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Chaprer 11

ON NU MODELS FOR CHROMATIN STRUCTURE

A.L. OLINS, J.P. BREILLATT, R.D. CARLSON, M.B. SENIOR*,
E.B. WRIGHT and D.E, OLINS

From The Universine of Tennessee-Oak Ridge School of Biomedical Scivnces, Thw Biology Divisian,
Ouk Ridge National Laboratory, and the Molecular Ameromy Pragram, Ouk Ridge Nationtaf
Laboratory, Oak Ridge, Teanessee 37830, U.S.A.

“You boil it in sawdust: you salt it in glue:
You condense it with locusts and tape:
Still keeping one principal ebject in view--
To preserve its symmetrical shape’

Lewis Carroll
The Hunting of the Snark (1876)

Introduction

The idea that chromatin might possess a periodic structure developed from
the early X-ray scatlering studies of Wilkins and co-workers [1,2] and those of
Luzzati and Nicolaieff [3,4]. Prior to 1973, the most widely accepted model lor
the DNA folding in chromatin was that ofPardon and Wilkins [5], which assu med;
A uniform distribution of histones along the DNA, and a superhelical folding of
the nucleohistone fiber, witha DNA length packing ratio of ~3:1. Independent
electron microscopic studies of chromatin had failed to indicale any unequivocal
periodic structure, although classes of chromatin fiber diameters could beclearly
discerned. Generally, the spreading of chromatin fibers on a water surface, at low
ionic strength and in the presence of a chelator, resulted in fibers of approxima tely
100 A dinmeter, while other solvent conditions promoted the appearance of
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212 A.L. Olins et al.

200-250 A diameter chromatin fibers [6.7.8]. In 1973 employing techniques modi-
fied from those of Miller and co-workers {9,10], we[11] and Woodcock [12] in-
dependently observed an ultrastructural basis for chromatin periodicity. Simul-
taneously, biochemical studies of the praducts of nucleolytic attack of chromatin
furnished the basis of isolation and characlerization of this newly described
chromatin subunit [13,14],

The present paper, which emphasizes the work in progress in our laboratory,
is divided into lour parts: a} visualization of the chromatin subunits (the nu or
v bodies) in freshly spread nuclei; b) isolation and characterization of monomer
v bodies; ¢) speculations about the internal structure of v bodies; and d) re-
flections on the higher-order packing of v bodies in chromatin,

Visualization of the chromatin subunits

The reader must examine the {ollowing electron micrographs with a degree
of caution, particularly as outlined in fig. 1.

When isolated nuclei are exposed to solvents of varying ionic composition,
alterations in nuclear volume and chromalin condensation can be readily observed
[15,16,17,18]. In particular, nuclei swell and lose their granularity in low ionic
strength solvents devoid ol divalent cations, probably as a consequence of
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Fig. 2(above) Electron micrograph of a Lhin section ol o water-swollen chicken erythrocyte nucleus.
Specimen preparation, embedding and staining as described previowsly [18]. 15,000 x . (below) Elec-
tron micrograph of a swollen and (ixed chicken erythocyte nucleuns centrifuged onto a glewed carbon-
coated grid, dried in Photo-Flo, and dried in 0.5% ammoniwmn molybdaie (pH 7.4). The chromatin
fibers spilling ont of the nucleus are well separnted at the perimeter of the nucleus, 22,000 x.
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electrostatic repulsion between the polyanionic chromatin fibers. In extreme con-
ditions (e.g., distilled water after chelation or displacement of divalent calions),
the nucleus literally explodes, with chromatin fibers streaming into the solvent,
Electron microscopic studies of thin sections of lixed, water-swollen nuclei [19,20]
reveal very little discernible structure (fig. 2a); the separated chromalin fibers
exhibit diameters ofapproximately 70-100 A. Because the chromatin libers extend
in all directions, only short segments can be observed in the thin sections. If
the fixed water-swollen nuclei are centrifuged onto a carbon-coated microscope
grid, dried in Kodak Photo-Flo {9,10], and subsequently dried in difute stains
[21,22,23), the chromatin fibers appear as long, unbranched strands (fig. 2b). Al
higher magnification the chromatin fibers can be resolved into linear arrays ol
spheroid particles with ~ 80 A diameter (the v bodies), joined by connecting
strands, ~ 20 A thick (fig. 3 and 4). "The v bodies frequently reveal characteristic
internal structure: a dot of stain in the particle center; a line of stain partly or
completely across thie particie diameter, The dimensions of the v body and the
existence and length of the connecting strand have furnished some basis for
controversy in the field. Observations compiled from a number of studies are
presented in table 1, which aiso illustrates the widespread occurrence of the
chromatin particulate structure, DilTerences in reported v body diaimcters pro-
bably reflect variations in particle distortions due to dehydration, variations in
penetration of stain, calibration of magnification, and calculated corrections of
heavy metal deposition. As an example of the difficulty of estimating hydrated
dimensions, the volume of ribosomal particles decreases ~ 50% due to the dehy-
drating condition of electron microscopy [31]. Furthermore, it is likely that the
hydrated v bodies would have a diameter ~ [00-110 A, in order to explain
features of the low-angle X-ray scattering (see below), The significance of the
conneeting strand remains lo be completely clarified. We have argued [21,22] that
the packing of v bodies seems o be sensitive to stretching, and that one fre-
quently observesa mixture of close-packed and stretched linear arrays of particles.
Although the stretched configuration may well be artifactual, we maintain that,
in cerlain circumstances, it can also be informative. Under certain staining
conditions (table | [23,26,27]) the connecting strands exhibit reproducible lengths
(i.e., histograms of strand lengths exhibit clear peak values). Il is probable that
this is an unravelled segment of the particle DNA, and represents a less tightly
bound portion of defined length. With respect to the data from spread chicken
erythroeyte nuclei [23], a connecting strand of ~ 140 A would be equivalent to
~ 40-60 nucleotide pairs of native DNA,

Asg shown in table 1, the v body structure of chromatin seems to occur
in many different types ol eukaryotic nuclei, a conclusion that agrees with studies
on the DNA fragments obtained after nuclease digestion (see below). It further
seems likely that the particulate structure is not dictated by a unique nucleotide
sequence, since isolated histones can be reconstituted with a variety of dilferent
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Fig. 3. Blectron micrograph of a spread of a chicken erythrocyte nucleus, The regularity of the
connccling strand length can be readily visualized. Specimen prepacation similar to fig, 2b, except
that the sample was dried in 0.2% uranyl acetate dissolved in methanol, 125,000 x .

DNA molecules (e.g., E. coli, T7 and T4 DNAs [23]; and adenovirus [28] DNA);
to yield v bodies of similar morphology. From such evidence and from
numerous studies on histone-histone interactions (see the section on Internal
structure of v bodies) it appears that the foundations of the particulate subunit
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Fig. 4. High resolution micrograph of spread chicken erythrocyte nucleus, The arrows point to v
hodics with clear internal structure. Many chromatin fibers exhibit a zig-zag configuration with the
v bodies lying on alternale sides of the connecting sirand, Specimen preparation similar to fig. 2b.
excepl that the sample was dried in nqueous .29 uranyl acetate. 350,000 x.

structure of chromatin are specific histone-histone interactions combined with
more general interactions between histone and DNA. )

The emerging conception of chromatin as ‘beads-on-a-string’ is not completely
new, The eccentric French artist Jean Ignace Isidore Gerard Grandville (1803-
1847) held remarkably similar views (fig. 5).
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Fig. 5. The Planet Bridge by LLLG. Grandville (1844), in The Mysteries of Tnfinity, Un Autre
Monde.

Isolation and properties of chromatin v bodies

Although small quantities of monomer v bodies can be isolated by ultra-
centrifugation of water-swollen, fixed and sonicated nuclei [32], the method of
choice for particle isolation involves nuclease digestion of isolated nuclei or
chromatin [33,13,14], followed by ultracentrifugal fractionation of the digested
products [34,35]. The kinetics of digestion of chicken erythrocyte nuclei with
micrococeal nuclease is shown in fig, Ga. 1t is clear that as digestion proceeds,
there is an increase in slowly sedimenting material, and a decrease in rapidly
sedimenting material, in agreement with the results of other investigators [36,37).
Tn order to obtain a high yield of monomer particles (v)) for physical character-
ization, one hour digests of chicken erythrocyte nuclei were fractionated by zonal
ultracentrifugation (fig. 6b), In the experiment, approximately 1/3 of the rotor
“capacily was used, and approximately 30 mg of monomer particles (v} were
obtained. In this run, the purity of the monomers (pool 1) was ~ 907%; dimers
(pool 2) and trimers (pool 3), about 60%. Recentrifugation of dimers and trimers
on smaller sucrose gradients (SW 41 rotor) was occasionally employed for further
purification,

The preparation of even larger quantilies of monomer v bodies is desirable
for attempts at crystallization, and (or light, X-ray and neutron scattering studies.
Employing the K-VIII zonal rotors in a K series centrifuge [41], we have re-
cently isolated ~ 1.0 gram of nuclease digested monomer v bodies (fig. 7).
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Fig. 6. ) Frucliomtliunnfmic:rococcaluuclc';lscdigcsledchlckcncrylhrncylenuclci by sucrose gradient
ulteacentrifugation — the effects of time of digestion. Chicken erylhrocyte nuclei were isolated
according o the procedure of Van Lente el al.[35]. Five ml ol chicken blood were collected in
30 ml of buffer containing 10 mM NaCl, 10 mM Tris-HCl, and 3 mM MgCly, pH 7.4 (STM
buffer). Celis were pelleted at low speed (10 min, ~4000 g) and lysed at 4 C in STM bufTer
with the nddition of 0.5%, Nonidet P40 (Particle Data Lab Lid., Elmhurst, HLY (STMN bulfer).
Nuclei were washed 3 times and resuspended in STMN buffer to a concentration of ~ L4 % 10
nueleifml. The solution was made 10 * M in CaCly, and samples were incubited at 37 C for
various times with 60 pg/ml Micrococeal Nuclease {Worthington Biochemical Corp.). The digestion
was stopped by the addition of ice cold EDTA (pH 7.0) to 40 mM, followed by sonication for
2.3 min at 0 C (setting 8, Biosonik {Bronwill Scientific, Rochester. NYY), und centrifugation at
low speed. (Most recently. we have climinated the sonication step, with no il efTects.} The peliet
was dispersed in 0.2 mM EDTA, pH 7.0 (final Aagy ~ 50-100). Ten Lo twenly lambda of the
dispersed pellet was layered on the top of 5-20%, linear sucrose gradients (0.2 mM EDTA, pH
7.0), and centrifuged in 2 Beckman Spinco SW4l rolor spun at 35,000 rpm for 12 h at 4 C. Gra-
dicnts were fructionated from the boltam of the centrifuge tubes. Digestion times: {a) 10 min;

(h) 30 min; (c) | h; (d) 2 h
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Fig. 6. b) Fractionation of micrococeal nuclense digested chicken erythroeyte nuelei by zonat cen.
trifugation - the Beckman Ti-15 zonal rotor, Preparative isolations of nuclease-resistant chromatin
particles were performed in 1 Beckman Ti-15 zonal rotor by the following protocol: at 3 € and
1300 rpm, 950 ml water averlay was rapidly inrtroduced through the edge ling; then 15-20 ml
sumple. containing digested chromatin at iApproximately 5 mg/ml in 3% wiv sucrose, and 0.2 mM
EDTA, was metered in the edge line at 13 ml/min and lollowed immediately by the light end of an
B.6-15" wiw sucrose gradient containing 0.2 mM EDTA (pH 7.0). The 500 ml linear-with-volume
eradient was produced by a cam-programmed Beckman gradient former, aind afier the first 4 min
the loading rite was increased from 15 wl/min to 40 mlfmin. A cushion of 17.5%, wiw sucrose
filted the remuinder of the rotor cavity. Aflter eentrifugation for 5-6 h al 32,000 rpm (wt = 20—
Zdsee = 10 the rotor contents were displaced through the center line and the chromatin collecied
in 15 ml iractions. This separation protocol is derived from that developed for isolation of macro-
globulin from plasma [38,39], and further optimized through use of the simulation program DIFED
[40]. Fractions from the zongl rotor were monitored al 260 nm, and pools containing predomi-
mantly monomer, dimer and trimer particles were concenirated in u collodian bag apparatus
(Schleicher and Schuell Co., Keene, NH} to an Aggy of ~ 50-100.
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Fig. 7. Fractionation of microcoecal nuelease digested chicken erythrocyte nuelei by zonal centritu-
gation -~ the K-¥II rotor. For the very large scale production of monomer v bodics, 8 chickens
were exsanguinated, the blood (340 ml) collected into 60 ml af Anticoagulant Citrate Dextrose
(Aminco, Silver Springs. M) to prevent clotting, The blood was fillered through gauze, diluted
with 300 ml STM buffer. and centrifuged Tor 15 min at 400 g. The loose erythracyle pellet was
suspended in 1.5 1 of STMN bulfer, stimved with & magnetie bar for 10 min and centrifuged:
the entire washing cyele was repeated a total of 4 times, The resulting nuelear preparalion was
diluted 1o i concentration of 1.4 x 107 nuclei/ml (860 ml). made 10 UM Cally, and micrococeal
nueleise ndded 1o 6 g enzyme/ml, Digestion conditions were 6-8 b, 37 C with vecasional shaking.
The reaction was terminated by addition of 174 ml of 200 mM EDTA and rapid chilling. After
centrifugation (15 min, 600 g), the digested nuclear pellel was resuspended in 120 mi of 0.2 mM
EDTA, stirred and brought to linad coneentration of ~ 10 mg digested ehromutin/ml (i.e.. Ay ~ 100)
in 4% suerose.,

For fractionation in the K-Y1IT rotor 8 4.5 | overlay of 2,87, sucrose, 0.2 mM EDTA was in-
tradueed into the static rotor threugh the hottom live; followed by the ~200 ml saple; and
swhsequently by a 12-30%, wiw sucrose gradient also containing 0.2 mM BDTA. This 3: 1 gra-
dienl was formed by o pradient muker with a 3.6 1 mixing chamber [42]. A 750 ml cushion of
340 wiw suerose, 0.2 mM EDTA completed (illing of the 845 votor cavity, The roler conlents
were reoriented into the spin configuration according o o controlled aceeleration protocol, amd
centrifuged at 35000 rpm for 10 h at 13 C. The roler was decelerated under conrel and the
gradient collected in 100 ml Iractions from ghe botlom line of the static rolor. The monomer
fraction was concentrated by precipitation with 10 mM MgClsy in a1 1 graduate eylinder over-
night al ~4 C. The supernatant was gently removed by suction: the pellet further concentrited by
centrifugation. The loose pellet of manomers (~ 30 ml) was subsequently dialyzed against 5 1 cach
of 20 mM, 2 mM and 0.2 mM EDTA. The linal product was an almost clear solution {(~ 60 ml)
of particles (Asg ~ 157). For ullimate purification of monomer v bodies it may be necessary to
recycle the preparation in the K-VIIT zonal rotor one more time,

Table 2 contains a summary of published physical data on chromatin monomer
particles, and includes the results of our physical studies on two separate zonal
(i.e., Ti-15 rotor) preparations. Most of the published data on monomer DNA-
fragment size come from gel electrophoresis ol DNA which was prepared
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TABLE 2

Physical properties of chromatin fragments resembling v bodies.

Particles DNA
Pratein
DNA Mol. wi. Source Mol. wi, Base pairs References
1,22 295,000 Chick erythrocyles 141,000% {210 32
1.3 (315,000) Rat liver {137,000) 205 34
1.2 (295,000} Trout westis (134,000) 200 43
1.39 (296,000} Duck reticulocytes ( 124,000y 185 44
— e Rat liver 124,000y 185 45
- — Rai liver 120-150,000  (201) 46
— — Calf thymus (117,000 110-175 47
— — Trout testis (117.000) 175 43
e — Pea seed {114,000} 170 48

Mouse myeloma

— e Rat liver (114,000 170 4
— = Rat liver {107,000 160 45
139 {225,000) Duck reticulocytes ( 94.000) 140 44
— o Yeast ( %0.000) 135 49
— — Call thymus 70-80,000 110120 23
— — Calf thymus 80,000 120 i6
1.64 {223,000 Chick erythrocytes " §5.000% {126) 50
[.78 (224.000) Chick erythrocytes ]0,000* {120) 50
.86 (230,000}

* DNA was prepared lrom isolated chromatin particles by digestion for 1 h at 37 € with | mg/ml
Pronse (pre-incubated for 15 min al 37 C) in a solvent containing 0.5% SDS and 1 M NaCl. The
DNA was further puritied by extracting 3 times with an equal volume of bulfered phenol, and
I time with ether. Dissalved ether was evaporated with Na and the DNA was either precipitated with
2 volumes of cthanol at - 20 C overnight, or exlaustively dialyzed vs approprinte solvents. For
molecular weight determination by amalytical ultracentrifugation DNA isolated from purilied mono-
mer was exhaustively dialyzed vs 8SC(0.15 M NaCl, 0.015 M NaCitrate, pH 7.5} and sedimented
to equitibrium in a Beckman Model E analytical ultracentrifuge. equipped with absorption oplics
and & multiplexer attachment, Seans were taken afler #t least 60 h of centrifugation, and cal-
culations were perforimed as described {33].

following micrococeal nuclease digestion of isolated nuclei, Such studies indicate
that micrococcal nuelease rapidly fragments chromatin to particles containing
from 185 to 205 base pairs (and higher multimers). Simultancously, or very
shortly thereafter, DNA fragments of [rom 140 to 175 base pairs appear, followed
by a limit digest of smaller DNA pieces {51,52]. Furthermore, under some con-
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ditions of digestion, non-zZero background absorbances between the major bands
on DNA gelsare apparent [44,50], indicating a certain amount of heterogeneity in
the DNA cleavage sites.

Monomer particles isolated in the present study have average DNA conlents
of approximately 120 to 126 base pairs, as determined by sedimentation equi-
librium studies. DNA gel electrophoresis of samples from the first zonal pre-
paration (pool 1) indicate the presence of up to 10% of lower molecular weight
DNA fragments (data not shown). Although no heterogencity was apparent
from the sedimentation equilibrium profiles of pool | DNA fragments, the pre-
sence of low molecular weight picces could lower the measured molecular weight.

Bouyant densitiés of HCHO-fixed v, in CsCl indicated a heterogeneity in
protein/DNA for these nuclease monomers. In both preparations listed in table 2,
the bands in CsCl were broader than that calculated (or a homogenous pre-
paration of similarly-sized particles, and in the second preparation of pool 1, the
broad band appeared to be split into at least two peaks.

Electron micrographs ol zonal pools [, 2, and 3 are shown in fig. 8. The
appearance of these monomer, dimer and trimer particles in the clectron mi-
croscope is identical to the appearance of ¥ bodies in spread chromatin fibers
(sec below).

The electrophoretic pattern of the proteins extracled from purified monomers
(v,). dimers (v,) and (rimers (v,) are shown in fig. 8D. atong with the profiles
from intact nuclei, tolal nuclease digests, and histone standards. There is a small
quantity of non-histone protein visible in the intact nuclei isolated by the present
procedure, with diminishing amounts present in the total digest, and only trace
quantities in the isolated pools. This conlirms carlicr suggestions [32] that non-
histone proteins are not integral components of v bodies. The molar ratios of Lhe
histones within these samples (from a single zonal preparation) are given in
table 3. Each sample was examined on long (25 cm) SDS gels and average
values are shown, Extracts of total undigested nuclei yielded approximately
equimolar ratios of the H4, H3, H2a, HZb, and H3. We have repeated this
observation on two other preparations of chicken erythrocyte nuclei and estimale
that the equimolar ratios are accurate to +10-20%,. This observation of the
approximate equimolarity of the major classes ol histone is consistent with our
earlier suggestions on the histone staichiometry of chromatin v bodies [11,21].
It is not in agreement, however, with previous measurements in our laboratory
on the histone molar ratios of acid extracts of intact erythrocyte nuclei [54]. By
comparing the yield on SDS geb elecirophoresis of histones extracted [rom
identical numbers ol intact nuclei by acid treatment {025 NH,SO, followed
by ethanol precipitation) versus extraction with SDS-mercapto-ethanol, we have
““determined that SDS extraction results in yields that are 3-4 times greater than
with extraction by acid. The earlier measurements [54] appear (0 have been based
upon incomplete extraction. 1t should be noted that most of the relative histone
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Fig. 8. A.B,C) Electron micrographs of fractions from zonal ultracentrifugation (see fig. 6): A) pool
I1 B} pool 2; C) pool 3. One drop of the unfixed particles (Azgp ~ 1-2) was applicd 10 a charged
carbon-coated grid, washed and dried in dilute Kodak Photo-Flo, stained and dried in 0.2% aqueous
uranyl acetate. 149,000 x. D) Gel electrophoresis in sodiwm dadecyl sulfate, comparing purilied
chicken erythrocyte histones (Hd4, H2a, H2b, H3, H5 and HI1) with exlracts of undigested nuelei
(0), micrococeal nuclease digested nuclei (T), and monomer, dimer and trimer fractions (¥, v, V).
Gel electrophoresis conditions were modified from [53], except that gels were 3 mm thick and 120 mm
long. Following eletrophoresis the gels were stained with 0.1% Amido Black and destained until
the background was uniform [54}.

ratio data in the literature are based upon acid-extracted nuclei or chromatin
[55,56]. The present results, documenting the equimolarity of the histones, would
appear to indicate that, for the chicken erythrocyte nucleus at least, the very
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TABLE 3

Molar ratios of histones. Proteins were extracted from undigested nuclei by addition of 1/5 veluine
of 5 sample buffer (0,3125 M Tris (pH. 6.8). 10", SDS, 25" fl-mercaptoethanol, 50°; plycerin.
1.605%, bromophenol blue) to a solution containing 1--2 mg DNA/m). Concentrated solution of v,
vy, and vy particles (in 0.2 mM EDTA) or ol histone standards (in water [54)) were diluted with
appropriate volumes of 5 x sample buffer. Samples were not boiled, since boiling was accasionitlly
observed to lead o precipitation ef proteins. Gels were stained in 0.1% Amido Biack and destained
as previously deseribed [54). The destained pels were scanned with o Zeineh Soft Laser Scanning
Densitometer (Biomed. Industrics, Inc., Chicage, [11.), equipped with an integrator pen which was used
to quantitate the amount of stain in cach gel band. By combining data on the relative molar
staining of the pure histones with mcasurements of the relative staining ol histonc extracts, we were
able to estimate the molar ratios of the histones in the extracts of undigested nuclei, and of monomer,
dimer and trimer [ractions (see (34] for the delails of the caleulations),

Histane Undigested chicken Monomer v Dimer v, Trimer v,
erythroeyte nuelei

H4

106 1.00 1.00 100

H3 1.01 0.04 0.69 0.64
H2a 0.94 0.87 0.93 0.1
M2 115 0.87 0.92 0.96
HS 0.92 0.35 0.75 0.98

71 045 0.27 0.24 Q.20

lisine-rich histones (M5 and HI} are not half-molar with respect (o H4 [57]. Ob-
viously, additional measurements on other types of nuclei are necessary. Analysis
ol histone extracts from zonal fractions enriched with monomer, dimer and
trimer v bodlies reveal some differences [rom histone equimolarity {table 3), The
most obvious and repreducible differcnce, compared (o undigested nuclei, was
a loss of ~2/3 of H5 in v, (ractions. The decrease in H3 compared Lo un-
digested nuclei was not consistently observed in other experiments. Other in-
vestigators have reported monomer particles which are either deficient in [37,43],
or entirely lacking [36,58], histone HI, and it is likely that HS serves some of the
same functions in erythrocytesas F | does in other nuclei. It is not surprising, then,
that I35 is preferentially lost during digestion of chicken erythrocyte nuclei. The
suggestion has been made that H! (or FI5) is associated with interparticle regions
inchromatin (i.e., covering the connecting strands visualized in spread chromatin)
[38]. It is inleresting to note, therefore, that nuclease-digested monomers (v,),
when air-dried from Photo-Flo, generally do not exhibil any “tails” in the electron
microscope, suggesting that the connecting strands have been digested, That all
ol the H1, and approximately 30% of the H5, remains with the isolated mono-
metric v.bodies may reflect weak interactions of these histones with the particle
structure, Histone stoichiometry data (table 3) suggest that most ol the released
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H5 molecules do not associate with multimer particles. Buoyant densities indicate
that only 5% of the multimer fractions have protein/DNA higher than the bulk
of chromatin. HI has been found at the top of sucrose gradients of nuclease
digests [43], consistent with a partial release of HI during digestion. The solu-
bility properties of isolated monomer v bodics strongly resemble those ol native
chromatin [39]. Preliminary studies in our laboratory indicate that quantitative
precipitation of v bodies can be accomplished by making the fragments in 10 mM
MgCl, (fig. 7, legend). The precipitate readily redissolves on subsequent dialysis
against EDTA solutions. Analysis of the histone content of the resolubilized
monomer particles reveals a total absence of HI and HS histones. Previous
studies on isofated chromatin have indicated that as much as [00 mM MgCl, is
necessary o displace the very lysine-rich histones [59], further indicating the
weaker binding of H1 and HS5 following nuclease digestion.

Isolated monomer v bodies can reveal cerlain properties observed for intact
chromatin. I the particles are made 5 mM MgCl, and examined in a phase
light microscope, they reveal fibrous aggregates that ressmble chromatin examined
under similar conditions (fig. 9A). When such aggregates of monomer particles are
pelleted by ultracentrifugation and examined by low-angle X-ray scattering, the
characteristic chromatin pattern (i.e., ~ 110, 55, 37 A) is observed (fig. 9B).

The fucility of reconstructing v bodies from its dissociated components, i.c.,
histones and DNA, described earlier, can also be accomplished with the isolated
monomer v hodies, On the basis of electron microscopy, sedimentation behavior
and melting temperature, we have oblained almost complete reassociation when
an aliquot of v, was dissociated by dialysis against 3 M NaCl, and reconstituted

N
Vi

W

I

Fig. 9. The effects of adding Mg?* to isolated monomer v bodies. A) Monomers (Aggy ~ 3) made
5 mM MgCl, and examined in the phase light microscope, 370 x. B) Low angle X-ray diffraction
pattern of # centrifuged pellet of vy made 5 mM MgCl,. Centrifugation conditions: type 65 rotor,
18 h, 58,000 rpm, 0°C. X-ray exposure {72 h) with Frank optics; sample-film distance, 92 mm.
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by stepwisc dialysis against buffers containing decreased concentrations of NaCl
by techniques employed previously [23].

Internal structure of v bodies

High resolution electron micrographs of nuclear spreads and isolated particles
suggest the existence of characteristic internal structure (fig. 10 and [23]). In the
absence of additional data (e.g., images ol individual particles observed at different
tilt angles; analysis of the types of binding sites for slain), interpretation of
the micrographs in terms of histone arrangement within v bodies can be only
highly speculative. Two recent reviews on the *Quaternary structure of proteins’
[60} and on ‘Electron microscopy of proteins’ [61] discuss the symmelry pro-
perties of macromolecules, Turnish a goal for the analysis of v bodies, and
stimulate us to formulate ideas of possible histone arrangements within the v
body. We will, thercfore, suggest a conception of particle internal structure,
intended as a working model. This conception incorporates a number of
assumptions which are listed below:

1) The dilferent classes of views shown in fig. 10 are assumed to arise from
dilferent projections of identical particles where the tilt angle is unknown.

2) The mechanism of uranyl staining of the v bodies is unknown. Although
the method of drying the particles within stain would be expected to yield
negative staining, the streng binding of uranyl fons 1o nucleic acids [62] could
also result in positively stained regions, However, cvidence employing phospho-
tungstic acid as a negative stain [23], and observations on unstained specimens
[30], appears Lo justify the assumption that there is a crevice or hole in the
center of the v body.,

3) Each particle is assumed to have pairs ol all histones — H4, H3, H2a, H2b,
and H1 or H5. The very lysinc-rich histones H1 and H3 are not essentiul for
the particulate structure [20,24,25,28,30,37,63] and probably bind to the DNA re-
presented in the connecting strand. An octamer of the histones (H4, H3, H2a
and H2b) is assumed necessary lor the v body shape [57.58].

4) Al of the histones appear lo consist of globular regions (~ 70-80 wImino
acid residucs in tength) which arc assumed o be approximated to spheres of
about 26 A diameter, and of basic tails which probably bind (o the DNA [64].

5) The association of this octamer of globular regions of the histones into the
protein core [65] of the v body is assumed to follow point-group symmetry [60.61)].
Of the various types of point-group symmelry for proteins with a small number
of subunits [60], dihedral symmetry scems preferable to cyclic symmeury for
forming the basis of a spheroid particle shape, and for maximizing histone-
histone interactions. Of the two types of dihedral symmetry, the square anti-
prism yields a more close-packed structure than the cubic arrangement [60]. Fig.
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Fig. 10. A gallery of high resolution electron microscopic views of monomer v bodies, and 8
simulation of these views with a square antiprism arrangement of spheres, Four elasses of views have
been observed: particles with a dot of stain in the center; with a line of stain connecling the
center and edge: a line across the diameter; and star-like patterns of stain on the periphery of the
v body. Euch vertical column illustrates selected representalives of each class, together with a simula-
tion of that class by photographing tilted views of the suggested model. The monomer v bodies
were applied to charged carbon-coated grids and dried in aqueous 0,2% uranyl acetate a5 pre-
viously described [23]. 1,200,000 x ,

10 shows photographs of a square antiprism arrangement of spheres tilted at
various angles to simulate the observed electron microscopic views, A calculation
of various projections {61,66] would be a more effective method for simulating .
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the microscopic images, and determining if the square antiprism gives a beticr fit
than the cubic arrangement. ‘

6) There is increasing evidence that the four different histones H4, H3,HZa,and
H2b can form a specific tetramer [67], which may be assumed to be the protomer
(or asymmetric unit) of the v body. Studies of the interactions of histones in
solution has led to representation of a possible arrangement of the histones
in the tetramer [68]:

He——H,

Hy "y,

7) Of all the published results of chemical cross-linking of intact chromatin
[35,69,70,71,72‘73,74,75.76] the only identified homopolymeric link (excepting
the homopolymers of HI or H5[69,71,72,73,75)) is H3-H3[75,77]. We suggest
that the v body has a single dyad axis perpendicular to a pseudo four-fold
axis. This dyad axis is assumed (o pass between the pairs of H3.

A scheme incorporating these assumptions is presented in fig. 11, which
illustrates one possible arrangement of the globular portions of the histones into
a protein core. The folding of the DNA and its association with the basic
regions of the histones remain unspecified, but is assumed to preserve a single

Fig. i1, Schemaiie conception of one possible square antiprism arcangement of histones in & protein
core of the v body. A single dyad axis is shown passing between the H3-H3 contact. The inter-
action of a pair of ML (or H5) histones with the octamer (pairs of H4, H3, F2a and H2b) is
shown in a “close-packed’ (left side) and in & ‘siretched” (right side) configuration. The HI {or H5)
histones are alse indicated to bind o the portion ol the DNA represented in the connecting strand.
The path of the DNA in the v body is not indicated, bul might be assumed to preserve the
postulated overall two-lold axis of symumelry.
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dyad axis of symmetry for the intact v body. We are currently engaged in
studying individual v bodies at various known tilt angles in an affort Lo test the
first of the many assumptions in this conception of the v body,

Higher order packing of v bodies

The problem of packaging a meter of DNA into micron size chromosomes
is only partially resolved by the folding of DNA within the individuai v body,
Evidence suggests that the length of DNA associated with one v body represents
a4 6-7/1 compacting of the DNA [1 1,21,28,29,32,57). Measurements of 200-250 A
wide chromatin fibers suggest a DNA packing ratio of ~ 28/1 [78]. The folded-
fiber model of chromosomes has been suggested as a mechanism for additional
compaction [79]. Clearly, a hierarchy of chromatin organization remains to be
analyzed at the structural level.

We have been concerned with the possible arrangement of the v bodies within
both the ~ 100 and the 200-250 A chromatin fibers. Given the structural
restraints of the DNA packing ratios, fiber diameters and low-angle X-ray re-
Mections (i.e., ~ 110, 55, 37, 27, 22 A) as a basis of comparison to com-
putations, we have calculated the properties of various arrays of v bodies in close
contact [80)],

The following classes of linear particle arrays were considered (fig. 12).

Linear strings (fig. 12a). A periodic linear array of touching spheres.

Flexible strings (fig. 12b). The amount of [exibility is defined by two angles
aand ¥ which are randomly generated for each sphere. When the maximum
value o can assume is specified (s then —a <o <o, . The angle ¥ is a
torsion angle and has a value between 0 and 27 radians. A linear string results
when o, = 0",

¢ d e

Fig. 12. Classes o models of linear arrays of spherical particles in contact: a)a linear string: b)a
flexible string; ¢) a 2-contact helix; d) a 4-contact [1.4] helix; e} a 6-contaci [1,3,4] helix.
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2-Contact helices (fig. 12¢). These are open helices with each sphere in contact
with only the two neighboring spheres along the strand. As long as spheres do
not overlap, any three of the four variables (turn angle, rise/sphere, helix radius,
and sphere diameter) arce independent. There is no stabilization arising from
interactions of spheres other than those interactions between covalently-linked
neighbors.

4-Contact helices (fig. 12d), Each sphere is in conlact with spheres above and
below, as well as with adjacent spheres along the strand. According to the
notation of Erickson [81] these would correspond to the (I, #) helices with
n =2, 3 4, elc. For each n there is a range of allowable turn angles. Only
two of the four variables described above ave independent,

6-Contact helices (fig. 12e). This class has the tightest structure of all of the
helices. The spheres are hexagonally packed on the surface of the helix, each
sphere being in contact with six other spheres. Erickson [81] calls these (, m, n}
helices, where mand n ave integers limited by tiie previously described constraints
0 be: m =2, 3, 4, etc. and n=m + 1. For a given sphere size and integer
m, the helix parameters are unique.

We havealso calculated the spherically averaged dil’ fraction (rom the following
(hree-dimensional close-packing arrays: cubic close-packing. lace-centered cubic
close-packing, body-centered cubic close-packing, and hexagonal close-packing.

Since almost nothing is known about the interna! structure of an individual v
body (i.c.. the three-dimensional clectron density distribution p(r. 0, ¢, we
have used spherically symmetric electron density distribution p(») to represenl
them. In most calculations we have used uniform-density spheres (p(r) = constant),
but have tried several other electron density distributions as well,

The Debye equation [82] was employed to calculate the spherically averaged
scattering of X-rays by such model arrays of v bodies. Strictly speaking, such
scatlering calculations should not be compared with data from oriented chro-
matin fbers, However, the data [rom unoriented gels is very similar, and only
the 110 A reflection exhibits more than very weak meridional orientation in
chromatin fibers [83].

A partial summary of our caleulations of model arrays is presented in table 4,
Based upon these calculations, the folfowing gencral statements can be made:
(a) For several quite diflferent arrays of ~ 100 A-diameter spherically symmetric
particles, X-ray maxima arc predicted at positions in agreement with he ex-
perimental positions. (b) The [irst maximum is duc to the periodic arrangement
of these particles. 1t occurs at an equivalent Bragg spacing approximately equal
to the principal interparticle distance, The additional small-angle maxima reflect
poth this periodicity and the particle structure factor, the latter being dominant.
A recent neutron-scatlering study has likewise indicated that only the ~ 110 A
maximuni is primarily attributable to the particle array [65]. (¢) Both the diameter
of the spheres and the principal interparticle distance must be ~ 110 A to have
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TABLE 4

Calculated patameters for certain linear arrays of 110-A spheres.

Model Fiber Turn DNA Bragg

diameter angle packing Spacings

(A () riLtio 110.55.37.27.22A
Linear string 1o — 6.4 Yes
Flexible siring 110 6.4 Yes

(zm;n: ={-30)

Flelix modcls

2-contitct 220 130 15.1 Yes
2 90 9.0 No
250 90 14.6 No

4-Contact

(1.2)* 205--223 180.0-131.8 13.7-20.1 Some**
{1.3) 125-250 131.8-97.7 20.1-27.1 Yes
(1.4 250-283 Y1.7-77.4 27.1-34.1 Some**

6-Contacl

(1,2,3) 225 1318 20.1 Yes
(1,3.4) 250 v7.7 7. Yes
{1.4.5) 283 774 3.1 Na

* Helix notation ag devetoped by Erikson [81].
** Some of the helices within this class give the correct spacings,

all of the maxima in the correct positions, (d) For all of these models based on
regular arrays of spherical pacticles. the caleulated relative intensities faf] off more
quickly with each Bragg angle than do published experimental data, unless the
scattering is greatest by the outer portion of the particle. For example, much
better agreement is obtained using a core surrolinded by a shell of higher effective
clectron density or using a three shell model (ie. a central ‘hole’, a ‘protein’
core, and a "DNA-rich® outer shell).

The calculated properties of these various arrays lead us to suggest (he
possibility that the ~ 100 A fiber could be presented as linear or exihle strings
of close-packed particles: whereas the 200-250 A fiber could correspond to a
number of possible helical a rrangements (e.g., [1,2,3], [1,3.4], or [1,3]) of v bodies.
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Fig. [3. Medusa at the Hairdresser. Simplicisimus (1927).

Historical perspective

A diagrammatic representation of the recent history of chromalin struclure
is presented in fig. 13. Anyone who has worked with isolated chromatin will
recognize the value of its analogy with Medusa. The implication, from this
figure, that chromatin possesses a helical slructure, represents an unfortunate
consequence of artistic license.
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