biessmann and Mason, l992) Those are probably comrmon telomeric
functions in eukaryaotes. Other evidence suggested that telomeres are alsotnvolved in
the shaping of nuclear architecture, for example, by tight association with the nucleat
matrix (de Lange, 1992). Our resulis show ‘that, in warm-blooded vertebrates,

telomeres could also be the gene-tichest regions. The clustering of genes at specific

positions along {he encds of vertcbrate chromasomes could have important functional
Ieasons.
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