
Hydrodynamic Evidence in Support of 

Spacer Regions in Chromatin 

Abstract. Quasi-elastic light scattering and sedimentation velocity methods were 
used to study the hydrodynamic properties of purified dimer subunits obtained from 
partial digestion of chicken erythrocyte chromatin with staphylococcal nuclease. The 
experimental value of 1.87 + 0.08 x 10-7 gram per second for the friction factor of 
these dimer subunits in low ionic strength buffer cannot be reasonably interpreted in 
terms of a contiguous sphere model. Analysis by means of an equivalent dimer meth- 
od suggests that the spacer region accounts for a maximum of 19 percent of the 
friction properties of the dimer. 

Partial nuclease digestion of chromatin 
from mammals (1, 2), yeast (3), plants 
(4), and other eukaryotes (5) has shown 
that nuclease-resistant regions are peri- 
odically organized along the chromatin 
strand into subunits that have been 
called v bodies (6), nucleosomes (7), and 
PS particles (1). Kornberg (8) and Van 
Holde et al. (9, 10) proposed two models 
in which the repeat unit consists of a 
short DNA segment and a core of two 
each of the histone proteins H2A, H2B, 
H3, and H4. In the Van Holde model on- 
ly part (- 140 base pairs) of the DNA re- 
peat unit is wrapped around the eight- 
histone core nucleus (9, 11). This tightly 
associated octameric histone-DNA com- 
plex has been called a core-particle (10, 
12). The remaining 20 to 60 base pairs of 
nuclease accessible DNA (10, 11, 13) in 
the subunit serves as a bridge (9-11) to 
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link core particles into a "bead and 
bridge" pattern (or structure), as ob- 
served by electron microscopy (6, 11). 
Within this framework of the beads and 
bridge model (6, 9, 11), one may view the 
structure of chromatin fibers either as a 
set of contiguous subunits having col- 
lapsed bridge regions of DNA [where the 
diameter of the beads is comparable to 
that of the isolated core particle, that is, 
100 A (9, 10, 14)] or as a series of core 
particles linked by extended bridge or 
spacer regions of DNA (15). Indeed, it is 
likely that chromatin could exist as both 
contiguous and noncontiguous regions, 
depending on the nature of the non- 
histone proteins, lysine-rich histone pro- 
teins, and polycationic species that are 
associated with the bridge region on a lo- 
cal level (15). Small changes in the pro- 
teins present or in the ionic strength 

could influence the rigidity and exten- 
sibility of the bridge regions, and con- 
sequently that of the chromatin fiber. 

Our studies have been directed toward 
using hydrodynamic and light-scatter- 
ing techniques to determine whether 
chromatin subunits in solution exist as 
either contiguous beads or as beads hav- 
ing extended bridge conformation. 
Whereas electron micrograph (6, 11, 16) 
and chemical (10, 13) evidence for the 
existence of bridge regions has been re- 
ported, few physical measurements on 
multimers of chromatin subunits have 
been carried out. Quasi-elastic light-scat- 
tering measurements coupled with hy- 
drodynamic techniques should provide 
detailed information regarding the con- 
formation of multimers of chromatin 
subunits. The superstructure of nucle- 
osomes is still a matter of speculation. 
The general consensus, however, is that 
polymeric nucleosomes form a helical 
structure (17-19), although alternative 
conformations, that is, random coils or 
rods, may be equally feasible for data in- 
terpretation (17, 19). The inability to dis- 
tinguish between the various structures 
for the multimeric units is due, in part, to 
the number of parameters (20). The addi- 
tional parameter representing a spacer 
region would further complicate the in- 
terpretation. Structural studies of di- 
mers, a unit common to all super- 
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t-S ~~~~ ' !; ~~ ,~ IFig. 1 (left). (A) Isopycnic sucrose gradient separation of chicken erythrocyte 
O ! I I chromatin multimers. Multimeric chromatin subunits (two fractions totaling 5.7 ml 
< I ! l ; l 1: I and comprised of monomer, dimer, and trimer subunits) that were obtained from a 

' i; 11 i'; j |Hae III-PM 2 Bio-Rad A-5m column 80 cm long and 2.5 cm in diameter (21) were combined, 
iII 1K' 1ll 1 }1 j concentrated, and further separated on an isopycnic sucrose gradient (p = 1.51 

[1 j.i E ifJ b LJ J l AA^ ) A {(29). The optical density profile shown consists of monomer, dimer, and trimer 
components. The dimer fraction used is indicated by the arrow. (B) Electro- 
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: :C phoretic pattern of DNA obtained from the dimer. The DNA obtained after in- 
> S?S t@@ s^ ^^cubation of the dimer fraction with pronase and sodium dodecyl sulfate was sub- 

Base pairs jected to electrophoresis on a 3? percent polyacrylamide gel (27 cm long) accord- 
ing to Loening (30). A Hae III digest of PM2 DNA was run simultaneously, and 
both gels were stained with toluidine blue and scanned at 546 nm in a Gilford 

Model 2400 gel scanner. The latest size calibration of the PM2 Hae III fragments as determined by Kovacic and Van Holde (31) are indicated on 
the abscissa. Fig. 2 (above). Representative autocorrelation function for chromatin dimer. The autocorrelation function for dimer particles 
of chromatin was analyzed as a single exponential decay function of the form C(r) = A exp(- 2DK2T) + B where K = (4-rn/Xo) sin (0/2; B is 
the baseline, and A + B == 1. The data were collected at 0.5?C in the range 40O < 0 < 700. 
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structure conformations, should provide 
more precise information regarding the 
bead separation. 

Using quasi-elastic light-scattering 
techniques, we have determined the fric- 
tion factor f for dimers of chicken 
erythrocyte chromatin. The preparation 
and isolation of chicken erythrocytes has 
been described (10, 21). Nuclei were di- 
gested by micrococcal nuclease at 37?C, 
and the digestion was terminated by 
making the solution 10 mM in EDTA and 
cooling on ice. The nuclei were centri- 
fuged at 12,000g for 15 minutes, resus- 
pended in 10 ml of a solution of 10 mM 
tris-HCI, pH 7.5, and 0.7 mM EDTA, 
and disrupted briefly on a Virtis homoge- 
nizer at medium setting (22). After cen- 
trifugation of the nuclear debris, the su- 
pernatant was made 7 percent in sucrose 
and applied to a Bio-Rad A-5m column 
(90 by 2.5 cm) equilibrated with 10 mM 
tris-HCI and 0.7 mM EDTA, pH 7.5, at 
5?C. The dimer particles were purified on 
isopycnic sucrose gradients (Fig. 1A) 
and, after dialysis in 10 mM tris-HCl, 
0.7 mM EDTA, pH 7.5 buffer, were 
characterized by circular dichroism (not 
shown), sedimentation velocity (= 16.2S 
in 10 mM tris-HCI, pH 7.5), gel electro- 
phoresis of the extracted DNA (Fig. IB), 
and quasi-elastic light-scattering experi- 
ments. The last-mentioned studies were 
carried out as described (23). The sam- 
ples were filtered by gravity flow into the 
scattering cell in the cold room and kept 
cold by circulating ice water while the 
data were collected (24). The autocorre- 
lation functions exhibited single expo- 
nential decay (Fig. 2) with the homodyne 
decay constant 1IT (25) 

1/T = 2D(4irn/Xo)2sin2(0/2) (1) 

where D is the translational diffusion 
coefficient, n is the index of refraction, X0 
is the wavelength (488 nm) of incident 
light, and 0 is the scattering angle. The 
translational diffusion coefficient for the 
dimer obtained by this method, cor- 
rected to 20?C, was D = (2.16 + 0.10) x 

10-7cm2/sec, or f = kTID = (1.87 + 
0.08) x 10-7g/sec for the friction factor 

f at 20?C (26). 
The effective hydrodynamic radius R 

for the friction beads (core particle) for 
contiguous spheres is computed from 
above to be (27) 

R =/fl8rrr -(74.4 ? 3.2) x 10-8 cm (2) 

where r) = 0.01 poise at 20?C. This value 
is considerably larger than the reported 
values of R = 50 to 55 A for the nucle- 
osome (6, 7, 9-11, 14, 16). The additional 
asymmetry exhibited by the dimer is 
presumed to be the result of a bridge re- 
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gion (27, 28). If it is assumed that the 
center-to-center distance B is comprised 
of the core particle contribution 
(2R = 100 A) plus the minimum 40 base 
pairs at a separation of 3.4 A per base 
pair, then the minimum separation dis- 
tance is Bm = 236 A, which results in an 
effective friction bead radius (19) 

R' = fl/(12rr7 -f/Bm) = 62.8 x 10-8 cm 
(3) 

All the frictional properties of the hy- 
pothetical hydrodynamically equivalent 
dimer are contained in the beads of radi- 
us R' separated by a frictionless spacer 
region. The upper limit to the contribu- 
tion of the actual spacer region to the 
frictional properties of the dimer is esti- 
mated to be (R' -R)/R - 0.19, where 
R - 50 A (28). This excess contribution 
is reduced to - 5 percent if the maxi- 
mum (60 base pairs) is used in the calcu- 
lation. We emphasize that the dimers 
used in our low ionic strength studies 
contained lysine-rich histones, which 
may influence the rigidity of the spacer 
region. A flexible spacer at higher ionic 
strength may result in a collapse to the 
contiguous bead model. 
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1,25-Dihydroxycholecalciferol and Parathormone: Effects 

on Isolated Osteoclast-Like and Osteoblast-Like Cells 

Abstract. The actions of 1,25-dihydroxycholecalciferol [1,25-(OH)D)a and para- 
thormone, both effective bone-resorptive agents in vivo and in vitro, were tested on 
CT (osteoclast-like) and PT (osteoblast-like) bone cells maintained in culture. Both 
agents stimulated acid phosphatase activity and hyaluronate synthesis in the CT 
cells and decreased alkaline phosphatase, citrate decarboxylation, and collagen syn- 
thesis in the PT cells. Calcitonin inhibited the changes induced in the CT but not in 
the PT cells. The activity of 1,25-(OH)2D3 differed from that of parathormone in one 
key respect: it did not increase cellular cyclic adenosine monophosphate, whereas 
parathormone did. Prior incubation of the bone cells with 1,25-(OH)2D3 for 6 to 24 
hours made the cells refractory to the effect of parathormone on cyclic adenosine 
monophosphate formation. These data suggest that 1,25-(OH)2D3 and parathormone 
induce bone resorption by affecting the same cell types (osteoblasts and osteoclasts) 
although at different cellular sites. 

Vitamin D is involved in at least two (OH)2D3] indirectly promotes mineral- 
major aspects of bone metabolism- ization of bone organic matrix by stimu- 
mineralization and resorption (1-3). lating calcium and phosphate transport 
Its physiologically active polar metabo- across the intestine to increase the con- 
lite, 1,25-dihydroxycholecaliciferol [1,25- centrations of these ions at calcification 
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sites (3, 4). In addition, this metabolite 
directly affects bone resorption in vivo 
(5) and in vitro (6, 7) leading to mineral 
release (8), degradation of organic ma- 
trix, and unique metabolic changes cor- 
related with bone resorption, including 
decreased citrate decarboxylation (9) 
and increased lactate production (6). 

The cellular basis for the direct effect 
of vitamin D3 metabolites on bone is not 
known. Bone contains several different 
cell types. These vary from relatively un- 
differentiated osteoprogenitor cells to 
highly differentiated osteoblasts, osteo- 
cytes, and osteoclasts. Net gain or loss 
of bone is a result of the relative ac- 
tions of these cells (10). Conceivably, 
1,25-(OH)2D3 could affect one or all of 
these cells to exert its biochemical effect 
on bone resorption. 

In order to understand the direct ac- 
tion of 1,25-(OH)2D3 on bone, it would 
seem essential to identify the cells re- 
sponsive to this agent and to define the 
biochemical changes elicited. We have 
recently developed a technique that al- 
lows us to study in cell culture separate 
bone cell populations enriched in cells 
which express biochemical markers gen- 
erally associated with either osteoblasts 
(parathormone-sensitive, or PT cells) or 
osteoclasts (calcitonin- and parathor- 
mone-sensitive, or CT cells ) (11-13). 
We have reported (13) that the CT cells 
have high basal levels of acid phospha- 
tase and hyaluronate-synthesizing ca- 
pacity; these activities are stimulated by 
parathormone, and calcitonin blocks this 
stimulation. In contrast, the PT cells ex- 
hibit high levels of prolyl hydroxylase 
(13), collagen synthesis (14), citrate de- 
carboxylation, and alkaline phosphatase 
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which express biochemical markers gen- 
erally associated with either osteoblasts 
(parathormone-sensitive, or PT cells) or 
osteoclasts (calcitonin- and parathor- 
mone-sensitive, or CT cells ) (11-13). 
We have reported (13) that the CT cells 
have high basal levels of acid phospha- 
tase and hyaluronate-synthesizing ca- 
pacity; these activities are stimulated by 
parathormone, and calcitonin blocks this 
stimulation. In contrast, the PT cells ex- 
hibit high levels of prolyl hydroxylase 
(13), collagen synthesis (14), citrate de- 
carboxylation, and alkaline phosphatase 

Table 1. Responses of CT and PT cells to 1,25-(OH)2D3, parathormone, calcitonin, and 24,25-(OH)2D3. Primary cultures (6 days old) of CT cells 
(populations 2 and 3) and PT cells (populations 5 and 6) were subdivided into multiwell tissue culture dishes containing minimum essential 
medium (Gibco) supplemented with 10 percent fetal calf serum (FCS) at a density of 1 x 105 cells per well. After the cells became attached to the 
wells overnight, 1,25-(OH)2D3 (10-9M), parathormone (4 x 10-9M), calcitonin (2 x 10-9M), or 24,25-(OH)2D3 (10-9M) was added in fresh FCS- 
supplemented medium, except when collagen synthesis was measured, in which instance the FCS was omitted. Incubation was continued for 5 
minutes only for cyclic AMP formation, 44 hours for collagen synthesis, and 48 hours for the remainder of the tests. For the analysis of 
hyaluronate synthesis, [3H]glucosamine (20 /c/ml) was present from hours 44 to 48. [14C]Citrate (0.1 uc/ml) was present from hours 46 to 48 in 
order to measure citrate decarboxylation (14CO2 evolved). For the analysis of collagen synthesis, ascorbic acid (0.1 mg/ml) and [14C]proline (0.4 
,/c/ml) were present for the entire 44-hour period. Total collagen (cells and medium) was assayed as collagenase-digestible radioactive protein. 
When FCS was omitted the cells ceased to divide but retained their characteristic morphology and continued to synthesize protein. These 
experiments were performed on five different preparations of primary cell cultures, with similar results each time. Results are expressed as 
disintegrations per minute per 105 cells for triplicate or quadruplicate samples (+ standard deviation). 

Cells Control 1,25-(OH)2D3 Parathormone Calcitonin 24,25-(OH)2D3 

Hyaluronate synthesis 
CT 13,000 + 500 18,000 + 1,400* 22,000 ? 2,200* 12,000 ? 570 14,000 ? 1,000 
PT 15,000 + 1,800 14,100 + 2,000 13,000 ? 2,300 12,000 ? 1,800 (Not done) 

14C-labeled collagen synthesized 
CT 54,000 + 2,700 48,000 + 4,600 51,700 + 5,000 49,700 + 6,500 51,000 + 8,500 
PT 117,000 + 9,800 69,800 + 800* 63,800 + 4,900* 107,000 + 12,000 108,700 + 9,100 

Citrate decarboxylation 
CT 5,000 + 500 3,500 + 800 4,000 ? 600 5,500 + 300 6,000 + 1,200 
PT 39,000 + 1,400 16,000 ? 700* 18,000 ? 1,200* 33,600 + 1,100 41,000 + 4,800 
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When FCS was omitted the cells ceased to divide but retained their characteristic morphology and continued to synthesize protein. These 
experiments were performed on five different preparations of primary cell cultures, with similar results each time. Results are expressed as 
disintegrations per minute per 105 cells for triplicate or quadruplicate samples (+ standard deviation). 

Cells Control 1,25-(OH)2D3 Parathormone Calcitonin 24,25-(OH)2D3 

Hyaluronate synthesis 
CT 13,000 + 500 18,000 + 1,400* 22,000 ? 2,200* 12,000 ? 570 14,000 ? 1,000 
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CT 54,000 + 2,700 48,000 + 4,600 51,700 + 5,000 49,700 + 6,500 51,000 + 8,500 
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* P < .02. 
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