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INTRODUCTION

As revealed by the talks at this Symposium, the general
structure of mammalian chromatin now appears to be well estab-
lished: the DNA is periodically folded by an octameric complex
of the four histones H2A, H2B, H3 and H4 (Thomas and Kornmberg,
this Symposium), creating a string of particulate DNA-protein
complexes called "nu bodies" or "nucleosomes" (75). These nuc-
leosomes are in turn packed into regular higher-order structures
possibly through the participation of histone Hl and other chro-
mosomal proteins (e.g., see Bradbury, this Symposium; Fasman et
al., this Symposium).

The nucleosome is sometimes viewed as a purely structural
element of chromatin, serving to condense the DNA without hav-
ing any special role in the control of gene expression. How-
ever, there are several observations that suggest that this
view may be incorrect. The &4 intranucleosome histones have a
very strong DNA affinity, and several experiments in the
literature suggest that they rarely (if ever) dissociate) from
the particular DNA molecule to which they are bound within the
cell (4, 15, 99). Thus, the potential exists for modulating
gene activity via changes in nucleosome structure, as others
have previously inferred (1, 2). Such a modulatory role for
the nucleosome seems likely in view of the programmed changes
in H2A and H2B primary structure during embryonic development
(26), as well as the abundance and variety of observed histone
modifications (acetylations, phosphorylations, and methyla-
tions). All of these mechanisms create a mucleosome hetero-
geneity which must have a central biological function, especi-

'ly in view of the unique evolutionary stability of the
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histone primary sequences upon which they impinge (see
Delange and Smith (33) for reveiw).

A second less obvious potentiality follows directly from
the first. Considering the fact that histones H2A, H2B, H3
and H4 are metabolically stable (45) and unlikely to leave the
DNA during DNA replication, any alteration of nucleosome
structure created in one cell generation is likely to be
passed directly from parental to progeny genomes. In certain
situations the structure of new nucleosocme components, and
thereby the potential for gene expression at a locus, may be
principally determined by these old mucleosomes. In these
cases, altered gene structures can be directly inherited in a
clonal fashion, persisting long after the regulatory proteins
which induced them are gone. Histones could thereby play a
central role in cell determination and development despite
their limited primary sequence heterogeneity (26, 96).

In this communication, we discuss these possibilities in
the context of what is known about chromatin structure, begin-
ning with a new general model for nucleosome structure based
upon two symmetrically-paired "half-nucleosomes" (for details,
see Weintraub et al. (104)). The view of the mucleosome to be
presented is consistent with the idea that the nucleosome con-
sists of DNA gently coiled about a spherical protein core (9,
59, 98) and suggests that its two halves might tramsiently un-
pair to uncoil the DNA and allow genetic readout without his-
tone displacement. In addition, the dyad axis postulated for
the entire particle (protein plus DNA) generates a potential
set of intra- and internucleosome pairing interactiomns by
which half-nucleosomes may be able to act as templates for
information transfer, both across generations ('vertical tem-—
plating" from parental to daughter chromatin) and along the
same DNA helix ("horizontal templating" within a gene).

In what follows we wish to emphasize the idea that a system
for direct communication between nucleosomes exists, which is
likely to have profound implications for the mechanism of
eukaryotic gene regulation. Such a system may cause the
spreading of specific histone modification patterns in a co-
operative fashion both within a gene and across generations
in that same gene. We use the nucleosome model described and
the existence of higher order structures to illustrate how
this could occur, but wherever possible we shall stress the
general validity of the principles rather than the details.
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A NUCLEOSOME MODEL

It 18 simple and elegant to express the whole thing by

saying,

"Well, there must be symmetry in the model".
J. Monod in: The Creative
Process in Seience and Medicine
(1975)

The Nucleosome is Likely to be Constructed of Two
Symmetrically-paired Half-nucleosomes

A nucleosome contains 140 base pairs of DNA (6, 89, 93)
which must be condensed by 8 histones, 2 each of H2A, H2B, H3
and H4 (95; Thomas and Kornberg and this Symposium), into a
rougkly spherical particle with a radius of gyration of about
50 X for the DNA and 30 & for the protein (9, 79; Bradbury,

Yhis Symposium). Thus, most of the DNA must be wrapped about
le protein core. As we shall discuss more fully later, a
single left-handed DNA coil, about 95 base pairs in circumfer-
ence, could account both for the dimensions of the particle
and for the observed negative DNA superhelicity induced in
closed-circular DNA by histone removal (39).

We are led by the occurrence of one pair of each histone
(H2A, H2B, H3 and H4) per nucleosome to assume that the pro-
tein core is organized about a dyad axis. Thus, each octa-
meric histone core is composed of two heterotypic tetramers,
with each tetramer containing one each of the 4 histones.

Such a tetramer has been observed in solution, and appears to
display many of the biochemical properties of histones in
chromatin (e.g. accessibility to iodination, trypsin digestion,
and formaldehyde crosslinking; 100). The two heterotypic
tetramers maximize their protein-protein interactions in a
closed structure if each heterotypic tetramer is paired iso-
logously with its partner (69). With the reasonable assump-
tion that the DNA binds identically to each of the two equiva-
lent heterotypic tetramers, the entire particle (including the
coiled DNA) will be symmetrically disposed about the histone
dyad axis. :

It is clear that histone complexes greatly prefer to coil
DNA so as to underwind rather than overwind the helix (39) and
therefore, following our reasoning, they must induce a large
excess of left-handed over right-handed toroidal DNA coils
(see Figure 1 of Bauer and Vinograd (10) and Figure 13 of
Worcel and Burgi). (106) It seems likely that the reason for
“his bias lies in specific histone DNA interactions. The
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Figure 1l: Schematic representation of a nucleosome model
based upon two symmetrically paired half-nucleosomes.

(a) Outline of the minimal structure. Two identical hetero-
typic histone tetramers (shown as spheres) are paired about

a dyad axis and make separate "front" and "rear" comtacts to
a symmetrically arranged, left-handed DNA coil. Note that the
two rear contacts will determine the handedness of the DNA
coiling. Seen from a rear view (see Figs 2b and 4) the left-
handed DNA coil follows a path through the rear nucleosome
contacts which goes from upper right to lower left. (b) A
possible histone arrangement in the heterotypic tetramer.

This cyelic arrangement maximizes the knowm pair-wise inter—
action patterns (32). The primary sequence of each individual
histone indicates that H2A, H2B, H3, and H4 each contain 20-30
amino actids at the NHy terminal end which are highly enriched
in basic residues. NMR data indicates that these NHg termini
are unoriented whennot bound to DNA (16) and since trypsin is
capable of specifically removing them from the heterotypic
tetramer (10l1), we assume that they extend as "fingers" out-
ward from a globular core. It is likely that these fingers
bind to negative sites on the DNA backbone (16, 63, 101). In
addition, even though the trypsin-resistant portion of each
histone molecule ("core"”) has an amino actd composition like
that of most globular proteins (51), these cores likewise
appear to bind to DNA (17, 63, 101, 109). One possible
arrangement of histone DNA binding sites is shown in which the
fingers from each of the 4 histones in the tetramer are
grouped together to form a set of front contacts, arranged in
a linear array. In this case, a separate region of each
heterotypic tetramer composed predominantly of histomes H3 and
H4 would form the rear contacts, inasmuch as Camerini-Otero

et al. (20) have elegantly demonstrated that these two his-—
tones alone can organize the DNA into nucleosome-like struc—
tures. This gemeral type of arrangement is supported by data
from combined nuclease and trypsin digestions of nucleosomes
(102; Weintraub, in preparation).
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minimal structure with a dyad axis of symmetry in which the
protein core is able to distinguish coil handedness is illus-
trated in Fig. la. Each heterotypic tetramer (which, together
with the associated DNA, makes up the asymmetric unit of the
micleosome henceforth referred to as "half-nucleosome') is
shown bridging the DNA coil to form links to two different
regions of DNA helix; we denote the DNA binding domain towards
the end of the DNA coil as the "front contacts", and the bind-
ing domain closer to the center of the coil as the '"rear con-
tacts" of each half-nucleosome. Note that the tetramer must
be rigid enough to keep rear contacts out of the plane passing
between the two half-nucleosomes, and thus produce a left-
handed "curvature" in the DNA binding site, since without this
handedness in the protein core, left- and right-handed DNA
coils should be generated in equal numbers by an octamer (see
legend for Fig. 1).

The structure of the heterotypic tetramer which must form
the protein core for each half-nucleosome can only be approxi-
~ated at this point in our knowledge. We have used the pair-

.se histone interaction patterns (32) and the crosslinking
data on chromatin bound histones (46) to construct the cyclic
heterotypic tetramer H2A-H3-H4-H2B- schematically illustrated
in Fig. 1b. This heterotypic tetramer was first proposed by
D'Anna and Isenberg (32), and is likely to be the major struc-—
ture observed in solutions of high NaCl by Weintraub, Palter
and Van Lente (100). Rather than the limited DNA contacts
minimally required (Fig. la), both front and rear DNA contacts
are shown as extending all around the tetramer in Fig. 1b.
This is suggested both by the presence of multiple DNA binding
sites on each histone, and by the fact that most of the DNA
wound about each nucleosome core is protected from staphylo-
coccal nuclease digestion (6, 89, 93).

Several views of a schematic space filling model (non-
atomic) that incorporates the main features of the basic nuc-
leosome structure we propose are illustrated in Fig. 2. This
model uses the heterotypic tetramer and DNA contacts just des-
cribed (Fig. 1b). The side view of the intact nucleosome
(Fig. 2a) is oriented to show the front contacts from each
histone, each of which is shown as a finger which follows the
DNA helix for a single turn. The rear view (fig. 2b) shows
how the pairing of half-nucleosomes could generate an H3-H4
tetramer which organizes and covers the rear of the DNA coil.
An essential role for such a tetramer in organizing the muc-
leosome was postulated by R. Kornberg (59) and demonstrated by
the chromatin reconstitution studies of Camerini-Otero et al.
{20)..
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Figure 2. A scale 3D model of the general type of nucleosome
structure based upon two symmetrically paired half-
nucleosomes. The model was constructed by adjusting for the
known volume of DNA and histones. The DNA mass (140 base
pairs) was multiplied by ite partial specific volume (V =
0.53). The known mass of each histone was multiplied by its
partial specific volume (v = 0.75). One DNA strand is darker;
the other, lighter, is dotted. Note the proposed single
strand preference of the histone fingers in each half-
nucleosome and the two-fold rotational axis of symmetry in the
whole particle (protein plus DNA) which is apparent in all of
these views.

Histone code in increasing shades of darkness: histone
H4 < histone H3 < histone H2B < histone H2A. It should be
noted that the heterotypic tetramer (see Fig. 1b) is oriented
so as to place the NHy terminal fingers of histone H3 at the
ends of the 140 base pair DNA cotl. This assignment of the H3
fingers is chosen to account for their unusually high protease
sensitivity (25, 72, 101) and for the observation that rucleo-
sames from which the H3 fingere have been predominantly rem-
oved with trypsin produce a staphylococcal nuclease limit-
digest pattern that is similar to that obtained fram control
nucleosames, except for the absence of DNA fragments of 140
and 130 base pairs (H. Weintraub, in preparation; see also
Fig. 4 of Weintraub and Van Lente (101)).

‘\‘
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DNA Supercoiling

When nucleases cut within the nucleosome, they produce a
series of cleavages at intervals of 10 bases (20, 70). These
results, as well as the X-ray diffraction data (105), suggest
that the coiled nucleosomal DNA is in the B-conformation with
10 base pairs per turn of helix.

The DNA coiling shown in Figs 1 and 2 will result in
superhelical turns in protein-free DNA. Recent data on the
SV40 minichromosome reveal a ratio of about 1.2 negative
superhelices per nucleosome after histonme removal (30, 44, 58,
90), and studies of Drosophila indicate that this chromatin is
similarly coiled (12). This value represents the result of
DNA coiling about the nucleosome, as well as possible super-
helical turns introduced as a consequence of the regular
higher order packing of nucleoscmes (21, 37, 76). Ignoring
this latter term,and assuming that the DNA within the nucleo-
some remains in the B-conformation, the symmetrically paired
*q1f-nucleosome model suggested can readily account for any-

ere between 0.8 and 1.5 DNA superhelical turns per nucleo-
some, the exact value being a function of the angle which the
DNA entering the nucleosome on one side makes with the DNA
leaving the nucleosome on the other side (see Fig. la).
Electron microscopic observations (75, 77) indicate that the
internucleosome DNA fiber is not significantly bent as it
passes through the nucleosome, in which case the actual number
of DNA turns per nucleosome will be about 1.0, as shown in
Figs la and 2a.

The Unpairing of Half-nucleosomes

The 4 intranucleosome histones are metabolically stable
(45) and probably rarely (if ever) dissociate from the DNA
molecule to which they are bound within the cell (4, 15, 99).
Yet it seems unlikely that the tightly compacted DNA within a
nucleosome can serve as a template for either RNA or DNA
polymerase directly. Instead there must be same tramsient
change in the nucleosome which first allows the DNA to uncoil
within it, and then permits the two DNA strands to separate
for transcription and replication processes. In the symmetri-
cally-paired half-nucleosome model, DNA could in principle un-
coil either by complete release of the front histone-DNA con-
tacts (see Fig. la), or by half-nucleosome unpairing accompan-
ied by at least partial disruption of the rear contacts.

The half nucleosome unpairing mode of opening is diagram-
matically illustrated in Fig. 2. Two different unpaired
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conformations of half-nucleosomes are shown (Figs 2c, d). The
fully extended form is illustrated in Fig. 2d. Notice, how-
ever, that unpairing may take place without complete disrup-
tion of the rear contacts, and that this might suffice for
genetic readout (Fig. 2c).

This mode of DNA uncoiling by half-nucleoscme unpairing
seems preferable to the alternative in which the DNA is un-
coiled by releasing the front contacts of the octamer, since
it can produce a structure in which the bound histones need
not interfere with helix opening or templating processes.

This would require that, once unpaired, each histone hetero-
typic tetramer be bound primarily to only one strand of the
DNA helix, so as not to cross-link the two DNA strands. In
addition, the two DNA strands must be free to rotate about
each other, which means that the persisting histone-histone
contacts in the tetramer must be wrapped around the helix,
following the contour of the bound strand (not shown in the
schematic model in this communication). Alternatively, strand
rotation might be achieved by the action of the chromatin-
bound nicking closing enzyme (7, 57) or by a transient rota-
tion of the individual histones in the heterotypic tetramer
relative to each other as the polymerase passes, without their
leaving the DNA. 1In any case, a clear precedent for genetic
readout over bound protein has been experimentally established
with DNA-unwinding proteins, which bind very tightly to DNA
single strands without covering the bases or interfering with
templating processes (3, 50, 91).

The above nucleosome model allows for DNA uncoiling and re-
coiling with minimal loss of the histone-DNA and histone-
histone interactions. A local unwinding of the DNA helix,
such as the one generated by the transcribing RNA polymerase
(85) will uncoil the left-handed toroidal DNA supercoil and
tend to open the nucleosome (12). We therefore suggest that
mucleosomes tend to remain closed until the polymerase
approaches, and once it has passed, they will close again.

Internucleosomal "Spacer" DNA

Each pair of half-nucleosomes will be separated from the
neighboring pairs by an internucleosome spacer DNA. A spacer
about 60 base pairs long is required in order to give a total
value for the nucleosome repeat distance of 200 base pairs
(140 base pair core plus 60 base pair spacer), as reported by
Hewish and Bourgoyne (47) and Noll (71). The spacer length,
presumably determined by the interaction of the nucleosomes
with each other and with histone Hl1 and other chromosomal
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proteins, is not defined by the basic mucleosome model and
need not be universal (see Chambon, this Symposium; Thomas and
Kornberg, this Symposium).

The nuclease susceptibility of the internucleosomal spacer
DNA indicates that it must be much more accessible than the DNA
within the nucleosome (6, 89, 93, Zachau et al., this Sympos-
ium). Proteins which recognize specific DNA sequences should
find them most readily in such exposed spacer regions. Thus,
unless nucleosomes are uniquely phased relative to the DNA
sequence (which seems unlikely: 81; Yaniv, personal communica-
tion), some nucleosome sliding would seem necessary inm vivo to
release from within the nucleosome all specific DNA sequences
which are presumably recognized by control proteins. Our nuc-
leosome model in principle allows the DNA helix to slide
through the protein portion of each mnucleosome without major
disruption of nucleosome structure. As the DNA rotates rela-
tive to the histones, internucleosome "spacer" DNA enters the
DNA coil inside the nucleosome, while an equal length of DNA

raves the nucleosome to enter the spacer region behind.

Implications of Symmetry

The 2-fold rotational axis of symmetry of the entire par-
ticle (protein plus DNA) must coincide with a dyad axis of the
DNA helix as it passes through the back side of the DNA coil,
and must bisect this coil into two equal halves (this is
required to make the specific DNA-histone contacts identical
in each half-nucleosome). Because of the observed radius
gyration of 50 & for the DNA (9, 79, Bradbury, this Symposium),
we have utilized in Fig. 2 a circumference of 95 base pairs as
an approximation, chosen to create a ring of DNA in which the
20 & wide helix sits between 40 & and 60 & from the center of
mass (see Fig. 5 of Pardon et ql. 79). Since an extra 45 base
pairs of DNA can be protected by the front histone contacts on
either side of the symmetry axis, this type of model can
readily account for the observed monomer core particle of 140
base pairs protected from nuclease digestion (6, 39, 93, see
Fig. 2, Weintraub et al.).

The 2-fold rotational axis of symmetry has profound struc-
tural implications. First of all, it demands that unpaired
half-nucleosomes strictly alternate in their polarity along
the extended DNA helix (see Fig. 2d and Fig. 6, below). Thus,
each half-nucleosome has the choice of pairing with either of
two neighbors. The two paired structures, designated as
"f1ip" and "flop" nucleosomes respectively, are similar, with

“e "flip" spacer DNA becoming intranucleosomal in the "flop"
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state and vice versa. However, the sense of the DNA coil is
reversed: the "flip" nucleosome is the native form previously
described and has the left-handed DNA coil seen in Figs 1 and
2; the "flop" nucleosome, in contrast, contains a right-handed
DNA coil (see Fig. 4). Because of its different sense of DNA
coiling, the "flop" nucleosome has different histone-DNA rear
contacts, and therefore will not be energetically favored.
Nevertheless, evolution may have selected for a half-
nucleosome which can transiently switch to the flop state in
order to provide a direct means of communication between adja-
cent nucleosomes. As discussed below, this flip-flop transi-
tion could have important biological implications, serving to
propagate site-specific signals through adjacent regions of
chromatin.

A second implication of the symmetry axis is illustrated
in Fig. 2 (see also Fig. 2 of Weintraub et al., 104). If each
heterotypic tetramer binds predominantly to only one of the 2
strands of DNA helix as we have suggested, the two heterotypic
tetramers which make up each particle will be preferentially
bound to opposite DNA strands (i.e., one tetramer to the whit.
dotted strand and the other to the grey unmarked strand in
Fig. 2). Given this assumption, and the alternating polarity
of the heterotypic tetramers along the chromatin just des-
cribed, the strand preference of the heterotypic tetramers
will alternate all along an extended DNA helix (see Fig. 2d
and Fig. 6, below).

HIGHER ORDER CHROMATIN STRUCTURES

We believe a gene - or perhaps the whole chromosome
fibre - to be an apertodic crystal.
E. Schrodinger, What is
Life? (1944)

One Gene — One Microcrystalline Array of Nuecleosomes?

As discussed by others, in this Symposium and elsewhere
(21, 37, 76), nucleosomes tend to stack on each other to form
regular helices. These helices may be further folded upon
each other in regular arrays in chromatin, in which neighbor-
ing helices may interact side by side. Helices are themselves
in essence two-dimensional crystals, as is most clearly seen
by their representation on planar "helical nets" (23). Direct
interactions between nucleosomes in these regular arrays would
occur on the nucleosome outer surfaces, which could help
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explain why even the amino acid sequences which must corres-
pond to this surface of the nucleosome are highly restricted
(as witnessed by the unique stability of the entire histone
sequence during evolution; 33).

In the giant chromosomes of Dipteran insects, each of the
5,000 discretely-folded DNA bands corresponds to roughly one
unit of function or ''gene" (48, 55). A remarkable literature
exists on these fascinating bands, which we believe to be of
general relevance to the present discussion (reviewed in
Ashburner 5 and Beerman 11). Most strikingly, different
bands not only can be distinguished and mapped (18), but in
addition they differ in their detailed structure (11, 94) and
in their sensitivity to chemically-induced unfolding. Thus,
for example, the chromatin packing in some bands is disrupted
by exposure to high concentrations of (Mg2+); for other bands
high (K*) is effective while still other bands are unravelled
by high (Na*) (reviewed in Lezzi and Robert 62). This chemi-
cal uniqueness to the banding pattern implies a certain homo-

‘neity of chromatin structure within each band, despite the
on~homogeneous DNA sequence which each band must contain.

We suggest that each band in a giant chromosome is genera-
ted by a different microcrystalline array of nucleosomes,
with differences between bands being generated both by varia-
tion in nucleosome structure (including changes in the co-
valent modification pattern of the histones) and by differ-
ences in the structural non-histone proteins (see, for example,
Goodwin and Johns, this Symposium). In this view, each band
contains a single type of repeating unit, which is slightly
different from the repeating unit in neighboring bands, and
which causes it to prefer a different packing arrangement of
nucleosomes. By utilizing combinations of variations in the
histone and non-histone proteins to construct each band, the
diversity in band structure (postulated to be generated by
5000 different DNA sequence-specific structural proteins by
Mayfield and Ellison (68)) can be generated with relatively
little genetic investment. The fact that identical chromo-
sane bands on two homologous polytene chromosomes have a
strong mutual affinity for each other (34, 68, 78) is then
simply a manifestation of some of the same crystal packing
forces (i.e., the regular side by side packing of hamologous
helices) which gave the band its condensed morphology in the
first place.

How many different microcrystalline structures might exist
in chromatin? At one extreme each of the 5000 polytene chro-
mosome bands in Drosophila might be different, but this hardly
seems necessary or reasonable. At the other extreme, there

ight be as few as 10 different types of band structures, in
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which case ectopic pairing maps (27, 56, 92) might be useful
for identifying homologous crystalline arrays.
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Figure 3. The cooperative nature of changes in chromatin.

A helix of nucleosomes of arbitrary dimensions i1s tllustrated.
Modified nucleosomes are showm as black dots and are assumed
to perturb the regular packing of white nucleosomes, while
generating a black-black interaction. The relative width of
the paired arrows indicate relative rates of forward and back-
ward reactions, the actual rates depending on the exact type
of modification being introduced; in this case, we have
assumed that the black-black interactions are more stable than
the white-white interactions and/or that the white to black
modification process for each isolated nucleosome is energeti-
cally favorable. Those changes could be initiated by any non-—
histone protein which interacts with DNA and/or histones. For
simplicity, spreading of the white to black modifications in
only one direction from the initial perturbation is shown; in
actuality, a bidirectional spread seems probable.

If each gene in a higher eukaryote is analogous to a tiny
crystal (with different genes containing nucleosomes packed
together in distinctly different regular arrays) most changes
in nucleosome structure and packing accompanying biological
function will be resisted by lattice forces. As schematically
illustrated in Fig. 3, altering a single mucleosome in a
region is predicted to be quite difficult, since this will
destroy regular interactions with neighbors on all sides.
Moreover, not until at least one entire helical turn of nucleo-
somes has been altered does contimuing the process reach a
point of minimal difficulty. For example, with n nucleosomes
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per turn, the white to black change diagrammed in Fig. 3 might
disrupt four white to white contacts for the first altered
nucleosome; 3 contacts for the second through nth nucleosome,
and only 2 contacts per nucleosome thereafter. Thus, chroma-
tin structure should always change in a highly cooperative
manner, i.e. changes will be very difficult to initiate, and
where successful will encompass multiple helical turns of con-
tiguous nucleosomes.

GENE REGULATION BY CONTROL OF CHR(MATIN STRUCTURE

The nature of the changes responsible for (the "spreading
effect") along the chromosome is of comsiderable importance
for an understanding of the manner by which controlling
elements can induce their effects.
B. MeClintock in: Cold Spring
Harbor Symposia on Quantitative
Biology, (1956)

Gene Structure Will Influence Gene Expression

Control of gene expression in prokaryotes is built upon two
basic principles elucidated by the pioneering work of Jacob
and Monod (53): (a) freely diffusible proteins exist in pro-
karyotes which recognize and bind tightly to specific DNA
sequences; and (b) by affecting the RNA polymerase these DNA-
bound regulatory proteins either block early stages of trans-—
cription (lac, gal, tryp, A, cro) or make possible the initia-
tion of transcription (CAP, ara C) of adjacent genes located
downstream. It is not known whether these mechanisms also
operate in eukaryotic cells, but several lines of evidence
suggest that additional principles are involved. First,
eukaryotic DNA, unlike prokaryotic DNA, is tightly packaged
and covered by histones, as previously discussed. Second,
eukaryotes have 10 to 100 times the amount of DNA needed to
code for their essential proteins (48, 55, 74); this extra DNA
is likely to have some, as yet undefined, role in the control
of gene expression (19, 31). Third, many eukaryotic messenger
RNAs appear not to be synthesized as unit length, finished
chains as in prokaryotes, but rather as part of a much longer
heterogeneous nuclear RNA precursor molecule.

These eukaryotic features may be correlated with a mechan-
ism of gene regulation based upon differences in gene struc-—
ture. Different classes of regulatory proteins may bind to
"“e DNA either (a) at a specific DNA sequence, (b) where the
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chromatin has a particular microcrystalline structure, or (c)
in a completely non-specific manner. In each of these cases,
the regulatory proteins might immediately induce a local modi-
fication of the chromatin where they are bound. However, only
if the particular gene structure in the vicinity of the chro-
matin-ligand complex is receptive, would they then cause some
more extensive structural change which affects that region's
potential for active RNA transcriptionm.

Following this reasoning, the extra DNA in eukaryotes may
be needed to set up a microcrystalline array of nucleosomes in
each genetic region. One might speculate that the longer the
DNA in a given '"gene'", the more reliable the control based on
differential gene structure will be; in contrast, control
based solely on DNA sequence specificity will be hampered as
the DNA length increases because of the competing non-specific
DNA binding sites added.

Cell determination may consist of an ordered series of
changes in the structure of crucial controlling genes, which
leads to cells with different gene structures and therefore
different genetic potentialities. Thus, in the extreme view,
two levels of control would exist in eukaryotes: the first,
that which McClintock has termed gene 'setting" (67), occurs
relatively early in development and determines cell potentia-
lities; while the second level of control involves the activa-
tion of a preset program, and results in actual cell differen-
tiation and the production of recognizable tissue-specific
proteins. The general underlying principles by which these
two levels of control operate may be similar, with a cascading
series of intermediate control levels between the two extremes.
For this reason, we have not attempted to distinguish between
gene setting and gene activation in the following discussion,
even though the two mechanisms could be somewhat different.

A Spreading Effect via "Horizontal Templating"

For reasons discussed previously, the lattice forces in
highly organized regions of chromatin will resist the distor-
tion in nucleosome structure required for RNA polymerase read-
through. Thus, gene activation may require a loosening of the
higher order chromatin structure which precedes polymerase
travel as originally suggested by Allfrey and collaborators
(2, 82). Covalent histone modifications, as well as the inter-
action of nucleosomes with other non-histone proteins, could
modulate gene activity by making possible the tnitiation of
RNA polymerase travel through the first helical turn of nucleo-
somes. Thereafter, the polymerase might be able to continue
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on its own. Alternatively, the polymerase might not be able
to transcribe through normal nucleosomes, even after trans-
cription through the first helical turn of nucleosomes has
facilitated a continued change in higher order chromatin pack-
ing (Fig. 3). In this case, special nucleosomes would be
required throughout the entire genetic region to be trans-
cribed. By either hypothesis, RNA synthesis would be automa-
tically turned off except in genetic regions where regulatory
proteins have altered a stretch of contiguous chromatin to an
"active patch" conformation. In general, RNA polymerase read-
through could be facilitated both by a reduction in the
strength of higher order interactions, and by a modification of
the nucleosome itself which directly promotes the unpairing of
half-nucleosomes (104). In contrast to this behaviour of the
RNA polymerase, the DNA replication apparatus and its associa-
ted DNA polymerase must be specially designed so as to be able
to open up even the most tightly packed chromatin structures
as replication proceeds.

In accord with the above view of RNA transcription require-

.nts, it has recently been convincingly demonstrated that
active and inactive regions of the eukaryotic genome differ in
their structure. The active regions (constituting perhaps 10-
20% of the total genome) contain a restricted subset of the
total DNA sequences in a more open, more accessible conforma-
tion, as judged by their preferential accessibility to nucle-
ase digestions (41, 103). The active and inactive regions
contain similar amounts of histones H2A, H2B, H3 and H4 (80),
and both appear to contain DNA regularly folded by histone
into the particulate nucleosomes (60). Recent data suggests
that there is some alteration of the structure of the nucleo-
some itself in active regions (42, 103), and that these alter-
ations occur in large "patches" averaging 6000-7000 contiguous
DNA base-pairs, which approach the size of an average hnRNA
transcription unit (43).

What is the event which alters the conformation of contigu-
ous nucleosomes, many of which must be far (a 6000-7000 base-
pair active patch would contain 30 to 35 nucleosomes) from the
site occupied by a regulatory protein? Some special mechan-
ism must exist in chromatin to transduce the original signal
from nucleosome to nucleosome along the DNA (103, 107). A
relatively trivial explanation for this "spreading effect"
would be that RNA polymerase itself alters the nucleosomes as
it passes by, i.e. that RNA transcription comes first, with
all changes in the nucleosome being secondary to tramscrip-
tional control processes. We prefer the opposite view, that
at least some nuclecsome alterations must precede transcrip-
"‘on, for several reasons: (a) the direct effects of steroid
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hormone receptor proteins on chromatin structure (14, 40, 64)
appear to be much more extensive than their direct effects on
in vivo RNA transcription. This suggests that many non-—
productive changes in chromatin structure precede productive
gene transcription (reviewed in Yamamoto and Alberts (107));
(b) once activated, the hemoglobin gene sequences remain pre-
ferentially accessible to nuclease digestion even in mature
chick erythrocytes, where hemoglobin mRNA synthesis has been
shut off (104); (c) analysis of several experimentally-induced
puffing events in Chironomus giant chromosomes has suggested
that some change in structure of the puffs precedes the onset
of RNA synthesis (13); (d) if, as we now propose, the spread-
ing effect generates the type of structural diversity seen in
the chromatin of the giant chromosome bands, there must be
many different types of structures which can propagate from
nucleosome to nucleosome along the DNA helix; in contrast,
transcription-induced alterations would be expected to be simi-
lar for all genes. _

How might a specific perturbation of chromatin structure
spread in the absence of RNA synthesis? We suggest that co-
valent modifications of histones are involved, including the
striking acetylation of histone N-termini (2, 52, 65, 84). It
is suggestive in this regard that histones H3 and H4 of SV40
and polyoma virus chromatin (perhaps examples of active genes)
are unusually highly acetylated (86). Likewise, in tetra-
hymena, the histones of the macronucleus, but not those of the
transcriptionally-inactive micronucleus, are acetylated (54),
analogous to the difference between the sea urchin embryo and
its transcriptionally-inactive histone-containing sperm chro-
matins (35). Since even minor changes in the amino acid
sequence of the 4 histones of the nucleosome are comparatively
rare, the change in nucleosome charge and conformation caused
by the known covalent modification of these histones (see
Delange and Smith (33) for review) must play a central role in
nucleosome function.

To conceptualize how such a spreading mechanism could work,
we might postulate that steroid receptor proteins and other
gene activators act as "triggering proteins" which serve to
distort a nucleosome immediately adjacent to their DNA binding
sites. This distortion exposes the nucleosome to enzymes
which covalently modify histones, with the particular pattern
of modification which occurs depending on the type of distor-
tion. To explain the spreading effect, one then postulates
that these modified nucleosomes act in turn to destabilize
their immediate neighbors, and, provided that the structure of
the particular gene is receptive to such a change, a coopera-
tive wave of identical modification of nucleosomes will be set
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off in the vicinity of the initial event. The cooperativity
would arise from a nucleosome modification altering the regu-
lar tertiary interactions which pack nucleosomes into regular
helical arrays, as previously discussed (Fig. 3).

The information as to which type of nucleosome modification
is to be spread could come from direct like-with-like packing
interactions between nucleosomes at adjacent lattice positions
in the helix, possibly modulated by histone Hl and accessory
non-histone proteins in the structure. Alternatively, since
we believe that nucleosomes consists of paired "half-
nucleosomes', neighboring nucleosomes may be able to communi=-
cate with each other by a transient flip-flop exchange of
their halves, as schematically illustrated in Fig. 4. To
explain the spreading effect in this scheme, "hybrid nucleo-
some modification'" enzymes are proposed which act to restore

SITE SPECIFIC PERTURBATION
b
| t FLIP—= FLOP
werio | | nucLeosome voorFicaTion

s A

}1 Fop—rue

O~ oo

HYBRID l ! NUCLEOSOME MODIFICATION

m—a‘

Figure 4. A possible specific mechanism for horizontal tem-
plating based on the nucleosome model shown in Fig. 2. A4 site
specific perturbation introduced by a "triggering protein'
initially leads to the modification of a single nucleosome. A
modified nucleosome is shown shaded. This perturbation is
then propagated by a series of transient flip-flops and hybrid
nucleosome modifications as described in the text. Note the
opposite handedness of the DNA coil in the flip and flop ruc-
leosame conformations (see also Fig. 2 in Weintraub et al.
(104)).

symmetry to a hybrid nucleosome (defined as a nucleosome with
one of its two halves already modified). The modified half
~ucleosome distorts the structure of the nucleosome and makes
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the modification of the other half much more likely. In this
view, the same drive towards symmetry which makes ligand bind-
ing by oligomeric proteins cooperative (69) provides the speci-
ficity which ensures that the type of modification which
spreads throughout the nucleosomes is identical to that estab-
lished by the initial triggering protein.

We shall refer to the spread of homologous protein struc-
ture along a single DNA helix as "horizontal templating'". We
propose that, whatever the mechanism, this process may be res—
ponsible for the generation of a varied gene structure (i.e.,
the bands seen in polytene chromosomes) in all cells of higher
eukaryotes. To prevent confusion, special DNA sequences must
exist at intervals (at the boundary between band and inter-
band) which act as barriers that limit the spreading effect to
well-defined regions, thereby segregating the continuoue DNA
helix into discrete units of function. Each such unit would
tend to become homogeneously folded under the influence of
triggering proteins, with folding diversity along the genome
generated during cell development by cascades of such elemente
Note that we would predict that polytene chromosomes from dif:
ferent cells of the same organism should differ in the details
of their band structure at crucial genetic loci. Although
there have been reports in the literature to this effect (5,
11, 87), the issue is not clearly resolved.

The folding diversity generated in different genes would
serve the biological role of determining which genes are to be
activated in the particular cell type as a function of environ-
mental conditions and cell age. Such an intimate linkage be-
tween gene structure and gene function is clearly operative
for special cases, including the examples of facultative
heterochromatinization to be discussed below, and underlies
many previous views of the genome (2, 28, 31, 38, 108).

Direet Inheritance of Gene States via "Vertieal Templating"

Within a gene. For many if not most activated genes, removal
of the triggering protein would be expected to lead to the
eventual decay of the nucleosomes in the region back to their
original non-modified state, accompanied by loss of gene acti-
vation (i.e., in thermodynamic terms, we might assume that the
initial shift to a patch of modified nucleosomes represents a
shift in the minimum free energy of the system, attributable
to the increased binding energy of the triggering protein when
the nucleosomes next to its specific DNA site are modified).
However, it is clear that such reversible regulation via dif-
fusible triggering proteins fails to account for several well-
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known examples of cell determination in which a differential
activity of one of two otherwise identical chromosomes is
faithfully inherited through cell lineages. Here we include
the apparently similar phenomena of X-chromosome inactivation
in mammals (22, 66), position-effect variegation in Drosophila
(8, 61), and asymmetric chromosome imprinting in the coccids
(24). These examples of so-called "facultative hetero-—
chromatinization" imply that the eukaryotes have developed a
type of gene control which allows cell memory to be passed by
directly replicable changes in local chromatin structure.

A similar mechanism may well regulate the expression of dev-
elopmentally important genes, and be responsible for both the
clonally inherited nature of cell determination and the sta=
bility of the differentiated state. Analogous conclusions
have been reached by others (29, 49).

In order for an altered gene structure to be directly
inherited, the fully modified chromosomal band, once estab-
lished, must persist even though the triggering proteins are
-emoved. Packing forces could make this possible, generating

situation where both the fully ummodified gene and the fully
modified gene represent local free energy minima, with mixed
states very unstable. Thus, certain partially modified states
generated by new histone deposition following DNA replication
could always rapidly "recrystallize" back to the fully modi-
fied fomm, the directly inherited "51d" nucleoscmes providing
both the driving enmergy and the information required for new
nucleosome conversion Fig. 5Y,

The nucleosome model proposed previously suggests how the
inheritance of gene structure might be achieved via the upper
pathway shown in Fig. 5. Assuming that each self-complement-
ary heterotypic tetramer is bound primarily to a single-strand
on the DNA duplex, as required for efficient genetic readout,
each half of a parental nucleosome should segregate to a dif-
ferent DNA strand, as illustrated in Fig. 6. Each of these
will then pair with a second heterotypic histone complex from
the cell cytoplasm to regenerate the full nucleosome structure.
If, and only if, the parental histone was modified, the same
hybrid-nucleosome modifying enzymes introduced in Fig. 4 will
convert the new histones to match Fig. 5, upper pathway) .

The particular scheme illustrated in Fig. 6 predicts that
old histones should tend to segregate with old DNA strands in
a Meselson-Stahl type of experiment. However, this preferen-
tial strand association need not be permanent, and might decay
towards randomness between successive S-phases of the cell
cycle. Conflicting data have thus far been obtained in this
type of experiment, with some reports showing no preferential
strand association of old histones (52b) and others indicating
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DNA
replication

i
[}
1

Figure 5. Possible pathways for direct inheritance of gene
states for special genes. A pateh of black, modified nucleo-
somes such as that created in Fig. 3 is shown during a later
DNA replication cycle when the non-histone proteins which
induced the modification have been diluted out or decayed.
New histomes (unmodified) are shown as white, and are assumed
to make up half of the total histome on each daughter gene.
Three different possible histome segregation patterns are
shoum; top: a regular segregation of half-nucleosomes (see
Fig. 6); middle: a regular segregation of whole nucleosomes;
bottom: a random segregation of whole ruclecsomes. Note that,
in all cases, packing forces favoring the mutual interaction
of black nucleosomes could drive nucleosome modification
equilibria to regenerate the all black state.

some preference (97 O. Smithies, personal communication). A
possible objection to Fig. 6 is that an inherent instability
of unpaired half-nucleosomes must be postulated to explain why
whole, rather than half, nucleosomes accumulate on the pulse-
labelled DNA made in the absence of new histone synthesis (88,
H. Weintraub, in preparation).

As shown by the two lower pathways in Fig. 5, inheritance
of chromatin structure need not require hybrid nucleosomes as
intermediates. Regardless of how old histones are distributed
within a gene following DNA replication, the cooperative
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Figure 6. Possible half nucleosome segregation mechanism
1sed on the specific nucleosome model shown in Fig. 2. 0OUd
_stones are shown as white, new histones as black. Note the

alternating orientation and strand preference of half-

nucleosames in the uncoiled conformation, as required by the
dyad axis of symmetry (see text). This alternating strand
preference will cause the segregation of every other half-
nucleosome to a different DNA daughter helix as indicated,
unless the basic asymmetry of the replication fork with lead-
ing and lagging strands overrides the nucleosame symmetry.

Note that this scheme leads to the top pathway on Fig. §.

horizontal templating processes previously discussed (Figs 3
and 4) could drive the structural chromatin changes toward the
right in Fig. 5, and thus result in direct inheritance of gene
structure. The minimal requirement is that the majority of
the old histones in each gene remain with that gene following
DNA replication.

Note that occasional individual errors in vertical templat-
ing will be corrected by the horizontal templating process,
which will drive non-matching nucleosomes back to the majority
type in each genetic region. The prediction that horizontal
and vertical templating are in reality reflections of the same
chemical process in chramatin is one of our strongest state-
ments, and it allows the direct inheritance of gene structure
to be a highly faithful process in theory.

"or econtiguous genes. Facultative heterochromatinization
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appears to be a more extreme (and therefore more easily detec-
ted) example of the horizontal and vertical templating mechan-
isms already described. Both X-chromosome inactivation in
mammals and position-effect variegation in Drosophila can det-
ermine function of essentially any gene (and thus work indep-
endently of specific DNA nucleotide sequences (8, 22, 36, 61,
66)). It is striking that both processes display a long range
spreading effect (horizontal templating) analogous to that
predicted to operate within a gene. For example, in trans-
locations of the mouse X-chromosome to an autosome, a zone of
stably-inherited gene inactivation spreads linearly down the
adjacent autosomal DNA (22, 35), and in Drosophila the inacti-
vation spreads along adjacent euchromatic chromosomal regions
from translocated heterochromatin (8, 61). In both cases,
many genes are covered, and the extent of spread initially
differs from cell to cell. Once a genetic region has been
recruited into heterochromatin, this change is clonally in-
herited (vertical templating) through all subsequent cell pro-
geny. Note that, rather than '"loosening'" the chromatin struc
ture as proposed for gene activation, the spreading effect
seen in facultative heterochromatinization is just the rev=-
erse: a transmitted modification resulting in a tZght chroma-
tin structure which turns off genes. Since this horizontal
templating can traverse many genes, it must pass the barriers
postulated to separate different genetic damains. Perhaps
this is due in part to the fact that this spreading occurs
very early in embryonic development (73), when many of these
barriers may not yet have been established.
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