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Fragile sites in human chromo-
somes are characterized cyto-
logically as specific regmons that
exhibit constrictions, gaps or
hreaks when cells are cultured
and karyotvped (see Refl 1 for
review). In human pedigrees,
fragile sites are imherted co-
dominantly: normal and gapped
hoanalopues  (Fig, la, b) are
observed in the same cell
'‘Rare’ fragile sites appear to be
causcd by infrequent alleles
(less than 5%) that arc scgre-
paling in human populations:
‘common’  fragile  siles are
thseryed at hiﬁ;hw frequencies
in populations'. A disproportionate share of fraple
sites are reported to be in or near chromosome: bands
thal are also breakpoints for rearrangements found in
tumor cells’ *, although this correlation may be limited
lr tumors of lymphohematopoetic ongin®.  High
frequencics of recombination between sister chroma-
tids at fragile sites, and between homologues at one
fragile site, have also been reported™™. Over half of
the breakpoints that have occurred during chromo-
some evolution in poimates are reported to be at or
near fragile sites”, These observations indicate that
frapile sites are recombmogenie, OUne of the rare
fragile sites on the X chromosome, Xq27 (the 'fragile
X, 15 associated with the most frequent form of
inherited mental retardation'™!. Thus, there are
several questions raised hy these observations,

(1) What is the genetic basis of frapgile sites?

(23 What DNA or chromosome structure results in
the ohserved chromosome gaps and fragility at fragile
silek?

(3) What causes chromosomes to rearrange and
recombine at fragile sites?

(4) What is the cause of the mental retardation
syndrome associated with the X-linked {ragile site,
Xy27?

We find considerable support for earlier sugges-
tions that fragile sites m human chromosomes
represent regions where DNA is late or delayed
in its replication™ . Our datz on Drosuphila
chromosomes'®, in which ‘intercalary heterochroma-
tin’ provides a useful model for human fragile sites,
support these previous suggestions. We will llustrate
one way in which late replication at fragile =ite Xq27
relates to a mechanism of the fragile X syndrome
proposed elsewhere™.

‘Fragile sites’ of Drosophila chromosomes
occur at regions delayed or late in replication
Qur hiterature review of human fragile sites was
stimulated by our recenl amalvsis of three sites
of  intercalary heterochromatin  in  Drosophila
melanogastey'®. The term intercalary heterochroma-
tin was first used to describe a number of siles in
euchromalin that exhibit some of the properties of
centromeric heterochromatin™, The properties of
intercalary heterochromatin in Drosoplnia include the
occasional presence of ectopic fibers, which connect
heterologous chromosome regions in polytene nuclei;
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higher than normal rales of breakage of polyvtens
chromosomes; and, in meiotic cells, nercased fre-
quencies of chromosorme translociations with breal
points at such sites™*. Chromosomal rogions con-
wining antercalary heterochromatin often replicate
during the latter part of the DNA synthesis (5) phase
of the cell cycle™. Weak sites in polytenc chromo-
somes also can be induced by an inhibitor of DNA
replication, fluorodeoxyuridine™, The similarily of
these properties (o those of human (ragile sites
suggested to us that Dvesophile chromosomes may
provide a useful model for fragile sites i manmmalian
chromaosones,

We have analysed the replication level and
cytogenelic properties of DNA at three sites of
mtercalary heterochromating 89E, 39DE and 114
(Ref. 18}, DNA sequences that have cytogenectic
propertics of nterealary helerochromatin are under-
represented in DNA of polytene chromosomes, Lt
they apparently share no other property with
centromeric heterochromatin, On D lasis of (hese
data, we have proposed that some sequences of
intercalary heterochromalin, such as parts of the
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fistone and Ultrabithorax genes at regions 38D E and
ROE, vespectively, represent mormal euchromatic
LMMA that is delayed in replication in some cell Lypes;
this delayed replication is sufficient 1o generate the
propeclics of intercalary heterochromating A corollary
is that any euchromatic sequence, in cells where it is
latc-replicating, could be classified as intercalary
heterochromatin,

Sites of intercalary heterochromatin in Drosophilea
can be cell-type specific. Region 89, which osually
exhibits a constriction in sabvary gland cells, is
reported not 1o lve 3 constriction in polvtene cells of
fat body™. This change is correlated with the finding
that the Ultrabithoray sequences we examined are
being replicated at the normal tme in @t body esther
than delayed as in salivary gland chromosomes'”, thus
supporting our conclusion thal delaved replication s
sullicient to establish a site of intercalary hetero-
chromatin in Drosaphili chromosomes, These obser
vationg in Lresophila provide a possible explanation
for the observed differences in the frequency with
which homsn Teapile sites can e indoced in different
cell types': such differences may reflect variations in
the Hming of replication of a specific sequence, as will
be discussed below,

Gaps in Microtus chromosomes oceur at
regions where INA is late-replicating

IFragile sites in uman cells are useally detectoed as
paps that occur at specific sites m condensed chromo-
somes (Fig. 1a, bl Similar paps can be induced by
condensing chromatin prematurely, using cell fusion
lechnigques. For example, Microtus (vole) cells in
different phases of the cell evele were fused after
replicating DNA was labeled with tntiated thym
idine®, Condensed mitolic chromosomes showed
paps that coincided with the regions where DNA
synthesis was most active in the period just before
condensation (Fig. 1e, d). It was concluded that most
DDNA replication had been completed in the chromo
somes that showed gaps, because two sister chroma-
tids were observed in condensed, non-gapped regons
of the chromosomes. Thus, the cells from which the
gapped chromosomes originated were in late DNA
synthesis (5) phase or in the subsequent G-2 phase of
the cell cycle. Morcover, the gaps appeared Lo resull
from late replicative synthesis of DNA rather than
from repair synlhesis becanse gaps were often at
centromeres, which are late-replicating regions in
normal cells (figure 8 of Ref. 26). Thus, the major
cytogenetic teature of fragile sites ~ chromosome gaps
— can be experimentally induced in normal mammalian
chromosomes by shortening the time between com-
pletion of normal DNA synthesis and chromosome
condensalion.

Frevious discussions of human fragile sites have
considered alterations in both replicative and repair
DNA synthesis as potential explanations for fragile
sites'™ 17, The results just described for Drosophiia
and Mierotus chromosomes indicate that delayved or
late replicative synthesis of DNA, rather than late
repeir synthesis, is responsible for these examples of
fragile sites; we will thereflore use ‘late replication’ in
the following discussion to refer to replicative rather
than to repair DNA synthesis,
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Delection of fragile sites in cultured human
cells
Netere of agents used to indwce or supfress hman
fragie siles

Two methods of tncreasing the observed frequency
of fragile sites m cultured cells imvolve procedures that
shorten (2 phase, thus decreasing the time belween
completion of \DNA replication and chromosome
condensation.  Addition ol calleine  after  filate
depnivation™, or fusion of human and hamster cells,
results i a shortensd G=2 phase relative to that m
normal human cells™. Thus, fragile sites, like
chromnosome gaps that arise from premature chroma-
tin condensation, <an be induced by decreasing
lime between completion of normal DNA synthesis
and chroamosore condensalion,
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A number of nther agents influence the frequency of
fragile sites in cultured human cells’, These agents are
used o classify fragile sites as folate-sensitive (L.c.
tolate-suppressible),  distamycin-inducible,  bromo-
deoxyundine-inducible and apladicolm-inducible’. A
particular sile: is usually mdueed or suppressed by only
a subset of these agents. Folate-suppressible sites
Ay be induced by thymidine deprivation or by
inlibition of thymidine synthetase with, for example,
flvorodenxyuridine™, Most of the agents that induce
ragile sites are known toinhibit DNA synthesis. Some
agents affect the concentration of a substrate, such as
thymidine (riphosphate, or of the enzyme DNA
polymerase alpha (aphidicoling Ref. 13). Others bind
directly to DNA (distamycin; Ref. 303 Thus, the
conditions used in culture 1o ncrease the frequency of
detection of fragile sites are ones that can relard or
block  the  normal  replication pattern of DNA;
conditions that suppress fragile sites are ones that
woulll alleviste o block or delay in replication,

We propose that these conditions of replication
imhibition that mduce framle sites have that effvol
because, like cafleine and cell fusion, they shorten the
elfective length of G-2 for those sequences #l (ragile
sites; when G-2 is too short, chromosome condensa-
tion 15 incomplete at the lle-replicating  region,
leading 1o a chromosome gap. This proposed
relationship between the cell evele and the timing of
replication for normal (fs™) and fragile site (f5") alleles
is illustrated Tor conditions of suppression (Fig, 2a)
and induction (Fig, 2b),

The trmisgof suppressibility of frapile sttes 1z late in 5 or
eariy i G-2

The: expression of fragile sites in cultured cells can
be suppressed by agents thal redoce constrainis on
DNA synthesis, for example by maintaining normal
levels of thymiding or folale®. The timing of the
suppressibility, i.e. that part of the cell evele during
which the expression of the fragile site may be
suppressed, is late S or carly G-2 phase™. This result
has been obtained for at least three fragle sites that
are folate-suppressible (Xg27, 10023, 2ql3). when
either folate or thymidine is the suppressing agent.
These data strongly support the conclusion that these
three [ragile sites are late-replicating.

Eapression of common frapile sites is also increased
when components of DNA replication are limiting

Most of the information in the above parapraphs
refers to rare fragile sites. Less is known about the
commen fragile sites, a term conventionally vsed o
refer to fragile sites found in more than a few per cen|
of humans®. Some common fragile sites are classifiable
as folate-suppressille™; many sppear to be induced by
aphidicolin, an inhibitor of LNA polymerase alpha™.
Thus, some comman fragile sites, like rare fragile
sites, are expressed more freguently when compuo-
nents of NA replication are limiting. As will be
discussed below, commuon lragle sites sre penerally
vhserved not to be deleterious. Thus the late
replication  proposed  for these regions s either
constitutive i cells used for cvtogenctic analysis and
not deleterions doring the reproductive span (as
15 the case for Droseplela sites of inlercalary
hetervchromating see above), or it is only induced by
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the conditions of cell culture rather than occurring
vive. A detailed analysis of the tming during the cell
eyvele af inducibility and suppressibility would be usetul
in distinguishing between these bwn possibilities.

How would late DNA replication lead to the
observed properties of fragile sites?
Clromosome paps

Gaps apparently arise al fragile siles hecause
chromuatin is incompletely condensed™. This incom
plete condensation would veeur if there 15 4 limited
period of time during G-2 phase in which chromatin is
‘marked” for normal condensation (represented by the
‘condensation signal” arrow in Fig, 2). TINA that
replicates unusually late may miss the marking sigoal
proposed here to be NECEsSAary for normal condensa-
tion, thus creating a visible chromosome gap (Fig. 3a).

Alternatively, incomplete condensalion may result
from steric inhibition. The DNA polymerase complex,
i still prescot on lale-replicating DINA, could block
condensation and cause a chromosome gap (Fig. 3h).
An example of such sterie inhibition of cliromatin
condensation 15 the 'sccondary conslriction' hat
vecurs apparently as a consequence of the nueleolus
remaining associated with chrmmatin until condensa:
tion 15 almost complete™,

Chiromosome breakage

Fragile X chromosomes occasionally appear, in ccll
culture, to have lost the chromosome tp distal to the
fragile site at Xq27 (Ref. 1), Such terminal deletinns
may arise [rom chromosame breakage, which is
expected to occur preferentially at paps when loree s
applied. (A1 gaps, there is greater force per unit arca
on ndividual chromatin strands, compared with that
on the condensed region of a chromatid, )} Some of
this force may be penerated by the process of
condensation if ends of an extended, interphase
chromsome remain anchored to the nuelear matrix or
envelope. Force on late-replicating regions would also
e present during anaphase if sister chromatids were
not yet fully formed (Fig, 3c). Late-replicating DINA is
flanked by replication forks, which arc preferentially
susceptible to breakape in vitro™, and presumably m
vt under conditions of fragile sile expression. This
[ragility is probably caused by the presence of single-
stranded regions and a reduced number of double
sirands at replication junctions (Fig. 3d,c).

Necombinagentcily of fragile sites

Fragile sites are recombinogenic, as evidenced by
higher-than-cxpected [requencies of mitotic sister
chromatid exchange, meiotic recombination (for
Xa27) and chromosome rearrangements in tumor cells
and throughout evolution™ ®. Relating human fragile
siles o intercalary heterochromatin of Dvosophila
suggests a mechanism fon this property of recombino-
genicity.  In Dirosophile the phenomenon of non-
homologous associations ohserved in palytene chro-
mosomes of salivary glands is termed ‘ectopic
pairing™. Preferred sites of ectopic pairing arc
observed; some regions of eclopic painng in polytene
vells have an increased likelihood of being siles of
chromosome rearrangements that ocour in meiotic
cells*® 1+,

Ashburner™ has suggested that the structural basis
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Fig, 3. Proposals for maye that late DNA
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DNA, probably hecause of single stranded regions™,

for eetopic pairing is the dispacement of single strands
by branch migration at replication forks, followed
by pairing of such single strands from different
chromosome regioms (Fig, 41, The basis of the pairing
i= not yet known, although limited sequence homology
of stramds emanating from different chromosome
regions (Fig. 4b), or the binding of two single strands
iy @ protein that binds DNA without sequence
specificity (Fig. 4 Ref. 37), are two possibilitics.
Late-replicating DNA would be flanked, until late in S
or G-2 phase, by replication forks involved in the
synthesis of earlier-replicated DNA. We suggest that
these replication forks at human fragile sites incresse
the availability of single-stranded regions, leading to
increased recombination and chromosomal Te-
arrangement. Thus, exchange events are expected to
be increased at replication forks that flank late-
replicating DNA, more than in the late-replicating
DNA itself.

What types ofalterationin DNA could lead to
ils late replication?

The data described in the previous sections support
the conclusion that DNA sequences at fragile sites
are, or can be induced to be, late-replicating during the
5 or -2 phases of the cell cycle. We now explore
pussible causes of this late replication.

alteration that lead to fragile sites: (1) there must be
several different kinds of alteration to DNA that can
lead to late replication of rare fragile sites, because a
particular fragile site may be induced or suppressed by
some but not 4l of the agents described above!, and
(2} the alterations in DNA that lead to a fragile site are
cis-acting rather than frans-acting, because most
individuals with a rare fragile site do not carry or
express other rare fragile sites'. Direct support for

‘I'wo conclusions can be made about the types of

this latter conclusion comes from an experiment in
which the distal end of a fragile X chromosome was
translocated to a hamster chromosome™. The fragile
X site Xq27 was expressed in these hybrid cells in the
absence of any other particular human chromosome.
Thus, the mutation is either at or closely linked to
fragile site Xqg27.

There are several kinds of sis-acting alteration to
DINA that are expected to result inlate replication. (As
justified in the section on precocious chromosome
condensation, we are limiting our diseussion to
alterations alfecting replicative rather than repair
DONA synthesis.) Mutations may affect the efficiency
with which an origin or terminus of replication is userd,
as well as the time during the cell cyele at which it is
aclive™ %

In addition to sis-acting mutations that dircctly
affect DNA sequences involved in the timing of
replication, we expect other genetic alterations Lo be
important. Greatly expanding the distance between
two replication origins by unequal recombination® or
by imsertion of DNA could result in delaved replication
for the region. Some methylation svents, for example
those invelved with X chromosome nactivation™, are
expecied to lead to or maintain late replication.
Spontaneous methylation of DNA may oceur and be
propagated by a ‘maintenance methylase’, an enzyme
that can methylate the non-methylated strand of half-
methylated DNAS-S,

This latter suggestion— that methylation at a fragile
site may be involved in late replication — is especially
plausible for fragile site Xq27. The cyvtological
expression of this fragile site in hybrid cells is mhibited
when S-azacytidine is added two cell divisions prior Lo
harvesting cells for cytological examination™. This
result indicates that methylation of DNA may play «
role in initiating and‘or maintaining the defect present
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at xg27. This 15 an mtmgung observation because
methylation appears (o be involved in maintaining late
replication and transcriptional inactivation of the m-
active X chromosome, which is a component of normal
dusage compensation in female mammals™ ", Re-
duced methylation caused by S-azacytidine is corre

lited  with  transeriptional  resctivation  and,  on
occasion, a return to eady replication™ ™, Another
strong parallel with the late-replicating X chromozome
is that the S-azacylidine suppression of U frapile X
site does not require the continwed presence of
Repzacylidine. Cells grown for only one day in 5-
azacytidine gave rise to cells that no longer express
the fragile site even after 17 davs growth in the
abscnce of S-azacytidine (Table I of Befl 59: total of
five expressed fragile sites expected in the 143
chromosomes exammed nosix cell lines; the absence
of any expressed fragile X site in o azacvytidine treated
cells is significant at a level of 0.02, according to a one-
Latled ;.:2 test).

These results are consistent with the suggestion
that the fragile site Xg27 is late-replicating due to
hypermethylation, and that a stable retumn to earlier
rephication can ocour after ireatment with hypomethy-
lating agents. (Recently it has been concluded that 5-
agacytidine suppresses fragle X expression only
under conditions i which methylation of DNA i not
affected™, However, these authors examined methy-
lation of DINA at several autosomal loao and not at
fragile X site Xq27. The altcred patterm of DNA
replication proposed here for fragle site XKq27 may
well affect the condilions of S-azmeylidine lreatment
that are necessary for demethylation.)

Phenotypic effects of late replication

The regions in Drosophila polytene chromosomes
that behave as fragile sites represent normal, wild-
type alleles ar various loci. These alleles exhibit no
unusual phenalypes other than the eyligenetic effects
described here and elsewhere'®. Similarly, at least
three autosomal fragile sites in human chromosomes
are: without majoer phenolypic effecl even when
homozygous® =™, Other fragile sites of human
aunlosomes, in helerozygous individuals, also are not
correlated with major phenotypic changes beyvond the
cytogenstic and recombinogenic effects mentioned
above., This result would be expected for rarc
recessive or neutral alleles at autosomal locl.

For rare fragile sites on Uie huwman X chromosome,
however, even recessive phenctypes should be
detecizble because of the hemizyposity of Lhe X
chromosome in males, and the functional hemizygosity
of the X chromosome in females, brought about by ¥
chromosome nactivation™. As mentioned above, a
major phenotypic consequence has been described for
the ¥ chromosome fragile site Xg27, which represents
a rare allele present at a frequency greater than o =
107, This fragile X site has been well characterized
because of its associated syndrome of mental
retardation’. The very unusual inheritance and
expression of the frapile X muotation (L musl fest be
passed through a female to be expressed, and theve is
incomplete penetrance and variable expressivity in
heterozygous females and hemizygous males — Rels
65, 66), have led to its characterization as ‘unique"’
and ‘enigmatic’™.

Recently, we have proposed a formal explanation
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for the fragile X mutation at Xq27: the mutation
hehaves as if it interferes locally with the reactivation
of an inaclivated fragile X chromosome that normally
occurs prior to ongenesis™. This mutation has little or
no detectable effect untl the chromesome is inact-
vated i pre-vopomial cells as part of the normal
imechanism of dosage compensation in female mam
mals., (This explaing why the fragle X chromosome
must be passed through # female for expression of the
mutant phenotype: only females inactivate an X
chromosome for dosage compensation.) In subse-
quenl  preparation for oopeoesis, resctivation s
attempted but s only partially effective because of a
block at Xq27, This block Lo reactivation leads to an
‘imprinted’ fragile X chromosome that is deleterions in
progeny becausc the inactiviated region of the X
chromosome exhibits greatly reduced transeriptional
activity relativee 1o the active X, Reduced transerp-
Liomal activity at this region is the proposed basis of
the phenotypes of the fragile X syndrome™. Thus, any
late replication that blocks X chromosome reactivation
could have major phenotypic effects in subsequent
generations. We propose here that the basis of the
lilock to reactivation is the late rephication of DNA at
Pragile site Xg27,

How can an alteration that leads to late
replication hlock chromosome reactivalion?

Little is known about the normal reactivation
prowess for X chromosomes,  Speculations  have
tocused on removal of methyl groups or  of
methylated bases from DNA hy enzvmes or by
replication™ 5686 pasctivation of X chromosome
genes with base analogues that lead 1o hypomethylz-
tinn of DNA is consistent with these speculations™50,
As mentioned carlier, S-azacytidine will suppress the
appearance of fragile site Xg27, soggesting that
methylation of cytosine in DNA is necessary for
evtological expression of the site™°. Since folate also
will suppre:ss the appearance of a fragile site at Xq27, it
appears that replication at Xq27 can be delayed by
interfering with DNA replication st the level of both
nucleoside pools and methylated cytosine, It has heen
proposed that in normal chromosomes, Xg27 is a
common [ragile site, based on its inducibility at low
frequency in hybrid cells'. Taken together, these
data supgest that Xg27 is late-replicating in many
apparently normal chromosomes, and that an alters-
tion can retard its replication even further.

Our conclusions concerning the nature of fragile
sites as regions of lale-replicating DNA, and the
proposed block to complete reactivation of the X
chromosome by fragile site Xq27, are supported by
indirect experimental evidence including human pedi-
gree data™. How might the processes of DNA replica-
tion and chromosome reactivation be related? We
propose the following model to flustrate how late DNA
replication could block chromosome reactivation. In
oogorial cells, at the last cell division prior to reactiva-
tion, the maintenance methylase becomes inactive,
resulting in half-methylated DNA (Fig. 5). A de-
methylase that removes methyl groups from 5-
methyleytosine™, or a plycosylase that replaces 5-
methyleytosine by cytosine™, acts late in S phase or in
G-2 to remove the remaining methyl groups, but only
frenn half-methylated DNA. Fragile site DNA has not
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Fig. 5. Propased mechunism by which late vaplication blocks the process
of X chromasome reactivalion prior to oogenesis. (a) A mutation (ealled
Pre-mutation” in Refs 65, 66) changes normal IINA at Xg27 (Xg27) o
6 madated allele Xg2 7", which replivates later in the colf ovcfe. (B) Ay
part uf the normal process of X chromosome inactivation m female
cells™, the fnactive X chromaseme becomes methylated. (e) {n f!'ﬁﬁ:’."ﬂl

Hon for lhe reschivation that occnrs prior lo oopenesiv ™™, e
cell diviston poours without mamtenance methylose activity, [(d) A
‘demethylase™, or g DNA phcasylase that replaces S-melhvlovtvsine by
cytazine™, removes methy! groubs from half-methylated DNA. () DNA
spritfiesis i finally complete at Xq27, bt 12 is too late for reactivation o
hai region becasse kalfmethyloted DNA ez ot available duering the
{ime that “demethviase’ was present. () In a suhsequent cell cvele,
meinlgnance methylase activiy {s again present, restoring full methyi-
attont fo the DNA at fragile site X287, AL Uus time the fragile X
chromosome 15 considered to be ‘imprinted”™, The imprinted aliels,

XgaT, #s even luler-replicating, and it is now more eeistly delectable as a
chromasome gap wnder eonditions of fragife site induction, The
smsprinied allele Xg27° 15 then stably inherited through both males and
Jemales®™. For this illustration, the mutated fraile X chromosome is
idicated s imprinfed wpon completion of the cycle af fiacliveatiomn!
reaciivation. 11 1s not known, however, whethar or not the entive cyole
st be completed before Smrinting ts obsercable evtalngically,

completed replication and thus does not present half-
methylated DINA at the lime of enzyme activity, After
replication is completed, the residual methyl groups
on the late-replicating DNA provide signals for main-
tenance methylase activity in subsequent cell divi:
sions. Thus, the DNA around fragile site Xq27 re-
mains marked, or imprinted, by the reactivation step
prior to oogenesis.

b
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Concluding remarks

We now summarize our proposed answers to the
questions raised nour introduetion.

(1) What is the genetic basis of fragile sites? Rare
fragile sites in human chromosemes represent cis-
acting altcrations to DNA that lead to late rephcation;
common fragile sites represent DNA sequences that
are nduced o be, or are constitutively, late-
replicating.

{2) What DNA or chromnsome struclure results in
the obhserved chromosome gaps and fragility at fragile
sites? Incomplete chromatin condensation caused by
late replication, and incomplete replication, account
for gaps and fragility.

(3) Whal cavses chromosomes to rearrange and
recombine at fragile sites! Recombmnogemcity 15 a
consequence of the replication junctions that flank
latc-replicating INA,

(1) What is the cause of the mental retardation
syndrome associated with the X-linked fragile site,
X277 An alteration to or mutation in DNA leads to late
replication al fragile site Xg27; this mutation locally
blocks the reactivation, prior to oogenesis, of a
previously inactive fragile X chromosome. This block
L reactivation resulls in an imprinted framle X
chromosome; transcriptional nactivity of genes at
Xq27 inan imprinted fragile X is the cause of mental
retardation'.

Direct tests of the conclusions and proposals
presented here and elsewhere™ are needed. An
analysis of the timing of replication of specific DNA
sequences Al Tragile sites, under conditions  that
induce or suppress their appearance, would be
especially informative. The interference of late
replication with chromosome condensation™ needs
further analysis, as does the possible recombino-
genicity of DNA al replication junctions.

For the fragile X sile Xq27, the analyses of the
timing of DINA replication and the pattern of transenp-
tion may be more complex than for most other fragile
sites, The ideas presented here and elsewhere!® are
consistent with there being at least four ‘alleles’, or
‘chromosome states’, at Xg27. (1) A ‘normal’ allele
would not lead to a chromoesome gap at Xq27 under
conditions of fragile X indoction. (23 A ‘common’ fragile
site allele at Xq27 would result ina chromosome gapin
a small fraction of cells (zhout 2% under conditions
described in Bef, 590, (3) A ‘mutated’ allele, such as
proposed for transmitting fragle X malez and some
heterpzypous ragile X females™, would be inducible
at intermediate levels of about 10% (Ref. 59). (1) An
‘imprinted’ allele, found in affecled males and some
heterozyveous females™, would be inductble at high
levels (about 50%, Ref. 39).

We predict that each allele represents DNA with a
characteristic time of replication duning the cell cyele;
rephcation of TINA is successively later in the cell
cycle for the four alleles, in the order described above.
Only the imprnted allele is espeeted o resoll in
significantly decreazed levels of transcription of genes
in this region. Experiments directed at testing
replication and transeription patterns of DNA at fragile
site Xq27 should therefore be carred out with fragile
X chromosomes representmg esch of the four alleles
or chrompsome states.

We suggest in this article that late replication al

TIG — October 1987, Vol 3, no. 10

Xq27 is the basis of a local hlock to reactivalion of an
inactivated fragile X chromosome'. One model is
proposed here for the basis of this relationship (Fig.
a2l this and other models should e evaluated with
cxperiments directed at elucidating the molecular
mechanisms of chromosome mactivation and Teactiva-
tion. The discovery of methods to reverse chromo-
some inactivation, and o restore normal replication
and transenphion properbes o sequences at fragile
sites, could have sigmiticant chinical implications,
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Chloraplasts, the organelles
within the cells of green planis
that carry out the reactions of
phatasynthesis, contain their
own unique DNA  molecules
(thes ehloroplast genome), The
genctic svatem of the ehloro-
last has many features in
conunen with prokarvotic
organisms and distinct from the
{eukaryolic) nuclear-cytoplas-
e system. These leatures
have beeninvoked in support of
the hypathesis that green-plant
cells evolved from a symbiosis
Lelween 8 eukarvotic host cell and a photosynthetic
prokarvote. Various mulations resulting in photosyn-
thesis defects have been shown to be inhented
maternally throuph the eytoplasm, indicating that the
chloroplast genes play an essential role in the normal
prowth of whole plants. However, the chloroplast is
not completely autonomous: many noclesr genes are
also known to be required for the mamtenance of the
tuncticnal organelle.

In order to understand the genetic control of
chloroplasts in plant cells, it is necessary first of 2ll to
learn how many and what Kinds of genes are aceome
maodated in the chloroplast genome, and to determine
the basic mechanism for ther expression. Within the
last vear, we have moved much closer towards these
goals, with the complete cequencing of the chloroplazt
genome from two green plants: the bryvophyie
Murchantia polymorpha (a liverwort)! and the tracheo-
phyte Nicofiana tubacrem (lobacea)®.

Struclure ol plant chloroplast genomes

A typical plant chloroplast genome consisis of a
unifue: cirenlar dsDNA molecule, 120200 kbp in
length, that in many cascs conlains a pair of mverted
repeal (IR} sequences separating large single-copy
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Chloroplast gene

organization in plants

Kazuhiko Umesono and Haruo Ozeki

Cumplete sequences ave now avalable for the chloreplast genomes of fwo green plusts.
The mformution that can be gleansd from these sequeonces showld help ws fo
undersland not enly how chioraplasts fenetton within preseni-day plapts, bt may
also vield tnsighis tnto the evolutionary relationsiihs of pleotosysethobie orgasisms and
mta the gese movemenl thal hos ocourred among the various genetie compirrtments of

drciarpottc ealls,

(L=U) and small single-copy (55C) regions (reviewed
in Refs 3 and 4), Each chloroplast containg tens Lo
hundreds of copies of the genome and there may be as
many as 20-00 chloroplasts per cell; thus each cell is
highly polyploid with respect to its chloroplast gene
complement.

A comparison of the two scguenced chiloroplast
genomes shows that, although the tobacco chloroplast
genome (155844 bpl is roughly 25% larger than that
of the liverwort (121024 bp), the corresponding LSC
and S5C regions are almost the same size (81-87 kbp
and 1B8-20 kbp respectively). and the difference in
total size is due mainly to the length of the IR region.
Although these two plant species are evolulionarily
very distant from one another, their deduced gene
organization is remarkably similar, despite an inver-
sion of about 30 kbp in the LSC region (see centrepage
Fig.). This implies that the genomes of chloroplasts in
all green plants may have arisen from a unique
ancestor and that the basis of the present nuclear—
chloroplast relationship was established hefore the
divergence of hryophytes and tracheophytes.

The numbers of structural genes encoded by the
chloroplast genome are estimated to be 136 in liver-
wort {see Fig,) and aboul 150 in tobaceo, with 9 and
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