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X inactivation, differentiation, and DNA methylation

A.D. RiGGs

City of Hope National Medical Center, Duaite, Calif.

Atstract

A model based on DNA methylation is proposed to cxplain the initiation and main-
tenance of mammalian X inactivation and certain aspects of other permanent cvents in
cukaryotic cell differentiation. A key feature of the model is the proposal of sequence-
specific DNA methylases that methylate unmethylated sites with great difficulty but
easily methylate hal{-methylated sites. Although such enzymes have not yet been detected
in cukaryotes, they are known in bacteria. An argument js presented, based on recept dala
on DNA-binding proteins, that DNA methylation should affect the binding of regulatory
proteins. In support of the model, short reviews are included covering both mammalian
X inaclivation and bacterial restriction and modification enzymes.

In this paper 1 attempt to explain mammalian X inactivation on the bases
ol DNA methylation and the properties of bacterial DNA methylases. Since
most readers familiar with bacterial methylases may not be familiar with the
X inactivation phenomenon, and vice versa, it was thought necessary to
revicw briefly both areas before presenting new models,

The X inactivation phenomenon

Female mammals have two X chromosomes, whereas males have only
one, creating a potential gene-dosage diflerential. In fact, however, this
differential does not exist becausc a mechanism has evolved to maintain gene
dosage effectively constant in both sexes. This mechanism, called X inactiva-
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1500 East Duarte Road, Duarte, CA 91010 (USA).
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tion, results in one, and only one, active X chromosome per diploid auto-
somal set of chromosomes. Any additional X chromosomes are genetically
inactive, heteropyknotic, and late replicating. The condensed, inactive X
chromosaime forms the sex chromatin, or Barr body, usually seen 1 inter-
phase and prophase and Jocated near the nuclear membrane. The inactiva-
tion phenomenon (OnNoO et al., 1959; Lyon, 1961; BEUTLER et al., 1962) is
well documented at the cytological and genetic level and is the subject of
several recent reviews (OuNo, 1969, 1974; EicHer, 1970; Cooper, 1971,
Lyow, 1971, 1972; BROWN and CHANDRA, 1973).

For this paper, I will make the following assumptions about X inactiva-
tion in eutherian mammals: (1) Activation. The key step is activation of one
chromosome. Initially, both chromosomes of the zygote are inactive, but by
the time of implantation (S0 to 400 cells), on¢ and orly one X chromosome
has been activated. The condensation and late-replicating pattern of one X
chromosome can be considered as a secondary consequence of the lack of
activation. (2) Randomness. On the average, half of the cells of an individual
have the maternal X chromosome active and half have the patcrnal X
chrornosome active. (3) Permanence. Except in the germ line, the initial
differentiation event is irreversible. The inactive X chromosome in a partic-
ular cell remains inactive in 21l progeny cells. Inactivation is maintained
throughout all successive cell divisions and concomitant DNA replication
events. (4) Zotality. The entire X chromosome is activated or inactivated as
a unit, In mice, there is good evidence for a single primary X inactivation
center in the X chromosome (RUSSELL, 1963; RUSSELL and MONTGOMERY,
1965; CATTANACH et al.,, 1970; DrEwS et al., 1074). Translocated X chromo-
some fragments lacking the tnactivation center remain active (CACHEIRO

et al., 1973), Thus, inactivation apparently spreads from the inactivation *
center to cover all (or almost all) genes on the X chromosome. Although

there may not be unanimous agreement on all these poiats, I believe the
above statements are in keeping with the current consensus. For a more
detailed discussion of these points, the reader is referred to the rccent
reviews listed above.
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X inactivation occurs early in development, when the fate of cmbryonic 1§

cells is being determined, and thus can be considered an event in embryonic |
differentiation. The phenomenon of X inactivation cvolved fairly recently, %
at about the time of emergence of the common precursor of mammals and 3
marsupiais (OHNO, 1969). A mechanism for the inactivation of entire chro- '

mosomes has also evolved in some insects, e.g., mealy bugs (Brown and

NUR, 1964; CHANDRA, 1971). Ouno (1969, 1973) argues that since evolution
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i~ 1 \ery conservative process, seldom using truly new mechanisms, X in-
..+ vation probably results from minor variations of the basic mechanisis

~ sene regulation and differentiation. Thus, there is reason to think that an

cvelanation of X inactivation may throw same light on the mechanisms of
:-rentiation.

1
!

Review of present theories

Several attempts have been made to explain X inactivation at the molec-
ular fevel. However, rather than attempt a comprehensive review, 1 will
«wieer only two types of models that I think are particularly successful in
cvplaning the basic facts of X inactivation. Then 1 will try to make some
wencralizations about alt models. Finally, 1 will point out some weaknesses
in these models.

1he earliest model proposed, the episomal activator model of GRUMBACH
¢t al. (1963), remains one of the most attractive. As illustrated in fig. 1, they
proposed that an episomal factor becomes incorporated at a specific receptor
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#ie 1. Molecular models for X inactivation. Model 1 propases the integration of an

eruie (circle) into the inactivatior center of one X chromosome. The X chromosome

“ine integrated episome remains active, whereas the other X chromosonie becomes

intcnve. Model 2 proposes that nonhistone proteins keep one X chromosome aclive.

Muodel 3 proposes that methylation of the inactivation center of one X chromosome causes
it to remain active. See text for additional details on all three models.
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tocus on the X. This leads to both the activation of the X with the integrated
episome and also the inactivation of any other unincorporated episomal
factors in the cell. It was also necessary to postulate that the episome was
removed from the active X during oogenesis or spermatogenesis so that the
inactivation would again be random in the next generation.

On the other hand, OnNo (1969, 1973) and Lvyon (1971, 1972) have
proposed models based on scquence-specific DNA-binding proteins (non-
histone proteins) that bind at a certain site {the inactivation center), thereby
leading to activation of the chromosome. OHNO’s model (DREwS et al., 1974;
Ouno, 1974) s also illustrated in fig. I. He proposes that the autosomes
produce a limited number of protein molecules designed to bind coopera-
tively at the inactivation center. The first molecule binds randomly, but
because of the high cooperativity, all others bind adjacent to the first molec-
ule on the same chromosome. Later, a generalized X chromosome repressor
substance is produced to inactivate any chromosome not having the in-
activation center covered by the cooperatively binding activator protein.,

What do most of the present models have in common? First, 1o explain
the randomness of inactivation (activation), a single receptor site on the X
chromosome is postulated at which some entity binds specifically. Second.
most models propose either (a) a singfe entity (protein, episome, or niembrane
attachment site) or (b) a slow initial activation process followed by a fast
secondary process. The initial activation step must be slow because if this
were not the case, the activation of both X chromosomes often would occur,
In the episome models, the slow process is the integration of the frst episome:
the fast process is the destruction of any extra cpisomes. In the cooperative-
binding protein model, the slow process is the binding of the initial protein
molecules; the fast process is the cooperative binding of all other activator
proteins adjacent to the first.

What arc some of the problems with the present models? The episome
activator model cf GRUMBACH et al. (1963) can explain most aspects of X
inactivation, especially randomness and permanence. It offers no good
explanation for the totality of inactivation, but then, none of the present
models (including the model to be presented here) offers a convincing
explanation of the spread of inactivation fo cover the entire X chromosome.
Perhaps the major difficulty with episome models is that they have nof
stimulated biochemical experimentation. These models also have the defect
of being rather unappealing as gencral models for differentation; to have the
expression of most genes controiled by the integration of episomes seems
unattractive.
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X activation by the binding of sequence-specific nonhistone proteins has
the advantage of being rather easily generalized to the regulation of most
genes during differentiation. However. { arguc that these models have
difficulty explaining the permanence of X chromosome differentiation. DNA
replication should create a crisis, often leading to loss of differentiation.
During replication, sequence-specific proteins are almost certainly “swept
ofi”" the DNA, It is reasonable to think that at least 100 base pairs are
disturbed (strands separated; DNA:RNA hybrids; covered by polymerase,
ete.) at each replication fork. DNA replication is a relatively slow process,
proceeding at 30 to 50 nucleolides per second in mammalian cells (HUBER-
MaN and RIGGS, 1968; GauTscHl et al., {973; HAnD and Tamu, 1973).
During 2 seconds, diffusion would cause a protein to become randomly
distributed in the nucleus. A cluster of cooperative-binding proteins ad-
jacent to one another along the DNA also would be destroyed as a replica-
tion fark moved through. Another difficulty is that new proteins would need
to be made for each round of replication.

Occasionally a binding event shoutd cccur on the previously inactive X
chromosome, leading to its activation, Of course, one can invoke late replica-
tion of the inactive X chromosome as essential for the maintenance of the
differentiated state. However, in the mouse there is recent evidence that a
change in the staining properties of one X may precede late replication by
several days and replication cvents (TAKAGL, 1973). Furthermore, in some
species, such as the shrew, the inactive X chromosome is not late replicating
(Rao et al., 1970). Even in the adult mouse and rat, late replication may not
be an invariant property of the inactive X (TicpoLo et al., 1967).

There is another feature of the X inacrivation phenomenon that I find
particularly intriguing, and this is the evidence for “imprinting,” a term
introduced by CroUst (1960) to describe changes in the state of a chromo-
some that occurs during one generation that allows it to be recognized as
diflerent in the next generation. In marsupials, X inactivation is not random,
but rather the paternal X chromosome is always inactivated (COOPER ¢t al.,
1971; SHARMAN, 1971). It receives an ‘‘imprint” during passage through the
male that allows it to be distinguished from the maternal X chromosome.
The DNA of the paternal chromosome is not permanently altered, for the
chromosome is active in the next generation. Integrated episomes (or the lack
of integrated episomes) provide one reasonable model to explain imprinting.
But are there alternate ways to change DNA permanently but revers-
ibly?

I'suggest that there is another reasonable mode), involving DNA methyla-
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tion, thal can cxplain most aspects of X imactivation, inclading imprinting
| and has the additional advantage of providing an interesting mode! fo;
| gene regulation during differentiation. It will be seen that the known
properties of bacterial DNA methylation enzymes are almost ideally suited
: for the proposed modcl. Thus, the evolution of the X inactivation system nucle
i would be simple, requiring no new mechanisms. Because my model depends fscthy
, heavily on the remarkable properties of bacterial DNA modification (methyl-

ation) enzymes, a brie{ review of their properties will be presented firsi.

" followed by an argument that DNA methylation should have regulatory

functions.

Iip.

Bacterial restriction and modification enzymes

There have been several recent reviews of bacterial restriction and mod;-
I fication enzymes (ARBER, 1971; BoYER, 1971 ; MESELSON et al., 1972). Many
o clegant genetic and biochemtical experiments have established the following:
’ When foreign DNA (usually viral) enters £. coli, there begins a race between
two events. The vast majority of the time a highly sequence-specific endonu-
clease (restriction nuclease) binds to a site on the DNA and cleaves the DNA,
leading to the destruction of the foreign DNA molecule, Very rarely, the
[ DNA is not cleaved, but instead the site in the DNA is methylated by a
; modification methylase. The sequence recognized by one restriction and
L modification system (E. co/i R1) is shown in fig. 2. Many restriction and modi-
y fication enzymes are now known, each specifically recognizing a diffecent
l sequence (see SMITH and NATHANS, 1973, for a summary and suggested
nomenclature). The product of the methylation cvent can be either Nf- lx 3

methyladenine or 5-methylcytosine, depending on the methylase (fig. 3). ©

| For example, the E. coli R1 and E. coli X modification methylases form

( NS-methyladenine, whereas the E. coli RIT enzyme forms S-methyleytosine.
”[ As shown in fig. 2, the RI modification methylase is known to methylate T
u two adenines symmetrically situated, one on each strand, inside the binding forh
o {or recognition) sequence (DUGAICZYK et al., 1974), S-adenosyl-1-methionine sted ¢
i serves as the methyt donor for all known DNA methylases. Methylation of SON L
” the recognition site completely protects the DNA from cleavage (MESELSON l_" 23
B and YuaN, 1968). For the E. coli K host-controiled restriction and modifica- K coi
L tion system, the endonuclease and the methylase are part of the same ‘““‘_-"
; multimeric protein (HABERMAN et al., 1972). Both enzyme activities share replic
il tram

a protein subunit thought to determine binding specificity.
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Fig. 2. The sequence of the recognition site for the E. co/i Rt DNA methylase and endo-
nuclease, as determined by Dugaczyk et al. (1974). The asterisks show which bases are
methylated; arrows show where endonuciease cleavage occurs if the site is unmethylated
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NB-methyladenine

5-methyleytocine

Fue. ifMethy]‘ated bases in DNA. The location of the methyl proup in the major groove
of DNA is shown to the left of the chemical structure of the methylated bascs.

_ The methylation of an unmethylated site is apparently a difficult task
for 1!1(? enzyme. The turnover time for the methylase activity on an unmethyl-
ated site has been estimated to be about 10 hours for the K enzyme (MESEL-
:{;: j:md Yuan, 1972) or 7 hours for the B enzyme (LAUTENBERGER and LINN,
" ;:;)r.n'g';us, methylation can be a very slow process. The genome of E. coli
cndOHUC'c:Smasghsequenc?s (perhaps 1000)' recoguized by the K restriction
el es \ .dy doesn’t the cell comniit suicide every time its DNA is
iy ! ,u1<:1 e. does not occur because a half-methylated site {one

1d methylated) is fully protected from endonucfease activity (MESELSON
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and Yuan, 1968; Vovis et al,, 1973), and the methylation of a hali-meti.
ated site occurs very rapidly, probably within 60 seconds, as estimated from
in vivo work (BILLEN, 1968; LARK, 1968). The appropriate in vitro work has
not yet been reported.

To summarize, there is evidence that the host-controlled DNA methyfa-
tion enzymes of E. coli have (he foflowing properties: (1) highly specific
recognition of base sequence in DNA; (2) very slow methylation of un-
methylated sites; (3) fast methylation of half{-methylated sites. Some of
these and additional points will be considered in more detail later; in pariic-
ular, I will consider how these properties can be used to establish and main-
tain a differentiated state, such as that seen for X inactivation.

Methylation should have a regulatory function

The subsirate for the £, coli host-controlled modification methylase is

double-stranded DNA having exactly the corrcct base sequence. The enzyme
does not act on denatured DNA (see MESELSON et al., 1972). In these respects.
the properties of restriction and modification methylases are very similar to
those of the lac repressor, which recogmzes base sequences in duplex DNA
(GiserT and MiLLer-HiLr, 1967; Riaas et al., 1968, 1970a, b).
- The products of methylation (5-methylcytosine or N8-methyladenine)
are capable of participating in normal Watson-Crick type base pairing and
would not be expected to disrupt the DNA duplex, since the methyl groups
arc located in the major groove (sec fig. 3).

I have argued that the lac repressor binds to the outside of duplex DNA
and reads the edges of the bases exposed in the grooves (RIGGS et al., 1970a).
Recent data on repressor binding to synthetic DNAs (RiGes et al., 1972)
and to isolated operator fragments (GiLBerT, 1972; GILBERT and MAXAM.
1973) suppost this possibility; and ApLER et al. (1972) have proposed that
the N-terminal rcgion of the repressor fits into the major groove. Also.
SteiTz and coworkers have obtained crystallographic data suggesting a
model where the lac repressor binds to the outside of duplex DNA (S1rirz
et al., 1974). A peptide fitting into the major groove might form hydrogen
bonds using the N-6 hydrogen and the N-7 nitrogen of adenine., Methylation
of adenine to form NS®-methyladenine causes three major changes: (1) 2
relatively large hydrophobic group is introduced in the middle of the wajor
groove, (2) the N-6 hydrogen not needed for Watson-Crick base pairing i
eliminated, and (3) there is- steric hindrance between the methy! group :nd
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e NGTL probably eliminating the H-bonding capaniitly of N-7. Thus. the
yee e ation of Né.methyladenine radically alters the major groove and ought
.+ atfect reguiatory protein binding. 5-Methylcytosine also should effect
«=-pla(ory protein binding because it is well established that the lac repressor
very scnsitive 1o minor changes in the major groove. such as those causcd
v 1he substitution of bromodeoxyuridine for thymidine (Lin and RiGGs,
‘a5 1972y, Therefore. it is reasonable to think that methylation will change
cne abnuy of DNA-binding proteins for their binding sites. The argument is
- =n ~tronger because it is well establiched that the £ coli K restriction and
. Mieation cnzvme has a strong, easily detectable affinity for an un-
~ziinhited site but no detectable affinity for a methylated site (YUAN and
veniwon, 1970). Therefore, methylation is known to affect the binding of
v suenee-specific proteis to DNA. Ttis interesting to note that most methyla-
4 o need not be regulatory, but those methylations that occur in operator
wiew sire very likely to affect regulatory protein binding,

S

A DNA methylation model for X inactivation

fuest. 1 will outline the model as it applies to cutherian mammals and then
conader cach of the essential points in more detail. As ilfustrated in figs. 1
«md 4. [ propose that in the zygote, before the differentiation of the X
. rromosome. the primary inactivation ceater is not methylated. The methyla-
i.o4 ol an unmethylated inactivation center 1s proposed to be a slow process,

se;uinng. on the average, many hours. However, eventually one of the

~romany anactivation centets 1s methytated. This results in the activation of
it chiromosome (perhaps the methylase no fonger binds and acts as a
rrressor). As a direct or indirect result of this activation event, two proteins
are synthesized (or one protein with two functions). One protein functions
te change the methylase so that the methylation of an unmethylated inactiva-
tag center becomes impossible (it was very slow to begin with). The altered
methylase still can methylate quickly a half-methylated inactivation center
that has one strand methylated. A second protcin functions to condense and
mactnvate any X chromosome with an unmethylated inactivation center.
Ax sﬁo“n in fig. 4, given a methylase capable of methylating a half-methyl-
atcd mnactivation center, but unable to methylate an unmethylated inactiva-
tan center. the differentiation of the X chromosomes will be maintasned
caudy through successive cell divisions and DNA replication events. Now [
= :if consider some of the essential postulates in more detail.
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Fig. 4. A DNA methylation model for X inactivation. Given a sequence-specific DNA

methylase that acts efficiently only on half-methylated sites, the differentiated state of the

X jnactivation center can easily be maintained through DNA replication. See text for
additional details.

1. One primary X inactivation cener. This is in keeping with most data
and other modecls, and seems essential to explain the randomness of inactiva-
tion and the OM mutation (see below). Tt is convenient 10 have some sym-
metry in the base sequence of this site. That is, a sequence of bases on one
strand ip the left half of the inactivation center is repeated in reverse order
on the other strand in the right half of the binding site. Such symmetn
insures that the two half-methylated sites produced by replication of a full
methylated site arc identical with regard to recognition by the methylase.
Such symmetry in the recognition sites for bacterial modification methylases
is well established (see fig. 2).

2. Sequence-specific DNA methylase., The most imporiant postulate 1»
that an autosomally located DNA methylase exists that (a) is highly sequence
specific, (b) methylates the inactivation center symmetirically on both
strands, and (c) methylates an unmethylated inactivation center with ereat
difficulty but readily methylates a hybrid center (one strand methylated). As
already pointed out, these are properties in keeping with present data on the
E. coli host-controlled DNA methylases.

3. Methylase inhibitor. In order to explain that only one X chromosomt
is activated per chromosomal set, it is convenient o postulate an X-linked
function. ] propose that the X chromosome codes for a protein that interact
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with the methylase (My, sce fies. | and 4) and slightly inhibits its activity so
:hat methylation of an unmethylated inactivation center no longer occurs
(o zny significant extent. Howexer, it is proposed that the altered methyvlase
(Al) still can quickly methylate a hybrid, half-methylated site, There is no
need 10 postulate a small number of methylases; it is only necessary to have
wne methylase inhibitor produced at the same or slightly higher level than
the methylasc. If the methylase and methylase inhibitor bind stoichiometri-
iy, this simple feedback loop results in one active X per diptoid autosomal
scl.

The model proposed here seems to account for the following aspects of
\ nactivation: Permanence. Once established, the differentiated state of the
X nactivation center would be maintained. Random inactivarion in eutherian
manmnials. Randomness follows easily i the critical methylation event takes
place alter fertilization and if the X inactivation center is unmethylated in the
wpernv. Paternal inactivation in marsupials. Preferential maternal activation
would result if methylation of the inactivation center occurred before fertili-
ration. Note that, in general, “imprinting’” can be explained by the state of
methylztion of DNA in the egg and sperm. The ONY mutation. Recently a
mutation (O¥%) was found, mapping in or near the inactivation center of the
mouse X chromosome, that results in preferential activation of the X
carrying the mutation (DRews et al., 1974). This mutation may increase the
athnity of the inactivation center for the methylase or increase the probability
ol methylation, Aneuploids and polyploids. These are adequately accounted
for by the simple feedback loop described above. The level of X-linked
methylase inhibitor is automatically adjusted to match the number of sets
o autosomal methylase genes. For example, in tetraploids, methylation
would continuc until two X chromosomes were activated, Reversibility for
the next generation. The differentiated state resulting from methylation
during developmental history is erased whenever DNA methylation is
prevented during DNA replication. This may occur during oogenesis or
spermatogenesis or during the rapid DNA replication cycles following
feriilization.

The model presented above does rot explain the totality of inactivation,
1.c.. the mechanism whereby inactivatior and condensation spreads from the
nactiyation center to encompass the entire X chromosome. However, the
mechanism for the spread of inactivation may well be entirely different
from that for the initiation and maintenance of the differentiated state of the
1M;lix'ation center. Thus, the mechanism of the spreading effect is not a
major consideration of this paper.
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Methylation and differentiation

The general idea that DNA methylation might have a regulatory role is
not new. Many authors have suggested such a role (ScArANO et al., 1967:
SNEDpER and POTTER, 1969; ADAMs, 1970; MAMELAK and Bovyer, 1970;
VANYUSHIN ef al., 1970; HARRISSON, 1971; CoMINGS, 1972). However. to my
knowledge, eukaryotic methylation has not been discussed in light of the
recent evidence accumulating about the E. coli lac repressor and DNA
methylases, nor has emphasis been placed on the advantages of methylation
for permanent changes in regulation occurring during differentiation. An
important exception is that SCARANO has proposed a model for differentia-
tion based on DNA methylation (SCARANO €t al., 1967; ScarAaNO, 1971
Tos! et al., 1972). He suggests that 5-methylcytosine produced by DNA
methylases might be deaminated at the DNA level to produce thymine. One
round of replication would lead to a transition from a G-C base pair to an
A-T base pair. Thus, methylation would result in directed mutation. an

event that, of course, would have permanent regulatory consequences when

occurring in operators. This is an interesting model, but at present there 1s na

finn evidence for the deamination of S-methylcytosine to thymine at the
DNA level (see SNEIDER, 1973).

The major point to be made here is that the properties of restriction and
modification methylases are almost ideally suited to the establishment of
<table differentiated states, without the necessity of proposing mutational
events. Since the methylation of an unmethylated site is quite difficult, it is
reasonable to think that very stringent conditions must be met for the initial
methylation event to occur. However, once a site is methylated, it reynains
methylated because the methylation of a half-methylated site is easy and
probably not censifive to minor environmental fluctuation. Thus, “‘irre:
versible” differentiation is easily programmed; stable circuits arc casil
constructed. I suggest that the reader see Cook {1974) and substitute the
words DNA methylation for “superstructure.”

Present and future experiments in eukaryotes

Many of the points emphasized in this paper are, at least in principle:
experimentally testable. A search of the literature showed that a number ¢

been done. The results of some of thesw

interesting experiments already have
orh

experiments will be summarized here along with suggestions for future &
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v tivlation should be regulatory and icad 10 the activation of genes. DNA
iwed from the genetically active macronuclens of Terrahyrirena contains
vémethy ludenine, whereas DNA from the inactive micronucleus contains
3t Teast 10-fold lower {evels of this methylated base (Gorovsky et al., 1973).
Additional experiments comparing active and inactive DNA are of obvious
scret. It would be particularly interesting to look at the content of methyl-
wred bases in the inactive set of chromosomes in the mealybug (seec CHANDRA,
(a=1) PaRrsA ct al. (1973) have reported recently that embryonic rudiments
.4 rat pancreas fail to differentiate in a methionme-deficient medium, even
ouek crowth is not affected. Their studies also suggest that it is not a
.ia'x;{cng_\' of methionine per se that blocks differentiation but rather a

eficeney of S-adenosyl-L-methionine, which is the methyl donor for DNA
methylase.

Scaucrice-specific DNA methylases should exist. A cytosine methylase has
et siudied in mammalian cells (KALoUSEK and MORRIS, 1969; DRAHOVSKY
Lad Morris, 19714, b), but this enzyme methylates single-stranded DNA and
Jes not seem to have properties desirable for the establishment and main-
rcaunce of differentiated states. 5-Methylcytosine is the only methylated
~ase vel found in mammalian DNA (VANYUSHIN et al., 1970; LAweey et al,,
1970, and its level is fairly high, 2-4% of total DNA cytosine. Because of
tve kigh level of methylation, it seems likely that most DNA methylation
o nat invohed in specific gene regulation. However, the content of 5-
coindoyrosine may be tissue specific in the organs of the developing chick
embrvo (KakpLrr, 1971). The high background of 5-methylcytosine and the
rrosenice of the cytosine methylase studied by DrRanovsky and Morris
-iv Tz by wall make it difficult to search for additional DNA methylases
o «ductng S-methylcytosine. Fortunately, the level of NS-methyladenine in
~ammaan cells is very low (Vanyussin, 1970; LAWLEY et al., 1972), and
to- may aid in future searches for methylases methylating only certain
operaiors. promoters, chromosomes, or the X inactivation center.

Tre DNA of egg, sperm, and 1he inactive X chromosome should be under-

_meshyloied, [t was interesting to find that sperm DNA is, indeed, 509,

undermethylated when compared to other tissues of the same species
'Nasvision, et al.. 1970). My model requires that at least the inactivation
sentet of the inactive X chromosome be unmethylated. Of course, it will be
Ty defiicult to measure the methylation of just this site. However, there is
already evidence in the literature suggesting that the entire late-replicating
N chromosome may be undermethylated. The inactive X chromosome is
tate replicating and probably comprises a sizable percentage of the late-



replicating DNA in most species. In cells of the Chinese hamster and m ., e DAL Di
it has been reported that late veplivating DNA is 20-50% undermethyl:eod
(Apans, 1971; ComiNgs, 1972).
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