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ABSTRACT: We have used photochemically detected linear dichroism to measure the separate average angular 
orientations of nucleosomes and linker D N A  in 30-nm chromatin fibers of varying linker size (20-80 base 
pairs). Our results indicate that the average tilt angles vary with linker size, but not in a monotonic manner, 
suggesting that the constancy of geometry of the 30-nm fiber is maintained by compensatory changes of 
nucleosomal tilt which accommodate packing of variable lengths of linker DNA. We discuss the compatibility 
of our results with the various classes of models that have been proposed for the 30-nm fiber, including the 
continuous solenoid model and models built from the basic unit of the zig-zag ribbon. Many models can 
be eliminated, and all have to be modified to fit our results for chromatins with very long linkers. 

D N A  packaged as chromatin in eukaryotic nuclei may be 
regarded as consisting of two fundamental units: the chro- 
matosome and linker DNA. The former contains a protein 
octamer made up of the core histones H2A, H2B, H3, and 
H4, around which is wrapped 166 base pairs (bp) of DNA in 
approximately two left-handed superhelical turns, with ly- 
sine-rich histone H1 or H5 positioned so as to clamp the ends 
of the 166 bp DNA segment (Simpson, 1978). The chro- 
matosome is highly conserved as a structural unit over the 
entire range of eukaryotic chromatin. Linker DNA, however, 
varies greatly in length in chromatin from different sources, 
within different tissues from a single organism, and sometimes 
even within a single cell type (Thomas & Thompson, 1977). 
The length of DNA on a chromatosome, plus a single linker 
characteristic of the source of the chromatin, is defined as the 
“nucleosomal repeat” of that chromatin. In chromatins in- 
vestigated to date, the repeat has been found to vary from 160 
to 250 bp (Kornberg, 1977), implying linker lengths ranging 
from essentially 0 to about 80 bp. 

At its lowest level of folding, observed in vitro at low ionic 
strength in the absence of multivalent cations, chromatin 
consists of a more or less extended chain of chromatosomes 
and linkers, the so-called “10-nm” fiber. Raising the mono- 
valent ion concentration to 50 mM, or the divalent ion con- 
centration to 250 pM, results in condensation of the 10-nm 
fiber into a “30-11”’ fiber (Finch & Klug, 1976), which ap- 
pears to correspond to the thick chromatin fiber seen in nuclei 
by electron microscopy (Olins & Olins, 1979). Electron 
microscopic observations of intermediates in the folding process 
have sometimes revealed a zig-zag chromatosome-linker 
DNA-chromatosome motif (Thoma et al., 1979; Worcel et 
al., 1981; Woodcock et al., 1984), but it remains uncertain 
whether this feature of the unfolded fiber is conserved in the 
30-nm fiber (McGhee et al., 1983). Of particular interest is 
the observation (McGhee et al., 1983; Pearson et al., 1983; 
Allan et al., 1984) that all chromatins, regardless of linker size, 
form the typical 30-nm fiber under appropriate ionic condi- 
tions. How linkers of widely varying length can be packaged 
without substantially altering fiber geometry remains an un- 
solved problem. 
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The organization of the 30-nm fiber of chromatin of average 
nucleosomal repeat has been probed by a wide variety of 
techniques, including electron microscopy; X-ray, neutron, and 
light scattering; sedimentation; and electric and flow dichroism 
[reviewed by Butler (1983)l. The cumulative result of this 
work is a consensus view that the thick fiber probably consists 
of a somewhat irregular simple solenoidal helix of pitch about 
11 nm, diameter 25-40 nm, and six to seven nucleosomes per 
helical turn. However, other structures have been proposed, 
including older models incorporating superbeads (Pruitt & 
Granger, 1980; Renz et al., 1977; Stratling et al., 1978, 1981; 
Zentgraf et al., 1980a,b) and newer proposals based on the 
further coiling of a flat zig-zag ribbon of nucleosomes (Worcel 
et al., 1981; Subirana et al., 1981; Woodcock et al., 1984). 

Because of its sensitivity to DNA orientation, linear di- 
chroism is capable of revealing details of the internal organ- 
ization of the 30-nm fiber (McGhee et al., 1980, 1983; Lee 
et al., 1981; Lee & Crothers, 1982; Tjerneld et al., 1982; 
Yabuki et al., 1982; Allan et al., 1984). These studies have 
defined the limits of nucleosomal orientation within the fiber 
and, along with sedimentation measurements (Butler & 
Thomas, 1980; Thomas & Butler, 1980; Bates et al., 1981; 
Pearson et al., 1983; Butler, 1984), have contributed to the 
conclusion that the basic architecture of the fiber is surprisingly 
insensitive to linker size. Recently, photochemically detected 
linear dichroism has been used to determine separately the 
average dichroism of nucleosomal and linker DNA in calf 
thymus chromatin (Mitra et al., 1984), with the conclusion 
that the two kinds of DNA have different dichroism values 
and hence different orientations. This finding disfavors models 
in which nucleosomal DNA and linker DNA follow a con- 
tinuous superhelical path; in addition, the strongly negative 
dichroism found for the linker in calf thymus chromatin rules 
out models such as the stacked nucleosomal ribbon diagram- 
med by Worcel et al. (1981), in which the linker DNA is 
arranged almost perpendicular to the fiber axis. 

In this study, we use both optically and photochemically 
detected linear dichroism to probe the internal geometry of 
chromatins of varying linker length, using the photoreaction 
with psoralen to focus on the properties of the linker. The 
results show that the optical dichroism of chromatin fibers is 
nearly independent of linker length but that this constancy 
masks a substantial, mutually compensating, variation of linker 
and nucleosomal dichroism values. We conclude that both 
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nucleosomal and linker tilt angles are variables that can be 
adjusted to accommodate changes in the amount of linker 
DNA packaged in the fiber. 

Photochemical Dichroism. The optical dichroism of the 
thick chromatin fiber is sensitive to the orientation of linker 
DNA and nucleosomal disks relative to the fiber axis, but since 
it is an average of the two contributions, one cannot deduce 
unambiguously the orientation of either of these structural 
elements from the optical measurement. Photochemically 
detected dichroism makes use of the property of the DNA 
binding family of drugs, the psoralens, to form covalent adducts 
preferentially with linker DNA when UV irradiated in the 
presence of chromatin fibers. Since the optical transition 
moment responsible for psoralen photoreaction is oriented 
roughly perpendicular to the DNA double-helix axis, the di- 
chroism for the photoreaction yield can be used to determine 
the average DNA orientation (Mitra et al., 1984). 

The experiment begins with dark equilibration of chromatin 
with 3H-labeled (aminomethy1)trioxsalen (AMT), after which 
a brief electric field pulse (- 15 kV/cm) is applied across the 
sample, and, with allowance for a delay time ( N 100 ps) to 
permit orientation, the solution is flashed with a polarized 
308-nm pulse from an excimer laser. The extent of covalent 
attachment of AMT is assayed by scintillation counting of 
purified DNA extracted from the chromatin sample. Letting 
the photochemical yields for laser pulses polarized parallel and 
perpendicular to the electric field, normalized for variations 
in the laser pulse, be Yll and Y,, respectively, the photo- 
chemical dichroism (p,) at field E is computed from the ratios 
Rll = Yl,(E)/~I(E=O) and R, = Yl(E)/Y,(E=O) according 
to 

~ ( R I I  - RL)  
(1) - 

ppc - 2R, + R,, 

MATERIALS AND METHODS 
Chromatin was prepared from HeLa cells, prepelleted and 

frozen chicken erythrocytes, and freshly extracted sperm from 
the sea urchin Strongylocentrotus purpuratus (sea urchins 
from Alacrity Marine, Rodondo Beach, CA) essentially as 
described by McGhee et al. (1983), with the following mod- 
ifications: purified sea urchin sperm nuclei were digested for 
only 6-7 h at 37 "C with HaeIII at 200 units/mL, and the 
digestion mixture was diluted 2-3-fold with 1 mM tris(hy- 
droxymethy1)aminomethane (Tris)/0.25 mM ethylenedi- 
aminetetraacetic acid (EDTA), pH 7.5,  prior to overnight 
dialysis with two changes against this same buffer. Substantial 
solubilization of higher molecular weight chromatin fragments 
was achieved in this way. The central portion of the sucrose 
gradient profile was collected and used for dichroism exper- 
iments; the DNA size was 12 f 4 kilobases (kb). No sliding 
of nucleosomes is expected under the low-salt isolation con- 
ditions employed nor was there any evidence for that phe- 
nomenon in gel electrophoretic analysis of the DNA products 
of micrococcal nuclease digestion of chromatin samples. 

Dichroism experiments were carried out in 0.2 mM Tris, 
0.3 mM NaC1, and 0.003 mM EDTA, pH 7.5, with MgC12 
added as indicated, as well as in the buffer 0.13 mM cacodylic 
acid, 0.12 mM NaOH, and 0.003 mM Na2EDTA, pH 7, used 
by McGhee et al. (1983). The results of dichroism experiments 
performed in the two buffers were essentially indistinguishable. 

The procedures of the photochemical dichroism experiment 
and the various control experiments to determine the linearity 
of light dose-response for chromatin-AMT covalent bond 
formation are described in detail by Mitra et al. (1984). 
During the repeated ethanol precipitations of deproteinized 

chromatin samples from the photochemical dichroism exper- 
iments, sodium dodecyl sulfate (SDS) was added to 0.1% for 
the first two ethanol precipitations. The detergent helped to 
sequester noncovalently bound AMT, reducing the background 
3H counts to extremely low levels, and yielded a signal to noise 
of typically 10 to 1. Three pulses of the excimer laser per 
sample were usually required to obtain a satisfactory level of 
AMT attachment to chromatin DNA. At the levels of added 
AMT used, approximately 1 per 200 bp, our earlier experi- 
ments (Mitra et al., 1984) demonstrated that there is no de- 
tectable distortion of the chromatin fiber, as judged by the 
criterion of optical dichroism. 

Quantitation of relative AMT binding to nucleosomal and 
linker regions of HeLa and sea urchin sperm chromatin was 
carried out as described by Mitra et al. (1984). In both cases, 
relative AMT binding to monomers as compared to dimers 
was measured to determine relative binding to linkers and 
nucleosomes. 

RESULTS 
Magnesium Concentration Dependence of Chromatin Op- 

tical Dichroism. Accurate and meaningful results from 
photochemical dichroism experiments require that experiments 
be performed (a) at a concentration of Mg2+ which assures 
optimal compaction without substantial aggregation of the 
fibers and (b) at an electric field high enough to bring the fiber 
to full orientation in the field, but not of sufficient strength 
to produce structural distortion. In a recent study (Sen & 
Crothers, 1986), we described the influence of multivalent 
cations on chromatin condensation, concluding that 250 pM 
Mg2+ produces the maximum rotational relaxation rate and 
hence the optimal compaction required by criterion a; higher 
Mg2+ concentrations yield progressive aggregation. 

Concerning criterion b, Figure 1 shows that the electric field 
dependence of the dichroism amplitude of chicken erythrocyte 
and sea urchin sperm chromatin is strongly dependent on Mg2+ 
concentration; the data for HeLa cell chromatin (not shown) 
were very similar to those determined for chicken erythrocyte 
samples. In all three cases, at chromatin concentrations of 
30 pM DNA-phosphate, one observes a plateau in the field 
dependence of p at fields above 15 kV/cm, but only if the 
Mg2+ concentration equals or exceeds 250 pM. This, as we 
showed earlier for chromatin fibers stabilized by cross-linking 
(Lee et al., 1982), is the behavior expected for particles which 
orient by an induced dipole moment mechanism and can only 
mean that full orientation has been achieved by E L 15 kV/cm 
when the Mg2+ concentration level equals or exceeds that 
required (-250 pM) for optimal compaction. 

In contrast, McGhee et al. (1983) state that they observe 
full compaction of the chromatin, and a corresponding leveling 
off of limiting dichroism values (extrapolated to infinite field), 
when there are one to two Mg2+ ions present per chromatin 
phosphate, corresponding to less than 100 pM Mg2+. Com- 
parison of their dichroism amplitudes with ours indicates that 
they may have assumed a premature plateau in the dependence 
of dichroism amplitude on Mg2+ concentration. Thus, for sea 
urchin sperm chromatin, they measured a (extrapolated) lim- 
iting dichroism of -0.26, approximately twice the value we 
obtain directly from the plateau in Figure 1. The difference 
is due to the increase of p with E observed at suboptimal 
concentrations of Mg2+, as seen in Figure 1, a phenomenon 
we believe to be due to electric field induced distortion of 
chromatin fibers containing insufficient Mg2+. A likely source 
of this effect is the substantial permanent dipole moment of 
the nucleosome (Crothers et al., 1978), resulting in its local 
orientation at high fields unless sufficient Mg2+ is added to 
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FIGURE 1 : Electric field dependence of the optical dichroism amplitude 
at different Mg2+ concentrations. The dichroism amplitude (-p) for 
chicken erythrocyte (upper panel) and sea urchin sperm (lower panel) 
chromatins is shown as a function of electric field strength (E) for 
different concentrations of added MgCI2, expressed in millimolar units 
adjacent to each curve. 

Table I: AMT Distribution in Monomer and Dimer Nucleosomes4 
DNA 

particle 3H cpm amount cpm/bp DNA size 
monomer (HeLa) 2455 20.4 120 160f 15 
dimer (HeLa) 2837 16.4 173 343 f 25 
monomer (SU sperm) 41 20 30.0 137 160f 15 
dimer (SU sperm) 3789 15.4 246 400f 30 

DNA or base pair amounts are in arbitrary units. DNA sizes are 
given in base pairs. 

stabilize the fiber against distortion by the field. 
In a recent electric dichroism study, Allan et al. (1984) 

found that full compaction of zero-linker chromatin from 
bovine cortical neurons is attained only at a Mg2+ to DNA- 
phosphate level of 8 to 1, consistent with our results. Also, 
their reported limiting dichroism of -0.1 for zero-linker 
chromatin is in agreement with our observation that the lim- 
iting dichroism of all optimally compacted, Mg*+-containing 
chromatins, regardless of linker size, lies within h0.03 of -0.1. 

Previous publications from our laboratory (Lee & Crothers, 
1982; Yabuki et al., 1982) reported the appearance of a 
fielddependent nondichroism signal, reflecting a field-induced 
absorbance decrease of the chromatin sample. In our recent 
experiments, we have found that this signal is the consequence 
of the repeated high-field pulses to which the sample was 
exposed, at least for non-cross-linked material. Pulsing 
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FIGURE 2: Micrococcal nuclease digestion products from [3H]- 
AMT-chromatin complexes. Deproteinized, ethanol-precipitated 
DNA samples from sea urchin sperm (left) and HeLa cell (right) 
chromatin were run on a 1% agarose gel. In each gel, lane 1 represents 
an undigested control; lanes 2,3,4, and 5 are the digestion products 
after 0.5, 1,5, and 10 min, respectively, of digestion with 30 units/mL 
staphylococcal nuclease at 37 "C, with a chromatin concentration 
of approximately A260 = 0.3. 

chromatin samples no more than twice at fields of 20 kV/cm 
or higher eliminated the problem. 

Photochemical Dichroism Experiments. The results of 
experiments to determine the relative distribution of photo- 
reacted AMT molecules in linker and chromatosomal DNA 
from HeLa and sea urchin sperm are shown in Figure 2 and 
Table I. From the ratio of [3H]AMT counts to the ethidium 
fluorescence intensity of each gel band, the ratio of bound 
AMT per DNA base pair was determined for monomer 
(chromatosomal) and dimer DNA. Taking the dimer to 
consist of two chromatosomes plus one linker, we calculated 
the fraction of bound AMT which is attached to the linker, 
finding 48% f 10% for HeLa and 72% f 8% for sea urchin 
sperm. 

The results of the photochemical dichroism experiments for 
the two chromatins are shown in Table 11. From the data 
presented, we were able to calculate the separate dichroism 
values for linker and nucleosomal disks, with the results 
collected in Table 111. 

Orientation of Nucleosomal Disks and Linker DNA. We 
assume that the 166 bp chromatosomal DNA can be ap- 
proximated for dichroism purposes by two superhelical turns, 
with a small ratio of pitch to diameter. With these assump- 
tions, the particle dichroism is given by (Crothers et al., 1978) 

where Y~ is the angle formed between the fiber axis and the 
normal to the plane of the nucleosomal disk. 

In the absence of rigorous geometric information about the 
conformation of various linkers, we may consider two limiting 
cases for their shape, namely, an integral multiple of half- 
superhelical turns, for which the linker dichroism pI is anal- 
ogous to that given above for the nucleosomal disk, or a rigid 
rod, for which the dichroism is 

where B is the angle between the linker DNA rod and the fiber 

Pn = (3/8)(3 cos2 Yn - 1) (2) 

p1 = -(3/4)(3 cos2 B - 1) (3) 

Table 11: Photochemical and ODtical Dichroism 
linker AMT distribution (%) 

species linker (bp) nucleosome linker ppc Poptial 

HeLa 20 52f 10 48 f 10 +0.01 f 0.06 -0.1 1 f 0.01 
calf thymus 34 40f 10 60i 10 -0.23 f 0.04 -0.09 f 0.01 
SU sperm 77 28 f 2 72 f 8 +0.12 i 0.03 -0.13 f 0.01 
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Table 111: Dichroism and Orientation Angles for Nucleosome and 
Linker DNA“ 

S E N  E T  A L .  

c 2  

linker p,ndy, 
species (bp) (deg) (de&!) PI YI 81 (deg) 

ox cort‘ 0 -0.10 6 0 f  3 
HeLa 20 -0.16 64 f 3 +0.20 44 60 

SU sperm 77 -0.32 77 f 3 +0.29 40 61 
calf thymusb 34 -0.04 57 f 3 -0.36 83 45 

“The angle 7, calculated from eq 2, is that between the fiber axis 
and the normal to the nucleosomal disk, or the normal to a plane con- 
taining a linker considered to contain an integral number of semicir- 
cular turns. The angle 8 is measured between the fiber axis and the 
DNA double-helix axis for a linker considered to be a straight rod. 
The subscripts n and 1 refer to nucleosome and linker, respectively. 
bFrom Mitra et al. (1984). CFrom Allan et al. (1984). 

axis. An important assumption underlying this analysis is that 
the AMT molecules are randomly bound to the linker, so that 
they reflect the average DNA dichroism in the linker (Mitra 
et al., 1984). This assumption is supported by our observation 
that the photochemical dichroism does not change when the 
psoralen to chromatin base pair ratio is varied from 1:200 to 
1:25. 

DISCUSSION 
General Implications. From the results collected in Tables 

I1 and 111, we are able to draw some general conclusions about 
fiber structure which do not require that we assume a specific 
model. We note first the striking uniformity of the optical 
dichroism of the fiber, nearly independent of linker size be- 
tween 0 and 80 bp. However, upon separating the dichroism 
into its nucleosomal and linker components, it is found that 
the nucleosomal contribution does vary, ranging from -0.04 
for calf thymus to -0.32 for sea urchin sperm chromatin. 
These values imply that the tilt of the nucleosomal disks 
relative to the fiber axis (the tilt angle is 90’ - 7”) varies from 
33’ to 13’. Hence, average nucleosomal tilt is a reasonably 
flexible entity in fiber construction, and the observed range 
is presumably that required to accommodate the range of 
linker sizes found in nature. An extreme, presumably non- 
physiological, value of 39’ for the tilt was estimated for di- 
methyl suberimidate cross-linked calf thymus chromatin (Lee 
et al., 1981); this angle may represent an upper limit to the 
internal tilt flexibility in chromatin of 200 bp repeat length. 

As a further general observation, we note that the average 
nucleosomal dichroism neither changes in a monotonic and 
predictable manner, as inferred by McGhee et al. (1983), nor 
is constant for all chromatins, as proposed by Butler (1984). 
A corresponding nonmonotonic variation of linker dichroism 
is also seen, with a rather large negative dichroism for the 
midsized calf thymus linker and positive values for the shorter 
(HeLa) and longer (sea urchin) linkers. (Note that the more 
negative the dichroism, the greater the projection of the linker 
DNA axis along the fiber axis, whereas positive dichroism 
values imply that the linker DNA has a greater projection 
perpendicular to the fiber axis than parallel to it.) Therefore, 
short and long linker DNAs have a predominant projection 
perpendicular to the fiber axis, but this is not the case for the 
mid-sized calf thymus linkers, whose parallel and perpendicular 
projections are nearly equal. 

Orientation of the Nucleosome Dyad Axis. Our experi- 
ments set values for the tilt angle of nucleosomes relative to 
the fiber axis, but full knowledge of nucleosome orientation 
requires that we establish the value of another variable, spe- 
cifically the angular orientation of the nucleosome dyad axis. 
Our present results provide suggestive, but not definitive, in- 
dications on that subject. 

I 
FIGURE 3: DNA exit angle from the nucleosome. Half of the (ap- 
proximately) 2-fold symmetric DNA of a core particle is shown, 
adapted from Richmond et al. (1984). The DNA backbone drawn 
is half of 135 bp long; the dashed line indicates the probable position 
of the end of the DNA of a 146 bp nucleosomal core particle. The 
arrows indicate possible directions that might be adopted by the DNA 
helix axis as it exits the core particle. The results of earlier dichroism 
studies (Crothers et al., 1978; Mandelkern, 1980) suggest that the 
exit vector is more parallel than perpendicular to the dyad or C, axis 
of the particle. 

Earlier experiments on the dichroism of larger (- 175 bp) 
nucleosomes (Crothers et al., 1978) and H1-containing 
chromatosomes (Mandelkern, 1980) showed a more negative 
dichroism for these larger particles than for 146 bp DNA- 
containing core particles. This result implies that the addi- 
tional DNA added onto the core particle structure (Figure 3) 
must exit the nucleosome with substantial projection along the 
electric field orientation direction, which is equivalent to the 
dyad or C, axis. This interpretation is consistent with recent 
structural work (Richmond et al., 1984) which indicates that 
protruding histone H2A molecules near the DNA entry and 
exit points prevent that chain from continuing on a circular 
path, which would yield a predominant DNA projection 
perpendicular to the nucleosome dyad. 

Unless there is a sharp DNA bend just at the point where 
it merges into the linker, one expects the first part of the linker 
DNA to continue on the path established by its nucleosome 
exit angle, with projection primarily along the particle dyad 
axis. Therefore, it is plausible to equate the orientation of a 
short linker with the orientation of the nucleosome dyad axis. 
Since the dichroism of the linker is positive in short-linker 
chromatin, we consider it likely that the nucleosome dyad axes 
are predominantly perpendicular to the fiber axis. Clearly, 
this tentative conclusion needs to be verified by a direct ex- 
periment. 

Comparison with Existing Models. Among the various 
structures proposed for the 30-nm fiber in the form of a so- 
lenoid, the most detailed is the “superhelical spacer” model 
described by McGhee et al. (1983). According to this pro- 
posal, the linker DNA continues on a superhelical path whose 
axis is defined by the curve through the chromatosome centers 
and whose diameter is that of the chromatosome, or 11 nm. 
Variable linker length is accommodated by varying the pitch 
of the DNA superhelix in the linker (“spacer”) region. The 
model predicts that linker dichroism should become more 
negative as linker length increases; for sea urchin sperm 
chromatin, the linker dichroism should be nearly the same as 
the nucleosomal dichroism. These predictions clearly con- 
tradict our results. Indeed, we do not see how any general 
model in which the linker and nucleosomal DNAs follow a 
continuous superhelical path can be accommodated to the 
substantial positive linker dichroism we find for sea urchin 
sperm chromatin, in which the 80 bp linker would contribute 
a full superhelical turn, with a conformation necessarily very 
similar to that of nucleosomal DNA. 
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The twisted helical ribbon model of Worcel et al. (198 1) 
and the helical ribbon model of Woodcock et al. (1984) are 
prototypical of those based on a zig-zag chromatosome-link- 
er-chromatosome-linker motif as the fundamental unit for 
higher order packing. In these models, nucleosome dyad axes 
alternate in pointing roughly up and down along the 30-nm 
fiber axis, with even- and odd-numbered nucleosomes forming 
separate layers in the solenoidal helix. The layers are con- 
nected by linker DNA, which must consequently be oriented 
predominantly parallel to the fiber axis, yielding negative linker 
dichroism, and increasingly so as linker length is increased. 
Again, this feature is contrary to our results. In addition 
(although this objection is not directly related to our dichroism 
results), it is difficult to accommodate 80 bp linear linkers in 
such structures, since this would require that the edges of 
successive nucleosome layers be half the linker length, or over 
10 nm apart. 

The reverse loop and bulge loop models described by Butler 
(1984) address directly the problem of packaging linkers of 
varying sizes and seek to accommodate the geometrical fea- 
tures to the available electric dichroism data. In the proposed 
structures, linkers occupy the central core of the solenoidal 
helix, either adopting a right-handed superhelical conforma- 
tion, which is opposite in handedness to the nucleosome DNA 
superhelix (reverse loop model), or forming a bulge in the 
solenoid core, thus adding half a left-handed superhelical turn 
to the 1.5 turns contributed by the nucleosome. Dichroism 
values for linker and nucleosome were calculated on the basis 
of an assumption which is inconsistent with our results, namely, 
that nucleosome tilt is independent of linker length. (The main 
basis for the assumption was the observed equality of sedi- 
mentation coefficient for chromatin fibers containing equal 
numbers of nucleosomes but different linker lengths; this 
comparison neglects the sedimentation coefficient increase 
expected on the basis of the increased mass contributed by the 
linker. Furthermore, it is doubtful that sedimentation coef- 
ficient measurements have sufficient sensitivity to detect the 
small changes in fiber dimensions that might accompany al- 
terations in the angular orientation of the nucleosomes.) 

The linker dichroism values calculated by Butler (1 984) for 
linkers corresponding to HeLa, calf thymus, and sea urchin 
chromatin, respectively, are -0.38, -0.56, and -0.69 (reverse 
loop model) and +0.30, +0.39, and +OS7 (bulge loop model); 
the corresponding values from our experiments are +0.20, 
-0.36, and +0.29. It seems that neither model as proposed 
predicts the trends adequately. 

Besides differing in calculated linker dichroism values, 
Butler’s two models also make different predictions about the 
change in linking number when DNA is packaged into chro- 
matin. The right-handed linker superhelix in the reverse loop 
model compensates one of the approximately two writhe turns 
on the nucleosome, giving a writhe increment per nucleosomal 
repeat unit of AWr = -1, whereas in the bulge loop model, 
AWr = -2. Assuming the conclusion of Klug and Lutter 
(1 98 1) to be correct, the helical screw of DNA on the nu- 
cleosome changes from 10.5 to about 10.0 bp per turn, pro- 
ducing a twist increment per nucleosome of ATw = + 1. The 
net of these is a predicted linking number increment of ALk 
= 0 for the reverse loop model, and ALk = -1 for the bulge 
loop model; these values should be compared with the ex- 
perimental estimates of ALk = -1 to -2 (Germond et al., 1978; 
Stein, 1980). 

Modified Models. In our view, at  least two basic classes 
of models remain viable at this time, considering the limited 
structural information available about the internal organization 
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FIGURE 4: Reverse and bulge loop models modified to yield positive 
dichroism for long-linker chromatin. Conformation i is the reverse 
loop model shown in a cut-away, transverse view (upper) and an end-on 
view (lower). Conformation ii is the bulge loop model shown in similar 
views. The increased tilt of the linker loop produces the observed 
positive dichroism; this geometry may facilitate packing the linker 
DNA in the central solenoidal cavity. 
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FIGURE 5: Solenoid with internal linkers for short and medium length 
linkers. As shown in (a), the linker for HeLa cell chromatin can pass 
in a small loop from one nucleosome to the next, with a sufficient 
tilt to yield positive dichroism. Intermediate-sized linkers, such as 
found in calf thymus chromatin, are shown in (b), with models falling 
in the reverse loop and bulge loop classes indicated in conformations 
i and ii, respectively. Negative dichroism for these linkers probably 
requires relatively sharp DNA kinks. 

of the 30-nm fiber. These include the basic solenoidal helix 
with linkers internal to the solenoid and helical ribbon models 
based on the zig-zag chain. Both, however, require alteration 
of their previously proposed forms in order to be consistent 
with our results. 

Figures 4 and 5 depict possible variations of linker con- 
formation in the internal linker model. As shown in Figure 
4, it is relatively easy to devise structures which fit the positive 
dichroism observed for long-linker (- 80 bp) chromatin: one 
need simply tilt the reverse loop postulated by Butler (1984) 
(Figure 4, conformation i) or appropriately flatten the path 
of the bulge loop (Figure 4, conformation ii). There seems 
to be no reason in principle why the writhe increment per 
nucleosome need be an integer for such models, nor need it 
be independent of linker length. The fit to a positive dichroism 
for short-linker chromatin is also unproblematic, as illustrated 
in Figure 5a for chromatin containing approximately 20 bp 
of linker. 

We found it not quite so easy to model linker conformations 
which would naturally lead to negative dichroism values for 
mid-sized linkers such as in calf thymus chromatin. Two 
schematic drawings are shown in Figure 5b, where confor- 
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FIGURE 6: Possible modification of the helically wound zigzag ribbon 
model. This model differs from previous proposals (Worcel et al., 
1981; Subirana et al., 1983; Woodcock et al., 1984) in that nucleosomes 
in one layer of the helix are separated by an intercalated nucleosome 
from the layer below. The view shown here is normal to the surface 
of the solenoid at all points, with the solenoidal axis lying vertically 
in the page. (A) and (B) differ in linker length; increased linker length 
is compensated by sliding the intercalated nucleosome relative to its 
neighbors in the layer. An advantage to models of this kind is that 
the dipole moments of nucleosomes stacked face to face in a layer 
alternate in direction, an energetically favorable conformation; in 
addition, nucleosomes which interact edge to edge do so with their 
dipole moments aligned parallel, again a favorable configuration. 

A B 

FIGURE 7: Schematic model showing arcing of long linkers in the 
helical zig-zag ribbon toward the central cavity of the solenoid. In 
this model, designed to help accommodate long linkers (B) compared 
to short linkers (A), the nucleosome dyad axes (arrows) are neither 
parallel nor perpendicular to the solenoid axis but alternate up and 
down in direction, thus preserving the nonpolar character of the fiber. 

mation i is related to the reverse loop class and conformation 
ii is essentially a bulge loop. Building either of these models 
with a linker conformation having sufficiently negative di- 
chroism seems to require rather sharp DNA kinks. 

Figure 6 illustrates a modification of the helical zig-zag 
chain model which makes it easier to accommodate linkers 
of varying size, showing "intercalation" of odd-numbered 
nucleosomes from the preceding turn of the helix between 
adjacent even-numbered nucleosomes. An additional advan- 
tage of such models is that one predicts favorable interaction 
energies between the nucleosome dipole moments, which point 
in opposite directions along the linker axis for odd- and 
even-numbered nucleosomes in Figure 6. The problem of the 
linking number in helical zig-zag chain models is discussed 
by Worcel et al. (1981). 

Our dichroism results require modification of the linker 
conformation from the stylized pattern shown in Figure 6, or 
from the simple connecting conformation in the more standard 
helical zig-zag ribbon, because of the nonmonotonic variation 
of linker dichroism with length. One possibility is shown in 
Figure 7, in which the 80 bp linkers form arcs which bend into 

the central cavity of the solenoidal helix. A favorable con- 
sequence for long linkers is a shortening of the distance, 
measured along the fiber axis, separating adjacent nucleosomes 
in the zig-zag chain. 

Final solution of the structure of the 30-nm chromatin fiber 
will probably require integration of information from a variety 
of sources. Until such crucial variables as the orientation of 
the nucleosome dyad axes, the helical twist of DNA on the 
nucleosome, and the possible dependence of linking number 
increment on chromatin repeat length are firmly agreed upon, 
it seems advisable to keep the basic options open. 
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ABSTRACT: High mobility group (HMG) proteins 14 and 17 bind to mononucleosomes in vitro, but the exact 
nature of this binding has not been clearly established. A new method was developed to allow direct membrane 
transfer of D N A  from H M G  14/17 bound and unbound nucleosomes, which have been separated by 
acrylamide gel electrophoresis. Hybridization analysis of membranes obtained by this method revealed that 
the H M G  14/17 bound nucleosomes of avian erythrocytes and rat hepatic tumor (HTC) cells were enriched, 
about 2-fold, in actively transcribed genes and also inactive but DNase I sensitive genes. Nucleosomes 
containing inactive, DNase I resistant genes were bound by H M G  14/17, but not preferentially. Several 
factors that have been reported to greatly influence the binding of H M G  14/17 to nucleosomes in vitro 
were tested and shown to not account for the preferential binding to DNase I sensitive chromatin. These 
factors include nucleosomal linker DNA length, single-stranded DNA nicks, and DNA bulk hypomethylation. 
An additional factor, histone acetylation, was preferentially associated with the H M G  14/ 17 bound chromatin 
fraction of avian erythrocytes, but it was not associated with the H M G  14/17 bound chromatin fraction 
of metabolically active HTC cells. The latter finding was true for all kinetic forms of histone acetylation. 

%e organization of chromatin in the eukaryotic nucleus is 
thought to play an important part in the regulation of gene 
activity [for review, see Cartwright et al. (1982)l. At the first 
level of organization, DNA is assembled with histones into 
structures called nucleosomes. Although both transcriptionally 
active and inactive DNA are contained in nucleosomes 
(Cartwright et al., 1982), distinct structural differences must 
exist between these states since transcriptionally active chro- 
matin has an enhanced sensitivity to the pancreatic-derived 
nuclease DNase I compared to the bulk of chromatin 
(Weintraub & Groudine, 1976). While the ultimate features 
of chromatin that direct this sensitivity are unknown, the high 
mobility group (HMG)' proteins 14 and 17 have been con- 
sidered as possible mediators of the enhanced digestion of 
active chromatin by DNase I. This consideration is based on 
the observation that 0.35 M salt washing of nuclei or nu- 
cleosomes, a treatment that removes a number of non-histone 
proteins, results in a loss of the nuclease sensitivity of active 
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genes and that this sensitivity can be restored by the readdition 
of purified HMG 14/17 proteins (Weisbrod & Weintraub, 
1979; Gazit et al., 1980). Further attempts to associate HMG 
14/ 17 proteins with transcriptionally active chromatin have 
given conflicting results and, thus, have been inconclusive 
(Levy et al., 1977; Levy & Dixon, 1978; Goodwin et al., 1979; 
Albanese & Weintraub, 1980; Sandeen et al., 1980; Barsoum 
et al., 1981; Levinger et al., 1981; Weisbrod, 1982; Nicolas 
et al., 1983; Swerdlow & Varshavsky, 1983). The role of 
HMG 14/17 proteins in mediating DNase I sensitivity has 
also been recently questioned (Nicolas et al., 1983; Seale et 
al., 1983; Goodwin et al., 1985). 

The HMG 14/17 proteins are present together in nuclei at 
about one copy each per ten nucleosomes (Mayes, 1982), and 
both interact with the nucleosome at the junction between core 
and linker DNA (Goodwin et al., 1979; Sandeen et al., 1980; 
Mardian et al., 1980). However, the features of nucleosomal 
preparations that direct HMG 14/17 binding are not known. 
Various factors that have been implicated in preferential 
binding in vitro include nucleosomal DNA length (Goodwin 

' Abbreviations: HMG, high mobility group proteins; CRBC, chicken 
red blood cells; HTC, rat hepatic tumor cell line; TAT, tyrosine amino- 
transferase: SDS, sodium dodecyl sulfate; bp, base pairs; kbp, kilobase 
pairs; AZA, 5-azacytidine: Tris-HCI, tris(hydroxymethy1)aminomethane 
hydrochloride; EDTA, ethylenediaminetetraacetic acid. 
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