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ABSTRACT 

:

The repl ication kinetics of human chromosomes employing 5rbromo-

deoxyuridine (gr¿U) has been reported by only a few individuals. These

investigations involved the use of different tissues, amnïotic fluid

or blood cells, and modified techniques. Consequently, the origins

of the conflicting replication patterns published were indeterminate

TechnícaldifficultiescharacterîsticofthisBrdU.replicationpro-
'

cedurewerereportedtobeveryìowmîtoticindÎcesandelongated

chrornosomes unsuitable for banding. This project was initiated to

resolVesofneofthecontradîctoryreplicationkineticsandthetech-

nical problems reported"

,XX, was selected from

which the repl ication map of these chromosomes could be constructed.

ln addition, human female fibroblast I ine, 46,X,dei (X) (qlJ), was chosen

whÌch had lost a portion of the long arm of one X chromosome. Thïs was ,' '

chosen to determÎne whether a deletion of a chromosomal segment will

alter ¡ntrachromosomal replication kinetics or the interchromosomal, , ,

repl ication map.

which is incorporated ínto those chromosomal regions which are in the ,,:

process of replicating their DNA during the synthesis (S) phase of the

cell cycle. Such regions subst¡tuted with BrdU decrease the staining

intensîty of Hoechst or Giemsa. Consequently? regions substituted :

with thymidine stain darker than those substituted wi th BrdU. This

enables the precise localizatîon of early, middle and late S DNA rep-

licating regions of chromosomes depending upon the time of addition

'.¡
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of BrdU or thymidine.

ln order to obtaïn replication map, the toxicity of BrdU and

FrdU upon fibroblasts rnas overcome and a new experimental protocol

devised. Also, more effícient staining procedure for the photographing

of sequentially Q- and Gîemsa Replication (GR) banded chromosomes was

developed. Uti I izing these procedures a repl ication map of human

fibroblast chromosomes from both cell lines was obtained.

Each chromosome was found to stain homogeneously dark when thy-

midine was incorporated for the. entîre S phase of that particular cell.
As the duratîon in thymidine progressively decreased, the staining

intensity of chromosomes concurrently decreased and gaps in the stain-l
ingbegantoappear.ThesegapscoincidedwithR.bands.Presumably

these regions represent the earliest areas to complete DNA synthesÍs.

As these areas widen and increase in frequency, this results in first
the appearance of Q- or G- bands and finally in a C- banding pattern.
' 

Homologous X chromosomes urere easîly dîfferentiated either by a

cornparison of the bands present or their staîning intensity. Repli-

cation kinetics of the structurally abnormal heterocyclic X 
"n.orororu 

'

was determined to be very simi lar to that of the normal heterocycl ic X

chromosome. The X chromosorne with a deletion of a portion of the 
'

long arm uras consistently late repl ìcatîng. These f indlngs are con-

sistent either-wîth the'X activatîon hypothesis,of Comings (19ê8)

or Brown and Chandra (fgZ¡)
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I NTRODUCT I ON

:ì Repl icat¡on mappi.ng of chromosomes has been developed very

recently and employs 5-bromodeoxyurìdine (Brdu), a base analog of

h wÎîl be Ìncorporated into cellular DNA during synthesisthymîdîne, whÌch wîîl be Ìncorporated into cell

(s) phase of the cel ì cycle. I^Jhen Brdu is adminîstered during the s

phase it will be incorpora$ed into those chromosomal regions which are

in the process of replÌcating their DNA. such regîons with Brdu sub-

st¡tuted for thymîdine show a marked decondensation. .(zakharov, 1971,

1972, 1973, 1974). tn addîtîon, BrdU possesses rhe property of quen-

ching the flubrescence of specific fluorescent dyes such as the bis-

benzimidazole dye 33258 Hoechst (latt, 1973, 1974') or decreasing rhe

staining întensity of Giemsa (Korenberg and Freedlender, 1974; perry

and Llolff, 1974,

The interval of the S phase at which BrdU is available,to a cell
wi I I determîne the resul t ing sta i n i ng of the chromosome. Th i, 

'r"k",

possible the precise localîzation of early, middle, and late S DNA rep-

I icating regions of chromosomes. This research project describes the , 
,

replication pattern of human diploid fibroblast chromosomes.,ltn addi-

tionr,another objective was to determìne whether a deletíonlof a chrom-

osomal segment would alter the intrachromosomal replication pattern'

or the interchromosomal repl ication map. For this purpose a human

fibroblast strain.SK5239 was'chosen whích had lost a portion of.the

long arm of one X chromosome. This will enable the chromosomal regions

of late S DNA repl îcation to be precîsely compared.

The very nature of the substances învolved, theîr specific incor-

Poration into DNA of chromosomes in conjunction with the specific effect

;,I
:t
':'

i

,t::l

'.: I
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uPon dyes w¡l¡ enable a more prec¡se determination of replicatíon

patterns than was previously obtainable with autoradiography

Only a limíted number of individuals have been able to report

the repl ication pattern of human chromosomes employing a mod,if ied BrdU

technique. Epplen er at. (1975), Grzeschik et al. (lglÐ and Larr (lgli)
reported only the late replicating areas while Kím et al. (1915)

reported only the early repl icatÍng regions. Al I of these researches

involved the use of amniotic f luid or blood cel ls. Hot^rever, discre-

pancîes exist in the replicat¡on patterns reported. ln addîtion, in-

herent technical d¡ff¡culties result in very lour mitotic indices and

poor quality mitoses (craig-Holmes, 19751. Therefore, this project

was initíated to resolve the contradictory replicatÍon patterns

reported and'also to overcorne the technical problems reported. These

are critical if the widesþread applications and potential of thís

technique are to be realized.
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LITERATURE REVIEW

ln order to comprehensively review this topic, several diverse

but related subjects mus't be examined. The cel I cycle of diploid human

fibroblast derived from fetal tissue must be closely approximated to

obtain informativé results. The metabol ism of nucleotides, their incor-

poration into DNA and secondary cytological effects must be studied.

The molecular basîs of the observed staining effects of BrdU must be

understood in order for an appropriate technical protocol to be deter-

mined.

The I ife cycle of metabol izing cel ls has been divíded ilnto an

interphase consisting of G' s, and G2 períods and a mitotic phase

(Hor^¡ard and Pelc, 195Ð. chromosomal DNA ¡s doubled during a defined

period of interphase, the synthesis or S-phase. After mitosis and

before the S-period, the DNA content of the interphase nucleus is con-

stant. This phase is called the first gap period, or G1 period. 'ln 
" 

l

s Îmi I ar manner, the DNA content rema i ns constant after the ter¡i¡inat ion

of DNA synthesís in the 5 phase until the chromosomes divide in mitosis.

This ís the second gap period of the cell cycle or G2 period. For a

díagrarnmatíc representation of the cell cycle refer to r¡g. l'.' There- '

'

fore the S-period is preceded and foìlowed by intervals !n which DNA. :

synthesis is normally absent although RNA and protein synthesis occur

in most cell types during these inrervals (U¡ller, 1970). '

ln logarithmical ly dividing diploid human f ibroblast cultures,

the duration of the S period has been reported betbreen 7;5 to ll.5 hours

and the duration of the G2 has been reported from 4.0 to 5.9 hours,

-1i..-á2
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Figure l. Model cell cycle employed uponrwhich the experimental

protocols were based. Arrows indicate adCition of chem-

i ,, icals in relation to the cel I cycle ;phase fôr the / hour

terminal thymidine treatment
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Table l, (Defendi and Hanson, 1963; Kukharenko et al., l9l4;
Hoorhead and Defendi, 1963; porter and paul , 1974). Both rhe S and

G2 perÎods are less variable in duration than the G¡ in many different

mammal ian tissues and species (Aoki and Moore, ß7a; cleaver , 1967;

Defendí and Manson, lj63; Gianelli, I97o). ln a heteroploid human

amnion cell line the G¡ period was the most variable portion of the

cel I cycle whi le s, G2, and M were ve,ry constant (sisken and Harasca,

1965). The I imited variabil ity of the duration of the S , Gz, arid It

phases is an essential prereguisite for the accurate determination of
a rePlication map. Under standard experimental conditions these:cell

cycle parameters in diploid embryon¡c strains are very stable írres-
pective of individual differences, sex, and the nr¡nber of passages :

throughout. thelr logarïthmic,stage of grourth (Kukharenko et at., 1970).

During the S period not all chromosomes and chromosome regíons

repl îcate DNA synchronously. Employing autoradiographic techniques,

the heterochromatic regions were found to initiate and terminate DNA.''
synthesis later than the euchromatic regions (Grumbabh-et al., 1963i

Lima de Faria, lg5g; Taylor, l960). There also exist minure differences

in the timing of DNA replication in different chromosqne or different
àhrorosome segments. Although autoradiographic technîques were not

capable of detectîng these differences, several authors have demon-

strated that the rate of DNA synthesis was not constant throughout the

S perlod (StuUUlefield er al. , 1967; Takagi and sandberg, 196g). An

intermittent cessation of DNA synthesîs of I hour duration in the

tt';:
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Table l. comparison of the in vitro duration of cell cycle phases
from a variety of TIUîõffi-st or f ibroblasr-l ike cel I
lines. .These were determined by the use of labelled
precursors and autoradiography
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HUMAN CILL TYPE

Diploid embryonic f ¡broblasts

Diploid infanti le fibroblasrs

Diplold embryonlc f lbroblêsts

Diplo¡d f ¡broblast-l i ke

Amn i on

IN V¡TRO DURATION OF CELL CYCLE PHASES

TABLE

,l

* The duration of mitosis is either shown separately or ìncluded

2.5

4 .0t.96

2.+4.6

4.i-8

9.8

DURATION IN HOURS

sG^
¿

I t.5

10.6*,52

10.15155
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6.8

+i,,eü'*
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middle of an approximately 9 hour S period of human epithelial adeno-

carcinoma cells was detected by autoradiography (Kasten and Strasser,

t966)

One of the most firmly established principres arrived at by

autoradiographic labelling studies of DNA replication was that a con-

sístent sequence or pattern of synthesis exists (l4iller, 1970).

Meuller and Kajiwara (1966) demonstrated this when HeLa cells were
.

labelled with trítiated thymidine during early s, allovred several ',
generations of growth, and then labelled with bromodeoxyuridine (gr¿U)

:at various Întervals of the S phase. Both labels were observed in the l

same DNA fragments. This indicated that DNA molecules replieated

during the initíal part of the s period are replícating in the same

temporal sequence in relation to the other DNA molecules in subsequent

s perÌods of their daughter cells. consequently, an orderly sequence

isobservedatthelevelofwholechromosomeS.Particularlyto.,vards

the end of .t'he S period a pattern exîsts of chromosomal regîons whÍch

are stîll synthesizing DNA. This is called the late DNA replication :r'

pattern. Bader er al., (1963); Bianchi and Bianch¡ (1965); German (1962,

1964 a and b); Hor?ishima er al. ,(196zl; Schmid (1963), provided the

first descriptions of this late replication pattern in human chromosomes

employing tritÌated thymÎdíne and autoradiography. This r^ras the only

method of identifying individual human chroniosomes beyond purely morpho-

logical methods before the advent of varîous banding techníques, such l

as Quinacrine and Giemsa banding, and therefore served as an important

means of chromosome identification. Similarly, there exist characterístic

¡:t;:t::'.1

i:ì1
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early and middle s DNA repl icati.ng chromosome r.e9îons. Asynchrony

in the initiation of DNA synthesis in different chrornosomes in pulse

labelled cultured human leukocytes hras reported by Bianchi and Bîanchi

(tg6S), and KÎkuchî and sandberg.(1964). However these segmenrs are

technically harder to detect utilizîng autoradiography and the pattern

of initiation of DNA synthesis is not as marked as that found at the

end of the s perîod. As a general rule, the ¡n¡t¡a¡ ìabelling pat-

terns detected by autoradiography appear to be the reverse of the ter-
minal labelling patterns (ockey et aÌ. , 1966; slezinger and proko:.

fieva-Be.lgovskaya, 1966; slezÍnger and prokof ievajBergovskaya, l96g;

sofuni and sandberg, 1967; Takagi and sandberg, 196g, a E b). Two 
:

analyses (Gavosto et al., 1968; Gi lbert et al. , 1965') show that there

is no sharp time of transition between early and late replicating reï
gions. Rather, the late repllcating reg¡ons start DNA synthes¡s later
and show higher rates of DNA synthesis than the othe¡: regíons. The

higher rates of synthesis are per unit length of chromoror" 
"nd 

do not

imply that the molecular rate is any higher in any one partigular,Fê-
gíon. The heterochromatic regions of chromosomes, which remain con-

densed and more easily. stainable during interphase, are always late
repl icaring (l¡ma de Faria, 1969)

Recently' a ner^, methodological approach enabl ing the visual izatîon
of DNA repl icating chromosome regîons has been developed uti I izing
differences in the microfluorometric properties of BrdU substituted
DNA- when Brdu îs adminîstered at the proper concentrat¡on duri.ng s
phase it will be substituted for thymidine în those regions which are

,:j;l
',,.,:]

i

¡.

l;

l
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ín the Process of replicating DNA. This subst¡tution of BrdU into the

chron¡osomal DNA of mammal ian cel ls has been reported by several authors

(Ojordjevìc and Szybalski, 1!60; EidÌnoff èt e!.,1g5g; Hakala, l!!g,
1959; Lough and Bîschoff, 1976i simon, 1963; szybarski and Djordjevic,

1959,1960)

Base analogues can be incorporated into DNA only if they can under-

go hydrogen bondÎng, withÌn the confines of the DNA double helix, to the

partner of the base which they are replacing (oavidson, 1g7z). Brdu ís

a base analogue of thymîdine because the van der Waal radius of bromine
o

of 1.95 A very closeìy resembles the radius of the methyl group on thy-
o

mÌdine of 2.0 A (Szybalskí, l!62). Therefore, it is generally accepted

that BrdU is converted by a salvage pathway to bromodeoxyuridine tri-
phosphare (gr¿u rp) (Kornberg , 197Ð. Thîs rriphosphate can compere

with the naturally occurii:ng deoxyrhymidíne triphosphate (¿rrp) and

will be Íncorporated into DNA by DNA polymerase which accepts both

Brdu rP and dTTP (oavidson, 1972; Kornberg, 1974; Lehninger, l97z').

The incorporation of Brdu into chromosomal ÐNA during the s

phaseofthecellcyclehasseveralsecondaryeffectsuponthemetabo.

lism of cultured cells. Several hours are required before these con-

sequences can be observed. This is unlike fluorodeoxyurìdine, another

base analog, whose inhibition of deoxyribonucleotide and DNA synthesís

occurs immediately after exposure of the cells to Frdu (Kihlman, 1966).

The concentratîon of Brdu, the duration of exposure, and the cell type

studied all determine the effects which are observed. The growth of
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mammalian cells in culture exposed to BrdU at concentratîons resulting

in signîficant substitution of Brdu in prace of thymidine generally

leads to cell death (K¡hlman, 1966). Mammal ian cells rreated with

bromodeoxyuridine generally have an increased frequency of chromosome

aberrations. This increase depends upon the concentration of BrdU

employed with some cell types increasíngly sensÌtive to Brdu than

others (Kihlman, 1966). However, mouse fibroblasts resistant to the

effects of Brdu have been reported (Hsu and somers, 1962: Kit et al.,
196Ð. ln the majority of cases, resistance results from the loss of

an enzyme which is essential in. the conversion of Brdu into a DNA

precursor. i
Another cytological effect when BrdU is incorporated into the

chromosomal DNA during the S phase îs the marked decondensation of

chromosomes. which thus appear elongated (zaktrarov et al., lg7o, l9l|,
1972, 1974). ThÌs was observed when BrdU was administered to cultured

peripheral human lymphocytes at a dose of 200 micrograms per ml. S - 7

hours prior to harvestíng which is during the final stages of the s

period of the cel I cycle (zakharov et "!_., I 974'). l/hen Brdu is ad-

ministered to cultures of peripheral human lymphocytes at a lower

concentration of 20 micrograms per ml . (Kinr, lgTh) or to human I ung

fibroblasts at a concentration of 5xlO-6 U (ttiller et al., 1976) for

an equivalent or exiended period of time no decondensaËion is observed

in the chromosomes,.

At these reduced concentrations Brdu is incorporated Tnto the
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chro¡nosomal DNA wÎthout affecting the gross morpholqgy of the chromo-

somó. However, the chromosomal regions încorporating BrdU will dis-
play a reduced level of fluorescence when stainéd with specìfic fluor-
escent dyes when compared to the unsubstituted chromosomal segments

(tatt , 19ß). The most notable decrease in f luorescence is obtained

when 33258 Hoechst îs used whîle Quinacrine, Acridine orange, and pro-

flavin show a smaller reduction Ín the fluorescence of BrdU substituted

polynucleotidechains{latt,1g7\).tncontrast,thefluorescenceof

' daunomycin and ethidium bromîde is not reduced by the incorporation

of BrdU into the polynucleotide chains. This effect of BrdU upon 33258

Hoechst fluorescence Ìn cytologîcal preparations appears to be the
i:result of a reductîon in dye fluorescence quantum yield (Latt and

Vlohlìeb, 1g7Ð. The quenching effect of Brdu incorporation upon

Hoechst fluorescence will be abolished when the slides are mounted

after stainîng with 332s8 Hoechst at a pH below 4.0 or ín a solution

containing glycerol, or both. This Brdu quenching of 33zlg Hoechsr

fluorescence provides a microfluorometric method for the differentia-
tionofBrdUsubstïtutedDNA.Asaconsequence'th¡scharacteristic

may be utilized to determine the replicatlon map of the human genome

when BrdU is administered to the cells during a specific portion of'
the S period of the cel I cycle

A significant technical Ímprovement was achieved when BrdU treated

celìs lvere stained wîth 33258 Hoechst and subsequently by Giemsa band-

ing n'ethod (Korenberg and Freedrender, 1974; perry and l,Jolff , 1974;

wolff and Perry, 1974). This enabled the cytologîcal preparation of
permanently Giemsa dîfferentiated chromosomes ïn contrast to the

:r-ai r '- l

.i - -- li,

l : aa'
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Hoechst dye which demonstrated a remarkable

bîlity so that the fluorescence faded very

(lgl4l post-fluorescent staÌnÌ.ng treatment

of sl ides for two hours at 60 oC 
mounted în

degree of photo-insta-

rapidly. Per¡y and Wolffrs

încluded the incubation

either 2X SSC (0.:n

sodìum chlorîde and O.O3M trisodium citrate) or water. This was

fol lowed by 3O minutes staining in 37o Gurrrs R66, ph 6.g, Giemsa

solution. The post-fluorescent treatment of Korenberg and Freed-

lender (lgl4) involved the incubation of slîdes in 1.0 M NaHrp0o

(pH 8.0) at 87-89 oc fo. 1'o m¡nures for rowed by sraining in 5?"

Harleco Giemsa for 2-10 minutes. Thi! was similar to the previously

reported techniques of Kato and Moriwaki (JglZ) and Sehested (lgZ4)

for dífferent appl ication employïng non-BrdU substituted chromosomes.

Both protocols yierded simî lar results. Bif¡ larly subsrituted DNA

chromosomal. segments, which have Brdu present în both strands of DNA

helíx, fluoresced dimly wíth 33258 Hoechst and stained weakly wíth
Gïemsa whereas, unifilarly substituted DNA chromosomal segments

fluoresced brîghtìy and stained darkly with Gíemsa. The fluorescent
plus Giemsa (rpe) technique offers additional resolution over the con-

ventional fluorescent technîque. when smail doubre exchanges occur.
near the tips of chromosomes, these wíll be seen clearly with Giemsa

whereas after fluorescent staining alone, both tîps often appear to
fluoresce because of flare (perry and Wolff, 1974). 0ther advantages

over the fluorescent technique are the permanence of the preparation,

special optical equîpment is required, and the stainîng can

adjusted easîìy to treat new or old sl îdes.

no

be
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. : Several chemical bases of the FPG technique have been postulated.

Latt (lg7Ð found that the f Iuorescence eff iciency of I.ßZSS Hoechbr

bound to poly(ae-nr¿u) was less than l/5 of that of the dye bound to

Poly (An-¿r). He considered that the fluorescence of the chromatids

containing Brdl.r substituted DNA was quenched. Zakharov and Egol ina

(lglz) supposed that Brdu caused physicochemîcal alteration of DNA

molecules probably Împairing the synthesis of chromosome condensing

proteins and theràfore, causing different spiral ization and GÍemsa

staíning of the BrdU Încorporated chromatid segments. Studies have

shown that differential ly BrdU subst¡tuted chromatids have varying

densitîes whîch îs apparent without heat treatment: Also,'differen-
tial staining appears to reflect an underlying structural difference

ler, 1974).

lkusíma and t'/ol f f (lg7Ð have postulared thar differences in the

bínding of proteins to Brdu containing chromatids is the source of
the underlying structural difference and therefore, the cause of the

differential sraining with the FpG. DNA substituted with Brdu has

an increased affinity for chromosomar proteins (Gordon e! al., 197Ð.

Goto et al., (1975) and Sugiyama "r gL., (1976) have found srrong

evidence indicating that chromosomal proteins are not primarily res-

ponsible for the differential staining which they determined to be a

funciion of the concentration of 33258 Hoechst and the duration oi
exposure to light. They observed that BrdU containing chromatîds take

up less azure dyes after Giemsa staining and this loss of accessÍbility
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of the azure dyes to the. chromatids is induced by exposure to

intense I ight: L¡ght activated chemícal reactions alter the chromatid

components preventing further binding of azure dyes to DNA either by

the masking or degradation of DNA. Because urea and trypsin which

markedly alter the accessib¡l¡ty of the dyes to nuclear DNA (Shiraishi

and Yosida, 19721 sugiyann, t968) failed to reverse the differential
Giemsa staining, proteins may not play an important role in chromat¡d

differentiatîon. 
, 
The resul ts of Goto g! al ., ( lgTiland sugiyama et

af.,(1976) indicate that the photolysis of DNA îs the predominant

cause of the differential staining whîch is consistent wíth the hypo-

thesis of Kornberg and Freedlender (lgl4)i rhe phorolysis of diff-
erential ly substituted DNA may proúide the underlying structural
difference ivhich results in differential Iy stained chromatîds.

Autoradiographic replication patterns were the only means avail-
able which could ïdentify individual human chromosomes beyond purely

morphological methods such as overall length, and positîon of centro-

mere prîor to the development of chromosomal bandîng techniques.

Extens ive auto¡:adiographic descriptions of repl ication patterns în

normal and abnormal human mitotic chromosomes exist (aianchi and

Bianchi, 1965; German, 1964 a å b; Gianelli, l97O; Miller, l97A;

Passarge, 1974; Schmid , 196Ð. Studies comparing late DNA repl icatîng
patterns with c, G, and Q banding are of particular interest (Breg

et al., lg72; calderon and schnedl , l9r3; Ganner and Evans,197,r;

Schnedl, 1973) - These comparative studies al I uti I izing autoradio-

graphy have revealed that, in general, the late replicating chromosomal
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segments correspond to the patterns of G-and e-bands. Hotvever, it
has been shown with autoradiography that the c-bands are, in general,

among the latest replicat¡ng areas. c-bands correspond to hetero-

chromatic regïons which have long been known to synthesíze DNA

relatively late during the S period (t¡ma de Faria, 1959). Autoradio-

graphic srudies using 3H-thymidine (pera, l96g) and studÍes of pre-

mature chromosome condensation (sperling and Rao, lg7Ð have both

demonstrated that the heterochromatic regions initiate and terminate

DNA repl icatîon later than the euchromatic regions.

Quinacrîne dyes staîn AT rich DNA chromosomal segments (Dev et
ial., 1972i Ellison and Barr, 1972; Schrecli er al.,l97Z; VJeisblum,

197Ð and tritîated thymîdine will be incorporated preferentially Ínto

these same regions. This could result in the labelling of AT rich

Quinacríne positive bands even if no asynchrony of DNA replicat¡on

existed. ln an attempt to determine if the correlation betwe"n 3H-

thymidine incorporation and Q positive bands is merely a reflection
of the distribution of AT rich DNA w¡thin the chromosome, two authors

?
employed -H-deoxcytidine as a radîo actîve rabel (schnedl, 1973;

Zakharov, 197Ð. This base analogue would be expected to preferen-.

tially label GC rich areas of chromosomes and thus avoid any accî-

dental cor¡:elation between Quinacrine positive bands and late repl i-
cating chromosomal segments. The same, but less distinct, late

labell ing patterns were obtained. The preferential incorporation of
?
'H-thymidine into AT rich bands may enhance the late labelling pattern.
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Howdver, G and q positive areas complete their DNA synthesis later

than negatÌvely stained regions. The euÍnacrine posîtive areas,

including the dîstal portion of the y as well as the only dull fluor-
escìng regions of human chromosomes, can be labelled both with 3H -

thymidine and with 3H - deoxycytidîne. Therefore, there are no de-

tectable regions in the human chromosomes which are composed solely

of AT or GC conrainîng DNA (schnedl, 1g7Ð and ihere are no late replí-
catîng chromosornel regîons predominantly composed of GC or AT base

paírs to an extent which would be detected by methods currently em-

ployed (zakharov, 1974). Zakharov et al. (197h) also compared the dif-
ferential spî ral izatÎon which was înduced ,by admînîsteri.ng bromodexy-

cytidine and bromodeoxyurîdîne in the f¡naì stages of the s perîod of
the cell cycle. The pattern of chromosomal differentiation was iden-

tical when either Brdc or Brdu was employed. Although the pattern of
thymidine labelling or BrdU incorporation may be,modified by the rela*
tive AT composition of various chronpsomal regions, th¡s does not sig-
nificantly alter their usefulness in detecting early, middle, or late
replicating chromosomal regions with the sensitivîty of these tech-

n i ques

Several authors have reported the replication patterns of human

chromosomes employing Brdu incubation of cultured blood cells (rgo-

lina and Zakharov, 1976; Grzeschik et al., 1975; Kím et al., 1975; Latt,
1974, 1975; tnlillard and Larr, 1976) and of amniotic fluic ceìls
(Epplen et al. r 1975; Epplen and vogeì,1g7s). chromosomar segmenrs
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which replicate their DNA during the late S phase were found by these

individuals to correspond closely to the pattern of G- and Q-bands.

However, exceptions exlst with certa[¡ Q-bands such as, Jp14, 3q13,

and the centromerÎc heterochromatîn of chromosome 8, terminating rep-
'', .i,i.

I îcatîon quîte early duri.ng the s phase. Addîtîonal bands , 1p36, 8q2\, . ';:'". '

12q24,16p13, 19q13, xp22, whîch stain lîghtty with Giemsa, are lare

repl îcating (Epplen et al. , 1g7S; Epplen and Vogel , 1975). The par- 
, :,.: .

terns of late repl ÎcatÍon denxcnstrated only. I imîted variation between 
,:,ri..,,:,,,:,

.¡ndivÎdualswiththesevarÎabl.e.regionsrestrîctedtoknownregionsof
:r':: '; ':: i

Qulnacrîne fluorescent polymorphîsm such as the variable bands of chroßÌo- r"''":'""r'i'

some 3 and 13 (Latt, 1g7Ð. Chromosome 4 has the distînction of being

the autosome with the most DNA synthesis during the late S phase

with three very late replicating bands; pi5, g13, and q2B. Aìthough "
the use of Brdu at concentratîons employed for repl îcation mapping

may be toxic to cel ls (Djordjevic and Szybalski, 1960; Hsu and Somers, ':

1961). Thís is not believed to alter the relative replication map of

chromosomal seqments (Latt, 1975r. However, ¡t is likely that the l

overalldurationofthecellcycleis.increasedfollo.¡ingeXPosure
. ...::.:: -:--t.:.

to BrdU. The late repl icating chromosomal regions revealed by the , ì:;rj,,,i:,ìl
:: -::1::.: _:

BrdU-Hoechst or BrdU-FPG technìques are consistent with those detecùed ','-'

by autoradiography (German , 196\ a E b; Gianel I i, 1970; Lima de Faria
''

and Sandberg, 1968) :'"¿ 
'

].,_::.i, r,, ;î:.

Kim et. a.l . (lglSt reported that early repl Ìcating chromosomal

i

i..^....,.=-,
l .:r.!::-r' -:'r:'
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segments co¡nc¡de wÍth-R-bands. chromosomes 4, 13, lg, 21 are among

the last chromosomes to start replication along with the heterocytic X

which ís the last to initiate DNA replîcation. The speed of replica-
tion does not vary significantly between bands with the exception of
the late replícating X chromosome whose rate of DNA synthesîs ís sig-
nif icantly faster (Kím et al., lg7Ð. This is in close agreement w¡th
the results of Gilbert et aL. (1965) who derermined that the late rep-
licating X synthesizes DNA at a faster rate than the autosomes using

autoradiograph ic techn iques

The replication map of the sex chromosomes of female cells has ,

been extensîvely described with autoradiograþhy (Gavosto et al. , 1967;

German, 1964 a; Gìanel I i, 19)63, l97o; Knight and Luzzarti, 1973;

Petersen, 1964; pfeiffer er ar., 1965; priest et ar,, 196r; sofoni et
al., 1967), 33258 Hoeehsr (Latt, 1974; tlillard and Larr, 1976), and

the fluorescent plus Giemsa technique (Grzeschik et ar., rgTs; Eppr in

et al., lg7Ð. All three methods reveal very similar replícatÌon map

of the X chromosome. !títh autoradiography, three patterns of the rate
repl ícating X were considered to be the most signÍf icant; X chromoson¡e

uniformly labelled, centromere unrabelled, and finally, the labelling
local ized to the proximal part of the long arm of the X chromosorne.

The correlation obtained among'these labell íng patterns and total grain
count indicate that the former represent three successive stages of
DNA synthesis with ths iast raber ì ing pattern indicating the latest
replicatíng band of the heterocyclic X. The microfluorometric deter-
mination of X chromosomal regions replicating late in the DNA synthesis

'..4 
|

1,.--1
I-':.'

i ::r t:
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phase is general ly consistent brith autoradiographic resul ts. How-

ever, use of BrdU and 33258 Hoechst or.fluorescent plus Giemsa enabled

an Încreased dÎfferentlatÎon between the îso- and the heterocyclic X

chromosome and afforded much hîgher resolutîon of replîcatîng bands.

For exampìe, the regîon of late DNA replîcation in the proximal part
of the long arm observ"¿ by autoradîography îs further resolved into
two components, one at Xq21 and the other at Xq2J (Latt,1g7qr 1975;

lfillard and Latr , 1976).

studïes with the FPG technÍque revealed that both i chromosomes

when compared to the autosomes termînate replication at the very end

of the S period (Epplen et al., 1g7Ð. ,r,However the differences ob_

served in the late replicating segments of the x chromosomes do not

r in the inîtiation and

terminatíon of replícation as in the autosomes. There appears to be

anactualdiffer:enceintheSeguenceofreplicationwhichprobably

reflects a basic difference maintained throughout the entire cell cycle
(Grzeschik et al., 197il. Thís may be rerated to the appearance of

.the sex chromatln duríng Ínterphase.

The alteration in replication pattern, the heteropycnosis during
interphase, and the resurting genetic inertness of the rate replica-
tíngXhavebeenwÎdelyas5ociatedasinterrelatedphenomena.Simi.

larly, tissue differentiatìen has been êssociated wíth differences ín

the activity of gene locÎ which consequently may be reflected ín differ-
ent repl ÎcatÎon maps of chromosomes derived from different tissues.
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The'majority of autoradiographic studies have not revealed any obvious

dífferences between human blood and fibroblast chromosomal replicatíon
maps (Rtkins et a,|.,1963, 1965, 1966; Atkíns and Santesson, 1966;

Bianchi and Bîanchi, 1965; German, 196\ a ê b; Gianellí, lgTlo; Miller,
1970; Hoorhead and Defendi, 1963; passarge er al., 1969; Schrni d, 1963;

Takagi and Sandberg, 1968). However, German and Aronian (lglt) noticed

differences between the late repl icating chrørosomal segments of hunian

lymphocytes and epithel ial cells derived from mesodermal and ectodermal

embryonîc tissue respectively. They postulated that this was a ref-
iection of their different cellular iunction ín vivo, and their appear-

ances and growth characteristÍcs Ìn vitro,i Stezînger and prokofieva-

Belgovskaya (1968), and Slesinger et al. (1974) compared early and late
repl ication pattern of leucocytes and embryonic fibroblasts. The

chromosomes of both cell types began DNA synthesis synchronously

however, chromosomes l, 16, 27, and 22 labelled more intensely in

fibroblasts while leucocyte chromosomes 4 and 5 werelabel led more

intensely wíth a terminal purse of 3H-thymidíne. These întensely

labelled regions wouÏd correspond to areas of late replicating DNA.

This replication map is very similar to that obtaïned by German and l

Aronian (1971). utakoj i and Hsu (1965) also obrained convincing

evidence that the replication pattern of the sex chromosomes differs
between somatic and germ I ine cel ls of the Chinese hamster. l^/ith the

poor resolution that autoradiography affords it is not surprising that
the tissue specîfic replication patterns were not reported more fre-
quently.
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ly rhe invesrígation of Epplen g! ql_. (1g7Ð has srudied the

replication patterns of diss[mÌlar tîssues utilizÌng the BrdU-FpG

technique. They found no recognizable dîfferences în the replication
maps of three tyPes of amnÍotÌc fluîd cells and fîbroblasts. However,

a comParison of the repìication map of amniotic fluid celìs (Epplen

et al. , 1975; Epplen and voger , 1g7il and rymphocytes (crzeschik ..,.

' et g!-- 197Ð reveals several major discrepancies (raul e z'). However,

none of these studies can be considered conclusive due to the dif-
\

ferent techniques utîlized by these researchers and none have com,,
ìparatively studîed the chromosomal repl ication maps of several

tissues usjns the same technique. tn order to resolve some oi the

contrad¡ctory results of the FpG technique, which may be related

to the different techniques and the different tissues employed, and

the inherent technical problems, such as low mitotîc indices, this
study uras initiated.

. ,..-. , .-'¡ l

't:'.:lìt,:fl
',i,;.! :r,:_:a:1.¡j
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Table 2. Late replîcating bands listed for qne author were absent
from the late replication map of the other author. Unlisted
chromosomes had no significantly different pattern of late !
DNA repl ication.

'i.: 
-':11..:iì 

ri . i l
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TABLE 2

DISCREPANCIES OF LATE REPLICATING BA}IDS OF HUMAN CHROMOSOMES

cHR0t'{0s0ME
EPPLEN ET AL. ,1975*
EPPLEN ê VOGEL,1975* GRZESCHI K ET AL., I 975*x

1

.2

3

6

7

I
12

13

14

16

17

19

20

p36, p33, q22, q32

q31

q28

p24, q14

--
p21

q24

pl3

912, q13

qll, ql3

qJ1, q41

q2\, q32, q36

p14, q13

q11

q33

q23

p12

p12, q12, q"4

p12

* AmnÌotic Fluid Cel ls
** Lymphocytes

ii
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MATERIALS AND HETHODS

Dipìoïd human f¡Uro¡last cell straîn, SPF-46,XX was derived from a

feta'l skîn blopsy v¿hîle srra[n SK5Z39 - 46,X,def (X) (q]3) was obtained

from skin bÎopsy of patient with atypical Turner Syndrome. Both strains
were stored in liquÌd nitrogen at -196 oc în medîa contaînîng gZ gly-
cerol until use- Culturïng of these fîbroblasts was according to stan-

dard laboratory procedures. Cel ls brere ut¡l ¡zed for expe¡.imentation

exclusively during theîr logarithmic stage of growth.

Demonstration of early to late replicating chromosomal regions of
diploid fibroblast strain SPF was achîeved by the following protocol

(r¡gure l, Table 3). During the ìate G, and early s phase fibroblasts
were cultured in fluorodeoxyuridíne supplémented media for two hours

êt a concentration of 0.10 ug/mr. subsequently, cells were grown in

Brdu, Frdu, and uridine supplemented media for a portion of the s phase

varying from 2 to B hours at a concentrêtîon of 3.0 Ug/ml , 0.05 Uglml ,

and 2.0 ug,/ml , respect ively. The cultures were rínsed twi ce wi th G ¡b-

co Hccoys 5A medium with lou fetal bovine serum and this mediun sup-

plementedwith5.0¡rglmlthymidinewasaddedunt¡lthecellswerehar-

vested II to ! hours later. colcemid (0.05 uglml) was added for the

last 3 hours of culture. control received identical treatment with
the exception that they did not receive a terminal thymidine pirlse.

Dernonstration of late repl icating chromosomal regions in the strain
SK 5239 was achieved by a similar protocoì with the number of treat-
ment groups reduced to one, a 7 hour terminal thymidine purse.

Harvesting h¡as accordî.ng to standard technîque with

r1-::aiì,:'

ii::'..:ì..:ii
li.::it':tr

i ,.i..' : !r.

ì::::,';:,r-:ì,:.,
]:.ì:,-:r.ì..;;,

;

I

l
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Table 3. The control was handled simìlarly to the
groups except that no terminal thymidîne
administered to these cel ls.

other treatment
pulse was
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TABLE 3

PROTOCOL FOR GIEMSA REPLICATION HAPPING

Frdu Brdu + Frdu + uridine Thymidine colcemid Total(hr) (hr) 'ir,il -i;;i - l;;i'
t3

2

4

6

I

-* ', 3

11 3

i9 3

73
53

15

15

15

15

t5

* Control
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the exception that the cells were left in hypotoníc for 40 minutes.

cell's were left in methanor: acetic acÌa (3:l) f íxative overnïght

and washed at least twice in fix before spreading on slides rinsed

with fixative and aír drying.

l'letaphase chromosomes were visual ized by two staîning procedures.

slides were srained ínitially either in 3325g Hoechst în disrilled
brater (Spg/nl) for 15 minutes and mounted in distilled water. The,

al ternate protoccl involved staÍning in Quinac'rjne, dihydrochloii'de
(5.0 mglml) for l0 min. followed by differentiatíon and mounting Ín

Mcllvaines (pH4.5). These sl ides r^rere exposed to 15 watt U.V. I ight

at a dístance of 2\ ínches overnight. sub.sequently the sl ídes urere

rinsed in disti¡led water and allowed to dry. lncubation in 1.0 H

NaH2P04 buffer (pH 8.0) ior l0 minutes ar B4-B5oC fol lowed and

s ta î n i ng în 4'4 Gurrs (pH6.8) ,' Har I eco G iemsa sol ut ion for 4 to 6

minutes depending upon the age of the sl ides. photographs were taken

on'Kodak High contrast copy firm using Zeiss photomi"ror"op". ln

order to obtain sequential ly staîned ch¡,or¡osomes these sl ides were

destained by the fol lowing procedure: xy..Ìene l-2 hours to remove the

coverslip, xylene ll - 5minutes,3xylene: I absolutealcohol - 3

minutes,lxylene:labsolutealcohol-3minuteS,lxyÏene:3abso.

lute alcohol - 3 minutes, absolute alcohol - 3 minutes and fixative
(3methanol:laceticacid)-5mihute5.Slideswerestainedwith

Quinacrine dihydrochloride according to standard procedure (Douglas

e! al., 1973) wÍth the exception that the stainîng time was increased

to 40 mînutes and differentiation time was decreased to l, l, and 5
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minutes. The same metaphases were Iocated and photographed with

H and l./ fîlm employing Zeîss fluorescent mîcroscope with Kp 5oo

excîtatIon filter and 53-0-44 barrÌer fîlters. Developi.ng and

prînting was performed according to standard photographic proce-

du res .

For the identifÎcation of sex chromatin the standard protocol

with cresyt violet was followed with the exception that the staÍn-

îng tîme was încreased to 30 minutes. tn addition, Acrídine orange

was employed to identify sex chromatin. slides brere rinsed in sor-

ensenrs.buffer (pH 6.5) for 5 mînutes, Acnîdine orange (O.OS mglml)

for 20 minutes, sorensents buffer I for- 1 minute, sorensen;rs buffer
ll for 2 mînutes, and mounted in Sorensenrs buffer. These slides
were photograþhed with the same procedure as previously outlined.

chromosomes were identified on the basis of their Q-banding.

ln order to establish the replîcat¡on pattern, a minimum of 20

homologous pairs of each chromosome u/ere examined from each treat-
ment group. The Giemsa replication banding patterns were recorded

and then arranged sequentially so that progressively fewer replíca--
ting areas were observed
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i

The adminÎstration of BrdU, FrdU, and Urídine had multiple effects
upon fibroblasts studÍed. Several experimental protocols were tested

before the most appropriate procedure, as outlined in the materials

and methods, was determîned (Table 4 ). tnitially, continuous cultur-
rr J or more S phases (Table 4 , Expt. 3 to l!), approxi-

mately $ days, was attempted so that chromosomal DNA would be bífilarly
substîtuted wïth BrdU except where thymidine was íncorporated during

the terminal thyiridine exposuFe¡ This was in accordance urith the

fluorescentplusGiemsa(FPG)techniqueofKorenbergandFreedlender

U974) who achieved better sister chromatid d¡fferentiation wíth bí-
filarly and unifilarly BrdU subst¡tuted chromatids as compared to uni-
fÎlarly BrdU substituted chromatids and unsubstituted chromatids. 0nly

the former case would be attained with this initial protocol.

Because of the secondary effect of BrdU íncreasîng the duration

of the cell cycle several different períods of exposure to BrdU were
:

tested, from 4 to / days, tn conjunction with this, the concentration

of Brdu r.ras varied f rom 15 ug/nl to 1.5 uglml in order to overcome its
ínhibitorymitoticeffect.Houlever,aftersuchprolongedeXPoSureto

BrdU even at very low concentrations a negligîble mitotic index resul-

ted which precluded the determination of the fîbroblast repl îcation

map.

ln the feur metaphases obtaîned, .dîfferential ly stained chromatids

were consistently observed whereas banded chromosomes were unobtainable

(fig.2 )- Occasional ly, differential ly stained and banded chromatids

were observed .

.:_::
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Table 4.

i
The reduced mitotic indices obtained from

reflected the roxicity of BrdU (fxpt. 3 -
(fxpt. I - ll and 12, 13) over a period of

these experiments

11) and of FrdU

4 to 7 days.
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Exper lment FrdU
Numbe r P ret rea tment

(Hou rs )

3

6

B-il

TABLE.4.ì

COMPAR I SON EXPTR I MENTAL PROTOCOLS

Expos ure
Time

12,13

14, 15

IB

5 days

6t7
days

4 days

5 days

5 days

4 days

2-8 hours

BrdU FrdU Ur id i ne
Concentration' (uglml)

1 .5-3.5

Exposure Thymidine
Time Concentrat ion(Hours) (uglml )

B rdU
Chase

(Hou rs )

Mitotîc Observed FPG
lndex Staining

5-lo 5

5-8 5

5-ll 5

Very low

Very low

Very low

Very low

Dífferentially
stained chromatid

Differentially
stained chromatid

Dlffercntlally
stained chromatld

Dil=ferentiaìly
stained chromatid,
few banded

Banded chromosomes
on ly

Nil

NîI

H ish

:ì;..;.,r:
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Figure 2. Differential sister chromatid staining. Arrows indicatesites of sister chromatid exchange. These chromosomes
were grówn in Brdu (1.5 uglml) for 4 days and administered
lhymidine (10 ¡rglml) for 5 hours followåd by a 4 hour 

- --
BrdU chase. No thymidine was incorporated irom the
terminal pulse as no bands are visible

i,t,
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:

Howevet', the differential staining resulting from thymidine incorpora-

tiontor sister chromatid exchanges was ídentical and could be mìsinter-

preted easi ly (F¡g. 3 ). Therefore, such chromosomes u/ere unsuîtable

for repl ication mappi ng.

ln additÎon to reducing the mitotic index, BrdU also resulted in

a decondensat¡on of metaphase chromosomes. ln some înstances, this

hampered the adequate spreading of chromosomes and impaired theîr

Quinacrine and Gîemsa repl ication bandîng

However, when the fibroblasts were ]"oor"o to Brdu, Frdu, uridine,

and rhymidine for only one s phase, the mitotic index:was adequate for

replication mapping purposes. t^/hen the pråtocol outlîned for both

fibroblast I ines was fol lowed, banded chromosomes hrere obse¡.ved in all
treatment groups with the exception of the controls (rig. 4 ¡. The

controls received no terminal thymîdine pulse and bands were not expec-

ted to be visible, only the paracentromeric areas have stained to any

exten t

Numerous stainîng procedures were examined to determine which

would prove most efficacious. Prestaining with 33258 Hoechst and

Quinacrine followed by overnîght exposure to u. v. light was compared

w¡th both Korenberg and Freedlender's (1974) FpG technique and perry

and Wol ffrs (1974) sSC G iemsa technique. After Quinacrine prestainîng,

photography was attempted repeatedly in order to attain sequential 1y

Q-and GR-banded chromosomes. All of these protocols were unsuîtable

for the production of sequentially stained chromosomes and the
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Figure l.

i

Differential ly stained and Banded sister chromatîds.
Arrov'rs indicate possible sites of sister chromatìd
exchange. Thymidine incorporation has resulted in banding
superimposed upon that of sister chromat¡d d¡fferentiatioñ.
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Figure 4. Repìication Mapping Control frå"tr.nt Cells were not
administered thymidine and no bands were observed.
0nly paracentromeric heterochromatin was stained.
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Procedure described in the materials and methods section was determined

to be most efficÌent

The karyotypes presented for the 11, g, l, and 5 hour treatment

groups for borh the 46,XX and 46,x,del (x) (qr3) fibroblasr I ines (Figs.

5 ,6 ,7 ,8 r 9 ) are composites constructed from several cells of

each treatment group of each cell line. Although these chromosomes

were selected on the basis of their spreading, morphology, and Giemsa

replicat¡on banding, they are representative of each treatment group.

The chromosomes from the I I hour termina.l thymidine pulse (f ig.
5 ) demonstrates several interesting features. Several cells were

obtained whose entire chromosome complernent stained uniformly dark.

Thîs ïndicates that thymîdine was incorporated along the entire

length of the chromosomes. ln the remaining cells, regions along the

chromosomes did not stain and therefore, must have completed DNA syn-

thesís before the addition of thymidîne. Regions which are consistently

early in DNA replication such as 3p27, lq22 and fqJZ are particularly

notîceable in Fig. 5 . ln addition, Table 5 provides a comparÌson of

the early replicating bands with those of Kim et al. (197Ð. lt is

characteristic of this treatment group that the homologous X chromo-

sornes stain uniformly and the early and late replicating X chromosomes

cannot be differentiated except in a few instances.

When a thymidîne pulse of t hours is adminîstered (Fîg.6 ) tne

bands observed, in general, closely approximate those obtained with

standard Quinacrine and Trypsin Giemsa stainîng. However, there are a
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i
Karyotype Diploid Fibroblast chromosomes. Composite
of homologous chromosomes constructed from the ceÌls
of the ll hour treatment groups. Each homologous pair
was identifîed on the basïs of q- bands after Giemsa
Repl ication staining.
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Figure 6.
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Karyotype Diploid Fibroblast Chromosomes. Composite
of homologous chromosomes constructed from cells of
the t hour treatment group. Each homologous pair was
identifíed on the basis of Q-bands after Giemsa
Repl ication stainîng.
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Figure /.
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i

Karyotype Diploid Fibroblast Chromosomes. Composite
of homologous chromosomes constructed from cells of
the 7 hour treatment group. Each homologous pair was
identified on the basis oi Q-bands after Gíemsa
Repl ication staining
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Fîgure 8.
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Karyotype Diploid Fibroblast Chro.¡rosomes. Composite
of homologous chromosomes constructed from cel ls of
the 5 hour treatment group. Each homologous pair was
identified on the basis of e-bands after Giemsa
Repl ication staining.
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Figure 9.
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i

Karyotype 46,X,ael (X) (qt3), Fibroblast Chromosomes.
Composite of homologous chromosomes constructed from
cells of the 7 hour treatment group. Each homologous
pair was identìfied on the basis of Q-bands after
Giemsa Repl ication ståining.





Table 5. Early replicating bands listed for one author were absentfrom the early reprication pattern of the other-author.unlisted chromosomes had no significantry dïfferentpattern of repl ication.
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, TABLE 5

DISCREPANCIES OF EARLY REPLICATING BANDS OF HUHAN CHROHOSOMES

CHROHOSOME KIH ET AL.,(1975)x pRE5ENT RESULT5**

3

4

5

6

7

I
9

15

t6

17

l8

20

21

q24

p1 I

ql1

q11

q1l

qter

pter, pJ4, p32

p23, p13, ql3, q33, q31
q35+gter

pZj, q2-/ , qZJ

P16

pl3, q35

q23, q25, 927
i

q34, c36

q1l

Pl1

q25

q13

plJ, q22, q32, q3\ pll, 911, q13

q11

* Lymphocytes
*,! Fibroblasts
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few notable exceptions. The telomeric regions of chromosomes l6p, l9g,

and Xp demonstrate late DNA replication ev.n though these regions are

Q-and G-negative. The chromosomes from this treatment group have

sharper and well defined bands when conpared to those of the ll hour

9rouP. Also, the non-banded regions stain less intensely than those

in the ll hour group.

The bands visualîzed with a 7 hour terminal thymidine pulse

Figs. 7 ,9 ) represent late DNA synthesizing chromosomal regions.

The late replication of one X chromosome and the paracentromeric hetero-

chrornatin on chromosomes I and 16 is consistently conspicuous. Several

late replicating segments are present vrhich do not correspond to e- or

G-bands- These are situated in the telomeric regions of chromosomes

2p,8q, and'12q. Asynchrony in the terminatîon, and presumably in the

inÎtÎation of DNA synthesis between homologous chromosomes is frequent-

ly observed. ln Fig.7 , this is particularly striking in the case of

chromosornes l, 3 and 6. However, th¡s asynchrony is not characteris-

tic of, nor restricted to, these particular chromosome pairs but varies

among cel ls

ln the 5 hour treatment group bands can be observed in some cells
(rig. B ) whîle only the characterìstic c-bands are visible in the

remaining cells. This is a conseguence of the asynchrony of the cell
populat ion under examinat ion

0n the basis of all the chromosornes studied from all treatment

groups of both fibroblast línes, a replication map was constructed

(r¡g. l0). Several relevant points must be emphasized. Each chromo-

i::r
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Figure 10, Repl ícat¡on Map Human Fibroblast Chromosomes.
Constructed from the analysîs of at least 20
homologous pairs frorn each treatment group for
eaçh chromòsome. Horízontal lines inã¡caie replí-
cation patterns found within each treatment groupof 11, !, 7, or 5 hour terminal thymidine exiosure,
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sorne was found to staín homogeneousty dark when thymidine was incor-
poratedfortheentireSphaseofthatparticularcell.Asthedura-

tion of incubation in thymidine progressívely decreased, the staining

. ::: :.::.
taíning began to appear. These regions represent the earl ïest areas .

r widen and increase in f reguency, thîs results in f irst, the appearance , :.:,;.:::
'.:-. . ..::]ofQ.orG-bandÍngpatternandfinallyinaC-bandingpattern.

fvs\v' llt 
l

' I a -L- t r t

' lt should be emphasized that although the banding patterns obser- t',,,,,,":-,:
i ry Frq L LEt tt> (Ju5g

in each treatment group in some instances overlap, this is to be

lexpectedbecauseoftheunsynchronizedcellpopulation.Also,this
i defiionstrates that DNA synthesis is a continuous process tÅroughout the ll,
l

S phase and does not occur in.discrete sharply defíned stages. i. t -, sEe:rvr.

' As the terminal thymidine pulse v¡as shortened, the percentage of ., 
i

cells in which the early and late replicating x chromosomes b/ere
---!!differentiatedsteadilyincreased(raste6-).0nly17%ofthehomo-

v^LlogousXchromosomesweredistinguishableinthellhourgroupprim
' '. .:...:

I arily by their differential overal I staining intensity. ln contrast, 
: , ,,,,..,..,,¡:¡,

' ' 712 of the x chromosome pairs ín the 5 hour treatment group were dis- 
'' ' , " ,.:, 

:.",
. :.: '

tinguishable by their differential staining. :

In the cases whe¡'e the homologous X chromosomes hrere differentiated,
the differential staining was dependent upon the length of exposure to ,::::::.r¡:::::.:: 

_: :'-"t--'"""L 

u,,urr Lrre rsfrgt 

i.::.-:: .ji thymidíne (Table 7 ). The ísocycl ic X chromosome in the 9 hour group

was consistently dístinguished from the heterocycl ic X prîmarily by two
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Table 6" Percentage of differentíalty Gïemsa replication stained
homologout. X glromosomes steadily increased with decreasedterminal thymidine exposure.

t:-..-'

ir' . ::::':¡ì 4' f,i;ì:
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TABLE 6

', .,
.:.::

FREQUENCY OF DI FFERENT¡ATION
.' ,

BETI,'EEN HOHOLOGOUS X CHROMOSOMES ] ;''

DURATI ON TERMI NAL CELL D I FFERENTIALLY
THYMI DINE PULSE (HN) NUMBER STAINED

30 172

30 2\%

27 562

30 71?"

t1

9

7

5

i.r'- ,r.l: I
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Table 7. ln the t hour group the isocyclic X was differentíated
from its homologue by decreased staining intensity of theshort arm which in 349,, of early repl icalïng X chromosomesinvolved the complete absence of a band at-pter. rn the7 hour group this decreased staining intensity of theisocyclic X was also observed at q23 and q27.
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TABLE 7

D I FFERENT¡ AL STAI N ING X CHROMOSOMES

THYMID¡NE
PULSE

(Houns )

PERCENTAGE
pter p21

0F tsocYcLtc
q21 q23

X I,/ITH BANDS AT
q25 q27

HETEROCYCL IC X
UNI FORMLY DARK

&)

9

7

66

33

100

100

100

100

100

33

100

100

100

66

100

90

. :1.._::
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characteristics. The early X stained less intensely overall than the

late X and the short arm of the early X particularly near the telomeric
region was stained noticeably lîghter than the long arm. ln fact, in

341 of such homologous pairs no band was observed at pter of the iso-
cyclÎc X. Hovrever, in the 7 hour group not only was this decreased

staining observed in the short arm i n 67.Á of homologous pairs but also
was visible at two regions of the long arm, qZ3 and qZ7.

ln approximately l)iá of the metaphases from the 7 hour terminal
thymidine pulse, the heterocycl îc X chromosome did not stain uniformly.i
darkbuthadabandedappearance(r¡g.lt).Conspicuousband'sare

Present at p21, q21,925, and qz7- The rate x of each homorogous pair
stains noticeably darker than its homologue in addition to having either
more bands present or wïder bands. Fig. I I also demonstrates'that the
x chromosome with a deletîon at gl3 was consi-stently,late repl icatíng
in all cells where both were îdentified. Arthough ail of these homo-

logous pairs were obtained from the 7 hour treatment group, they shot^l

a gradient of DNA replícation. The pairs for both the normal 46,xx,
and the abnormal 46,X,del(X)(ql:) line on rhe left demonstrate earlier
areas of DNA synthesis staining than the pairs on the right. The

id cel I I îne on the left
of figure has rate DNA repricating bands present at pter and q2J. These

regions have completed DNA synthesÌs before the addition of thymidíne
ín the heterocycr ic x on the right of figure and therefore only the
latest DNA repl icating areas such as p2l remain åanded. This same

pattern of late DNA synthesis was visible on the partially deleted

,-. :-

l':

: ì::',:': :t;



Figure I l.
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Homologous X Chromosomes
from the 7 hour terminal
repl icating X is on the
replicating X is on the

cf Diploîd and Xg- Cel I Lines
thymidine groups. Earìy

left of each paîr whîle the late
right of each pair.
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heterocyclic X chromosome wÎth p21 also remainîng the latest DNA

repl icatîng regîon of the short arm.

ln order to demonstrate the heteropycnosis of the heterocyclic

X chromosome during the interphase, the frequency of sex chromatin

was determined in both cell lines wíth Cresyl violet and Acridine

orange (raule B). A signîfÎcantly larger percentage of the total
nuclei, 602, lvere sex chromatin posîtîve in the normal cel I strain

' after stainîng rvith Acridine orange as compared to 25% positíve

after stainîng with Cresyl violet. This improvement resulted from

ên increased resolut¡on of cell nuclei afforded by Acridine orange

(Figures 12, 13,14,15). The sex chromatin body appeared as a

brightly f luorescent green mess primari ly located at the peripher.y

of the nucleus. The nucleol i stained bright red whîch precìudes

them from being mistakenìy identified as sex chromatin bodies.

The high degree of cytological differentiation observed made

possible the identîfication of the sex chromatin even when located

in the center of the nucleus.

When the size of the sex chromatin body is compared either with
cresyl violet staining (Figurur 12,13) or with Acridíne orange (Figures

14, 15), the sîze of the sex chromatin body is significantly decreased

in the fibroblasts with a deìetion of the long arm of the X chromosor,e.

This provides additional evidence for the genetîc inactivity and hence

late repl ication of the partiar ry dereted X chromosome.
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Table B. ln the 46,XX,
the frequency
the i ncreased
planation may
sex chromatin
orange.

fibroblast stra¡n, Acridine orange increasedof the sex chromatin identificatîon due to
resolution of this technique. Simí lar ex-indicate why fewer 46rXXq-, nuclei were
positive after staining with Acridine
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TABLE 8

I DENT I F I CAT I ON SEX CHROMAT I N

STAIN
46 XX

CELL PER CENT
NUHBER POS I TI VE

46 xxq-
CELL PER CENT

NUMBER POS I TI VE

CRESYL
v r oLET 63t

ACRIDINE rtrl
ORANGE

25

60

613 5.2

435 3.2
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Fîgure 12.
( upper)

Figure 1J.
(tower)

Deieted X Sex Chromatin ldentified with
( in¿ icared wi th arrow) .

Normal X Sex Chromatin ldentified with
(¡n¿¡cated with arrow)

Cresyl vioì et

Cresyl violet





Fîgure 14.
( uppe r)

Figure 11.
( i ower)
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Deìeted X Sex Chromatin
(lndicated with arrow).
and coì or.

Normal X Sex Chromatin I

( lnd icated wi th arrow) .

and color.

ldentified with Acridine orange
Printed in both black and white

dentified with Acridine orange
Printed ïn both black and white
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DtscusstoN

From the initial experîments involvIng the continuous cultur:lng

of fîbroblasts for J or rnore S phases (4 days or more) the sensitivity
of cel I strain sPF 46,xx to Brdu became apparent. Brdu reduced the

mìtotÎc Îndex of these fibroblasts to a negl igîble level even at the

concentratÌon of 1.5 Ug/ml (fa¡le 4). However, rhe inhïbitory effect
of Frdu in addÎtion to BrdU upon cell divisîon was sufficient to com-

pletely prevent cell division (Table 4, Experíments 12-15). Thís was

în spite of the additîon of uridîne to overcome the inhibition of
nucleotîde synthesis by FrdU. :

\
In the metaphases obtained differential ly stained sister chroma-

tids (rig. 2) were consistently observed after FpG staining whereas

banded chromosomes were not present. l/hen the molecular basis of the

FPG differential staïning was consîdered it became apparent that these

differential ly staine¿ sister chromatids represented cel Is which had under-
gone only 2 s phases ín BrdU instead of the expected J or more. presumably

this resulted from the cytotoxîcity of BrdU because even if the íncubation

timewasincreasedfrom4to/days(beforetermínalthymidinepuIse),

only differentially stained chromatids were observed. As a result of
thís hígh concentration of Brdu the cell cycle tîme was încreased and

these cells were unable to undergo any further growth and DNA synthesis.
After incubation of the fibroblasts for one S phase in BrdU the DNA

at the subsequent metaphase was.unifi larly substituted with BrdU (p¡g. l6).
l^/hen these cel ls were grown in Brdu enriched media during the second s
phase, at the second metaphase one chromatid of each chromosome was

unifilarly substÎtuted (r¡g. lz). However the remaining chromatid was
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Figure 16. Effect of Bromodgoxy!.ridine lncorporation upon stainingof Chromosomes (l S phase)
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FIGURE 16

EFFECT OF BROMODEOXYUR I D I NE I NCORPORATI ON

UPON STA I N I NG OF CHROMOSOMES
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Fîgure 17. Effect of Bromodeoxyurîdine
staining of Chromosåmu, [ã

lncorporation Upon
S Phases)
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FIGURE 17

EFFECT OF BROHODEOXYURIDINE INCORPORATION

UPON STAIN I NG OF CHROHOSOHES

I NTERPHASE HOLECULAR LEVEL CYTOLOGICAL LEVEL
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b¡f¡larly substituted. After staÍnïng of these chromosomes with FpG

technique thÍs resulted in sister chromatid d¡fferentiation of all cells
which had progressed through 2 S phases in BrdU.

Occasional ly dífferentÍal ly stained and banded chromatíds were

observed (r¡g. ¡). This must have resulted from a terminal thymidíne

pulse during the second S phase Ín BrdU (rig.rZ). The chromatid differ:
entiation resulted from unifltarly and bifilarly substituted sister
chromatids.Ho+rever,theregionsofchromosomeswhÎchhadundergone

DNA synthesis during the terminal -thymidîne pulse incorporated thîs base

and therefore stained more ¡ntensely with the FPG techníque. consequently,

this resulted in the cytological observation of bands superimposed upon

that of chromatíd differentiation. The staining produced by either
Giemsa repl ication banding or dîfferentíatíon of sister chromatîds is
quite símilar and can be mÍstaken. Therefore such chronpsomes were

unsuitable for repl Ícatíon mapping purposes.

From these exPeriments it was concluded that the cytotoxicity of
Brdu was sufficient to prevent the growth of the majority of these

fibroblasts beyond 2 S phases. subsequently, it was decíded to decrease

the exposure to Brdu to I s phase with a terminal thymidine pulse

(r¡g. t6). These chromosomes were unífilarly substituted wîth BrdU as

opposed to complete bífilar substitution after 3 or more S phases of
. incorporatÎon of BrdU. When a terminal thymidine pulse was admînîstered

after I S period în BrdU, atrY DNA synthesizÍng chromosomal regions would

not be substituted with bronodeoxyuridine (rigure 16). Thís
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difference in level of Brdu incorporatÍon resulted in differentiaÌ
stainîng and hence the productîon of bands. These regions have an

încreased sta in Ì.ng intensi ty wi th the FpG techn ique when compared to
unifilarly substituted reglons. Therefore, bandî.ng resulted from the
different staÎnîng characterîstîcs of unsubstituted as compared to uní-
fÎlarly Brdu substituted chromosomal regions. Korenberg and Freedlender
(lgll+) reported that the cytologicaì dif ferentlation obtained with
thîs differentîal în Brdu substitutîon was less than that from bi_
filarly and unifîlarly Brdu substituted chromosomes. However, when

theirFPGtechnÎquewasappliedtothesechromosomesobtainedafter]

s phase in Brdu and thymidine, sufficient differentiation resulted
which permitted repl ication mapping. Equal ry importantly, a high

mitotic 'index was obtained with this mEdif ied technique which made

repl ication mapping feasible.

l^lhen these chromosomes brere stained with the ssc-Fpc procedure of
Perry and ldolff (lslÐ and l./olff and Perry (1974) rhe resulring cyro-
logical different¡ation was not comparable to that obtained after
staining with Korenberg and Freedlender's (lgl4) FpG technigue. ln
addition, the SSC protocor has been reported to produce a background

siainíng of G-bands (Grzeschik et al. r 1g7il. This may be criticar 'in
the determination of an accurate repr ication map. Arso, the .ssc-FpG
technique yva¡ not as reriabre as the NaHrpot*-FpG procedure whrch con-
sistently produced rel iable banding.

The gual ìty of GÌer¡sa repl icatîon bands obtained resulting f rom

either Quînacrine or Hoechst prestaining brere compared. Quinacrine
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was essenttal for the identification of chromosomes. No difference in

Giemsa replication (GR) banding was observed when either Quinacrine or
Hoechst fluorescent prestaining was performed. However, when these

Q-banded chromosornes were photographed they either faîled to stain with
Gíemsa whìle other metaphases on the same slide had highly differentiated
GR-bands or were removed from the slides as a result of incubation with
I M NaH'POO (pH 8.0) at B4-85oC for l0 minutes. l¡Jhen the exposure to
fluorescentlightwasdecreasedbyshorteningthedurationofphoto-

graphic exposure faint GR-bands appeared. simílarly, when the light
source was changed to a 15 Ì^ratt U.V. I ight înstead of the 0sram HBO 200

watt/4 super Pressure mercury lîght on the fluorescent microscope, sharp

GR-bands resulted. Therefore to achieve optimal GR-banded chromosomes

overnight exposure to 15 watt U.V. light source at a distance of 24,rwas

and GR stained chro+nosomes were essential
for conclusive chromosome identîfication, especîally of the c group,

destaining of the GR-banded chromosomes and restaining w¡th Quïnacrine

was attempted. This yielded banded chromosomes with sharply defined

standard Q-bands. This reverse techníque offered several advantages.

Hetaphases were selected on the basis of the quality of their GR-bands

as opPosed to Q-bands. Often sister chromatid separatíon was masked by :

flare from the fluorescent stained chromosomes which on subsequent

banding had unsuitabre GR-bands. scanning of sr ides was simprer and

faster using I ight microscopy. Final ly, even weakly fluorescing meta-

phases were photographed with long exposure time without regard to the
qual ity of GR-bands which had been photographed previously. This
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Procedure Proved to be the most effÌcient for the sequential staining
of Q- and GR-banded chromosomes

These vaËious staining'procedures generated Ínformation regarding

the mechanism of Giemsa repl ication stain¡ng. Several modeìs have been

postulated to explain the effects of BrdU incorporation upon subsequent

Giemsa staining and Hoechst fruorescence. Zakharov and Egol ina (lglz)
theorized that BrdU caused an alteration of the DNA molecule thereby

impairing the synthesîs of chromosomal condensing proteins and causing

differential spiralization and Giemsa staining of BrdU subst¡tuted

segments. lkusima and t/olff (lgl4) postulated that the difference in

binding of proteins to BrdU containîng chromatids was the source of
structural differentiation and therefore, the cause.of differential
staining wirh FPG procedure. Both Zakharov and Egolina (lg7z) and

lkusima and l^/olff (1974) viewed with grear importance the effect of
Brdu upon chromosomal proteins. Because both urea and trypsin, which

markedly alter the binding of chromosomal proteíns, failed to reverse

this differential Giernsa staîning, proteins are not believed to be

significant in producing this differentiation (coto et al. , 1975;

Shiraîshi and Yosida, lglT; Sugîyama, 1968, Sugiyama É "!-, , 1976)..

The mechanism proposed by comings (r9lÐ supported this concept.

Hoechst îs believed to bind directly to the outsïde of the DNA helix
by interacting with the base pairs. This type of bînding results in
greate.r sensitivîty to the base composition than occurs wîth inter-
calating agents. Therefore, âtry base substitution would directly
effect the binding, and hence the fruorescence, of Hoechst producing
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bands (CorTings, lg7il

The resurts of Goro er ar. (lgls) and sugiyama er aL. ug76)
indicated that the photolysis of BrdU substituted DNA was the predomi-

nant cause of differentîal staìning. This mechanism explains the

observation of Perry and Wolff (1974) whích was confirmed by the present

investigations. When metaphase chromoscn¡es were exposed to an întense

level of exciting light during the process of photographing q-

bandedchi.ornosønes,subsequentGiernsadifferentiatÍonofchromatids

was very ueak and indeed, was not observed ín many instances. The

final staining protocol, as outl ined in the Materials and Methods

section, proved to be reliabre and enabled the photographing of seguen-

tiaìly Q- and GR-banded chromosomes.

Kim et al. (lg7Ð reported that the earry repricating regions

coincidel.lithbandsproducedbytheR.b¿ndingtechnique(Dutrillaux

and Lejeune, l97l ). The results presented (raore 5 ), in general,

confirm this. The reason that Kim et al. (197Ð reported more early
replícatingbandsthanthosepreSentedinTable5.Îsprimarilydueto

the different experimental protocols employed. The early replïcatîng
segments of Table 5 were ídentifîed as gaps in the bandîng of chromo-

somes f rcx¡l the I I hour treatment group vhi le Kîm et al. (1g7Ð visua-

lized early replicating DNA by the reverse experîmental protocol which

yielded bands. This could be expected to yield a greater number of
early DNA synthesizing regions due to tì'¡e increased sensitivity of thîs
reverse experimenta I protocol

. The bands obtained following a 9 hour thymidine pulse were :
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similar to those observed after standard Quinacrine or Trypsin Giemsa

staining' However' several additíonal repl îcating bands were staîned.
ln addition to those bands indicated in Table ! for the 7 hour treat_
ment group, the telomeric regions of chromosomes l6p and l!q are late
re.ol icating a I though G- and Q- negative.

Followíng a 7 hour thymidine purse the bands observed crosery
approximate Q- and G- bands, The additional late replicat¡ng-bands
which are G- and e- negative are indicated în Tabre 9. severar Q-

and G- bands repricate earrier in the s phase than the majority of Q_

and G- bands such as a portion of bands 3pl4 and 3q13, the centro_
meric heterochromatin of chromosome B, and gp1z. A comparison of late
replicating bands between Eppren et ar. (rg7Ð, Eppren and voger (lgls)
Grzeschík et al. (lg7Ð and these results revealed several contradic-
tory bands (raure r0). The late repricating bands of chromosomes 2,

7,12, 13 and 16 are îdenticar in the case of Grzeschik et ar. (lgls)
and these results, whire the late DNA synthesizing segments of chromo_

sor¡¡e 6 are more simi lar in these results and those of Epplen and

Vosel (l9lÐ 
:

when the termînar thymidine purse is decreased to 5 hours, one

of the most frequently observed banding patterns is the characteris-
tic c-bands- These heterochromatic regions have been shown by auto-
radiographic techniques (Lima cie Faria, 1969) and by Giemsa reprica-
tion procedures (Grzeschik et al., 1975; Epplen et al. , lgl5; Epplen

and vogel , lglÐ to repr ícate very rate ín the s phase of the cer r

cycle' These results confirm this observatíon with the heterochromatîc

':
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Table 9. Bands listed remain unstained after G_ or e- banding pro_cedures but were determined to be late repl-icatíng irtmthè 7 hour terminal thymidine group.
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TABLE 9

G- AND Q. NEGATIVE LATE REPLICATING BANDS*

CHROMOSOME BAND

I

2

3

5

6

7

I
9

l0

il
12

13

14

t7

1B

20

2"1

x

pter

p25, p15 '

P23, q12

ot5,

q25

p22, pl1, ql1

p23, q24

p24

p15, q26

pte r

gter

q12

q32

ql l, q25

pter

q12, qter

qter

pter

* Taken fron 7 hour termînal thymidine group
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Table 10. Bands listed for
late repl icating
chræ;osomes had
r.eplication.

ri:

any author whiih were conflicting with the
bands of any other are indicated. Unl isted

no significântly different pattern of
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7
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TABLE IO

LATE REPLICATING BANDS OF HUMAN CHROMOSOMES

p36, p33, 922, q3Z

q31

q28

p24, q14

p21, qter

q24

p13

q12, qlJ

q11, qlJ

12

t975*

1975*

13

t4

16

17

18

19

20

GRZESCH I K

iotic fluid Cells

931, q41

q2\, qJZ, 936

p14, q13

q11

qter

q33

q23

pl2

p12, 912, q24

lJ 3!., 1975x,\

tt* lyppþocytes

PRESENT*-,t*

RESULTS

p33, q31, q41

92\, q32, q36

p14

p24, q14

q11

q33

q23

p12

p12, 912, q25

pter

q12

p12, q12, ql3

:lrt* f ibroblasts

p12
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regîons on chromosomes l, 3, 4, 9, 13r, 141, 15, 76,..21, and 22 repli-
catlng consistently very late as evidenced by the 5 hour treatment
group. The lare replîcarion map of the 46,X,del(X) (q13) fîbroblasr
strain was determîned not to sîgnificantly differ from the norma I 46,-" -' t

XX cell straÌn. Thîs îs consîstent with the concept that the repri-
catîon of each chromosome is îndependentry regurated.

The termînar DNA repricatîon kînetics of human chromosomes in
human lymphocyte/nxcuse fibrobrast hybrids were studied (L¡n and

Davidson, 197Ð. The seguence of late DNA repl ication was determined
to be the same in hybrids as in the correspondîng chromosomes in hu-
man lymphocytes by autoradîographic technîques. Also, the maintenance :

of normal termînal replicatïon sequences of human chromosomes in these
hybrids was not dependent upon the presence of any specific human chromo-
some. The present resurts fuily support this concrusion

The differentiar staîning of the homorogous x chromosome is pri-
mari'ly determined by the timing of the addition of thymidine to the cel I
culture (raule 6). ln the l1 hour treatment group,the majority of homo-
logous X chromosomes' 83"¿ or the cells v¡here both were îdentif iable, had
not initiated DNA synthesis prior to the'addition of thymidine. cons.equently
both homologues incorporated thymidine arong their entire rength and

stain uniformly dark wîth the FpG procedure. ln the l7?" of tl-re cel ls
where the lsocycr ic x and heterocycl ic X were dîsti.nguishable, this
differentiation resurted from the addition of thymÌdine when the iso_
cyclic X had completed the replîcatîon of a portion of îts DNA while
the heterocycl Ìc x had not initiaied DNA synthesîs. consequentry,
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thïs resul ts in di f ferential BrdU,/thymidine subsritut ion with the late
X incorporating thymidine and therefore stainîng darker with the FpG

technique (fis. ll).
The intrachromosomal replication pattern of both X chromosomes

presented Ín Fig. I I was found to be very simi lar. The variously
banded isocyclic and heterocyclic X chromosomes were readily ordered

to derive their replication map. However, the initiation and comple-

tion of DNA synthesis díffered wíth the inactive heteropycnotic X

repl icating later. This is in agreement v,rith autoradiographic analy-
ses'which have established that the inactive X can be distînguished
from its active homologue by a delay bothr in the initiation and termin-
ation of DNA synrhesis (priest er al., 1967 bi German, 1964 a). Wíllard
and Latt Oglq also reported that the internal replïcation kinetics
of homologous X chromosomes are simílar wíth the exception that DNA

synthesis of band q2J is derayed in the rare X white DNA synthesis of
band q2J îs delayed in the early X. Grzeschik et al. (lg75l found no

consistent pattern of delayed replícation of bands gZ3 or qZ7 but
reported considerable fluctuation in the timing of DNA synthesis of
these bands and the replication kinetics of the X chromosomes in
genera I .

Add¡tional evîdence for the late replication of the heteropy-
cnotic inactive X chromosome was derived from the fibroblast strain
sR5239. The structurarry abnormar X chromosome with a deretion at
g13 was consistenrry rate repr icaring (r¡g. il) and the nucrei of rhis
fibroblast strain showed consistently smaller sex chromatin mass than
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the norrnal diploid f ibroblast srrain (f ig. 12, lU). This ís in agree-
ment wîth autoradÎographic results whìch indicated that the structur:
al Iy abnormal x chromosome bras invarîabry rate repr icating (Gianet I i,
1970; Fraccaro end Lìndsten,196\; Atkins et ar., 1965; steinberger
et al',1966). The constancy of the inactîvation of the structuralìy
abnormal X chronosome riny be a result of cel I selection. Cel ls wîth
anactivedeletedXmaynothaveeitherthereproductÌvepotential

nor the life span and may not prolíferate as readily as the converse
case.

The consisteni genetic inactivation of the deleted x chromosome

provides furthe¡- evidence regardîng the models of x chromosome inacti-
vatîon in femare eutherian mammars. Grumbach (1964), Lyon (r964),
Russel I (lg6ll) , and Therman, et al., (:g7l) proposed that X chromosome

differentiation in mammars is under the contror of a singre sîte or
locus within the x. The concept has deveroped that an inactívation
center within the x exists from which some subsÈance spreads to in-
activate the entire X chromosome. These results indicate that there
cannot be one inactivation center on the rong arm of the x chromosome

as proposed by Therman et al. (tllt+). The consistent inactivation of
the deleted x chromosomes strongly suggests that if this model is cor-
rect' severar inactivation centers must be present. cattanach (lsls)
reviewed ih"' "'ul ts of several investîgations which seriously question
this hypothesis of X chron¡osome inactivation;

Although the prevÌousry mentioned hypothesis Ìs based on the pre-
mlse of inactIvatîon rather than actîvatîon, several moders propose

i...
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:

the' converse mechanlsm. Comings.(1969) provÌded evidence that chronìo-

somes are attached to the nuclear membrane with the attachment sites
possibly correspondîng to poînts of inîtiatr'on of DNA synthesis. He

proposed that only one such site may exîst for the x chromosome and

additional x chrornosomes not attached to these sites might contract
and attach randomly to the nuclear membrane where they might replicate
later than the rest of the chromat¡n in the cell. This concept is com-

patible with the results obtained from this study.

The hypothesis of Brown and chandra (1gß) and chandra and Brown

(lglÐ is aìso based upon the premîse of activation of the X chromosome
:

rather than înactivation. Basically, their moder requires that a recep-
tor site on the x chromosome be activated by a single informatÌonal en-
tity which resuìts in the activation of the chromosome. rf the receptor
sîte necessary for the X chromosome actÎvatîon is absent in the deleted
x chromosomes' this r,lould result in the inactivation of these struc-
turally abnormal Xrs. The model of Brown and Chandra (lglÐ îs con-
sistent wíth these findings and other autoradiographíc findings (eiane¡ i

1970; Fraccaro and Lindsten, 1914; Atkins et al. , 1965; Steinberger et
af., 1966) whích indicare rhar rhe ,oru"aul-,f 

"unor*ar x chromosome

was invariably late replicating.

These resurts courd not conclusivery resorve the contradîctory
repl ication kînetics between lymphocytes, amniotic fluÌd cel ls, and

fibroblasts soleÌy on the basis of a tÌssue specific reprication map,

These results from fibroblasts were found to be in agreement with either
the lymphocyte or amnîotic fruid repr îcation map dependîng upon the
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spec¡fic chrornosome involved (fa¡le l0). lt is probable that several
contradictory replÌcatÎon bands may be resolved on the basis of a tis-
sue specÌfic repl ÎcatÌon map. Ho*uu"r, the differences observed may

also be derîved from the different experimentar procedures emproyed

and the fact ihat each study h/as performed on tissue from a different
Îndividual' llhen the tissues are derived from the same îndividual
and sirni lar experimentar protocors are emproyed, var id ,resur ts may

be obtained whîch may demonstrate the existence of tîssue specific
repl ication maps.

The specificity and resoìution of this technique indicates that
several areas be investigated. ln a synchronized cell population the
accurate delineation of the duration of ihe s and G. phases of the¿
cel I cycle in a wide varîety of cell lines l.¡ith differing chromosome

complements nny be determined. As mentîoned previousry, this modified
technique wilì permit the comparison of the reprication kinetics of
several tissues. rn addition, sîmí rar comparisons could be made in
cell hybrids with varying human chrornosome comprements which may pro-
víde further information regarding the independent contror of chromo-
somal DNA synthesis. Transformed ceil lines may differ in their reþri_
cation pattern either from normal cells of the same tissue or from the
same pre-transformed cer r r ine. Investigatîons of r ines with various
deletions and transìocations involving the x chromosomes wi I I certainly
generate new informatÌon r.egarding the replîcatÌon patterns of the X

chromosomes.
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