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A significant contribution to the understanding of chromatin organ-
ization was the discovery of the nucleosome as a globular repeating unit
of the package of DNA (Hewish and Burgoyne, 1973; Woodcock, 1973; Korn-
berg, 1974; Olins and Olins, 1974; for review see Oudet et al., 1978a).
In accord with the original definition and in agreement with most
workers in this field of research we identify a nucleosome as a spheri-
cal or slightly oblate granular particle 10-13 nm in diameter, contain-
ing about 200 base pairs of DNA and two of each of the four histones
H2a, H2b, H3 and H4. It is this structure in which the bulk of the nu-
clear chromatin is organized in most eukaryotic cells, with the excep-
tion of the dinoflagellates (Rae and Steele, 1977; dinoflagellate DNA,
however, can be packed into nucleosomal structures in vitro by addition
of the appropriate amounts of histones;the same reference). Although it
seems clear from the work reported that condensed and transcriptionally
inactive chromatin is contained in nucleosomes as the principle for first
order packing of DNA there are two important questions onto which we are
focusing in the present study: (i) What is the higher order of packing
present in - and perhaps typical of - the condensed state of chromatin,
and (ii) what is the specific form of arrangement of transcriptionally
active chromatin?

Supranucleosomal Organization

It is long known that condensed chromatin inactive in transcription
is different in morphology from the more dispersed form of chromatin
which is assumed to contain regions actively engaged in transcription.
For example, the highly condensed chromatin in spermatids and many forms
of sperm cells, late stages of erythropoesis, nuclear pyknosis, periph-
eral blocks of heterochromatin, including pericentrometric and/or telo-
meric portions, appears in ultrathin sections as very densely packed,in-
tensely stained granular units (for discussion and references see Franke
and Scheer, 1974; Franke et al., 1978). In many interphase nuclei, the
chromatin enriched in the 18-26 nm granules is localized in the layer
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Figures 1-4. Large granules are seen in peripheral condensed chromatin
of a murine 3T3 cell (1) and late stages of hen erythroblasts (2-4).
Note rows (arrows in 4) of tightly juxtaposed granules, seen in cross-
sections (2) and grazing sections (3,4) of the nucleus (NE, nuclear en-
velope). Scales denote 0.2 /um (1,2), 0:3 yum (3), and 0.1 /um (4) -

Figures 5-9. Nucleosomal (6-8) and supranucleosomal (5,6,9) granular
packing of chromatin as seen in spread preparations of peripheral, nu-
clear envelope-associated (5), and "free" (e.g., 6,7) chromatin from
cultured murine sarcoma 180 cells (5-7; for details see Franke et al.,
1976a) . Note the rows of large supranucleosomal granules present in the
layer immediately underneath the nuclear envelope (5). Figures 6 and 7
show the simultaneous occurrence of both compact supranucleosomal gra-
nules (in the left of 6) and extended nucleosomal chains (nucleofila-
ments, 6 and, at higher magnification, 7); the latter conformation is
predominant after prolonged exposure to low salt buffers. Figures 8 and
9 show the nucleosomal (8) and supranucleosomal (9) form of packing of
the circular SV 40 DNA molecule which is included here for direct compa-
rison (for details and references see text and Zentgraf et al., 1978).
Scales denote 0.5 /um (5,6) and 0.2 Sum (7-9).
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immediately underneath the inner nuclear membrane (Figs. 1 and 2). When
examined in grazing nuclear sections this chromatin fraction appears or-
ganized in rows of tightly juxtaposed beads (Figs. 3 and 4; Zentraf et
al., 1975, Franke and Scheer, 1974; as to interpretations of such '"cords"
as continuous cylinders see Davies and Haynes, 1975). When nuclei are
disrupted and exposed to buffer solutions of low ionic strength, a pro-
gressive unravelling and dispersal of the dense chromatin into nucleo-
filaments (for definition see Klug,1978) is observed. It is this type of
preparation that originally has led to the discovery of the presence of
nucleosomes in chromatin (for references see above). However, after
brief exposures to media of very low ionic strength or to moderately el-
evated (ca. 1-10 mM alkali) salt a relatively large proportion of the
chromatin is recognized in form of the large supranucleosomal granules
(Fig. 5); large granules and normal nucleofilament strands occur simul-
taneously (Figs. 6 and 7). This type of 18-30 nm large '"beads-on-a-
string" arrays is especially frequent in spread preparations of the nu-
clear envelope-associated chromatin, in conformity with the observed re-
latively high resistance of this peripheral condensed chromatin to solu-
bilization and dispersion (cf. Franke, 1974; Franke and Scheer, 1974;
Franke et al., 1976a). Similar large granules have been observed in
chromatin preparations from various cell types (e.g., Kiryanov et al.,
1976; Renz et al., 1977; Hozier et al., 1977; Strdtling et al., 1978)
and are also characteristic of the SV40 chromatin prepared under nearly
physiological salt conditions (Zentgraf et al., 1978; Keller et al.,
1978; Miiller et al., 1978; see also Griffith, 1975; Griffith and Chris-
tiansen, 1978; Varshavsky et al., 1977, 1978). Detailed analysis of the
packing of the SV40 genome has shown that this circular DNA molecule is
packed at the first order level into approximately 26 nucleosomes, cor-
responding to a foreshortening ratio of the DNA of about 5.5:1 (Fig.8).
This extended nucleofilament state can be observed in preparations ex-
posed to very low salt concentrations and after removal of histone HI.
The extended nucleofilament can be readily brought back in physiological
salt concentrations to the large supranucleosomal granular form as long
as histone H1 is present; depletion of histone H1 results in an irrever-
sible unfolding (e.g., Griffith and Christiansen, 1978; Keller et al.,
1978; Miiller et al., 1978; cf. Renz et al., 1977). Packing into large
granules has also been described for rat liver chromatin after limited
digestion with micrococcal nuclease in the form of monomeric, dimeric
and oligomeric spherical units, with each unit containing eight nucleo-
somes (Strdtling et al., 1978). The supranucleosomal packing therefore
results in a total DNA foreshortening of about twentyfold. As a result
the SV40 genome, for example, is condensed into a compact aggregate of
an average of four (3-5) supranucleosomal large beads (Fig. 9). The

25 nm thick chromatin fibrils described by Thoma and Koller (1977) in
histone Hl-containing chromatin also reveal occasional large granules

of the type described here. The concept of a granular form of supra-
nucleosomal package is in apparent contrast to solenoidal models as
proposed by Klug and coworkers (e.g., Finch and Klug, 1976; Klug, 1978)
and by Worcel and Benyajati (1977); this discrepancy might be explained,
however, by differences in the preparation of the chromatin samples.

Morphology of Actively Transcribed Chromatin

The definition of transcriptionally active chromatin is usually a
difficult one. In most situations in which a specific gene or chromatin
region is assumed to be active in transcription the relative extent and
rate of transcription still remains unclear. Low frequency of transcrip-
tional events, i.e. low packing density of transcriptional complexes
along the chromatin fibril, allows the classification of two categories
of chromatin within the specific transcriptional unit, (i) transcrip-
tionally active intercepts and (ii) regions not transcribed at the mo-
ment of isolation (see below). Therefore, in studying the morphology of
transcriptionally active chromatin it seems advantageous to first study
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the extreme, namely chromatin containing the full complement of tran-
scriptional complexes. Examples of such structures are represented by
the nuclear genes coding for the common precursors (pre-rRNA) to 28 S,
18 S and 5.8 S rRNAs (S values are only nominal as used for classifica-
tion) during stages of maximal transcription, lampbrush chromosome
loops, and probably also puffs of polytene chromosomes.

Nucleolar Chromatin

When examined in ultrathin sections actively transcribed nucleolar
chromatin appears as very dispersed strands embedded in massive accumu-
lations of associated nascent ribonucleoprotein (RNP) material; large
beads of the type described above in condensed chromatin are not recog-
nized (cf. Franke et al., 1978).

In electron micrographs of spread preparations (Miller and Beatty,
1969) of fully transcribed chromosomal or extrachromosomal nucleoli the
genes coding for pre-rRNA are usually identified in characteristic ar-
rays of tandemly arranged matrix units (for palindromic arrangements see
also Gall et al., 1977; Grainger and Ogle, 1978; cf. also Berger et al.,
1978) densely covered by lateral RNP fibrils. These matrix units are se-
parated by apparent spacer regions that are free of - or are only irre-
gularly or sparsely populated by - RNA polymerase particles and tran-
scriptional complexes (for detailed discussion see Franke et al., 1976b).
Typical arrangements of transcriptional units and spacer regions are
shown in Figures 11 and 12. Within the matrix units the lateral fibrils
increase gradually. However, in several types of rDNA transcriptional
units, especially the long ones observed in certain insects (Trendelen-
burg et al., 1973, 1976, 1977) and mammals (Miller and Bakken, 1972;
Puvion-Dutilleul et al., 1977 a,b), no further increase in fibril
lengths was found in the second half of the matrix units. Intensely
stained, granular particles 10-14 nm in diameter are usually observed at
the bases of the lateral fibrils. These are considered to represent the
RNA polymerase A complexes engaged in elongation of the specific at-
tached RNP fibril. In maximally active matrix units these basal granules
are closely packed and would not leave space for additional nucleosomes,
nor have additional nucleosomes been observed in such regions. Moreover,
"gaps" of thin thread-like strands interspersed between the transcrip-
tional complexes, equivalent to unfolded nucleosomes, do likewise not
occur in fully covered transcriptional units. Another argument against
a significant foreshortening of the transcribed DNA is the correspon-
dence of the length of the pre-rRNA molecules identified and the mean
length of the matrix units as it has been measured in many, though not
in all, organisms (for references see Franke et al., 1976b, 1978). That
DNA of both spacer regions and transcriptional units is not condensed
but rather extended is also indicated by the correspondence, within the
same species, of the repeat unit lengths, i.e. matrix unit plus adjacent
spacer intercept, to the repeat unit lengths determined in the isolated
rDNA by digestion with restriction endonucleases (Franke et al., 1976a;
Scheer et al., 1977; Wellauer et al., 1974, 1976). The same correspon-
dence of lengths has been found in the circular amplified rDNA molecules
in the oocytes of the insects, Dytiscus and Acheta (Trendelenburg et al.,
1976) . In matrix units not fully covered with transcriptional complexes
one observes fibril-free intercepts of variable sizes, i.e. regions mo-
mentarily not engaged in transcription but relative close, by time and
space, to adjacent transcriptional events (see Figs. 12 and 13; cf. Meyer
and Hennig, 1974; Scheer et al., 1975, 1976a; Scheer, 1978). Again these
regions appear as thin (4-8 nm) and uniform chromatin strands and do not
show particles of nucleosomal size (cf. Franke et al., 1976a). The per-
haps most compelling evidence for the absence of nucleosomal structures
in matrix units is the demonstration of the preservation of the essen-
tial structural features described above after removal of most of the
chromatin proteins, in particular the histones, with the detergent Sarko-
syl under conditions which leave the transcriptional complexes still
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identifiable (Franke et al., 1976a; Scheer et al., 1977; Scheer, 1978).
This absence of nucleosomes in matrix unit regions has also been ob-
served by Foe, Wilkinson and Laird (1976). In addition, Foe (1978) has
shown that during activation of nucleolar transcription in the embryo-
genesis of Oncopeltus a structural change can be observed in nucleolar
chromatin, namely regions corresponding to matrix intercepts can be iden-
tified as being free of nucleosomes (''smooth') before synthesis of pre-
rRNA commences. This indicates the existence of an intermediate state of
chromatin conformation in which nucleosomal structure appears to be un-
folded but transcription has not yet been initiated.

Various authors have described the presence of granular particles
of about 10-14 nm in diameter in apparent spacer regions and have con-
cluded that they represent nucleosomes resulting in a selective fore-
shortening of the spacer DNA (e.g., Foe et al., 1976; Woodcock et al.,
1976; Grainger and Ogle, 1978). Our observations namely, that the number
of such spacer-associated particles is not correlated with the mean
spacer length (Franke et al., 1976a) and that the spacer lengths are not
significantly increased upon removal of most of the proteins, especially
the histones, with Sarkosyl (Scheer et al., 1977) argues against this
interpretation. On the other hand, it has been shown that at least some
spacer-associated particles of this size class are preserved after such
treatment, i.e. a behaviour similar to that of transcriptional complexes
(Franke et al., 1976a; Scheer et al., 1977; Scheer, 1978). These and
other findings which are in correspondence to the occasional occurrence
of transcriptional complexes with nascent RNP fibrils in apparent spacer
regions (Scheer et al., 1973, 1977; Franke et al., 1976a; Franke and
Scheer, 1978; Franke et al., 1978) tend to indicate that neither the
matrix units nor the spacer regions of transcriptionally active nucleo-
lar chromatin are arranged in nucleosomal package but are rather ex-
tended DNP fibrils.

Non-Nucleolar Chromatin v

Electron microscopic studies on the chromatin of fully transcribed
non-nucleolar transcriptional units are relatively sparse. High density
of transcriptional complexes has been observed in the loops of lampbrush
chromosomes (Figs. 14 and 15; Scheer et al., 1976b; see there for fur-
ther references), in the putative transcriptional unit of the silk fi-
broin gene in the silk glands of Bombyx mori (McKnight et al.,  1976)
and may also be present in heavily transcribed puffs such as the Bal-
biani ring II of Chironomus salivary glands. Detailed studies of the
organization of lampbrush chromosome loops have shown that loops rela-
tively densely covered with transcriptional complexes usually are thin
and '"smooth'", i.e., no nucleosome-sized granules are recognized (Figs.
14 and 15; Franke et al., 1976a; Scheer et al., 1976b). The same non-
beaded aspect is usually observed in regions adjacent to such non-nu-
cleolar, often very long transcriptional units that seem to represent
spacer regions not simultaneously transcribed (same refs). In this con-
nection, however, it is worth emphasizing that most situations of tran-
scription of genes coding for messenger RNAs are not characterized by a
similar high density of transcriptional complexes as observed in lamp-
brush chromosome loops and polytene chromosome puffs. Rather distant
transcriptional complexes have been described in spread preparations of
rat liver chromatin (e.g., Franke, 1977) and chromatin from various
other '"mormal'" interphase cells (Miller and Bakken, 1972; Foe et al.,
1976; Laird and Choii, 1976; Laird et al., 1976; Puvion-Dutilleul et al.,
1977a). Therefore, these situations seem to reflect rather complex tran-
scriptional units in which relatively short active regions are separated
by relatively extended inactive ones (see below).
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Structural Changes During Inactivation of Transcription

The electron microscopic demonstration of highly transcribed genes
on the one hand and totally inactive, condensed chromatin on the other
hand would suggest that during activation as well as during inactivation
of chromatin regions, structural changes take place. As already ment-
tioned, Foe (1978) has described a transition from nucleosomal packing
of rDNA-containing chromatin to an extended smooth DNP fibril preceding
the onset of rDNA transcription in Oncopeltus embryogenesis. On the
other hand, the structural changes of tEe extrachromosomal nucleolar
chromatin present in amphibian oocytes were studied in our laboratory.
These ultrastructural changes were most prominent during activation, in
early oocegensis, and inactivation, during oocyte maturation or after
treatment with transcripitinal inhibitors (Scheer et al., 1975, 1976;
Scheer, 1978). Stages of greatly reduced transcriptional activity of nu-
cleoli are characterized by the appearance of progressively increasing
portions of nucleolar chromatin free of lateral RNP fibrils and their
corresponding polymerase particles. Concomitantly nucleosomes appear on
the previously chromatin (Figs. 16 and 17). The nucleosomal nature of
these beaded structures in the regions of nucleolar chromatin has been
demonstrated by their unravelling and extension during treatment with
Sarkosyl (Scheer, 1978). From these studies it can be concluded that
nucleolar chromatin when inactivated assumes a nucleosomal configuration
indistinguishable from that described in other sorts of inactive chro-
matin (cf. Franke et al., 1976a). In addition, indications of nucleoso-
mal packing have also been observed for inactivated nucleolar chromatin
of rDNA circles of Dytiscus oocytes (Scheer, unpublished observations).

Similarly, the inactivation of lampbrush chromosome loops can be
studied in oocytes as a model for the structural changes occurring
during inactivation of non-nucleolar genes. Loops that are greatly re-
duced in transcriptional activity are charaterized by sparse lateral
RNP fibrils, distant from each other, with long interspersed fibril-
free regions momentarily not engaged in transcription (Franke et al.,
1976a; Scheer. 1978). These inactive regions within transcribed loops
frequently show a nucleosomal appearance. The nucleosomal nature of the
particles observed during inactivation has been demostrated by their se-
lective removal by treatment with Sarkosyl (Scheer, 1978). Similar nu-
cleosome-like granules have been described in spread preparations of
sparsely fibril-covered non-nucleolar chromatin of various other sources
(Foe et al., 1976; Laird et al., 1976; Laird and Choii, 1976; McKnight
et al., 1978).

Concluding Remarks

Our observations suggest that transcriptionally inactive chromatin
is organized differently from transcribed chromatin regions. This con-
clusion is supported by a series of biochemical data (e.g., Gottesfeld
et al., 1975; Garel and Axel, 1976; Weintraub and Groudine, 1976;
Bellard et al., 1978; see there for further references). Specifically

Figures 10-13. Transcriptional units and apparent spacer regions of
transcripionally active nucleolar chromatin of oocytes of the newts,
Pleurodeles waltli (10), Triturus cristatus (11), and Triturus alpestris
(12,13). Note the dense coverage with transcriptional complexes in the
matrix units of Figs. 10 and 11 (from mid-oogenesis) compared to the
somewhat reduced lateral fibril density of the less active matrix unit
shown in Fig. 13 (matrix units shown in Figs. 12 and 13 are from matu-
ring oocytes). Note thin spacer fibrils (the preparation shown in Fig.12
has been treated with 0.4% Sarkosyl); for details see text. Scales de-
note 1 yum (10, 11) and 0.5 ,um €12, 13)=
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our findings tend to indicate that the transcriptionally inactive chro-
matin is condensed into nucleosomes, in the first order, and into larger
supranucleosomal granules at the higher level of organization. On the
other hand, in transcribed regions of chromatin the DNA is not signifi-
cantly foreshortened and appears in the form of an extended, relatively
thin (4-8 nm) DNP fibril. Transitions between both stages of organiza-
tion have been observed but the mechanisms involved in such alterations
and the transition times are not known. Our observations in lampbrush
chromosome loops of greatly reduced transcriptional activity suggest
that, at least in this type of non-nucleolar chromatin, such changes can
take place within relatively short periods of time, i.e. within seconds
or a few minutes, after a specific transcriptional event (Scheer, 1978).

Our concept that the transcriptionally active chromatin regions are
not compacted in nucleosomal units at first sight seems to be in con-
flict with data and conclusions reported by several authors from bioche-
mical experiments (e.g., Mathis and Gorovsky, 1976; Piper et al., 1976;
Reeves, 1976 and 1977; Reeves and Jones, 1976; Gottesfeld and Melton,
1978; for further references see Franke et al.,1978, and Scheer, 1978).
These authors have found that DNA sequences of genes that are knwon -
or assumed - to be transcribed are contained in nucleosome-sized frag-
ments as obtained by digestion of chromatin with micrococcal nuclease.
However, the finding that a specific DNA sequence is recovered in such
140-200 base pair fragments cannot be interpreted as evidence for its
presence in nucleosomal packing in the native chromatin (for definition
of nucleosomes see the introductory remarks) since it has been shown that
such fragments are also obtained when unfolded, i.e. non-nucleosomal
chromatin is treated with this enzyme (Jackson and Chalkley, 1975; see
also Oudet et al., 1978b, and Woodcock and Frado, 1978). Consequently,
such digestion experiments do not allow the distinction of the condensed
nucleosomal form from the extended state of the nucleohistone complex
but rather demonstrate the regular pattern of association of nucleosomal
histones with the DNA molecule. In this connection it is perhaps also
worth emphasizing that our concept of a non-nucleosomal organization of
transcribed chromatin does not imply the absence of histones in such re-
gions. There is some evidence that histones are present in transcrip-
tionally active chromatin (e.g., McKnight et al., 1978), including nu-
cleolar chromatin (Higashinakagawa et al., 1977) and lampbrush chromo-
some loops (Scheer and Sperling, unpublished observations) of amphibian
oocytes. What we hypothesize is the existence of a DNP arrangement dif-
ferent from the condensed nucleosomal form and that this non-nucleosomal
form occurs in transcribed chromatin. The specific molecular architecture
of this arrangement remains to be elucidated.

Figures 14 and 15. Two regions of the same transcriptional unit of a
lampbrush chromosomee loop of a mid-vitellogenic Alpine newt, showing
high density of trancriptional complexes with relatively short lateral
fibrils in the start region (14) and with long lateral fibrils in more
distal portions of the unit (15). Note thin DNP axis of the loop.
Scales denote 1 jum.

Figures 16 and 17. Simultaneous occurrence of both forms of chromatin,
nucleosomal "beads-on-the-string'" in regions free of lateral fibrils
and thin, smooth DNP fibrils containing extended DNA in transcribed re-
gions, seen in nucleolar chromatin of newt oocytes (T. alpestris) that
has been greatly inactivated during treatment with actinomycin D (16;
cf. Scheer et al., 1975) or during natural oocyte maturation (17; cf.
Scheer, 1978). The two arrows in Fig 17 denote the transcriptionally
active strand, those in Fig. 16 indicate the two actively transcribed
genes among inactive chromatin strands. Scales represent 1 Jum.
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