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ABSTRACT: Fractionated chicken erythrocyte chromatin fibers consisting of 10-mer and 75-mer poly-
nucleosomes have been studied by flow birefringence and viscosity over a range of Na* and Mg?* ion
concentrations sufficient to span the 10-30-nm fiber transition. Negative intrinsic flow bifringence was
observed under all solvent conditions investigated. The intrinsic birefringence, obtained from the reduced
birefringence to intrinsic viscosity ratio, was used to evaluate various optical models for the DNA conformation
in the fiber. Results are consistent with an extended chromatosome-linker “necklace” model for the unfolded,
low-salt fiber and with a solenoidal model of edge-stacked chromatosomes for the condensed fiber at high
salts. These results are consistent with and independently corroborative of similar models based upon electric

dichroism and neutron scattering reported by others.

r]:ne structure of chromatin is now believed to consist of a
hierarchy of different levels of coiling. The lowest level, the
nucleosome, packages DNA with a packing ratio of about 7
to 1 and has been extensively characterized by using a wide
variety of structural methods. Although its crystallographic
structure is just now being determined to atomic resolution
(Richmond et al., 1984), results from other studies strongly
suggest that is consists of 168 base pairs (bp) of DNA wound
in two left-handed superhelical turns about an octamer of core
histones (H2A,, H2B,, H3,, and H4,) plus interparticle
“linker” DNA whose length depends upon the chromatin
source and ranges from approximately zero (yeast) to 73 bp
(sea urchin sperm) (Kornberg, 1977). Subunits of the nu-
cleosome which have also been well characterized are the 144
bp “core particle”, a subunit of unusual stability to enzymatic
degradation, and the 168 bp “chromatosome” stabilized by
histone H1 binding at or near the DNA termini. These sub-
levels of chromatin structure have been extensively reviewed
(McGhee & Felsenfeld, 1980; Mirzabekov, 1980).

It is now generally accepted that the chromatosome plus
linker DNA constitutes the basic unit of assembly for the next
higher orders of chromatin structure (Simpson, 1978; Thoma
et al., 1979). At very low ionic strength conditions (and in
the absence of polyvalent ions), the chromatosome-linker
“copolymer” forms a relatively flexible fiber approximately
10 nm in diameter (Thoma et al., 1979; Finch & Klug, 1976;
Ris & Korenberg, 1979; Ruiz-Carillo et al., 1980; Finch et
al., 1977). At higher ionic strengths, and particularly in the
presence of divalent cations, this fiber condenses into a more
compact configuration approximately 30 nm in diameter
(Thoma et al., 1979; Finch & Klug, 1976; Ris & Korenberg,
1979). It has been suggested from electron microscopy
(Thoma et al., 1979; Finch & Klug, 1976), neutron scattering
(Baldwin et al., 1978; Suau et al., 1979), and X-ray diffraction
(Azorin et al., 1980) studies that this fiber is solenoidal with
a pitch of 11 nm and six nucleosomes per turn. However, the
precise details of chromatosome orientation within the 10- and
30-nm fibers are still somewhat controversial, due in part to
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the extreme difficulty of characterizing structurally these
complex systems in solution or interpreting electron microscope
visualizations and extrapolating them to these conditions.
Solution optical methods, e.g., electric and linear flow di-
chroism and birefringence, have proved useful and in some
respects are unique methods for elucidating the structures of
the 10- and 30-nm fibers in higher order chromatin (Houssier
& Fredericq, 1966; Colson et al., 1974; Rill & Van Holde,
1974; Marion & Roux, 1978; Edmonds-Alt et al., 1979;
Houssier & Tricot, 1979; Roux et al., 1979; McGhee et al.,
1980, 1983; Houssier, 1981; Houssier et al., 1981a,b; Lee et
al., 1981; Tjerneld et al., 1982; Harrington, 1983; Makarov
et al,, 1983; Matsuoka et al., 1984) and in characterizing the
transitions between them (McGhee et al., 1980, 1983; Lee et
al., 1981; Tjerneld et al., 1982; Harrington, 1983; Makarov
et al., 1983; Matsuoka et al., 1984). DNA in the B family
of structures has its base planes approximately perpendicular
to the overall helical axis. The m-electron clouds of the purines
and pyrimidines are highly polarizable, and hence, the optical
anisotropy factor in the birefringence is large. This leads to
a large, negative birefringence in DNA. For an oriented
system of DN A-containing structures, therefore, the intrinsic
birefringence is usually an extremely sensitive function of DNA
trajectory, and much structural information can be obtained
from a compaison of the experimental birefringence to that
deduced from appropriate (optical) models. The intense
electronic transitions observed in the purine and pyrimidine
bases at about 260 nm are a 7 to #* transition involving
bonding = orbitals between C and N atoms (Kasha et al.,
1961). Its transition momenet is relatively large and is parallel
to the base plane. Thus, the dichroism is also large and
negative at this wavelength, and experimental dichroism on
oriented DNA-containing systems is similarly interpretable
in structural terms. Form effects are present in both types
of experiments. These effects are not well understood and are
generally described in terms of classical (macroscopic con-
tinuum dielectric) optical theory (Fredericq & Houssier, 1973).
The form effect in birefringence is always positive for prolate
particles and negative for disks. The dichroism form effect
is positive when the particle refractive index is greater than
that of the solvent (the usual case on the long wavelength side
of the absorption band) and negative when it is less. In both
cases, the form effect vanishes when the particle refractive
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index equals that of the surrounding solvent. The classical
treatment of form birefringence has been criticized in the case
of proteins and is believed to overestimate seriously the effect
for these systems (Taylor & Cramer, 1963, Oriel & Schell-
man, 1966; Fredericq & Houssier, 1973). Since the form
effect in dichroism is numerically smaller, this is usually
considered an advantage in this type of measurement.

In my laboratory, flow birefringence can be measured with
considerable precision and sensitivity. Hence, I have em-
phasized birefringence and its interpretation in spite of the
form effect problem. It has been shown in DNA that the form
birefringence models very nearly in the same way as the in-
trinsic birefringence [see Harrington (1979, 1982) and ref-
erences cited therein]. Thus, it is reasonable to compare the
effective intrinsic birefringence of a DNA-containing system
such as chromatin calculated by using macroscopic dielectric
theory to that for various models of DNA trajectories based
upon the experimental intrinsic birefringence of pure DNA
measured and calculated in the same way. Such a relative
use of the classical theory alleviates the problem of possible
errors in partitioning the total observed birefringence into its
intrinsic and form components.

In the present work, I present results of flow birefrin-
gence/intrinsic viscosity studies on fractionated 10-mer and
75-mer polynucleosome systems. Flow methods of particle
orientation offer some advantages over electric field orientation.
The theory of hydrodynamic orientation is well understood for
rigid particles and flexible chain systems, and considerable
evidence exists that is it rigorous (Harrington, 1967, 1970a,b).
In contrast, high-field electrical studies may be complicated
by effects associated with induction and ion atmosphere mi-
gration. Such effects are not yet well understood. Also,
electrical orientation studies are necessarily limited to solutions
of relatively low conductivity, although this problem can be
alleviated somewhat by careful apparatus design. Perhaps the
most important difference between the present work and other
optical studies on chromatin is that measurement of optical
anisotropy is made in the limit of zero particle perturbation
(zero shear) and concentration. This is made possible by the
high level of sensitivity currently available in flow birefringence
measurements. The equivalent electrical experiments require
extrapolation to infinitely high field, and in linear flow di-
chroism studies reported to date, the orientation factor is
assumed to be known and the particles are assumed to be
hydrodynamically unperturbed under the relatively high shear
conditions at which the experiments are conducted.

The systems studied were taken through the 10-30-nm fiber
transition by titrating with Na* or Mg?* ion. In all cases, the
unfolded (low-salt) form of the fiber showed a strong negative
flow birefringence. The folded (high-salt) form showed a weak
positive birefringence. This change in sign of the birefringence
is entirely attributable to the form effect. Results of this study
are in semiquantitative agreement with the electric dichroism
studies of McGhee et al. (1980, 1983) and agree in algebraic
sign of the optical effect at low ionic strength with linear flow
dichroism studies on similar chromatin preparations (Walter
Baase, private communication). However, some discrepancies
exist between this work and certain other linear flow dichroism
studies on other chromatin systems (Tjerneld et al., 1982;
Makarov et al., 1983; Matsuoka et al., 1984). The exact
reasons for these discrepancies are not yet clear.

BACKGROUND ON THE THEORY OF FLOW BIREFRINGENCE

The theory of flow birefringence relevant to this work has
been discussed in detail elsewhere (Harrington, 1967, 1970a,b,
1979, 1981, 1982). Only a brief outline will be presented here.
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The ratio of the reduced Maxwell coefficient, [n] = (An/
¢Gno).,6—0» to the intrinsic viscasity, [7] = (In n/c), 0 Where
An is the flow birefringence, ¢ is the weight concentration, G
is the velocity gradient in s™, 7, is the absolute solvent viscosity,
and 7, is the relative viscosity of solution, is independent of
the hydrodynamic model and is a function only of the optical
anisotropy (Harrington, 1967, 1970a,b):
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In eq 1, 7 is the partial specific volume, M, is the relative
molecular weight, d is a function of the shape (axial ratio) of
a rigid solute particle, n is the refractive index of solution, R
is the molar Boltzmann constant, T is the absolute tempera-
ture, and the optical terms g, are particle shape dependent
functions of refractive index components along the indicated
particle axes.

For particles of ellipsoidal or cylindrical symmetry, the g;
values are also functions of the refractive index increment

dn 27D
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where subscript a refers to the major axis and b to the minor
axes of elliptical or cylindical particles. Equations 1 and 2
allow g; to be obtained independently from experimental values
of [n]/[n], dn/dc, B, and n. Because of the particle shape
dependence of various quantitites in eq 1 and 2, the g; values
so obtained are also functions of particle shape anisometry.

The optical anisotropy (g, — g,) from eq 1 contains both the
intrinsic and form contributions to the flow birefringence. To
obtain the intrinsic birefringence, An;, = (n, — n,), and hence
the n;, the form contribution to g, — g, must be explicitly
considered. The theory of continuum macroscopic dielectrics
has been used to estimate the form effect (Fredericq &
Houssier, 1973; Peterlin & Stuart, 1939) using the early
treatment of Wiener. The result applicable to rods and disks
is

n? — ny?
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where #; is the ith component of the particle refractive index
and the subscript O refers to pure solvent. The L; values are
inner field shape factors which can be approximated for el-
lipsoids and cylinders (Harrington, 1970a,b, 1981). Equation
3 can be extended to particles of ellipsoidal symmetry by
employing the (axial ratio dependent) Peterlin & Stuart (1939)
values of L;, Within this theoretical framework, eq 1-3 can
be used to estimate the principal refractive index components,
n;, as functions of particle shape anisometry from experimental
[7)/[n], dn/dc, and 0 data. The major weakness of this
procedure is the classical optical treatment for the form bi-
refringence, eq 3.

The intrinsic birefringence of a given DNA trajectory can
be obtained from a tensoral summation of polarizability per
volume components (vy;) of pure DNA by using the relationship

n? =1+ 4y, 4)

The principal v; components for the DNA helix have been
determined from flow birefringence and intrinsic viscosity data
on short, rigid persistence length DNA fragments by using the
considerations developed above (Sarquis & Harrington, 1969;
Harrington, 1970b). The results (Harrington, 1970b) are the
following: n, = 1.6222 and n, = 1.7490 so that Any,, = n, —
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n, = —0.1268. An assumption implicit in this type of optical
trajectory analysis is that the DNA is the principal determinant
of the particle birefringence and that any associated proteins
contribute negligibly to the optical anisotropy. This assumption
seems justified and has been discussed elsewhere (Harrington,
1981, 1982).
Two additional considerations must be kept in mind in
optical DNA trajectory analyses based upon flow birefrin-
gence. The first involves the form birefringence and its
classical treatment just discussed. Applicability of the classical
theory has been criticized by several investigators (Taylor &
Cramer, 1963; Oriel & Schellman, 1966) at least in the case
of proteins. The failure of eq 3 to partition correctly the
intrinsic and form birefringence is ascribed to that fact that
the particles are too small for macroscopic continuum dielectric
theory strictly to apply, yet are large with respect to the
wavelength of the incident light (Oriel & Schellman, 1966).
On the other hand, considerable evidence exists that macro-
scopic continuum dielectric theory is quite satisfactory at the
molecular level for many systems (Harrington, 1967, 1970b).
Discrepancies of this type cancel to a considerable extent in
optical trajectory analyses since the optical parameters for the
pure DNA used in the optical models are also derived from
flow birefringence and are obtained by using the same classical
theory (Harrington, 1970b). This will be especially true if
particle size is the principal problem. A second and potentially
more serious problem arises from uncertainties in the hydro-
dynamic orientation of the particles in a shear field. Since
the nature of the hydrodynamic orientation of oblate- and
prolate-shaped particles in a velocity gradient is conceptually
different, an a priori assumption as to the general particle
shape is required. However, this type of information is often
available from the extinction angle, from an independent
determination of the rotational diffusion constant, or from
other conformationally sensitive biophysical measurements.

EXPERIMENTAL PROCEDURES

Chromatin was prepared from chicken erythrocytes fol-
lowing as closely as possible the protocols of McGhee et al.
(1980) and of Shinde et al. (1980). Micrococcal nuclease
digestion was stopped by adding ethylenediaminetetraacetic
acid (EDTA) to S mM. The cooled digest was then pelleted
at 1000g for 6 min, resuspended in 0.25 mM EDTA, and
centrifuged at 8000g for 30 min to remove cellular debris. The
resulting soluble chromatin preparation was then run on
isokinetic sucrose gradients containing 5 mM tris(hydroxy-
methyl)aminomethane hydrochloride (Tris-HCI) and 0.1 mM
EDTA at pH 8, and fractions corresponding to ~10-mer and
~75-mer polynucleosomes (as determined by DNA length)
were collected, pooled, and dialyzed to equilibrium against a
0.22 mM cacodylic acid, 0.2 mM NaOH, and 0.005 mM
EDTA, pH 7, buffer. This procedure resulted in ~ 10% total
DNA recovery. Scans of 0.6% agarose sizing gels for the two
pooled fractions are shown in Figure 1. Size markers were
HindlIII digests of A phage DNA. Histone bands from the
unfractionated chromatin preparations on 18% polyacryl-
amide-sodium dodecyl sulfate (NaDodSO,) gels showed all
five core histones present in normal density bands (data not
shown).

The gel tracings of Figure 1 were obtained by using an EC
Apparatus Co. EC 910 transmission densitometer. The output
was digitized into 500 point files using a Nelson Analytical
760 A/D converter interfaced to a Hewlett-Packard 85B
microcomputer. The data were computer smoothed by using
a running least-squares five-point linear Chebyshev polynomial
algorithm and were plotted on an HP 7225A plotter by using
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FIGURE 1: Tracings of 0.6% agarose DNA sizing gels for the 10-mer
(-+-) and 75-mer (—) chicken erythrocyte chromatin preparations
fractionated as described in the text. Nucleosome numbers were
determined against HindIII digests of A phage DNA size markers.
Band intensity data were computer processed as discussed in the text.
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FIGURE 2: Dependence of the ratio of reduced birefringence to intrinsic
viscosity, [n]/[n], or degree of folding in the 75-mer fractionated
chromatin sample as a function of (a) Na* and (b) Mg?* ion con-
centration. (*) Comparison data on a chicken erythrocyte chromatin
sample obtained as a gift from Dr. J. D. McGhee (see text).

an algorithm connecting data points by a running, best-fit
parabola. These application programs written in HP Basic
are available upon request.

A second unfractionated preparation was received as a gift
from Dr. J. D. McGhee (Laboratory of Molecular Biology,
NIADDK, National Institutes of Health, Bethesda, MD)! and

! Present address: Department of Medical Biochemistry, School of
Medicine, University of Calgary, Calgary, Alberta, Canada T2N 1N4.
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was fractionated on an isokinetic sucrose gradient as just
described. A peak corresponding to ~75-mer polynucleosomes
somewhat broader than that described above was collected,
dialyzed into the 0.22 mM cacodylic acid buffer, and run in
comparative fashion with the 75-mer fractions prepared in my
laboratory (see Figure 2).

Optical Anisotropy Measurements. Flow birefringence data
were obtained by using a special photoelectric scanning in-
strument developed and constructed in this laboratory. Details
of the instrument and general protocols for its operation have
been given elsewhere (Harrington, 1970b, 1979; Barrett &
Harrington, 1977). A thermostated stainless-steel concentric
cylinder flow cell with a rotating outer cylinder was used for
all determinations. The optical path was 10 cm and the an-
nular gap 0.23 mm; with this cell, determinations could be
made on ~1-1.5-mL samples. Previous tests with this cell
using a 0.5-mm gap inner cylinder suggested that its effective
upper limit for laminar shear was >17000 s™! (Harrington,
1981). No evidence for turbulence at the shear rates reported
here was observed. Data were collected and processed on an
interfaced Hewlett-Packard 85A microcomputer using soft-
ware developed by the author for this purpose on the basis of
the data reduction method of Barrett & Harrington (1977).
At velocity gradients >1000 s, data were collected during
15-s flow cell run periods followed by 5 min of thermal ree-
quilibration with the flow cell at rest. Under these conditions,
negligible sample heating occurred under any experimental
conditions reported here, and optical noise deriving from
thermal fluctuations in the flow cell was substantially reduced.
As in previous runs, averages of both senses of flow cell rotation
were used to eliminate interaction between flow cell rotation
and the optical scanning system (Harrington, 1979). Data
were taken at pairs of the scanning system angular orientations
chosen to maximize sensitivity to extinction angle measurement
(Harrington, 1970c, 1979).

Intrinsic viscosity was determined by using a Cartesian diver
rotational viscometer. Details of the instrument have been
reported elsewhere (Gill & Thompson, 1967; Harrington &
Martin, 1969). Determination of intrinsic viscosity could be
made on ~0.7-mL samples to about 3% precision by using
the materials in this sudy.

Studies of the 10-30-nm Fiber Transition. Fresh chromatin
samples were diluted with stock buffer containing Na* or Mg?*
to the desired total ionic concentration. These were then used
directly in the flow birefringence instrument or viscometer.
Samples for flow birefringence were centrifuged immediately
prior to use to remove particulate matter. All samples for
concentration dependence of flow birefringence or viscosity
were prepared from fresh chromatin stock as noted above.
Hence, all data were obtained on each sample in less than 2
h, and for flow birefringence usually considerably less than
this. All experimental data were taken at 15 °C. Glass-
distilled water was used for all preparations. The refractive
index increment (dn/dc) and the partial specific volume (D)
were taken as previously reported for nucleosomes (Harrington,
1981, 1982).

It is of special significance that the present data were
collected within a short time following up-titration of the
samples in ionic strength since a slow and apparently irre-
versible change in the chromatin was observed after a period
of 3-6 h at ionic strengths greater than ~1 mM Na* (R in
Figure 2a of ~0.2). This change was always in the direction
of numerically increasing flow birefringence and after several
hours occasionally led to a sign inversion from negative to
positive. Similar observations on similar chromatin prepara-
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FIGURE 3: Extinction angles extrapolated to zero concentration vs.
velocity gradient for the 75-mer chromatin fiber fraction at high salt
concentration.

tions have been observed by others (Walter Baase, private
communication). The rate of this change was slowed signif-
icantly at reduced temperatures and at low concentrations, and
the effect seemed to be less significant for Mg?* at equivalent
R values (Figure 2b) than for Na*. In my hands, this change
was not quantitatively reproducible, and I have simply cir-
cumvented it by ensuring that all measurements were com-
pleted within the initial induction period. I attribute these
observations to a slow nonspecific aggregation of the chro-
matin, especially since the flow birefringence changes also were
accompanied by a measurable increase in the intrinsic viscosity.

RESULTS

Chromatin fractions containing approximately 10-mer and
75-mer polynucleosome sizes were used because these were
significantly represented in the size distributions of prepared
chromatin. However, these sizes are suitable for character-
ization of the unfolded and folded states, respectively. Un-
folded chromatin fragments larger than ~10-mers show
flexibility and hence are difficult to characterize by optical
model analysis, while folded fragments shorter than ~75-mers
are rigid but relatively isometric. DNA gel scans for frac-
tionated systems in this work, calibrated in chromatosome
lengths, are shown in Figure 1.

The 10-30-nm fiber transition (unfolded to folded state)
was studied by increasing either Na* or Mg?* ion concen-
trations. Results for the 75-mer fraction are shown in panels
a and b, respectively, of Figure 2. The state denoted
“unfolded” in subsequent discussion lies at the bottom of these
curves, i.e., 0.2 mM Na®, and 0.005 mM EDTA, pH 7, and
the “folded” state is taken from the plateau region of Figure
2 at 75 mM Na* (R = 16.5). The transitions were identical
within experimental error for the 10-mer fractions (data not
shown), and hence the same limiting definitions apply to this
case also.

Experimental results for the folded 75-mer are shown in
Figures 3 and 4. The extinction angle data of Figure 3
correspond to a rotational diffusion coefficient (D;) of 2 X 10
s™! for a rigid prolate particle (Harrington, 1979, 1981). This
is consistent with the physical dimensions and axial ratio p
= 5 of a cylinder ~30 nm in diameter and ~140 nm in length
according to the hydrodynamic equations of Tirado & Garcia
de la Torre (1980). The curve of Figure 3 lies almost on the
theoretical curve for a rigid prolate ellipsoid (Peterlin & Stuart,
1939), suggesting that the folded 75-mer is hydrodynamically
a rigid assembly. This is in agreement with McGhee et al.
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FIGURE 4: Concentration dependence of (An/G)g—.q for the frac-
tionated 75-mer chromatin fiber at high salt concentration.
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FIGURE 5: Extinction angles extrapolated to zero concentration vs.
velocity gradient for the fractionated 75-mer chromatin fiber at low
salt concentration compared to unfractionated chromatin from the
same preparation at low salt concentration. The dashed line is the
theoretical curve for a hypothetical rigid 75-mer particle (see text).

(1980, 1983), who used electric dichroism to determine ro-
tational relaxation times for ~45-mer fibers and concluded
from the absence of higher relaxation times that these particles
were hydrodynamically rigid. The flow birefringence vs. shear
curves at all concentrations studied were essentially linear (data
not shown). The concentration dependence (An/G)g.g in
Figure 4 is obtained from their limiting slopes. The high
degree of linearity in the shear curves is also suggestive of
hydrodynamic rigidity in the particles.

The unfolded (10-nm fiber) form of the 75-mer shows ev-
idence of significant flexibility, again in qualitative agreement
with the studies of McGhee et al. (1980, 1983). The shear
dependence of the birefringence is nonlinear throughout the
low-shear range (data not shown), and hence, these data
cannot be interpreted in a straightforward way by using optical
model analysis. Associating this nonlinearity with particle
flexibility is suggested by the extinction angle vs. shear data
shown in Figure 5. The extinction angle curve for the frac-
tionated 75-mer shows considerable curvature, even at rela-
tively low-velocity gradients. This curve is actually qualita-
tively similar to that obtained for semiflexible chain macro-
molecules (Harrington, 1967) or for DNA of considerably
higher molecular weight (Harrington, 1970b; Sarquis &
Harrington, 1969). For comparison, the theoretical extinction
angle curve for an equivalent rigid cylinder is also shown in
Figure 5. This cylinder is taken to have a rotational diffusion
constant of 70 s™! so that its extinction angle roughly corre-
sponds to the experimental value for the fractionated 75-mer
at the highest shear rate reported (400 s!). Assuming a
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tionated 10-mer chromatin fiber at low salt concentration.

diameter of 11 nm, this corresponds to a cylinder axial length
of ~500 nm (Tirado & Garcia de la Torre, 1980) or roughly
half the ~1050-nm length calculated for the linker DNA of
a 75-mer polynucleosome assumed extended along a common
axis. (A rigid cylinder of 1050-nm axial length and 11-nm
diameter would have D, ~ 20 s™! and would be almost com-
pletely oriented in a shear field of 400 57!,

The effect of polydispersity upon extinction angle data is
also shown in Figure 5. Inflection of extinction angle curves
with shear is characteristic of anisometric systems with sig-
nificant polydispersity and illustrates the sensitivity of ex-
tinction angle measurements to a distribution in particle lengths
(Scheraga & Signer, 1960; Harrington, 1967). Because the
contributions of the various size increments to the extinction
angle are not linearly additive (Scheraga & Signer, 1960;
Harrington, 1967), the contribution of each particle to the
observed extinction angle is different at different regions of
the shear curve. These considerations apply equally to rigid
or flexible particles and to chain macromolecules. In fact, if
the particle size distribution is Gaussian, it can be shown
(Scheraga, 1951; Scheraga & Signer, 1960) that the limiting
low-shear end of the curve approaches that of the largest or
most orientable particles in the sample. At higher gradients,
shorter particles make increasingly greater contributions until
the limiting high-shear region becomes characteristic of the
average of all particles. Thus, the extinction angle vs. shear
curves which have been reported for highly polydisperse sam-
ples to contain sigmoidal inflections can be explained, and the
curves themselves can yield semiquantitative information on
the polydispersity itself. A hint of this type of effect is evident
in the curve for the fractionated sample in Figure 5 above
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200-s7! shear, indicating that the residual polydispersity even
in this sample is still significant with respect to the extinction
angle.

Experimental results for the unfolded 10-nm fiber form of
the 10-mer fraction are given in Figures 6 and 7. Although
these particles must have some degree of kinetic flexibility by
analogy with the longer unfolded fragments of Figure 5, their
shorter overall length (~130 nm if the linker DNA is fully
extended along the same axis) evidently reduces flexibility
effects to below the limit of detection using present methods.
The shear-dependent extinction angle curve of Figure 6 is
almost linear below 5000-s! shear and is consistent with a
prolate axial ratio p =~ 10 and a rotational diffusion constant
D, =1.1 X 10571, This corresponds to a rigid cylinder length
of 84 nm using the Tirado & Garcia de la Torre (1980) model
with diameter 11 nm. If the linker DNA were fully extended,
the length would be 130 nm. The discrepancy is probably due
both to flexibility and to deviations of the actual shape from
that of a true cylinder. The shear dependence of the flow
birefringence is also essentially linear (data not shown) as is
the concentration dependence of Figure 7. It is evident,
therefore, that the Maxwell coefficient, [n] = (An/cGng). 60,
determined in these experiments is the true limiting value.

The folded (high-salt) form of the 10-mer did not show
appreciable orientation at velocity gradients up to 10000 s/,
and hence, the flow birefringence and particularly the ex-
tinction angles were below the level of detectability. Between
10000 and 16000 s! (the approximate upper limit to the
laminar flow range of the flow cell used), some orientation
appeared to occur, but the data were largely unrecoverable
from optical noise in the flowing solution using signal averaging
and enhancement technology available. Since the level of
sensitivity in these experiments is comparable to that in earlier
studies of pure nucleosome cores (Harrington, 1979, 1981,
1982; Harrington et al., 1982), these findings suggest that the
folded 10-mer is highly isometric.

DiscussioN

30-nm Fiber. Two principal orientation schemes can be
envisioned for the chromatosomes in the folded 30-nm fiber
(Suau et al., 1979; Azorin et al., 1980; McGhee et al., 1980,
1983): a solenoid with the flat faces of the nucleosomal disk
generally parallel to the solenoidal axis; a corresponding
perpendicular orientation. The first of these is consistent with
electrooptical (McGhee et al., 1980, 1983) and neutron
scattering (Suau et al., 1979) studies and is supported by the
results presented here. There appears to be no way to ra-
tionalize the hydrodynamic (extinction angle) data with a
solenoidal model in which the nucleosomes are aligned prin-
cipally normal to the helical axis. The optical (birefringence)
data are ambiguous but are more consistent with edge stacking
of the nuclecsomes than with a face-stacked solenoidal model.

The absence of significant orientation for the folded 10-mer
fiber requires that these particles have a high level of isometry
or quasi-spherical symmetry. Given that the diameter is on
the order of two nucleosome widths, this could only be true
if the nucleosomes were stacked edge to edge along the helical
axis. A face to face stacking would lead to an oblate particle
of axial ratio <0.5 assuming the solenoidal conformation is
maintained in these short fragments. From past experience
with nucleosomes (Harrington, 1981, 1982), anisometry of this
magnitude should be easily detected and measured in these
experiments.

The extinction angle data on the 75-mer folded fragment
also suggest an edge to edge configuration of nucleosomes in

HARRINGTON

Table I: Summary of Experimental and Derived Quantities for
Fractionated Chicken Erythrocyte Chromatin Fibers in Two Size
Fractions, 10-mer and 75-mer Polynucleosomes

10-mn fiber 30-nm fiber
10-mer, low ionic strength 10-mer, high ionic strength (folded)”
(unfolded)

[#] = (-1.810 £ 0.152) [n] = -2.678 x 107¢
x 107
[7] = 112 em’/g
[2}/[n] = -1.616
x 107
& —&H = -1.195
X 10724
Any, = -0.114¢
M, ~ 28 x 10°
75-mer, low ionic strength
(unfolded)
[n) = -3.632 X 1073
[#] = 504.5 cm?/g
[2]/[n] = -7.198
X 10
g — 8 =-587 x 1073
An,, = -8.75 x 1072

[n] (not available)
[n]/[n] (not available)

75-mer, high ionic strength (folded)

[n] = (2.653 & 0.015) X 10~
[7] = 111 em®/g
(n]/[n] = (2.390 % 0.013) X 107

gi—g =444 %107 (r =3)

& — & = 3.07 X 107 (r =5)

&~ & = 2.36 X 107 (r = 10)
Ang = -2.02 X 1072 (r = 3)
Ang, = -3.64 X 1072 (r =5)

Ang, = -4.60 X 1072 (r = 10)

D, ~2X%x10s7!

M, =21x 10

9 Assumed axial ratio 7 ~ 10. ®Assuming rigid particle conforma-

tion with prolate axial ratio » ~ 85. °Results consistent with a particle
of high symmetry and with an axial ratio near unity.

the solenoid. The rotational diffusion coefficient (D, = 2 X
10% s7!) obtained from the shear dependence of the extinction
angle is consistent with a cylinder 30 nm in diameter and 150
nm in height (Tirado & Garcia de la Torre, 1980). These
dimensions are roughly those of a helical array of edge-stacked
nucleosomes having 6 nucleosomes per turn and 12-13 turns
overall. If the chromatosomes were face stacked, the cylinder
length would be only ~60 nm, and the rotational diffusion
constant would be ~10* 571, a value well outside any con-
ceivable limits of Figure 3.

The estimation of the intrinsic birefringence of suspended
chromatin particles from experimental flow birefringence data
and the comparison of this quantity to that calculated for
various DNA conformations within the particle have been
discussed in detail elsewhere (Harrington, 1979, 1981, 1982).
Similar optical modeling techniques have also been applied
to the linear dichroism from electrical dichroism studies (Rill
& Van Holde, 1974; McGhee et al., 1980, 1983; Houssier et
al., 1981; Lee et al., 1981) and from flow dichroism (Tjerneld
et al., 1981). As I have noted, theoretical considerations are
more straightforward for linear dichroism than for birefrin-
gence. Nevertheless, optical modeling results from flow bi-
refringence (Harrington, 1982) based upon the experimental
optical anisotropy of DN A have been generally consistent with
those from electrical dichroism (Crothers et al., 1978; Wu et
al., 1979) at the level of the unfolded nucleosome. Similar
results for the 10- and 30-nm chromatin fibers should be
similarly valid and should provide an important independent
check upon structural models inferred from electrooptical
studies and other methods.

Optical parameters obtained from the flow birefringence
data of Figure 4 for the 75-mer 30-nm fiber are given in Table
I. Values of the optical anisotropy (g, — g,) are calculated
by using eq 1, and the intrinsic birefringence values are de-
termined by using eq 2 and 3. Since the latter must be cal-
culated explicitly as a function of particle axial ratio (Har-
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rington, 1981, 1982), it is obtained here for prolate axial ratios
of 3, 5, and 10. Cylindrical inner field shape factors (L;) are
used in eq 3 (Gans, 1912); the differences between these and
ellipsoidal shape factors (Peterlin & Stuart, 1939) used pre-
viously (Harrington, 1981, 1982; Harrington et al., 1982) are
not large, however, and are not significant in terms of other
uncertainties in the comprisons made here.

The experimental intrinsic birefringence obtained in this way
can be compared to that calculated for helical arrays of
chromatosomes stacked in both a face to face and an edge to

edge conformation. The basic equation for the intrinsic bi-’

refringence of a helix of pitch p and radius r is

Ay 1}, 4P
G, = —2[ 1 -3 sin (tan ! 2”)] (5

in which An,, is the intrinsic birefringence and the subscripts
h and s refer to the helical and equivalent linear forms, re-
spectively. Equation 5 can be used to calculate the intrinsic
birefringence of a solenoidal stack of chromatosomes from the
intrinsic birefringence of a “monomeric unit” (including linker
DNA) if it is assumed that the stacked chromatosomes form
an optical continuum. For present purposes, this assumption
is not seriously restrictive since the effective wavelength of the
light used, 546 nm (Harrington, 1970c), is long compared to
internucleosomal distances for all the models examined here.
Ang,; values for solenoids of 30-nm diameter and 11-nm pitch
are calculated for both face-stacked and edge-stacked models
in which the linker DNA is assumed a part of the nucleosomal
DNA supercoil, is removed from the 168 bp chromatosome
coil at various exit angles but assumed to be straight and
rodlike, or is itself supercoiled at the same radius and pitch
as core DNA but with a different orientation with respect to
the solenoid axis. Because of the inherent limitations in the
method, additional variations in the latter model including
changing the radius and pitch of the linker supercoil are not
reported.

The optical properties of the chromatosomal supercoil are
calculated as follows. Let @ and b be the major (symmetry)
and minor axes, respectively, of cylindrical particles. Using
the experimental value (An,,), = n, — n, = —0.1268 for linear
B-form DNA (Harrington, 1970b; Sarquis & Harrington,
1969), one calculates from eq 5 that (An)y = (1, — 1)y =
0.0610 for a two-turn chromatosomal helix of » = 5.5 nm and
p = 2.8 nm (Harrington, 1982). The primed subscripts in-
dicate that this chromatosome will in turn be used as a mo-
nomer in optical models for the solenoid by stacking it in
various orientations in a left-handed superhelical array.

The simplest way to stack chromatosomes in a solenoidal
array is to position them along a line passing through their
major (cylindrical) axis and then to wind this linear array into
a left-handed supercoil having the known dimensions of the
chromatin fiber. This leads to a radial stacking of the chro-
matosomes in the solenoid as proposed by McGhee et al. (1980,
1983). If the overall diameter of the fiber is 30 nm and the
pitch is 11 nm, the center line would define a helix of r = 9.5
nm and p = 11 nm. From eq 5, the intrinsic birefringence of
an optical continuum of chromatosomes having (An;, )y
(Any,), = 0.0610 and stacked wih this geometry is (Any,), =
-0.0275. This is somewhat larger than the experimental An,
= -0.0364 assuming r = 5 for the 75-mer fragment (Table
I) but is nevertheless in reasonably close agreement.

The calculated (Any,), can be decreased by aligning the
chromatosomes with their major axes at an angle o with re-
spect to their helical trajectory. The pitch angle of a helix is
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cot 8= 2xr/p;forr=9.5nmand p = 11 nm, 8 = 10.4°. For
a = (3 (chromatosomes stacked such that their faces lie parallel
to the solenoid axis), (Any,), = ny(a) ~ [n, + ny(b)]/2 = 0.0916
using eq 15a,b of Harrington (1981) and averaging as required
by the effective cylindrical symmetry of the fiber; eq 5 for this
case predicts that (An;,, ), = —0.0413 for the solenoid. Exact
agreement with the experimental An,,, occurs at o = 6.6°, the
pitch angle of a helix of » = 15 nm and p = 11 nm, but this
level of agreement is probably fortuitous since this stacking
model does not include contributions from the linker DNA
except for the special case in which the linker follows a helical
trajectory identical with that in the chromatosome itself.

An alternative model for chromatosome stacking has been
proposed (Suau et al., 1979) in which the chromatosome faces
are approximately normal to the solenoid axis. This corre-
sponds generally to a face to face stacking longitudinally along
the solenoid axis. We may approximate this model by aligning
the chromatosomes edge to edge along a helical trajectory. For
this case, (Anmy), = n, - (n, + n,)/2 as required by symmetry,
and (Any,), = 0.0317 from eq 5. This positive value for the
birefringence is clearly at variance with experiment, in
agreement with similar conclusions reached by McGhee et al.
(1980, 1983) from analysis of electric dichroism data. The
discrepancy is reduced if the chromatosome faces lie at a small
angle, £ = 90° - a, with respect to the helical trajectory. For
a = 6.6° (Anmpy), = ni(a) — [(ny + ny(b)]/2 = 0.0038 and
(Anyg,), = -0.0017, and for & = 10.4°, (Any,), = -0.0097. In
all cases, however, agreement is far less satisfactory than for
the radially stacked edge to edge model. Furthermore, the
assumptions in this case with respect to linker DNA contri-
butions to the calculated birefringence are much less satis-
factory.

The effects of the linker DNA on the optical models can
be investigated by allowing the linker regions to assume certain
configurations and including these explicitly in the optical
modeling calculations. The simplest case represents the linker
regions as straight rodlike segments at various orientations with
respect to the stacked chromatosomes. Chicken erythrocyte
chromatin has about 44 bp of linker DNA per chromatosome.
If this is in the B form, its contour length is about 15 nm.
General methods for estimating Any,, of a chromatosome with
straight linkers extending symmetrically on either side have
been given previously (Harrington, 1982). The birefringence
can be obtained as a function of two DNA exit angles: a
“dihedral” angle (¢) and a “core twist™ angle () [see, e.g.,
Figure 11 of this work or model C, Figure 7 of Harrington
(1982)]. By use of these methods, (Any,), has been obtained
by computer for all combinations of ¢ and 8 between 0° and
90°, respectively. In these calculations, (Any,), = n, — (n, +
ny)/2 where a is the longitudinal axis of the linker and b and
b are respectively the other two coordinate axes. This places
the linker axis a roughly along a helical trace defining the
solenoid pitch and gives equal weight to the chromatosome
major and minor axes in the effective cylindrical symmetry

_of the solenoid. The dihedral angle ¢ % 3, where 3 is the actual

pitch of the helical trajectory in the solenoid, therefore defines
the tilt of the linkers in the direction normal to the solenoid
axis, and the twist 8 defines the cant of the linkers away from
the chromatosome faces. Results are shown in Figure 8 in
which the region of £10% agreement with experiment (r =
5) is shaded. Although the model is also grossly oversimplified,
the results include structurally plausible conformations and
suggest as in the linkerless models discussed above that con-
formations near 8 = 90° (radially edge-stacked conformations
if the linkers follow roughly a helical trajectory through the
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FIGURE 8: Experimental consistency plot at the £10% level for solenoid
models of the condensed 75-mer chromatin fiber showing the effects
of linker DNA orientation with the assumption that the linker DNA
is straight and rodlike. The angle 8 is the core twist or out of plane
tilt, and ¢ is the dihedral angle of the linker DNA with respect to
the chromatosomes. The arrangement of linker DNA and chroma-
tosomes along a solenoidal trajectory therefore corresponds to that
shown in Figure 11.

LINKER
NUCLEOSOME /

NORMAL FOR ORIENTATION II

NORMAL FOR ORIENTATION I

FIGURE 9: Definition of angular orientation parameters N and L for
solenoid models of the condensed 75-mer chromatin fiber in which
both nucleosomal and linker DNA are modeled as supercoils. Axes
(normals) are with respect to the solenoidal trajectory of the chro-
matosome-linker array.

fiber) with small values of ¢ are acceptable.

More sophisticated models may also be investigated in which
the linker regions are also allowed to form a supercoil. For
simplicity, this supercoil is taken to have the same diameter
and pitch as the nucleosomal DNA itself, but with the faces
of the linker supercoils oriented at a different angle. The
monomer for this model is shown schematically in Figure 9.
Two principal orientations with respect to the chromatin fiber
axis are shown. Orientation I is that in which a plane normal
to the helical trajectory of the polynucleosomal array through
the solenoid passes between the nucleosomal and linker su-
percoils (modeled here as disks) and includes the single unique
contiguous point; the cants of the chromatosomal and linker
disks with respect to this plane are N and L, respectively.
Orientation II simply rotates this chromatosome-linker array
by 90°. In both cases, the effective cylindrical symmetry of
the array along the helical trace is maintained by averaging
the radial refractive index components of this cylindrical array
over the two orthogonal directions normal to the overall so-
lenoid axis.
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FIGURE 10: Experimental consistency plot at the £10% level for
solenoid models of the condensed 75-mer chromatin fiber in which
both nucleosomal DNA and linker DNA are modeled as supercoils.
Angular variables and orientations are as given in Figure 9. (a)
Orientation I; (b) orientation II.

Model building suggests that orientation I leads to a rea-
sonable structure for the 30-nm fiber which is very similar to
the edge-stacked, radial orientation of chromatosomes sug-
gested by McGhee et al. (1980, 1983). The optical properties
of the split double-supercoil monomeric structure were cal-
culated as a function of the dihedral angles N and L by using
methods described in detail elsewhere (Harrington, 1981). The
solenoid anisotropy was then obtained by using eq 5 with
(Any)s = ny — (ny + ny)/2 where n, = 1.6080 is the radial
refractive index component of the nucleosome or linker su-
percoil and n, and n, are the components along and at right
angles to the orientation I normal axis of Figure 9, respectively.
The effect upon solenoid anisotropy for various values of
chromatosome or linker r and p values is not large: (An )y
for these supercoils varies from 0.063 to 0.055 for » = 7.5 and
p = 2.0 nm and for » = 4.0 and p = 5.5 nm, respectively.
Although these differences are significant, their effects upon
the optical modeling are relatively minor in comparison with
N and L, the principal determinants of monomer anisotropy.

The results of the optical model calculations for orientation
I are shown in Figure 10a. The loci of N and L values which
lead to the experimental An;,, for » = 5 are shown as a solid
curve with dashed lines representing arbitrary discrepancy
limits of £10%. Values of N near the solenoid pitch angle of
6-10° correspond roughly (in terms of the presumed cylin-
drical symmetry of the helical polynucleosome-linker array)
to chromatosome orientations in which the faces are approx-
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FIGURE 11: Schematic representation for the low-salt (unfolded)
chromatin fiber (chromatosome disks viewed down the cylindrical
axes). The angle 8 is the out of plane chromatosome core twist with
respect to the plane defined by the linker DNA (8 = 0 when the disks
lie in the plane), and the angle ¢ is the dihedral angle (or exit angle)
of the linker DNA (assumed straight and rodlike) with respect to the
internucleosomal axis.

imately parallel to the solenoid axis. The resulting family of
solenoids also seems to derive naturally from structural model
building and is conceptually similar to the McGhee et al.
(1980, 1983) structures deduced from analysis of limiting
electric dichroism data.

Orientation II, the orthogonal orientation of the split su-
percoil monomer in the helical trace of the solenoid, would
lead to face-stacked helical polynucleosomal arrays for small
N and L but would become more ambiguous as N and L
become larger, finally approaching orientation I as a limit.
Optical properties of the solenoid for this case are calculated
as described above with the monomer refractive index com-
ponents n, and n, interchanged. Results are shown in Figure
10b. Again, the dashed lines represent disagreement limits
of £10% between the experimental r = 5 and calculated An;;,
values. The curves are shown over that range of N and L for
which these limits can exist.

The helical trace of the solenoid is constrained by fiber
geometry and total number of chromatosomes to be relatively
shallow. Hence, orientation II with N and L small corresponds
to a face-stacked chromatosome orientation. From Figure 10b,
conformers with N and L simultaneously <~20-30° are
highly improbable. A face-stacked orientation (N small) with
linker supercoil faces aligned nearly along the solenoid axis
(L large) might be possible, but this would generally lead to
an excessively large overall solenoid pitch. These considera-
tions, along with the fact that probable optical conformers are
so highly constrained in Figure 10b, suggest that orientation
II is relatively unlikely conformation. This is particularly true
for those angular variants leading to largely face-stacked
orientations of chromatosomes in the solenoid.

10-nm Fiber. The experimental birefringence data on the
low-salt form of the 10-mer fiber are used for optical model
analysis because, as noted, larger fragments show evidence of
appreciable chain flexibility. Experimental results are shown
in Table I. Since the extinction angle data suggest an almost
complete unfolding of the solenoid, a linear arrangement of
chromatosomes such as is shown schematically in Figure 11
seems a reasonable model. Linker regions are shown as
straight for conceptual simplicity and by analogy with free
DNA in solution (Harrington, 1982). Optical calculations
applicable to this model have been described (Harrington,
1982), and the same angular conventions are used here: ¢ is
the dihedral or exit angle of the linker DNA from the chro-
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FIGURE 12: Experimental consistency plot at the &10% level for the
low-salt (unfolded) 10-mer chromatin fiber. The angular variables
6 and ¢ are as defined in Figure 11.

matosome, and § is the twist angle of the chromatosome faces
with respect to the plane of the drawing. The optical properties
of this model are unchanged if adjacent chromatosomes are
on the same side of the linker regions instead of alternating
opposite as shown. This is a consequence of the cylindrical
symmetry of measurement in the flow birefringence method.

Results of computer modeling of the intrinsic birefringence
are given in Figure 12. The dark region corresponds to £10%
agreement with the experimental intrinsic birefringence as-
suming an axial ratio p = 10. The region of theoretical
agreement in this case is quite restricted: # can range from
~20° to 60°, but ¢ is restricted to a narrow range of ~=%5°.
Thus, the unfolded fiber appears to be quite extended although
it is not certain whether all or part of this might be due to
tensional stresses on the fiber resulting from the hydrodynamic
orientation. In any event, these results are certainly in
agreement with the electric dichroism results of McGhee et
al. (1980, 1983) and provide an independent justification of
their model in which both chromatosome faces and linkers are
aligned along the direction of the orienting electric field with
a maximum permissible tilt (the § value used in this report)
of ~20°. This level of agreement is significant in that electric
orientation and hydrodynamic orientation are physically dif-
ferent processes and the two experiments are done under quite
different limiting conditions. In addition, the internal ar-
chitecture of the fiber undoubtedly permits appreciable flex-
ibility.

The anomalously high level of kinetic flexibility observed
in the 10-nm chain relative to pure, native DNA at high salt
(Figure 6) may be associated with the linker region or possibly
even with the exit points of the DNA from the chromatosomal
region. This would suggest that interactions of core histones
with chromatin DNA are not confined exclusively to the
chromatosome region. As suggested by McGhee et al. (1980),
this flexibility may serve a function since any correlation
between the 10-nm fiber and the structure of the condensed
30-nm fiber is thereby reduced.

Other Optical-Hydrodynamic Studies on Chromatin.
There are some areas of disagreement between the results
shown in Figures 2 and certain other linear flow dichroism
studies. These are chiefly in the sign of the optical effect at
low ionic strength. Makarov et al. (1983) have reported a
positive dichroism in whole calf thymus chromatin between
2 and 100 mM Na™* (R between ~1 and 22 in Figure 2) with
the sign becoming negative again at higher ionic strengths.
They interpret this sign change as a structural reorientation
of the chromatosome faces from essentially a parallel orien-
tation along the open fiber axis to a more orthogonal one.
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Although their experimental dichroism curve below ~ 100 mM
is quite similar to Figure 2, I do not believe that the two studies
are directly comparable. First, the positive birefringence
observed here derives from the form effect; this effect is be-
lieved to be much smaller for linear dichroism (Fredericq &
Houssier, 1973). More seriously, the results of Mararov et
al. (1973) may not have been obtained under steady-state
conditions since they used a unique, pulsed linear flow appa-
ratus in their studies. The longest relaxation time for free
solvent shear decay in a parallel plate device may be as long
as several tenths of a second (Lamb, 1932; Thompson & Gill,
1967), and the optical properties of oscillatory flow systems
are known to be greatly different from corresponding
steady-state values (Thompson & Gill, 1967; Thurston &
Schrag, 1967). Finally, artifactual differences among chro-
matins from different sources are always possible.

More serious discrepancies appear to exist between the
present results and those reported by Norden and co-workers
(Tjerneld et al., 1982; Matsuoka et al., 1984). These authors
obtained positive linear dichroism for certain chromatin sys-
tems at low ionic strengths using flow orientation in a Wada
& Kozawa (1964) cell at 1800-2000-s7! shear. This flow cell
has been criticized both for its relatively short optical path
length and for its propensity toward Taylor instability at ve-
locity gradients above ~500 s™! (Lee & Davidson, 1968).
Furthermore, the dichroism data were obtained under rela-
tively high-shear and concentration conditions whereas the
present results represent the zero limit of both variables. It
is difficult to see how nonlaminar flow conditions could lead
to a sign inversion in the optical properties, however, and I
suspect that the reasons for the observed discrepancies lie in
the different chromatin preparations used or in their state at
the time of measurement. Clearly, additional study will be
required to resolve these questions.

CONCLUSIONS

I have used hydrodynamic orientation and experimental
determination of birefringence to deduce the conformation of
DNA in the unfolded 10-nm and folded 30-nm fibers of
chromatin. The results suggest a relatively flexible (relative
to pure DNA) “beads on a string” model for the open fiber
and an edge to edge stacked array of chromatosomes for the
condensed system. The results are also consistent with the
radially stacked model of McGhee et al. (1980, 1983) and
generally corroborate the results of these electric dichroism
studies. Since these methods are physically distinct and involve
different sources of potential error, the results presented here
represent an important confirmation of the McGhee et al.
(1980, 1983) structural models for chromatin in solution.

Flow birefringence as a method to characterize systems such
as those described here is advantageous in that it is now
possible to measure very precisely both small birefringence and
weak orientation under dilute solution conditions. Hydrody-
namic orientation of anisometric particles is now quite well
understood and does not suffer from the uncertainties still
remaining in our understanding of polyelectrolyte effects as-
sociated with electrical orientation. Further, measurements
reported here are made in the limit of zero perturbation by
the orienting (hydrodynamic) field rather than in the infinite
field limit of electric dichroism. On the other hand, the optical
theory of birefringence is much less satisfactory than that of
dichroism, especially since the form effect is relatively large
in birefringence and small in dichroism. In this work, modeling
results are based upon the experimental anisotropy of pure
DNA, and no attempt is made to treat this quantity theo-
retically. Since the intrinsic and form birefringence compo-
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nents appear to model similarly (Harrington, 1967, 1979,
1982) and the large intrinsic optical anisotropy of DNA greatly
exceeds that of the protein components of chromatin (Har-
rington, 1979, 1981, 1982), there seems to be no a priori reason
to suspect the present methods on theoretical grounds.

In spite of this, the models proposed here and elsewhere
cannot be taken too literally, but rather represent constraints
upon the various possible models for chromatin structure that
can be envisioned. There is no uniqueness in conclusions drawn
from optical modeling—only consistence with certain structures
and inconsistence with others. Nevertheless, these methods
can assign relative probabilities to particular structures. Since
the structures represented as highly probable by the present
modeling techniques are reasonable, and since these same
structures are assigned high probability by other, independent
biophysical methods, I feed that these now represent good
working hypotheses for the further examination of struc-
ture~function relationships in chromatin.
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