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Quantitative Agarose Gel Electrophoresis of Chromatin: Nucleosome-Dependent 
Changes in Charge, Shape, and Deformability at Low Ionic Strength? 
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ABSTRACT: The surface electrical charge density and the deformability of nucleosomal arrays have been 
characterized by quantitative agarose gel electrophoresis. Monodisperse linear D N A  (2.5-3.3 kbp) was 
reconstituted with histone octamers into either saturated ( - 1 nucleosome/200-bp DNA) or subsaturated 
(< 1 nucleosome/200-bp DNA) nucleosomal arrays. The electrophoretic mobility ( p )  of both nucleosome- 
free D N A  and nucleosomal arrays was determined a t  low ionic strength in 0.2-3.0% agarose gels. A 
semilogarithmic plot of p vs gel concentration was linear for D N A  and convex for saturated nucleosomal 
arrays. By extrapolating the p to 0% agarose, the magnitude of the gel-free p of saturated nucleosomal 
arrays was found to be -20% lower than that of nucleosome-free D N A  molecules. This difference is 
explained by the net neutralization of -85 D N A  negative charges by each histone octamer. By using an 
internal standard to measure the effective pore size (P,) of the agarose gel, the effective radius ( R )  of D N A  
and nucleosomal arrays was determined a t  each agarose concentration. In the more dilute gels (P, 1 400 
nm), the differences between the effective R values of DNA, subsaturated nucleosomal arrays, and saturated 
nucleosomal arrays are consistent with the differences in their hydrodynamic shapes as measured by analytical 
velocity centrifugation. However, as P, decreases, the effective R of both nucleosome-free D N A  and 
subsaturated nucleosomal arrays decreases significantly. This is in contrast to the effective R of saturated 
nucleosomal arrays, which remains constant a t  all P,. The decrease in effective R of the DNA and subsaturated 
nucleosomal arrays is explained by conformational deformation (i.e., stretching) coupled with reptation 
during gel electrophoresis [Slater, G. W., Rousseau, J., Nooland, J., Turmel, C., & Lalande, M. (1988) 
Biopolymers 27, 509-5241. These data suggest that the deformability of a nucleosomal array a t  low ionic 
strength decreases abruptly as the level of saturation approaches 1 nucleosome per 200-bp DNA. 

Eukaryotic DNA is complexed with histone octamers to 
form nucleosomal arrays (van Holde, 1988; Wolffe, 1992). 
Nucleosomal arrays exist in several configurations. Those in 
which nucleosomes are regularly spaced at 200-bp intervals 
make up the bulk of nuclear chromatin. This configuration 
is usually associated with transcriptionally inactive gene 
sequences (Svaren & Chalkley, 199 1). Irregular nucleosomal 
arrays, in which specific regions have been either partly or 
completely depleted of histones, are often observed near the 
regulatory regions of either active or potentially active genes 
(Grunstein, 1990a,b; Svaren & Chalkley, 1991). In some 
cases, the nucleosomal array is constitutively irregular (Lohr 
et al., 1987; Fedor et al., 1988), while in other cases a regular 
array is converted to an irregular array during the process of 
gene activation (Richard-Foy & Hager, 1987, Carr & 
Richard-Foy, 1990; Schmid et al., 1992). The presence of 
nucleosome-free regions within nucleosomal arrays appears 
to have several effects. At the level of DNA, depletion of 
nucleosome(s) can lead to enhanced accessibility of trans- 
acting factors for their DNA binding sites (Workman & 
Buchman, 1993). Depletion of nucleosomes also promotes 
unfolding of the nucleosomal array (Hansen & Lohr, 1993), 
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which in turn appears to increase the transcriptional activity 
of the array (Hansen & Wolffe, 1992). 

In considering other potential biological consequences of 
nucleosome depletion, we have recently become interested in 
the question of the deformability of nucleosomal arrays. For 
example, there is in vitro evidence that enhancer-binding 
proteins and promoter-binding proteins interact over long 
distances, forming large DNA loops in the process (Su et al., 
1991; Li et al., 1991; Mastrangelo et al., 1991). While these 
studies were performed with naked DNA templates, it has 
recently been shown that long-range interaction of transcrip- 
tion factors can occur even after the incorporation of DNA 
into chromatin (Cullen et al., 1993). These results suggest 
that the chromatin of active genes must be relatively 
deformable. However, largely due to the absence of suitable 
analytical methods, the deformability of chromatin has not 
been carefully investigated. 

A technique that potentially can be used to characterize 
the deformability of nucleosomal arrays is agarose gel 
electrophoresis. In general, the electrophoretic mobility (p)' 
of a particle in an agarose gel is dependent on both the gel- 
free I.L (po)  and a factor that depends on the particle's size and 
conformation (Rodbard & Chrambach, 1970; Serwer, 1983; 
Noolandi, 1992). For rigid spherical particles, it has been 
demonstrated (Griess et al., 1989) that p observed during 

Abbreviations: p, electrophoretic mobility; po, gel-free p; Po, radius 
of effective gel pore; R, radius, r, moles of histone octamer per mole of 
208-bp DNA, N, number of nucleosomes bound per 208-12 DNA 
molecule; kbp, kilobase pairs; EDTA, ethylenediaminetetraacetate, 
disodium salt; Tris-HCI, tris(hydroxymethy1)aminomethane hydrochlo- 
ride; SD, standard deviation. 
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Electrophoretic Properties of Nucleosomal Arrays 

electrophoresis in agarose gels is related to the radius ( R )  by 
the equation 
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was used. All chemicals were of reagent grade. The multigel 
apparatus described below was obtained from Aquebogue 
Machine and Repair Shop (Aquebogue, NY). 

Reconstitution of Saturated and Subsaturated Nucleo- 
somal Arrays. Nucleosomal arrays were reconstituted from 
purified histone octamers and DNA, as described by Hansen 
and Lohr (1993). Histone octamers and either 208-12 DNA 
or linear pXPl0 DNA were mixed and transferred to 
spectrapor 2 dialysis membranes. The final NaCl and DNA 
concentrations were 2 M and 100 pg/mL, respectively. The 
mol of histone octamer/mol of 208-bp DNA ( r )  ranged from 
0.2 to 1.2. The mixtures were subjected to the following stages 
of dialysis at  4 OC: (a) 212 h against 10 mM Tris-HC1/0.25 
mM Na2EDTA (pH 7.8) (20 "C) (TE) buffer containing 1 
M NaC1; (b) 2 4  h against TE buffer containing 0.75 M NaCl; 
and (c) twochangesof TE ( 2 4  h each). After the final dialysis 
step, 208-12 reconstitutes were subjected to sedimentation 
velocity analysis in the analytical ultracentrifuge to obtain 
the integral distribution of sedimentation coefficients. The 
average number of nucleosomes bound per DNA molecule 
(N) was determined from the sedimentation coefficient at  the 
boundary midpoint, as described by Hansen and Lohr (1 993). 
Preparations in which 150% of the 208-12 DNA molecules 
were saturated with 12 nucleosomes were achieved at  r = 1.2. 
For subsaturated preparations (Le., r I 1 .O), the distribution 
around N was *2 nucleosomes (Hansen & Lohr, 1993). 

Sedimentation Velocity. Sedimentation velocity studies 
were performed in a Beckman XL-A analytical ultracentrifuge 
equipped with scanner optics. Samples (A260 = 0.6) were 
sedimented at  18000-28000 rpm using 12-mm double-sector 
cells and a four-hole Ti60 rotor. The temperature was 20 f 
0.1 OC. The digitized scans were analyzed by the method of 
van Holde and Weischet (1978) using the XL-A Ultrascan 
data analysis software program (B. Demeler, Missoula, MT). 
The van Holde and Weischet analysis graphically removes 
the contribution of diffusion to the boundary shape and yields 
the integral distribution of sedimentation coefficients present 
in the sample [see Hansen and Wolffe (1992) and Hansen 
and Lohr (1 993)]. Each sedimentation coefficient was 
corrected to SZO,,.,, as described previously (Hansen & Lohr, 
1993). 

Measurement of p and pto. To determine p as a function 
of agarose concentration, electrophoresis through nine gels 
(running gels), each of a different concentration and all 
embedded in a single 1.5% agarose frame, was performed at 
1 V/cm (Serwer, 1986). Both frame and running gels (the 
combination is called a multigel) were cast in 40 mM Tris- 
acetate/ 1 mM EDTA (pH 7.8) (25 "C) running buffer (TAE). 
A 10-pL sample containing 0.5-1.0 pg of bacteriophage T3, 
and 0.6 pg of either DNA or nucleosomal arrays in TE buffer, 
was loaded in each well. Running buffer was circulated 
throughout the experiment. Unless otherwise indicated, the 
temperature was 24 f 3 OC. Whereindicated, the temperature 
was controlled more accurately (24 f 0.3 "C) by use of a 
procedure for Peltier cell-based control of temperature (Serwer 
& D u n ,  1990). After electrophoresis, DNA was observed 
by staining with ethidium bromide. Histones subsequently 
were visualized by staining with Coomassie blue. Photographs 
of stained gels were digitized (Griess et al., 1992) and measured 
by use of the software, NIH IMAGE (O'Neill et al., 1989). 
Values of p were calculated from the distance (in centimeters) 
from the well to the front of the band. To obtain pl0, the 
linear region of a semilogarithmic plot of p vs agarose 
concentration (Ferguson plot) was extrapolated to a gel 
concentration of 0% agarose using a standard least-squares 
linear regression. 

where pt0is p extrapolated to a gel concentration of 0% agarose, 
and P, is the radius of the effective pore at a given agarose 
gel concentration. By subtracting the p of electroosmotically 
driven buffer, the pt0 can be converted to the pa. The (1 - 

term quantifies the sieving by the gel pore network 
during electrophoresis. After the P e  is determined by use of 
a spherical standard of known R and p / p f 0  is measured 
empirically, the effective R of any particle is determined by 
solving eq 1 for R .  Under conditions in which the effective 
R approaches P,, random coils of DNA deform (Le., become 
stretched) during gel electrophoresis and move end-first 
through the gel; this oriented motion is called reptation 
(Lumpkin et al., 1985; Slater et al., 1987, 1988; Noolandi, 
1992). A result of reptation is that the effective R decreases 
with decreasing Pe (Griess et al., 1990). Thus, the Pe  
dependence of the effective R provides an assay for the 
deformability of a nonspherical molecule, such as either DNA 
or chromatin. 

Previous investigations of chromatin behavior in agarose 
gels have been limited to qualitative studies performed at  a 
single agarose concentration; no attempt has been made to 
separate the effects of po from the effects of sieving. Simpson 
et al. (1985) found that in 1% agarose gels, the ratio of the 
p of nucleosome-free DNA templates to thep of length-defined 
nucleosomal arrays was strongly dependent on the length of 
the DNA. For 1600-bp DNA, nucleosomal arrays migrated 
more slowly than nucleosome-free DNA. However, for 
1 1  200-bp DNA, the p of the DNA was unexpectedly similar 
to the p of the nucleosomal arrays. In some cases, the 
nucleosomal arrays actually migrated faster than the DNA. 
Garcia-Ramirez et al. (1 992) recently demonstrated that 
tryptic removal of the core histone tails caused a marked 
increase in the magnitude of p in 1.2% agarose gels. Under 
these conditions, the trypsinized nucleosomal arrays migrated 
much more rapidly than the nucleosome-free DNA. To better 
understand the factors that influence the migration of 
chromatin molecules through agarose gels, in the present study 
we have measured both the go and the P e  dependence of the 
effective R of linear DNA molecules both before and after 
their reconstitution into regular and irregular nucleosomal 
arrays. 

EXPERIMENTAL PROCEDURES 

Materials. Whole chicken blood was obtained from Pel 
Freeze (Rogers, AR) and used as the source of histone 
octamers. Chicken erythrocyte histone octamers were purified 
as described previously (Hansen et al., 1989). The 208-12 
DNA template, which consists of 12 tandem 208-bp repeats 
of Lytechinus 5s rDNA (Simpson et al., 1985), was derived 
fromplasmidpPOL208-12 (Georgelet al., 1993). ThepXPlO 
plasmid contains a singlexenopus 5 s  gene cloned into pUC 18 
(Wolffe et al., 1986). Both of the plasmids, and the 208-12 
DNA, were purified as described (Hansen et al., 1989). The 
pXPl0 DNA was linearized by digestion with EcoRI (10 
units/pg of DNA) for 60 min at  37 OC. Bacteriophage T3, a 
roughly spherical DNA bacteriophage that has an R of 30.1 
nm, was purified by procedures described previously (Serwer 
et al., 1983b). Unless otherwise indicated, the agarose used 
was low-electroosmosis (LE) agarose obtained from Research 
Organics (Cleveland, OH). Where indicated, Seakem Gold 
agarose, obtained from FMC Bioproducts (Rockland, ME), 



2228 Biochemistry, Vol. 33, No. 8, 1994 

Determination of po, R,, and P,. To obtain both the p of 
electroosmotically driven buffer in LE agarose ( p ~ )  and the 
po for bacteriophage T3 (poT3), the pro for T3 (doT3) was 
determined, by use of Peltier-based temperature control, in 
both LE agarose and Seakem Gold agarose. For accuracy, 
running gels for both agarose preparations were cast in the 
same frame [see Serwer and Hayes (1 982)]. Because Seakem 
Gold agarose has almost no detectable electroosmosis, poT3 
was assumed to be equal to pUloT3 in the Seakem Gold agarose: 
-0.755 X lo4 cm2/V.s. To obtain p~ in LE agarose, the doT3 
in Seakem Gold agarose was subtracted from the pUlOT3 in LE 
agarose. The value of p~ was 0.102 X lo4 cm2/V-s. To 
obtain the po for either DNA or nucleosomal arrays in LE 
agarose, bacteriophage T3 was used as an internal standard. 
After both pUloT3 and the do for the particle whose po was to 
be measured (prox) were determined empirically the following 
equation was used to obtain pox: 
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The use of bacteriophage T3  as an internal standard for the 
determination of po eliminated experimental errors that were 
caused by variations in either mean temperature or mean 
electrical field during electrophoresis. Without an internal 
standard, the comparisons of po values made here would not 
be possible. 

The p and p'o of bacteriophage T3, together with its known 
R (30.1 nm), were used to calculate the P, of the gels at  
different agarose concentrations by use of eq 1. The measured 
p and pUlo for both DNA and nucleosomal arrays were then 
used, together with the Pe determined from the T3 standard 
in the same multigel, to calculate the effective R of DNA and 
nucleosomal arrays using eq 1. 

RESULTS 

In low ionic strength buffers such as TE, nucleosomal arrays 
adopt an unfolded "beads-on-a-string" structure [seevan Holde 
(1988) for a review]. Saturated 208-12 nucleosomal arrays 
in TE sediment as a homogeneous -29s species (Hansen et 
al., 1989; Garcia-Ramirez et al., 1992). In contrast, 208-12 
nucleosomal arrays in 40 mM NaCl form a heterogeneous 
population of structures, whose sedimentation coefficients 
range from 32s  to 40s (Hansen et al., 1989). The 40s species 
is a zig-zag-like folded structure (Garcia-Ramirez et al., 1992) 
that appears to be stabilized by a continuous flow of 
nucleosome-nucleosome interactions (Yao et al., 1991; Garcia- 
Ramirezet al., 1992; Hansen & Lohr, 1993). Structures that 
sediment at <40S are partially unfolded; Le., only a fraction 
of the nucleosomes is interacting (Garcia-Ramirez et al., 1992). 
The TAE running buffer used for the electrophoresis exper- 
iments contained 40 mM Tris-acetate/ 1 mM Na2EDTA (pH 
7.8) (25 "C). 

To determine the extent to which the 208- 12 nucleosomal 
arrays were folded in running buffer, we performed boundary 
sedimentation velocity experiments in TE  and TAE buffers. 
Figure 1 shows the ~ 2 0 , ~  in TAE divided by the ~ 2 0 , ~  in TE  
across the sedimentation coefficient distribution. The vertical 
profile indicates that there was no significant increase in 
sedimentation coefficient heterogeneity in TAE. However, 
the ~ 2 0 , ~  of the nucleosomal arrays in TAE was - 10% greater 
than that in TE  (32.58 in TAEvs 29.68 in TE  at  the boundary 
midpoint). The small but significant increase in ~ 2 0 , ~  in TAE 
could reflect either a subtle change in the shape of each 
nucleosome or a low level of nucleosome-nucleosome inter- 
actions. However, the change in s ~ , ) , ~  does not approach the 
40% increase that occurs upon compaction into the 40s 
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FIGURE 1: Sedimentation velocity analysis of the structure of 208- 
12 nucleosomal arrays in TAE buffer. A 1.0-mL aliquot of r = 1.2 
208-12 nucleosomal arrays (originally in TE buffer) was dialyzed 
against 1 .O L ofTAE buffer for 4 ha t  4 OC. Samplesof the nucleosomal 
arrays in either TE or TAE were then sedimented in the Beckman 
XL-A analytical ultracentrifuge, and the boundaries were analyzed 
by the method of van Holde and Weischet (1978) to obtain the ~ 2 0 , ~  
distributions, as described under Experimental Procedures. The data 
are presented as the ratio of the ~ 2 0 , ~  in TAE buffer relative to the 
~ 2 0 , ~  in TE buffer at  each point in the distribution (sTAE/sTE). The 
s20,w's obtained at the boundary midpoint in TAE and TE were 32.58 
and 29.63, respectively. 

structure. Thus, 208-12 nucleosomal arrays appear to be 
largely unfolded in TAE running buffer. 

Determination of p. The first step in the determination of 
both the po and the effective R of nucleosomal arrays and 
nucleosome-free DNA was to measure the p as a function of 
agarose concentration by use of a multigel. After staining 
with the DNA-specific stain, ethidium, the bands formed by 
the internal standard bacteriophage T3 (horizontal lines, 
Figure 2A) were closer to the origin than the bands formed 
by either the 208-12 DNA (2.5 kbp) or the saturated 208-12 
nucleosomal arrays. As expected, both nucleosomal arrays 
and bacteriophage T3 stained with the protein-specific stain, 
Coomassie blue; the nucleosome-free DNA did not (Figure 
2B). 

To determine whether 1.1 was being altered by either 
reversible particle-particle or particle-gel interactions during 
electrophoresis, we determined p as a function of the 
nucleosomal array concentration. The absence of detectable 
amounts of these interactions was indicated by the observation 
that the p of 208-12 nucleosomal arrays was independent of 
the amount of sample loaded over at least a 15-fold range 
(0.36-5.4 g/cm2 of area at  the surface of entry into the gel) 
(data not shown). To determine whether the histones were 
dissociating from the 208- 12 nucleosomal arrays during 
electrophoresis, two-dimensional electrophoresis was per- 
formed in which nucleosomal arrays and bacteriophage T3 
were electrophoresed through a 2% agarose gel at  1 V/cm in 
both dimensions. If dissociation occurred before electro- 
phoresis, a free DNA band would be present on the line 
determined by the origin of electrophoresis and the intact 
bacteriophage T3 band (T3, Figure 3). For example, in the 
absence of Mg2+, some T3 DNA was released from bacte- 
riophageT3 particles prior to electrophoresis (T3 DNA, Figure 
3). If dissociation occurred during electrophoresis, the band- 
(s) would not be on the line. This was observed for a minor 
fraction of DNA released during electrophoresis from particles 
of the bacteriophage T3 (T3*, Figure 3). In contrast to the 
bacteriophage T3 sample, a preparation of 208- 12 nucleosomal 
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same for ethidium as i t  was for Coomascic bluc. Thus, no 
diesociation of histoncs wae dctccrcd. 
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1 Q X . h ) .  thc Fcrpuson plot of bactcriophaec T.I was convex 
(i.c.. thc mapnitudc of thc slope incrcascd as the aparmc 
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I)\:\ molecule (f,ipurc 5 ) .  'Thuc, binding of a chicken 
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FIGURE 5: Nucleosome-dependent changes in theKO of 208-12 DNA. 
Data were acquired from multigels whose agarose percentages ranged 
from 0.2 to 1.0%. Procedures are described under Experimental 
Procedures. The average number of nucleosomes bound per 208- 12 
DNA molecule, N ,  was determined from sedimentation velocity 
analysis as described by Hansen and Lohr (1993). Data points without 
error bars represent single determinations. Data points with error 
bars represent the mean f l  SD of 2-3 determinations. 

2 5 t  - 1 L "  ' " " " ' " 
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FIGURE 6: Effective Rvalues of 208- 12 DNA and 208- 12 nucleosomal 
arrays as a function of P.. Data were acquired from multigels whose 
agarose percentages ranged from0.9 to 3.0%. Procedures are described 
under Experimental Procedures. Each multigel contained bacte- 
riophage T3 and either 208-12 DNA (m) or N = 3 (A), N = 7 (a), 
N = 9 (0), or N = 12 (0) 208-12 nucleosomal arrays. 

erythrocyte histone octamer to 208 bp of DNA lowers the po  
of the DNA by 20%. 

Effective R as a Function of P,. The (1 - R/Pe)' term of 
eq 1 quantifies the sieving of spheres (Griess et al., 1989). For 
nonspherical molecules, eq 1 is used to calculate an effective 
R. In the case of rod-shaped particles, the effective R 
previously has been shown to best approximate the radius of 
a sphere that has a surface area equal to the surface area of 
the rod (Griess et al., 1990). The effective R of saturated 
208-12 nucleosomal arrays was an invariant 26-27 nm when 
determined in gels that had Pe values of 40-120 nm (-0.9- 
3% agarose) (Figure 6). In addition, the effective R of 
saturated 208- 12 nucleosomal arrays remained unchanged 
even in very dilute gels, Le., at P, = 400 nm (Table 1). In 
contrast, the effective R of the 208-12 DNA was strongly 
P,-dependent. At P, 1 200 nm, 208-12 DNA had a constant 
effective R of about 45 nm (Table 1; data not shown). 
However, as the Pe was decreased to 120 nm, the effective R 
of the 208-12 DNA decreased to a value of -35 nm (Figure 
6). At P, 60 nm, the effective R of the 208-12 DNA 

Table 1: Frictional Properties and Effective R at Very High Pc 
template size f/foa effective Ro3% 

208- 12 DNA 2512 45 k 2c 
pXPl0 DNA 3300 55 k 2 
208-12 nuc arraysd 3.8 28& 1 
pXPl0 nuc arraysd 4.6 34f 1 

Frictional coefficients were calculated for an unhydrated molecule. 
The average Pc obtained at 0.3% agarose was 387 f 14 nm (mean f 

SE, n = 15). These values represent a single determination at 0.3% 
agarose. The error was estimated from the error in the determination 
of Pe at this agaroseconcentration (see footnote 6). Nucleosomal arrays 
were reconstituted at r = 1.2. 

decreased more sharply (arrow, Figure 6). By P, z 40 nm, 
the effective R of the DNA was 30 nm. 

The Pe dependence of the effective R of subsaturated 208- 
12 nucleosomal arrays resembled that of the histone-free DNA. 
At P, 1 200 nm, the effective R of 208-12 DNA molecules 
containing an average of 3 ,5 ,7 ,  and 9 nucleosomes was 49.1 
f 2.9,40.0 f 1.7,35.1 f 2.5, and 33.0 f 3.4 nm, respectively2 
(data not shown). Like that of the histone-free DNA, the 
effective R of the subsaturated nucleosomal arrays decreased 
as the P, was lowered to 60 nm and decreased sharply at P, 
<60 nm (Figure 6). By P, = 40 nm, the effective R of all of 
the subsaturated nucleosomal arrays had converged at  - 27 
nm. The molecular basis for these results will be discussed 
in more detail. However, it is clear that, for the 208-12 DNA 
and N 5 9 subsaturated nucleosomal arrays, the effective R 
at  P, 1 200 nm is significantly larger than the effective R at  
P, = 40 nm. This is in contrast to the saturated ,208-12 
nucleosomal arrays, which have the same effective R at  all P, 
values. 

Electrophoretic Properties of Linear pXPl0 DNA and 
Nucleosomal Arrays. To determine whether the electro- 
phoretic behavior of nucleosomal arrays was dependent on 
either size or nonuniform nucleosome positioning, we repeated 
the experiments of Figures 4-6 using linearized pXPl0 DNA 
and linear pXPl0 nucleosomal arrays. The pXPl0 DNA is 
-30% longer than the 208-12 DNA and is >90% random 
sequence (Wolffe et al., 1986). Nonetheless, pXPl0 recon- 
stitutes were similar to 208-12 reconstitutes in that the log 
~ 2 0 , ~  increased linearly as a function of increasing r (data not 
shown). This indicates that, at  any given r, the average density 
of nucleosomes on the pXPl0 DNA is the same as the average 
density on the 208-12 DNA; Le., an average of 0.5 and 1 
nucleosome per 200 bp of DNA is achieved at r = 0.6 and 1.2, 
respectively [see Hansen and Lohr (1993)l. However, light 
micrococcal nuclease digestion of pXPl0 nucleosomal arrays 
yielded a smear of high molecular weight digestion products 
on 1 .O% agarose gels (compared to the defined ladder of bands 
seen with 208- 12 nucleosomal arrays), as well as shorter DNA 
bands corresponding to close-packed dimers and trimers (data 
not shown). Thus, unlike those on the 208-12 DNA, the 
nucleosomes on the pXPl0 DNA were not positioned uni- 
formly. 

Despite the differences in size and nucleosome positioning, 
the shapes of the Ferguson plots of linear pXPl0 DNA and 
r = 1.2 pXPl0 nucleosomal arrays (Figure 7) werequitesimilar 
to those of the 208-12 DNA and r = 1.2 (saturated) 208-12 
arrays (Figure 4). The pXPl0 DNA did, however, exhibit 
a very slightly concave curvature, as observed previously for 
DNA of this size (Serwer, 1980; Stellwagen, 1985). The pols 
of the pXPl0 DNA and r = 1.2 pXPl0 nucleosomal arrays 
(Figure 7) were the same as those of the 208-12 DNA and 

* Each value represents the mean standard deviation of four deter- 
minations of the effective R at P. values ranging from 200 to 400 nm. 
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FIGURE 7: Ferguson plots of linear r = 1.2 pXPl0 nucleosomal arrays 
(0) and linear pXPl0 DNA (0). Each Ferguson plot was generated 
from two partially overlapping multigels whose agarose percentages 
ranged over 0.2-1.0% and 0.9-3.0%, respectively. DNA and NA 
refer to pXPl0 DNA and r = 1.2 pXPl0 nucleosomal arrays, 
respectively. The ~ o ( s  determined from extrapolation of the linear 
regions of these Ferguson plots to 0% agarose were (2.4 f 0.1) X lo4 
cm2/V.s for the pXPl0 DNA and (1.92 A 0.16) X lo4 cmZ/V-s for 
the r = 1.2 pXPl0 nucleosomal arrays. 
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FIGURE 8: Effective R of linear pXPl0 DNA and linear pXPl0 
nucleosomal arrays as a function of P,. Data were acquired from 
multigels whose agarose concentrations ranged from 0.9 to 3.0%. 
Procedures are described under Experimental Procedures. Each 
multigel contained bacteriophage T3 and either linear pXPl0 DNA 
(m) or linear pXPl0 nucleosomal arrays reconstituted at r = 0.4 (O) ,  
r = 0.8 (A), or r = 1.2 (0).  

saturated 208-1 2 nucleosomal arrays, as should be the case. 
Furthermore, the values of po for r = 0.2,0.4, and 0.8 pXPl0 
nucleosomal arrays were indistinguishable from those of the 
208-12 arrays reconstituted at  the same r (data not shown). 
This result would be expected if the po was influenced 
exclusively by surface charge properties, and not by the particle 
size and shape. The Pe dependence of the effective R of pXPl0 
DNA and subsaturated pXPl0 nucleosomal arrays also was 
qualitatively similar to that observed for the 208-12 system 
(Figure 8). The effective R's of pXPl0 DNA and underloaded 
r = 0.4 and 0.8 pXPl0 nucleosomal arrays decreased 
significantly as the P, was reduced from 120 to 40 nm, while 
the effective R of highly loaded r = 1.2 pXPl0 nucleosomal 
arrays showed comparatively little change over the same P, 
range (Figure 8). Given that many of the nucleosomes on the 
pXPl0 DNA were close packed, the small but systematic 
decrease in the effective R of the r = 1.2 pXPl0 nucleosomal 

Biochemistry, Vol. 33, No. 8, 1994 2231 

arrays at  P, <60 nm (Figure 8) may reflect the presence of 
stretches of nucleosome-free DNA that are longer than those 
found on the equivalently loaded 208-12 arrays. Finally, as 
with the 208-1 2 system, the effective R of pXPl0 nucleosomal 
arrays decreased with increasing degrees of nucleosome loading 
at  P, 1 80 nm, but not at  P, = 40 nm. 

DISCUSSION 

Surface Electrical Charge of Nucleosomal Arrays. The 
magnitude of the po  of saturated 208- 12 nucleosomal arrays 
was 20% less than that of the 208-12 DNA (Figure 5). The 
po  of a macromolecule, in principle, is proportional to the 
average electrical surface charge density and is independent 
of the sizeof the macromolecule (Shaw, 1969). In agreement, 
the po  of saturated ( r  = 1.2) 208-12 nucleosomal arrays was 
the same as that of the r = 1.2 pXPl0 nucleosomal arrays, 
even though the f / f o  was significantly larger for the pXPl0 
nucleosomal arrays than it was for the 208-12 nucleosomal 
arrays (Table 1). Thus, thedifference between thePoof DNA 
and thepo of nucleosomal arrays appears to result from charge 
neutralization by the bound histone octamers. A saturated 
208-12 nucleosomal array has 1 histone octamer/208 bp of 
DNA. Assuming a DNA charge of -416 (208 bp X -2), our 
results predict that each histone octamer contributes -85 
positive charges to the nucleosome surface. Similarly, Orbfin 
et al. (1993) recently reported that the po of a nucleosome 
core particle is -35% less than the po of nucleosomal DNA, 
which corresponds to thecontributionof - 100 positive charges 
by the histone octamer. These numbers are reasonable 
considering that there are - 140 total positive charges in the 
core histones of the histone octamer, - 100 of which are found 
in the solvent-exposed histone tails (van Holde, 1988). At 
least part of the reduction in the net negative surface charge 
of nucleosomal arrays results from interaction of the core 
histones with both the nucleosomal DNA and linker DNA 
regions (Bavykin et al., 1990; Pruss & Wolffe, 1993). 

Interpretation of the Sieving of Saturated Nucleosomal 
Arrays. Because the effective R of saturated 208-12 nu- 
cleosomal arrays was independent of Pet the observed sieving 
was indistinguishable from the sieving of a spherical particle. 
This quantitative result is an expression of the qualitative 
observation of a convex shape for the Ferguson plots of both 
saturated nucleosomal arrays and bacteriophage T3 (Figures 
4 and 7).  Although a spherical 55s  conformation of a 
saturated 208- 12 nucleosomal array has been observed upon 
folding in divalent salts (Hansen & Wolffe, 1992), in low-salt 
TAE running buffer a saturated 208-12 nucleosomal array 
sediments at 32.58 (Figure 1). A 32.58 sedimentation 
coefficient is close to that expected for an extended beads- 
on-a-string type of conformation [see Hansen et al. (1989); 
Garcia-Ramirez et al., 19921. Evidence for an extended 
structure of saturated nucleosomal arrays in low-salt conditions 
also has been obtained from both electron microscopy (Garcia- 
Ramirez et al., 1992) and atomic force microscopy (Allen et 
al., 1993). Wethereforeconcludethat theshapeofa saturated 
208- 12 nucleosomal array in running buffer most closely 
resembles that of a rod (or a very elongated prolate ellipsoid). 

In this respect, Griess et al. (1990) showed that the sieving 
of a rod is indistinguishable from the sieving of a sphere for 
P, values greater than a critical value that is one-half the 
length of a stiff rod, but smaller if the rod is flexible. For P, 
greater than the critical Per the characteristic of a rod that 
best described its sieving was its surface area. If we assume 
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11 internucleosomal DNA regions of 43 bp3 and 12 nucleo- 
somes (1 1 nm in diameter) per 208- 12 nucleosomal array, the 
length of an extended 208- 12 nucleosomal array is - 300 nm. 
The surface area of a rod-shaped envelope having the 
dimensions 11 X 300 nm is - 10.4 X lo3 nm2. The surface 
area calculated from the observed effective R of a saturated 
208-12 nucleosomal array (27 f 1.5 nm) is (9.2 f 0.5) X lo3 
nm2, in close agreement with that predicted for a rodlike 
conformation. The length of a 208-12 nucleosomal array is 
3 times greater than the diameter of the smallest gel pore used 
in these studies, which is long enough to cause a decrease in 
effective R at the lower P, values if the nucleosomal arrays 
are rigid. Thus, we propose that saturated 208- 12 nucleosomal 
arrays in low-salt buffer are sufficiently flexible to prevent a 
decrease in effective R ,  at least for the Pe values used here. 

Sieving Mechanism ofNucleosome-Free DNA. In contrast 
to saturated nucleosomal arrays, the nucleosome-free 208- 12 
and pXPl0 DNA molecules are expected to be random coils 
in solution. That is, assuming a persistence length of 50 nm 
(Borochov et al., 1981), the 208-12 and pXPl0 DNAs are 17 
and 22 persistence lengths long, respectively. Thus, the 
envelope that determines sieving should be the envelope of a 
random coil, not the surface area of the envelope of the DNA 
double helix. In agreement, the surface area of the envelope 
of the DNA double helix for 208-12 DNA was 5.4 X lo4 nm2, 
which is 3-5 times greater than the surface area calculated 
from the effective R of 208-12 DNA at Pe = 400 and 40 nm, 
respectively. 

Unlike the saturated nucleosomal arrays, the nucleosome- 
free 208-12 and linear pXPl0 DNAs had effective R’s that 
decreased as Pe decreased (Figures 6 and 8). This is the 
quantitative expression of Ferguson plots more linear for 
nucleosome-free DNA than those for either saturated nu- 
cleosomal arrays or bacteriophage T3 (Figures 4 and 7). 
Similar behavior, as judged from the shape of the Ferguson 
plots, has been observed previously for longer DNA [see 
Stellwagen (1 987) for a review]. In these earlier studies, linear 
or slightly convex-shaped Ferguson plots were attributed to 
both deformation (Le., stretching) and orientation (Le., 
reptation) of the DNA random coil as the Pe was reduced 
(Serwer & Allen, 1984). In more recent studies, Slater et al. 
(1988) have found that, when the Pe is greater than the 
diameter of the DNA random coil, the DNA molecule migrates 
from pore to pore in a random walk fashion and without 
significant deformation of its coiled shape. This has been 
called the Ogston mechanism of sieving (Slater et al., 1988; 
Noolandi, 1992). As the diameter of the DNA coil more 
closely approaches that of the gel pore, the DNA molecule 
remains largely undeformed, but becomes less capable of 
lateral movement. This has been termed reptation without 
stretching. The most extreme mode of sieving occurs under 
conditions where the gel pore diameter is much smaller than 
the diameter of the DNAcoil. This leads to severe deformation 
(stretching) and reptation of the DNA molecule (Slater et al., 
1988; Noolandi, 1992). Under theseconditions, thep of longer 
DNA fragments becomes independent of size (McDonnell et 
al., 1977; Fangman, 1978; Slater et al., 1988). The behavior 
of the two DNA molecules used in our studies agrees with this 
scheme. At P, = 400 nm, the effective R of the nucleosome- 
free pXPl0 DNA was 22% larger than the effective R of the 
nucleosome-free 208-12 DNA (Table l ) ,  consistent with the 
longer pXPl0 DNA forming a larger random coil. However, 
at P, = 40 nm, both the p and the effective R of the 208-12 
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and pXPl0 DNA molecules were identical (compare Figures 
6 and 8), indicating that under these conditions both of the 
nucleosome-free DNA molecules were reptating and highly 
stretched. 

Interpretation of the Sieving of Subsaturated Nucleosomal 
Arrays. Like that of the nucleosome-free DNA molecules, 
the effective R of subsaturated 208- 12 nucleosomal arrays 
containing 1 9  nucleosomes per DNA molecule decreased 
sharply as the Pe was decreased from 60 to 40 nm (Figure 6 ) .  
The same behavior was observed for pXPl0 nucleosomal arrays 
that were reconstituted at subsaturating values of r (Figure 
8). The decrease in effective R of subsaturated nucleosomal 
arrays has at least two possible explanations. First, in the 
region of the missing nucleosome(s), subsaturated nucleosomal 
arrays also may undergo P,-dependent conformational changes 
(i.e., stretching and reptation) that do not occur in thesaturated 
nucleosomal arrays. Alternatively, a decrease in effective R 
may occur simply because a subsaturated nucleosomal array 
is longer than a saturated nucleosomal array. For example, 
loss of 2-3 nucleosomes from a saturated 208- 12 nucleosomal 
array would increase its total extended length by 75-100 nm. 
We feel that the latter explanation is unlikely for the following 
reason. An r = 1.2 pXPl0 nucleosomal array is approximately 
the same length as an N = 9 subsaturated 208- 12 nucleosomal 
array, yet the r = 1.2 pXPl0 nucleosomal array does not 
undergo a sharp decrease in effective R at Pe < 60 nm. 
Therefore, the favored explanation is that reptation and 
stretching of nucleosome-free regions of subsaturated nu- 
cleosomal arrays occur. 

Further support for the reptation and stretching of sub- 
saturated nucleosomal arrays comes from a comparison of 
the effective R of the differently loaded 208-12 nucleosomal 
arrays above and below Pe = 60 nm. At P, > 60 nm, the 
effective R of N = 3 nucleosomal arrays is larger than the 
effective R of N = 9 nucleosomal arrays (Figure 6 ) .  This is 
consistent with the fact that the N = 3 nucleosomal arrays 
are longer than the N = 9 nucleosomal arrays, and probably 
more coillike, at higher P,. However, by P, = 40 nm, the 
effective R’s of both N = 3 and N = 9 nucleosomal arrays had 
become reduced to the same value (Figure 6). Thus, like the 
different-sized DNA molecules, the differently loaded sub- 
saturated nucleosomal arrays behave at lower P, as if they are 
reptating and stretching. 

Biological Relevance. The observation that only a few 
nucleosome-free regions are sufficient to dramatically increase 
the deformability of an otherwise regularly spaced nucleosomal 
array may have ramifications for eukaryotic transcription 
mechanisms. There is a significant body of in vitro evidence 
indicating that transcription factors bound at widely separated 
sites on a naked DNA molecule interact with one another in 
the process forming DNA “loops” (Su et al., 1991; Li et al., 
1991; Mastrangelo et al., 1991). However, active genes in 
vivo are not present as naked DNA, but are packaged into 
nucleosomal arrays (Grunstein, 1990a,b; Svaren & Chalkley, 
1991; Wolffe, 1992). Thus, if long-range protein-protein 
interactions take place in vivo, they must occur within the 
context of chromatin. This point recently has been emphasized 
by Cullen et al. (1993), who showed that in vivo estrogen- 
induced changes in chromatin structure facilitate long-range 
enhancer-promoter interactions within the regulatory region 
of the prolactin gene. In this system, estrogen disrupts 
nucleosomal structures at the promoter, as evidenced by 
increased nuclease hypersensitivity (Seyfred & Gorski, 1990). 
However, the DNA between the enhancer and promoter 
remains in nucleosomal arrays (Seyfred & Gorski, 1990). 

3 For this calculation, we assumed that two complete turns of DNA 
interact with the histone octamer in the extended beads-on-a-string 
structure. 
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In our studies, we have shown that the deformability of a 
nucleosomal array is significantly increased by the depletion 
of as few as one or two nucleosomes over a I-2-kbp region 
of DNA. Thus, the increased enhancer-promoter interactions 
observed by Cullen et al. (1993) may result from an increased 
deformability of the prolactin gene chromatin after disruption 
of the nucleosomal structures near the promoter by estrogen 
treatment. Taken together, these results support the notion 
that the histone depletion that is often associated with gene 
activation (Gross & Garrard, 1988; Grunstein, 1990; Svaren 
& Chalkley, 1991) may occur in part to enhance the 
deformability of the underlying nucleosomal array. 

Quantitative Agarose Gel Electrophoresis as a New Tool 
f o r  Studying Chromatin Structure and Function. Our results 
demonstrate that agarose gel electrophoresis can be used to 
determine several important physical properties of chromatin. 
The po and surface electrical charge are determined quanti- 
tatively by the extrapolation of Ferguson plots to 0% agarose. 
The flexibility and deformability are determined qualitatively 
by measuring the effective R as a function of Pe. Each of 
these properties has been difficult to study with other 
techniques. In addition, differences in the shape of chromatin 
molecules can be detected at higher Pe (Figures 6 and 8; Table 
1). In  contrast to other quantitative biophysical techniques, 
gels require simple equipment and relatively small amounts 
of sample. By use of either radioactive or immunological 
probes, p potentially can be measured for particles that are 
both impure and present in amounts as small as a nanogram. 
As a consequence, it should now be possible to use quantitative 
agarose gel electrophoresis to probe the structural features of 
specific, functionally interesting chromatin fragments isolated 
directly from cell nuclei. 
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