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Compositional properties of telomeric regions from human chromosomes
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We have investigated the GC levels of third codon position of genes localized in G- (Giemsa), R- (reverse) and T- (telomeric) bands of human

metaphase chromosomes, as well as the hybridizatien of telomeric probes on fractionated human DNA. The first set of results shows much higher

CC levels for genes localized in T-bands than in G- or R-bands (the latter being higher than the former). The second sct of data shows that telomeric

probes corresponding to T-bands hybridize on the GC-richest family (13) of isochores, whereas telomeric probes corresponding to R-bands

hybridize oii GC-rich families H1 and H2; in agreement with these findings, the telomeric repeat common to all chromosomes hybridized on isochore
families H1, H2 and H3.

Human genome: Chromosome; Telomere; T-band; Isochore

1. INTRODUCTION

Some years ago it was discovered [1] that the distribu-
tion of genes in the human genome is strikingly non-
uniform and that the GC-richest isochores, those of the
H3 family, exhibit the highest gene concentration; (iso-
chores are the long, >300 kb, compositionally homoge-
neous DNA segments making up the human genome;
they belong to a small number of families characterized
by different GC levels). Indeed, the GC-richest iso-
chores, which only represent about 3% of the human
genome, are characterized by a gene concentration at
least 8 times higher than GC-rich isochores, which rep-
resent about 31% of the genome, and at least 16 times
higher than GC-poor isochores, which represent about
62% of the genome [2]. Very recent investigations have
also shown that the GC-richest isochores (i) are the
richest ones in CpG doublets and in CpG islands [3,4];
(ii) are preferred integration regions for most retrovi-
ruses, and are very actively transcribed [5] (S. Zoubak,
A. Rynditch, G. Bernardi, paper in preparation); (iii)
are very rich in Alu sequences [6,7); (iv) are the most
recombinogenic ones [8]; and (v) largely correspond to
an open chromatin structure characterized by DNase
sensitivity [8], a wider nucleosome spacing [9] (Aissani
and Bernardi, unpublished observation), scarcity of
histone H1 and acetylation of histones H3 and H4 [9].
Compositional mapping [8,10] of the long arm of
human chromosome 21 has shown that the GC-richest
isochores correspond to the telomere {10], which is a
thermal denaturation resistant band, a T-band [11], and
a chromomycin A3-positive, DAPI-negative band [12].
This finding [10] has led to the proposal [8,10] that the
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GC- and gene-richest isochore family, H3, corresponds
to T-bands [11] and to chromomycin A3-positive bands
[12], which are mainly located at about 20 telomeres.
This proposal has been tested here by using two differ-
ent approaches, namely by investigating the GC levels
of third codon positions of genes localized in G-, R- and
T-bands, and by hybridizing telomeric probes on frac-
tionated human DNA.

2. MATERIALS AND METHODS

2.1. Sequence analysis and chromoscina! location of genes

Human genes localized in individuu! chromosome bands, cither at
low resolution (400 bands per haploid karyotype) or at high resolution
(850 bands), were extracled from HGM10[13] and HGMI! (Human
Gene Mapping Conference, London, August 1991). Gene sequences
were obtained from GenBank or EMBL Library. Genes were divided
in three classes on the busis of their localization in G-, R- or T-bands,
respectively.

2.2, DNA preparation

DNA was extracted from a fresh human placenta as described [7).
The average size of DNA fragments was about 50-100 kb, as deter-
mined by gel electrophoresis.

2.3. Preparative centrifugation

DNA was centrifuged in a Cs,SO/BAMD gradicnt at a ligand/
nucleotide molar ratio Ri=0.14, as described [7]; BAvV.D is 3,6-bis-
(acetato-mercuri-methyi) dioxane. Eleven fractions were collected,
dialyzed against 10 mM Tris, 10 mM EDTA, pH 7.5, 4t room temper-
ature overnight, and against 10 mM Tris, | mM EDTA, pH 7.5, at
4°C for 4 days. The fractions were characterized by analytical density
gradient ultracentrifugation in CsC: as described [14].

2.4, Probes

The human probes used had been previously localized on one or
more telomeric bands cither by in situ hybridization or by using so-
matic hybrids; (i) pHuR93 contains 240 bp of the telomeric tandem
repeat [15), and was purchased from ATCC, the American Type Cul-
ture Collection; (ii) G2-1H is a single copy sequence localized in
telomeric band 4q35 [16); (iii) Scos!46-3 is a cosmid clone which
exhibits specific hybridization to 7q36 [17}; (iv) pTH24 is a 390 bp
GC-rich (80%) sequence that contains 6 copies of a 29 bp dircct repeat;
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it is proximal to the telomeric terminal repeat and hybridizes on
chromosomes 7, 16, 17 and 21, but not on chromosome 3, as deter-
mined by using hybrid cell lines [18}; (v) pTH144 contains a 410 bp
sequence ol 50% of GC; apparently it is a rearranged clone derived
from the samc human sequence as pTH24 [18].

2.3. Restriction enzyme digestion and hybridization

| ug of cach DNA fraction digested either with Hpall or with EcoR1
was loaded on a 0.8% agarose gel. Alkaline DNA transfer was per-
formed onto Hybond-N- membrane (Amersham) after partial depuri-
nation. Filter hybridization was carried out using probes labeled by
the random primer method (Amersham); cosmid clone Scos146-3 was
pre-anncaled to sonicated DNA from human placenta [19] in order to
suppress the cffect of highly repetitive sequences. After each hybridiza-
tion, filters were dehybridized in 0.5 SDS.

3. RESULTS

3.1. Compositional distribution of human genes iocalized
on chromosomal bands

The distribution of GC levels of third codon positions
(Fig. 1 and Table 1) was done on coding sequences
localized on chromosome bands. as determined at highi
resolution (850 bands per haploid karyotype) or low
resolution (400 bands). The former approach could only
be applied Lo 64 coding sequences. The mean GC values
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Fig. 1. Histograms of GC lcvels of third codon positions of human
genes localized in G-, R- and T-bands at high resolution (left panels)
or low resolution (right panels). Bars correspond to 2.5% GC inter-
vals. Genes from the left panels were included in the right panels using
their assignment at high resolution.

List of human genes localized In G-, R- and T-bands used In the present work

G bands R bands T bands
JHe_Symboil__tocslization GCWIN|N® Symbol Lacalization GCl%[N® Symbel Lacalization GCIlmiN' Symbol _ tacalization GCMNIX[N®* Symbal _Lozalization GCIIH&F

[ 1acADM  1pat 27.3 | 1]ADA’ 20613.11 72.8 | 52[ITIH2 10p15 537 | 1[RAGT  14qiz.1 T 60.2 |62]vx2 1p15s | 413
2]aLDM1 9g21.1 40.6 | 2AVGL yqn 64.0 } 5alLiCAM® /28 41,6 | 2)ABL 9q34 54.8 | 53|NADS 22913-qter 733
3]ALDH2 12q24.2 63.7 | alapp- 21421.2 555 | 54|LCAT" 16q22.1 763 | 3[ACR 22g12-qter 61.1 | 54]0AT 10428 40.9
&{NEY ipat 353 { 4]|ARGY 6923 443 | ssivee 1932 31,9 | 4JAK) 9034.1-Q34.2 | 73.2 |55lPAcL 219223 714
S5]APOC1+2" 15g13.2 66.8 | 5|ATP1A1  1p13 §8.5 | 56[MGSA 4q21 662 | S|ALAD 9334 68.0 | 36[PI 149321 67.2
6|APOE" 19913.2 88.4 | 6|3CL2 18q21.9 015 | s7IMS 8q11 729 | 6|ALFP 2qa7 78.1 | 57|PRM1+2° 16p13.3 729
7|AR" Xq12 62.4 | 7]Aavm 1p32 35.0 | SO|NER. 8p21 750 | 7|APAT 16024 81.2 |s8lP™4 1ipler-p15.4 | 35.7
8|CALCA*  11p15.4 66.0 | B|C\A 12p13 419 | selnara 1013 508 | BlAPS 19q!3.3 69.9 | 59[RAP2 13334 75.3
g[cCeal 2012 83.9 | 9[csBp 1q32 39.1 { 60|NAAS 1p13 458 | 6{ARP1 15q28 81.2 [ 8G(S1008 215223 63.4

10jcDc2* 10G21.1 34.9 | 10/CA2 8q22 54.0 | 61|PDHAY Xp22.1 52.4 | 10[ARSA 22q13.31-qtor | 75.7 | 61|TF 2q21 57.5

11]{COR Xq27 §4.9 | 11/CDO0.E.G 11923 50.2 | 62|PFC* Xp11.4 71.9 1 11jASS 9q34.qter 7.3 ) 62|7GFB1 19912.1 83.2

12|CETP* 16621 75.3 | 12|cD3 12p13 71.4 | 63]PGK1 Xgi3 56.0 | 32[BCEI 21q22.3 £8.2 [ 63(TH" 11p15.5 86.2

13jCLGa" 16921 43.3 {13]cDse 113 36.2 | 64|PXLR 1921 72.4 | 13|ECR 22q11 83.0 | 64|TNFAB  €p21.3 750

14|COL2A1" 129143 a7.7 | 14fcRr 1632 51.2 | 65]POLRa*  17p13.1 61.4 | 14[C4neB 6p21.3 42.2 |68le) 220123 | 8e7 |

15[COL11AT  1p28 27.8 | 15/cH 8q13 61.8 | 66[Pove 2p23 83.2 [15/0@ 19q12.3 82.5

16jcsTa” 20n11.22 84.4 | 16|CSFy 633 718 | 67|FOR 7611.2 €6.0 | 16[CrA 1432 72.7

17]|cYase Xp21.1 50.7 | 17|CTLA4 2q33 65.0 | 68|RBPI 10q11.2 79.2 | 17|CxB 14932.3 75.3

18/{0VOL &q24 49,4 | 18]cYPC 10424 51.8 | 69/RCP" Xq28 759 | 48]COLaA1+2"12924 51.4

19]EGR2* 10g21.1 65.2 | 10|DAF 1932 23.3 | 70|AN 1932 69.5 | 15|COL6A1+2°21622.3 60.5

20|60 7521 70.6 | 20|0CR 17923 81.4 | 713)50M 21922.1 445 {2nfcouiaz  6p21.3 52,2

21[FGAB«C  4q28 41.5 | 21|DEFy ep23 55.8 | 72|SPN°* 16p11.2 61.3 | 21{coqT 22q11.2 83.8

2 2|BLUTS 1PN 78.1 | 22|EGF* 4425 §4.5 1 73|SPTA1 1621 438 j22|CT15D* 11p15.5 87.5

23(GPIA 17921.32 68.7 | 23R 12p13 65.1 | 74|5TsP Yqi1 535 |23[Cyrat 6p21.3 81.0

24lGsTy 1p21 64.6 | 24[ETSy 11q22.3 €0.4 | 25lTAT" 16G22.1 50.4 |24|084A.B  8q3& 62.2

2s)io8 7q21.1 36.6 | 25|FeC* X628 4.6 | 76|TCRA" 14q11.2 53.4 |25(01A1 22q13.31-glor | 79.8

2 6]IGF) 12623 53.3 | 26|F11 4qas 48.8 | 77]1GFA 2p13 71.4 | 28|BO1 1pI6 85.5

27|IGKC’ 2p12 49.8 | 27[FARPY-  2p1) €3.? | 78|1GFB3 14924 71.8 |27|ERG* 21g22.3 65.8

28[1Gkv 2p12 64.1 | 20|RE 16q21.3 56.0 | 79]TP53° 17p13.1 62.4 |28[ETS2* 21922.3 66.4

29|INTIL1 7901 64.0 | 20|FGF5 4q21 70.5 | 8c{TPI 12p13 656 |20|F7° 13734 70.5

3 0|LAMBZ igal 3.7 [ S&iFcra 4928 8.8 18117548 1013 43,1 | 30[F10°* 13934 83.9

3 1|LOB 12p12.2:p12.1 | 42.7 [ 31|FL]y 13q12 46.0 | 82juvo 16622.1 £5.0 |31jGeT 22711.1-Q11.2 ] B1.9

32)LPL” 8p22 54,86 | 32]mAB 10p11.2 78,2 ) B3|VIM® 10p13 7.1 Jaz2jeu 12919 59.2

33|KRAS2®  12p12.1 33.2 | 33jFos* 14924.3 7.4 | 84fa) Xp11.23 65,6 |93|GR 19913.1 1.5

34|VET 7931 40.6 | 34]GsrD” Xq20 6.2 | 85]p 1p32 52.0 | 3A[HSA’ 16p13.9 90.7

as|mic2 Xp22.92:¥p11.3| 52.1 | 35[GAA 1723 [1%] 35|HBB* 11p15.5 65.5

3 6|Mran 2p24 70.9 | 36|GALT 8p13 62.2 3 6{HLA-A 6p21.3 80.5

37(NCA" 19p13.2 50.5 | 37,GAPD 12p13 14 32\mGi4  21922.2 48,3

ag|NID* 1943 66.1 | a6/GCP° Xq20 6.4 30|HMAS 11p15.5 81.0

a9loTc Xp21.1 43.7 | as|GLuTma 12p13.3 §7.9 39[HSPAY 6p21.3 94.5

AD|PGY1+3  7q21 44.0 | 40|GLUTA 17p13 72.5 4 0[HSTF* 11913.9 83.7

41|PRB1.244%12p12,:2 235 | 41| 18421 62.8 &1|iGF2* 11p15.5 73.2

42[PRH1.2  12p12.2 34.1 | 42|CSR" 8p21.1 55.7 42{10{A 142" 14g32.33 59.0

43|PRHCG 19312.4 75.0 | a3jGsT2" op12.2 §5.7 43|IGHE® 14q32.33 87.9

& AJRAPY 12014 28.6 | 4A|HaF2 G2 7.4 AA|IL2RB 22913 75.2

A5|Ra1” 12914.2 93.7 |45|vDB 5q13 61.5 A5(INS* 11p15.5 70.0

48loPR 4p18.2 84.1 1 46]HP* 18g22.1 43.9 48 IINTY 12913 83.5

A7]S8T 89926 68.4 |47|HPR" 16922.1 45.8 47 |k 168q13.9 en.s

46[sTS Xpe2.92 61.3 |48{HPAT Xq1e 0.7 40 [LALBA 12913 80.2

49 IgHB' 7635 57.0 |49 |HSDB3 1p13.1 641 49 {3 1=q13.3 02.4

80|TGFB2*  1g41 55.0 |80|IFNBY gpz2 50.7 50 40 19513.1 85.4

5 1|77y an.a 22.7 [61/IRVG__ 1232“ 43.6 9 Jmp: 32021 67.1

*Genes were localized at high resolution.
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for third codon position of coding sequences localized
in G-, R- or T-bands were 38, 61 and 73% GC, respec-
tively, the standard deviations being 17, 12 and 12%
GC, respectively. While the difference between GC lev-
els of T-band and G- or R-band coding sequences is a
large one (12-15% GC}, that between coding sequences
localized on G- or R-bands is small (3% GC). The pos-
sibility of misassignments of genes should, however, be
considered. For example, the assignment of APOE to
band q13.2 of chromosome 19 is arguable; an alter-
native possibility would be a localization on the nearest
R-band, which is, in fact, a T-band. In such a case, the
average GC level of coding sequences localized in G-
bands would be 56% instead of 58%. This point is men-
tioned simply to show how sensitive the mean value is
to the removal of even a single (admittedly extreme)
gene from such a small sample.

The low resolution approach has the advantage that
it can be applied to a larger sample (200 coding sequen-
ces in the present case), and the obvious disadvantage
of a lower resolution. In this case, mean GC levels for
third codon position of genes localized in G-, R- and
T-bands were found to be 54, 60 and 729%, respectively,
the standard deviations being 16, 14 and 13% GC, re-
spectively. Again, the major difference (12-18% GC)
concerns coding sequences which are located in T-
bands, whereas that between sequences located in G-
and R-bands is definitely much smaller (6% GC). A
similar analysis has been published by Ikemura and
Wada [20] using a coding sequence sample similar to
that used here. In the present work, we have classified
genes according to whether they are located in G-, R-
(both intercalary and telomeric, but T-negative) and
T-bands (both intercalary and telomeric, following Du-
trillaux [11] and Ambros and Sumner [12]). In contrast,
Ikemura and Wada [20] have used a more complex
classification concerning genes located in R-bands, G-
bands, telomeric bands (whether T-positive or T-nega-
tive), T-type R-bands and intercalary R-bands. There is,
therefore, no coincidence between the three classes stud-
ied here and the 6 classcs investigated by lkemura and
Wada [20] except for G-bands. Another difference con-
cerning the two sets of results concerns the fact that we
have considered gene localization not only at low reso-
lution but also at high resolution. The conclusions are,
however, largely in agreement.

3.2, Hybridization of telomeric probes on fractionated
human DNA

A set of telomeric probes have been hybridized on
human DNA compositional fractions to learn about the
base composition of telomeres corresponding to either
T-positive or T-negative bands. Fig. 2 shows the CsCl
profiles of the DNA fractions used.

When the probe pHuR93, containing the terminal
repeat common to all the chromosomes [15}, was hy-
bridized (Fig. 3A), the signals were found on fractions
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Fig. 2. Analytical CsCl profiles of' human DNA fractions. Fractionia-

tion was obtained by preparative ultracentrifugation in Cs.SO,/

BAMD [21,22] at a ligand/nucleotide molar ratio Rf = 0.14. Modal

buoyant densities and relative DNA amounts are indicated. P stands
for pellet.

4-10 corresponding to GC levels ranging from 42.9-
55.6%, the latter fraction showing the highest hybridiza-
tion intensity; 63% of the human genome, correspond-
ing to isochore families L1 and L2, did not show any
hybridization.

In order to study the base composition of individual
telomeres, different probes specific for a single chromo-
some or for a group of them were used, The resuits
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Fig. 3. (A) Hybridization of probe pHuR®3, containing a DNA sequence homologous to the human telomeric repeat [15], on equal amounts (1

4g) of human DNA fractions digested with Hpall. (B) Hybridization of probe pTH24, a GC-rich minisatellite located on telomeres of chromosomes

7. 16, 17 and 21, on EcoRI-digested human DNA fractions, (C) Hybridization of probe G2-1H, specific for the telomere 4q, on human DNA

fractions digested with Hpall. (D) Hybridization of probe Scos146-3, specific for the telomere 7q on human DNA fractions digested with EcoR1.
In all panels P stands for pellet.

obtained showed different GC levels in telomeres corre-
sponding to either T-positive or T-negative bands. In-
deed, while the former generally consist of very GC-rich
sequences corresponding to the isochores of the H3
family, the latter consist of DNA fragments having a
lower GC-content (H1 or H2 isochores).

An example of a probe homologous to sequences
located in a T-positive telomere is given in Fig. 3B.
pTH24 [18] is a GC-rich minisatellite (80% GC) prox-
imal to the terminal repeat (TTAGGG)n, localized in
the te;omeres of several chromosomes, such as chro-
mosomes 7, 16, 17 and 21, all comprising at least one
T-band, but not of chromosome 3 which has no telo-
meric T-bands. As expected, this probe hybridized with
fractions 9 and 10, which correspond to 52.9% and
55.6% of GC, respectively. Exactly the same pattern was
obtained with pTH 144 (data not shown), which proba-
bly is a rearranged clone derived from the same human
sequence [18].

On the contrary, when T-negative telomeres were in-
vestigated in their GC levels, lower levels were found.

Fig. 3C and D shows two examples: (i) probe G2-1H,
specific for 4q35 [16}, is clearly located in fraction 5
(44.8% of GC); and (ii) Scos146-3, a cosmid clone spe-
cific for 7q36 [17] was localized on several fractions with
a hybridization on fractions 3-5 (41.5-44.8% GC). Both
bands dqter and 7q36 are T-negative.

It should be stressed that the hybridization resaults
presented here inform us about the GC levels of DNA
segments as large as the size of DNA fragments used,
i.e. 50-100 kb.

4. DISCUSSION

The analysis of the third codon positions of coding
sequences localized at either low or high resolution on
chromosomal bands definitely indicates much higher
average GC values for the genes focated in T-bands
than for those located in cither R- or G-bands; the
difference among the latter scems to exist, but is much
smaller. Since third codon positions above 72% GC
correspond to genes located in the H3 family of iso-
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chores [2], this finding indicates that this family corre-
sponds to T-bands. Needless to say, this conclusion is
of interest if one considers that the H3 family of iso-
chores not only has the highest concentration in genes,
but also the highest transcriptional and recombina-
tional activity, as well as a distinct chromatin structure
(see Introduction). On the other hand, the smaller dif-
ferences between sequences located in G- and R-bands
may be due to the fact that the latter (at low resolution)
comprise a number of thin G-bands; sequences present
in such bands would be counted as sequences present in
R-bands (as seen at low resolution). Moreover GC-rich
isochores belonging to families H1 and H2 cover a rela-
tively broad range of GC levels.

The hybridization results are of interest in that they
show that (i) telomeres, as tested with the telomeric
tandem repeat [15}, practically correspond to isochores
H1, H2, H3; (ii) the GC-rich minisatellites present in
telomeric T-bands, like those of chromosomes 7, 16, 17
and 21, are located in the two GC-richest fractions; (iii)
probes specific for telomeric R-bands (4q, 7q) hybridize
on fractions corresponding to GC-rich isochores of the
families H1 and H2. There is, therefore, a substantial
difference between the four T-bands and the four non-
T-bands (4q, 7q and those of chromosome 3) explored.

In conclusion, the present results strongly support the
idea that the H3 family of isochores is located in T-
bands. Direct evidence on this point has just been ob-
tained from in situ hybridization of biotin-iabeiled
DNA fragments derived from the H3 isochore family
(S. Saccone, A. De Sario, G. Della Valle and G.
Bernardi, paper in preparation).
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