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We hwe investigatcc! the GC levels of third codon gosi!ion of Qenes localized in G- (Giemsa), R- (rcversc) and T- (telomeric) bands or human 

me:aphsse chromosomes. OS vie!! as the hybridizsticn of telomeric probes cn fractionated human DXA. The first set of results shows much higher 
GC levels for genes localized in T-bands than in G- or R-bands (the latter being higher than the former). The second ICI of data shows that telomeric 
probes corresponding to T-bands hybridize on the GC-richest family (I-13) of isochorcs, whereas telomeric probes corresponding to R-bands 
hybiidizi- oii CC-rich families HI and H2; in agreement with thcsc findings. the telomeric repeat common to all chromosomes hybridized on isochorc 

families HI, HZ and H3. 

Human genomc: Chromosome; Telomere; T-band; Isochorc 

1. INTRODUCTION 

Some years ago it was discovered [l] 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 is!ands [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 onen chromatin structure characterized by DNase 
sensi;ivity [S], a wider nucleosome spacing [9] (Aissani 
and Bernardi, unpublished observation), scarcity of 
histone Hl 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 [lo], which is a 
thermal denaturation resistant band, a T-band [l I], and 
a chromomycin A3-positive, DAPI-negative band [ 121. 
This finding [lo] has led to the proposal [8,10] that the 
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GC- and gene-richest isochore family, H3, corresponds 
to T-bands [ 1 l] and to chromomycin A3-positive bands 
[ 121, which are mainly located at about 20 telomeres. 
‘l-his proposal has been tested here by using two differ- 
ent approaches, natnely by investigating the GC levels 
of third codon positions of genes localized in G-, R- and 
T-bands, e.nd by hybridizing telomeric probes on frac- 
tionated human DNA. 

2. MATERIALS AND METHODS 
2. I. Scqllretice afialysis ord chrottloscxc! bcz!!e:: ?,fgvt:v5 

Human genes localized in individoa! chromosome bands, cithcr at 
low resolution (400 bands per haploid karyotype) or at high resolution 
(850 bands), were extracted from HGM IO [ 131 and HGM I I (Human 
Gene Mapping Conference. London, August 1991). Gene scqucnccs 
were obtained from GcnBank or EMBL Library. Genes were divided 
in three classes on the basis of their localization in G-, R- or T-bands, 
respectively. 

2.2. DNA preparctriotl 
DNA was extracted from a fresh human placenta as described [7]. 

The average size of DNA fragments was about 50-100 kb, as dcter- 
mined by gel clcctrophoresis. 

2.3. Preparurive crtttri/lrguriotr 
DNA was ccntrifugcd in a Cs,SO,IBAMD gradic?t at a ligandi 

nuclcolide molar ratio iCl’=ir.lri, as described [7j; BAh:D is 3,&b& 
(acetate-mercuri-methyi) dioxanc. Eleven fractions were collected, 
dialyzed against IO mM Tris, IO mM EDTA, pH 7.5, at room tcmpcr- 
ature overnight, and against IO mM Tris, I mM EDTA, pH 7.5, at 
4OC for 4 days. Th.: fractions were characterized by analytical density 
gradient ullraccntrifuugation in CsC; as dcscribcd [ 141. 

2.4. Pr0be.v 
The human probes used had been previously localized on one or 

more tclomcric bands either by in situ hybridization or by using so- 
matic hybrids: (i) pHuR93 contains 240 bp of the tclomcric tandem 
repeat [I 51, and was purchased from ATCC. the American Type Cul- 
ture Collection; (ii) G2-IH is a single copy scqucncc localized in 
:clomeric band 4q35 [16]; (iii) Scosl4G-3 is a cosmid clone which 
exhibits spcciftc hybridization to 7q36 [17]; (iv) pTHU is a 390 bp 
(X-rich (80%) scqucncc that contains6copics of a 29 bp direct rcpcat; 
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it is proximal to the tclomeric terminal repcat and hybridizes on 
chromosomes 7, 16, 17 and 31. but not on chromosome 3, as deter- 
mined by using hybrid cell lines [IS]; (v) pTH 144 contains a 410 bp 
scqucncc of 50% of GC; apparently it is a rearranged clone derived 
from the same human scqucnce us pTHLl [IS]. 

I pg of each DNA fraction digested either whh ffpoll or with EroRl 
was loaded on a 0.8% agarose &cl. Alkaline DNA transfer was per- 
formed onto Hybond-N- mcmbranc (Amcrsham) after partial depuri- 
nation. Fihcr hybridization was carried out using probes labeled by 
the random primer method (Amcrsham); cosmid clone Scos146-3 was 
prc-anncalcd to sonicatcd DNA from human placenta [I91 in order to 
suppress :hc cffcct of highly rcpctitivc srqucnces. Af:er each hybridiza- 
tion. fillers were dchybridized in 0.5% SDS. 

3. RESULTS 

3.1 . Cort~positiotial distriburiott of lt~rrt~ar~ gems localized 
OH clwotttosottd bards 

The distribution of GC levels of third codon positions 
(Fig. I and Table I) was done on coding sequences 
localized on chromosome bands. as determined at high 
resolution (8% bands per haploid karyotype) or low 
resolution (400 bands). The former approach could only 
be applied to 64 coding sequences. The mean GC values 

45 ial' riir4.2 
48 a.23 4p13.3 
47%: 3q2e L- 4BSTS xp22.32 
4Q TCRB' 7436 
60 TOFE2' 1q41 
I¶nv Y 11.3 

5 
6 

4 
6 

3 

2 
4 

g 1 2 s 0 0 

ul 5 R 6i%61% 
n 6 

'i; 4 
6 

3 

$2 
4 

E ’ 
2 

iz ; 
_RL 0 

T 6 
4 

6 
3 

2 
4 

1 2 

0 0 
20 40 60 80 400 40 60 80 100 

GC% 
Fig. I. Hislogranls of GC lcvcls of third codon posilions of human 
genes localized ir: G-. R- and T-bands at high resohnion (left panels) 
or low resolution (right panels). Bars correspond to 1.5% GC inter- 
vals. Genes from Ihc Icfi panels were included in the right panels using 

their assignment al high resolution. 

Llst of human genes localized In G-, R- and l-bands used In the present work 

iEiG 
17.3 
40.6 
63.7 
45.3 
66.8 
66.4 
63.4 
66.0 
63.9 
34.9 
54.9 
75.3 
43.3 
37.7 
27.6 
64.4 
59.7 
49.5 
65.2 
70.6 
41.5 
16.l 
69.7 
64.6 
3o.e 
13.3 
49.5 
64.1 
64.0 
:i.: 
42.7 
34.6 
33.2 
49.6 
62.1 
79.9 
50.3 
66.1 
43.7 

13.6 
34.1 
73.0 
26.6 
33.7 
64.1 
66.4 
61.3 
57.0 
55.9 
3').'1 

3 bands 
I. Symllol hr~liz~tlon 
l ADA' 2cq13.11 
2JhGL vqrr 
3 APP' 2rq21.2 
4Affil 6q23 
5 AlFlAl lP13 
6ecL2 18q21.3 
7aw lP32 
e ClR 12~13 
a c40P lq32 

lOCA2 eq22 
llCIXN&G 11q23 
12cDQ 12~13 
13 CD56 lP13 
14CRl lq32 
lSG?i aq13 
16cSFl 5q33 
17CTLA4 2q33 
18CIpx: 1oq24 
1BDZF 1q32 
2oxP 17q23 
31 DiFl @p23 
22 EGF' 4425 
23W 12p13 
24 ETS1. llq23.3 
25 FBC' X426 
26 Fll 4q35 
27FABPl' 2p11 
2eRE 16q2l.S 
2QffiF5 4q21 
39 WF9' 4q2e 
31 FLTl 13q12 
32 mw 1aprr.2 
33FOS l4q24.3 
34GQPD' xq29 
35wA 17q23 
36GALT OP13 

clllx 
i2.0 
64.0 
55.5 
u.3 
53.5 
63.5 
33.9 
43.9 
35.1 
54.0 
50.2 
71.4 
36.2 
51.2 
61.6 
71.6 
65.0 
51.8 
34.3 
61.4 
55.8 
34.3 
65.1 
60.4 
41.5 
4O.6 
69.7 
SE.0 
70.3 
15.4 
46.0 
39.2 
71.4 
e6.2 
84.7 
92.2 
'1.4 
76.4 
i7.9 
72.6 
63.8 
55.7 
55.7 
73.1 
61.3 
13.9 
45.6 
59.7 
c4.1 
53.7 
g& 

57m a+1 
3ONiR BP21 
5sN.iw 1p13 
MOpI%% 1p13 
61 POW1 xp22.1 
62 PFC' xp11.4 
63Fml xq13 
64ml.R lq21 
65 FOLRZ' 17p13.1 
66lu.C 2~23 
67FcR 7411.2 
68~a~3 1oq11.2 
h@RCP xqae 
7owI 1q32 
71SQDl 21q22.1 
72 SPN' 1sp11.2 
73 SPTAl :q21 
74STSP Yqll 
75TAT' 16422.1 
76TCRA' 14q11.2 
77 TGFA 2p13 
7eTGFB 14q24 
79TP33' 17p13.1 
6rJTPIl 12~13 

Eiiiji 
53.7 
41.0 
76.3 
31.9 
65.2 
72.9 
76.9 
50.6 
45.0 
52.4 
71.9 
56.0 
72.4 
61.4 
01.2 
E6.9 
70.2 
75.9 
69.5 
4*.5 
61.3 
33.8 
33.5 
56.4 
53.4 
71.4 
71.6 
62.4 
65.1 
43.1 
55.0 
71.1 
65.6 
52.0 - 

-7-. 

22qll.qlor 
0934.1-934.2 

51ALVJ 9334 
6 As? 2637 
7 APaT 16q24 
6 APS 16q!3.3 
6 AR?1 16q2.3 

,Q ARSA 22q13.31.qtar 
11 AS6 6B34.alOr 
120CEI 2iq22.j 
l3Lw 22q11 
14c44.E 
15cc8 

6P21.? 
1Qq13.3 

16BG4 14q32 
l?wa 14q32.3 
ieCOL4AI.Z'13q34 
15 COLBAl.2'2lq22.3 
Zq COLllA2 bp21.3 
2laXr 22q11.2 
22CTSD llP15.5 
23CW21 bp21.3 
24uwd Qq34 
26 DIAl 22q13.3l.qlDI 
26ml lP36 
27ER5' 21q22.3 
26 ETSZ' 21q22.3 
20 F7' 13q34 
30 Flo' 13q34 
3loGTI 22qll.l.llll.P 
32ttl 12q13 
aawl 19413.1 
34HeA' 16313.3 
35 nBa* 
36 HtA.A 
I?rn%.?l4 
2etitua 
20 HSPAl 
49 HSTF' 
41 IGFL' 
42 1PIiAl.2' 
43 WE' 
44IL7RB 
41 IfiS 
IQ INTI 
17 K!nl 
II IALDA 
lS?JIS 

llb13.5 
6~21.3 
21q22.3 
11p15.5 
EP21.3 
11q13.3 
11p1s.s 
14q32.33 
14932.33 
22413 
11p13.3 
12q13 
19q13.3 
12q13 
1oq13.3 
loql3.1 
17021 

EiiE 
68.2 
34.6 
61.1 
73.2 
LX.0 
79.1 
81.2 
69.9 
a1.2 
75.7 
7.3 
ee.2 
a3.0 
42.2 
62.3 
72.7 
75.3 
31.4 
60.5 
52.2 
83.6 
87.5 
61.0 
(12.3 
79.8 
65.5 
65.0 
66.4 
70.5 
03.0 
11.0 
59.2 
81.3 
SO.7 
85.5 
80.3 
40.3 
81.0 
94.5 
93.7 
73.2 
59.0 
87.3 
75.2 
70.0 
03.6 
611.6 
60.2 
02.4 
85.4 
87.9 - 

;clln 
TiT 
73.3 
40.9 
71.4 
67.2 
72.9 
33.7 
75.3 
63.4 
57.5 
03.2 
e6.2 
75.0 
l6.T - 

*Gents were localized at hi&h resolution. 

23 



Volume 295, number 1,2,3 FEBS LETTERS December 199 1 

for third codon position of coding sequences localized 
in G-, R- or T-bands were 58,61 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 
Iarge one (I 2-15% 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 72%, 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 [ 111 and Ambros and Sumner [ 121). 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 classes investigated by Ikemura 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. 

Fig. 2. Analytical CsCI proliles ol’buman DNA I’ractions. Fractiona- 
tion was obtained by preparative ultraccntrifugation in Cs,SO,/ 
BAMD [21,22] at a ligand!nuclcotidc molar ratio Rf = 0.14. Modal 
buoyant densities and relative DNA amounts are indicated. P stands 

for pcllct. 

3.2. Hybridization of relomeric probes ott fracliotzaierl 
hun~atr DNA 

A set of telomeric probes have been hybridized on 4-10 corresponding to GC levels ranging from 42.9- 
human DNA compositional fractions to learn about the 55.6%, the latter fraction showing the highest hybridiza- 
base composition of telomeres corresponding to either tion intensity; 63% of the human genome, correspond- 
T-positive or T-negative bands. Fig. 2 shcws the CsCl ing to isochore families Ll and L2, did not show any 
profiles of the DNA fractions used. hybridization. 

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 

In order to study the base composition of individual 
telomercs, different probes specific for a single chromo- 
some or for a group of them were used, The results 
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Fig. 3. (A) Hybridization of probe pHuR93, containing a DNA sequence nomologous to tne numan relomenc repeat [15]. on equal amounts (I 
~6) of human DNA fractions digcsted with ffpall. (B) Hybridization of probe pTHU, a GC-rich minisatellite located on telomeres ofchromosomes 
7. 16, I7 and 21, on EcoRl-digcstcd human DNA fractions. (C) Kybridization of probe G2-IH, specific for the telomere 4q. on human DNA 
fractions digcstcd with Hpnll. (D) Hybridization of probe Scosl46-3. specific for the telomere 7q on human DNA fractions digcstcd with EcoRI. 

in all piHICk P stands for pekt. 

obtained showed different GC levels in telomeres corre- Fig. 3C and D shows two examples: (i) probe G2-IH, 
sponding to either T-positive or T-negative bands. In- specific for 4q35 [16], is clearly located in fraction 5 
deed, while the former generally consist of very G&rich (44.8% of GC); and (ii) Scos146-3, a cosmid clone spe- 
sequences corresponding to the isochores of the H3 cific for 7q36 [ 171 was localized on several fractions with 
family, the latter consist of DNA fragments having a a hybridization on fractions 3-5 (41.5-44.8% GC). Both 
lower GC-content (HI or H2 isochores). bands 4qter and 7q36 are T-negative. 

An example of a probe homologous to sequences 
located in a T-positive teiomere is given in Fig. 3”D. 
pTH2d [ 181 is a GC-rich minisatellite (80% GC) prox- 
imal to the terminal repeat (TTAGGG)n, localized in 
the teiomeres 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- 
merit 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 [ 181. 

It should be stressed that the hybridization resillts 
r-J L--- :-I’.--- .._ ,.I....., .ks fir In,,‘& &- nNA preseiitru 1,515 llllullll u3 cLuvuL ,,.- -- ,..-.- -. ._. . . _ 

segments as large as the size of DNA fragments used, 
i.e. 50-190 kb. 

4. DISCUSSION 

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

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 located in T-bands 
than for those located in either K- or G-bands; the 
difference among the latter seems to exist, but is much 
smaller. Since third codon positions above 72% GC 
cormspond 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 conclasion 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 transcrintional 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 H 1 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 
Hl, 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 Hl 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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