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Our previous electron microscop¥)(and electrophoretic Early work performed with space-filling models built to
(2) studies of small chromatin fragments from chicken scale showed us that, to construct a helix of nucleosomes
erythrocytes have shown that, in the presence of 1.7 mM that (i) must be very compact (1) and (ii) has to be initiated
Mg?*, these fragments form helical fibers which are more and stabilized with a basic element containing about 6
compact than normal solenoids (3—7) or different crossed- nucleosomes (2), it is necessary to interdigitate the nucleo-
linker models (8—14) proposed for chicken erythrocyte somes of the successive helical turns. Compact helices, with
chromatin. Here we show that a structural solution that a small pitch, can be constructed using a relatively large
allows the formation of compact fibers consists of the number of nucleosomes per turn, but we have excluded this
interdigitation of the successive turns of simple helices with possibility because these helices require more than 6 nu-
few nucleosomes per turn. cleosomes to be initiated. Successive turns of a simple helix

Construction of Compact Interdigitated HeliceShree- (primary helix) can interdigitate if they have a nonintegral
dimensional models of chromatin fibers were constructed by number of nucleosomes per turn, and the diameter of the
using the geometric modeling system DMI (Departament de resulting structure and nucleosome tilt relative to the fiber
Llenguatges i Sistemes Informatics, Universitat Politécnica axis give enough space for the secondary helices produced
de Catalunya) on a Hewlett-Packard 9000/720 workstation. as a consequence of interdigitation. Several steps in the
All models were analyzed interactively in three dimensions construction of an interdigitated helix can be seen in Figure
in order to detect steric interferences; only structures without 1 (panels A-C). This figure shows models having 2.80 (E),
interferences were selected. We have used the overall3.76 (G), 4.74 (C, F), and 5.77 (H) nucleosomes per turn in
dimensions of the nucleosome core (Figure 1D) obtained in the primary helix. All of these structures have secondary
X-ray crystallographic studied%—18). Due to the wedge-  helices with a pitch much larger than that of the primary
shaped structure of the histone octamt®21), histones  helices responsible for their formation. Primary and second-
are almost completely hidden by DNA in the nucleosome. ary helices of the models shown in Figure 1 are left-handed,
This shape facilitates the packaging of nucleosomes in thep right-handed models can also be constructed (not shown).
models proposed in this study. According to the observed goth left- and right-handed helices have been observed in
helical structure and the radial bars detected in the top View yromatin fragments studied by electron microscdyAs
of fo_Ided ch_romatin fragmentd), nucleospmes areradially  -5n pe seen in panels—H, the nucleosome tilt angle is
distributed in all models and core particle dyad axes are giterent for each model, but in all cases the values of this

orthogonal to the fiber axis. angle and the other parameters of primary helices maximize
the face-to-face contacts of nucleosomes in secondary helices.
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Ficure 1: Family of interdigitated nucleosome helices. Nucleosomal DNA in the first (blue), second (gray), third (pink), fourth (orange),
and fifth (green) helical turns is shown in panels-@. These turns constitute the primary helix (4.74 nucleosomes per turn). Nucleosomes
are tilted, and the successive turns of the primary helix (left-handed) are interdigitated and form five secondary helices (left-handed).
Different primary helices [with 2.80 (E), 3.76 (G), 4.74 (F), and 5.77 (H) nucleosomes per turn and 2.35 (E), 3.08 (G), 3.84 (F), and 4.73
(H) nm of pitch] form interdigitated solenoids having [3 (E), 4 (G), 5 (F), and 6 (H)] secondary helices with different nucleosome tilt angles
[20° (E), 29°(G), 40°(F), and 52 (H)]. In panels E-H, DNA in the first turn of the primary helices is shown in blue. The path of linker

DNA is unknown and is not included in panels-B. However, we have included linker DNA (50 bp) with an arbitrary conformation in
panels A—C to facilitate the consideration of some structural aspects of the model (see text); in these panels the axis of the fiber is slightly
inclined to see the linker and central hole (4 nm in diameter). All models have a diameter of 36 nm. Dimensions of the histone octamer and
core particle DNA (1.8 turns of a left-handed superhelix; 146 bp; 0.34 nm/bp) are indicated (in nm) in panel D.

that this compact fiber has enough space for linker DNA.  Diameter of the Fiber ModelsA limiting geometric factor
The path followed by the example of linker DNA shown in  for the construction of the primary helices is that their pitch
Figure 2A—C is more complex; this model contains 60 bp has to be=2.0 nm to give enough space for the placement
of linker DNA [i.e., approximately the linker length of of linker DNA in the successive helical turns. This can be
chicken erythrocyte, 6664 bp @8, 14, 24]. Careful easily seen in the simplified linker path used in Figure-1A
examination of these models in three dimensions shows thatC. In this case, the distance between the axes of linker DNA
there are no steric interferences between DNA of successiveof first and fifth nucleosomes (Figure 1A) is 3.84 nm. In
helical turns. Furthermore, in agreement with our electron our structures, even when linker DNA has more complex
microscopy results showing that folded chromatin has a conformations (as in Figure 2A), the minimum distance
central hole 1), we have constructed our models including between the axes of linker DNA in successive turns %0
linker DNA with a hole in the center (Figures ¥AC and nm. Our models do not allow the construction of helices
2A,B). We have not attempted to construct structures with a pitch approaching 2.0 nm because, with such low
containing two nucleosomes in the primary helix because in values of pitch, the resulting secondary helices show
this case linker DNA crosses the central region and it is not significant steric interferences. We have avoided these
possible to obtain fibers with a central hole. interferences by increasing the helix pitch. The use of larger
The interdigitated solenoid structures presented in this fiber diameters can eliminate these steric interferences
study have a rise of about 0.8 nm per nucleosome. Forwithout being necessary to increase the pitch. However, the
comparative purposes, in Figure 2D,E we show a solenoid experimental data available for chicken erythrocyte chromatin
that has about the same number of nucleosomes per turn afibers correspond to the diameter that we have selected for
the primary helix of the interdigitated compact structure the models presented in this study. Our previous electron
shown in Figure 2A-C. The solenoid in Figure 2D,E hasa microscopy results indicated that rotary-shadowed small
rise per nucleosome of 2.2 nm; thus in this example the chromatin fragments from chicken erythrocyte in 1.7 mM
interdigitated structure is 2.7 times more tightly packaged Mg?* have a diameter of about 41 nm, but we estimated,
than the corresponding solenoid without interdigitation after approximate correction of metal deposition, that the
(compare panels C and E in Figure 2). actual diameter is 33 nm (1). Since this diameter gives rise
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Graziano et al.Z5) by neutron scattering in 85 mM NacCl.
The value ofRy,, found by these authors is 6-7.3 nm; we
used 7.0 nm in our calculations. To calculate the radius of
gyration of the whole structureR(.), and to compare the
obtained values with results found using X-ray and neutron
scattering in several laboratories, it was necessary to take
into account the relative contribution to the scattering of
histones and DNAZ6). Considering that histones and DNA
are distributed concentrically about the axis of the solenoid,
the radius of gyration of the cross section of the whole
structure is

Iﬁc = (AppVp/ zAini)RSD +(Ap HVH/ZAP iVi)R‘jH *
(Appi V! zAini)RSHl

WherGZAini = ApDVD + ApHVH + Alele andApD, ApH,

Apn1 andVp, Vy, Vg are contrast and volume of DNA, core
histones, and histone H1, respectively. To calculate contrast
corresponding to X-ray and neutron scattering, the electron
densities and scattering length densities used for DNA, core
histones (and H1), and water were respectively 0.51, 0.44,
and 0.33 e/A (9) and 0.38x 10, 0.20x 10", and—0.06

x 10" cm2 (27). We used 139 nfnper core histone
octamer (19, 27, 28) and 0.57 Aer bp (27), respectively,

to calculatevy andVp of the models. The value &fy; (33.9

nm? per molecule of H1) was estimated by considering the
molecular mass ratio of the histone H1 to core histone
octamer (29).

Using the data indicated in the preceding paragraph, we
FicurRe 2: Comparison of the compactness of the interdigitated have found that for each model the cross-sectional radii of
helical model (C) with a normal solenoid (E) (each structure has gyration of the whole structure obtained using the contrast
35 nucleosomes drawn to the same scale). Panels B and Deorregponding to X-rays and neutrons have the same value.

correspond to the top view of the structures in panels C and E, . : -
respectively. Panel A shows the complete first turn and part of the 1n€ radius of gyration of folded chicken erythrocyte

second turn of the primary helix that forms the compact fiber chromatin found by Bradbury and Baldwi2¥), Graziano
presented in panels B and C. The arbitrary path of the linker DNA et al. 30), and Williams and Langmore4) ranges from

(60 bp) used in this figure is different from that shown in Figure 121 to 12.5 nm. The radii of gyration found for the

1A—C, and the central hole is larger (7.3 nm in diameter). The L : . _
other structural properties of the helix shown in paneisQ\are interdigitated compact models of Figures 1C and 2C includ

equivalent to those of the model in Figure 2& (primary helix ing histone H1 are, respectively, 12.1 and 12.0 nm. Thus
with 4.74 nucleosomes per turn; pitch of 3.84 nm; nucleosomes the diameter of 36 nm used in our models is in agreement
tilted 40°; and 36 nm in diameter). The solenoid shown in panel E with the experimental values found in several laboratories
i ] B e Yoo cHcken eryhrocy chramatin n 1.2 m 27) o
nucleosomesgtilted 30°; the diarr?eters of’thepsolenoid and céntral75_80 mM Na/K™ (2.4’ 30). Nofma' solenoid (Flgur.e 2E)
hole are 33 and 4.6 nm, respectively. has a calculated radius of gyration of 10.6 nm. This value
is similar to that found experimentall27) at lower ionic
to models with a cross-sectional radius of gyration signifi- strength (40 mM NaCl). Other authors have found low
cantly lower than those found in several laboratories for values (~10 nm) for the radius of gyration of chicken
folded chicken erythrocyte chromatin (see below), and since erythrocyte chromatin even in the presence ofM@1) or
it is not possible to know exactly the thickness of the metal intermediate concentrations of NaCl (32). Recently, Gra-
deposited in shadowed structures, we have used a diameteziano et al. 25) have found that the cross-sectional radius
of 36 nm for the construction of all the interdigitated models of gyration of chicken erythrocyte chromatin in 85 mM NacCl

presented in this work. without the contribution of H1 is 12.2 nm. In keeping with
The cross-sectional radii of gyration, about the axis of the this experimental value, our results show that the model
computer-generated models, corresponding to DRA) @nd including a hole of 7.3 nm in diameter and 60 bp of linker

core histones () were obtained directly by the program DNA (Figure 2C) has a radius of gyration calculated without
DMI. We have found 12.3 and 12.1 nm &, of models H1 of 12.3 nm.

in Figures 1C and 2C, respectivelgy, is 12.7 nm in both Compactness of Interdigitated Nucleosome Helices. Re
models. For the solenoid in Figure 2E we have found 10.7 lationship to Other Models.In the typical solenoid model
and 11.3 nm foRy, andRy,, respectively. To estimate the there are about 6 nucleosomes per 11 8n6(7). Bradbury
radius of gyration of models including histone H1, we have and Baldwin 27), from neutron scattering studies of chicken
used the cross-sectional radius of gyration of histone H1 erythrocyte chromatin in 1.2 mM Mg, have suggested a
(Rg,,) in chicken erythrocyte chromatin determined by relatively compact solenoidal structure containing 8.8 nu-
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cleosomes per 11 nm. A crossed-linker model with 6 nucleosome cores in secondary helices is also in agreement
nucleosomes per 11 nm based on X-ray scattering resultswith cross-linking 41) and electron microscopyl9, 42, 43
obtained with chicken erythrocyte chromatin in the presence results demonstrating that histone octamers can associate,
of Mg?* has been proposed by Koch and co-work&sl1(, forming different oligomers of higher molecular mass and
31). Makarov et al.33) have proposed a triple helix model aggregated helical tubes. The stabilization given by these
with crossed linker containing about 7 nucleosomes per 11 interactions could be responsible for the folding and self-
nm. A more compact crossed-linker model has been assembly of chromatin fragments containing few nucleo-
proposed by Williams et al. (8); in this model for chicken somes found in electrophoretic studi&y.( In our models
erythrocyte chromatin in 75 mM N&™ the mass per unit  the first turn is sealed when the fourth (Figure 1E), fifth
length corresponds to 9.1 nucleosomes per 11 nm as(Figure 1G), sixth (Figures 1A,F and 2A), or seventh (Figure
determined by X-ray scatterin@4). Finally, Woodcock et 1H) nucleosome interacts with the first nucleosome.

al. (34) using scanning transmission electron MICrosCOPY e have observed that, for a fixed diameter, the higher
obtained a mass per unit '9”.9”‘ corresponding to 11:6the number of nucleosomes per turn of the primary helix
_nucleosomes per 11 nm for chicken erythrocyFe chromatln the higher the nucleosome tilt angle necessary to form
n 1015? m.';?] Nail ?ndl sugge?te? abcorrt1pi3180t 2|gTag ribbon secondary helices without steric interferences (see legend of
model with a nhelical repeat of abou nucieosomes. Figure 1). However, since electrié,(44) and photochemical
AIthoth.th'S model is compact, it is not consistent (i) with (45) dichroism studies have indicated tilt angles between 20
our previous results showing that-3 nuicleosomes are and 38°, it seems that compact chromatin containing more

enciﬁgh tto f?]rm thtg blaS|2c stréjcf[.ure 't?]f fOIdI?d g?lc_:keg than 5 nucleosomes per turn of the primary helix is unlikely
erythrocyte chromatin (1, 2) and (ii) with results obtained o .ot in actual fibers. Furthermore, the meridional 11 nm

in sedimentation studies indicating a marked transition when diffraction found in X-ray studies of partially oriented

the fragr_nents_ analyz_ed contain abOUt 6 n_ucleosom@)s ( chicken erythrocyte chromatin fiber§)(also suggests that
Ilrzle—lf—|a)ni“sl):‘(;)rfnl12tderf?cl)?‘:;[a;idiri(t)iflnsq[lrﬂitﬂfréh;r\:\tlgirﬁirgglg3u—rg nugleosome tilt Qngles cannot be high. Finally, the secondary
nucleosomes and has 434 nucleosomes per 11 nm h_ellces formed in mte_rd_lgltated structures could be respon-
The rise per nucleosome obtained with the interdiéitated Slble. for the cross-strlgtlo_ns seen _by dlfferen_t authors (3, 8,
models is low (0.82 nm per nucleosome) but is significantly 34) in _folded chromatin fibers. - Since the pitch _angles Of.
higher than thé value found in our previous electron the helices suggested by these authors are relatively low, it
can be considered again that the models containing more

m;trgﬁﬁgésw:ﬁér[g'sc?n:]n;g(iaornn;(:;eo;:rc?ljﬂé(tﬁ‘g?sotgrgt?on of than 5 nucleosomes in the primary helix are less consistent
P PP P Y with the experimental data.

chromatin fragments adsorbed on the electron microscopy o ) .
grids, the possibility that the interdigitated solenoids could ~ Structural Flexibility. According to Widom ), the study
be more compact than the models presented in this studyOf the structure of completely folded chromatin has been
must be considered. First, since the models have beerdifficult because using different techniques it has been found
constructed avoiding completely all kinds of steric interfer- that chromatin structures continue to change even past the
ences, the resulting structures do not show the maximumpoint of bulk precipitation. The compact helical structures
compactness. Second, the models have been constructefpund in our electron microscopy studies) (could cor-
without considering that the actual shape of the histone respond to a final folded state of chromatin that cannot be
octamer is a distorted wedg@9—21) that can facilitate a  studied using other experimental approaches due to precipita-
closer approach between the nucleosomes stacked in thdion problems. The microscopy studies of Subirana et al.
secondary helices. Finally, DNA molecules can have an (12), Woodcock et al. 13), and Leuba et al.14) have
effective radius lower than 2.0 nm when they are packed in indicated that extended chromatin fibers are irregular.
supramolecular assemblied6), and this could also produce Irregularities are particularly visible at low ionic strength
a higher degree of compaction of actual fibers. (14), but even fibers compacted at higher ionic strength are
Structural Implications of Secondary Helicet contrast  irregular and segmented). Fiber stabilization produced
with the interdigitated model, in the normal solenoid structure by stacking of nucleosomes in secondary helices, and by
(3, 6, 7) contacts between successive turns of the helix occur contacts between nucleosome edges in successive helical
exclusively through nucleosome edges, and there is noturns, could favor folding of the irregular extended fibers
formation of secondary helices. In some models different into compact interdigitated helices. Due to technical limita-
degrees of overlapping of nucleosomes have been describedions of our computer modeling system, the family of
(8—10, 31, 33. The high compactness of the interdigitated interdigitated models have been generated using regular
model can only be obtained if the stacking of nucleosomes geometric parameters and correspond to idealized structures
in the secondary helices is maximum. This is completely that do not represent the intrinsic irregularities of chromatin.
compatible with early results obtained in several laboratories In keeping with a previous observation of Woodcock et al.
showing that core particles have a strong tendency to interact(34), the differences between the number of nucleosomes
through their faces3{) forming arcs and helice$§, 39. per unit length found in our electron microscopy studies and
The bending of linker DNA observed by Yao et &40j in in solution studies in the presence of Mgould be due in
dinucleosomes depleted of H1 could also be caused by thispart to the fact that in solution studies the heterogeneity and
interaction. Recent results of Luger et dl8] showing the discontinuities of the fibers may reduce the apparent values
existence of extended histone amino-terminal tails in core of the mass per unit length of the compact regions of
particle crystals suggest that histone tails could be involved chromatin. Since it has been found that there is a correlation
in the formation of these complexes. The stacking of of the fiber diameter with the mass per unit length (27, 47),
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it can be suggested that the typical solenoid is an idealized,
and relatively compact, intermediate structure that can fold
by interdigitation, giving rise to more compact structures with
a higher diameter. The discontinuities in native folded fibers
seen in the electron microscope suggest that this final folded
structure can only be regularly ordered in relatively short
regions.

There are several lines of evidence indicating that linker
DNA is extended Z3, 48, 49). The arbitrary path of linker
DNA in the model in Figure 2A is bent to a certain extent.
However, note that since consecutive nucleosomes in the
primary helices are not in contact, an intense bending of
linker DNA is not required in the interdigitated models.
Idealized structures presented in this work do not include
linker variability. Nevertheless, linkers shorter than the mean
length can be placed in the interdigitated structures if they
adopt a more extended conformation; longer linkers can also
be included if they occupy part of the central hole. The
model has also space for H1 molecules, which according to
their binding properties50—52) and the geometry of our
model have to be radially distributed, with the globular part
at a distance of 6.5 nm from the fiber axis as determined by
Graziano et al. (25). In studies performed with chromatin
from different species, it has been found that the diameter
of chromatin fibers increases with DNA linker lengt8, (
24). The increase of diameter in our models will produce
fibers with a larger number of nucleosomes per unit length.
This is in agreement with results indicating that the mass
per unit length is dependent on linker leng®) 24). These
structural variations can be absorbed by the interdigitated
solenoids because, presumably, according to the study of
Dubochet and Noll%9) about the structure of helices formed

by the face-to-face association of nucleosome core particles, 21-
the stacks of nucleosomes in secondary helices can adopt a,,

wide range of shapes.

According to Kellenberger et al.58) the degree of
compactness of DNA in a biological structure can be
described by the local concentration of DNA within the
structure. The local concentration of DNA in metabolically
inert structures such as phage hed&®s $4 and insect sperm
(55) is about 0.9 g/mL. The local concentration of DNA in
the normal solenoid structure is significantly lower, about
0.15 g/mL. It can be speculated that this loss of efficiency

cellular machinery to the genetic information. The inter-
digitated helical structure described in this study has a
relatively high local concentration of DNA, about 0.3 g/mL.
Note, however, that DNA within this compact structure
follows essentially the simple pattern of successive super-
coiling of the normal solenoid and can easily unfold, giving
rise to extended fibers in active chromatin.
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