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ABSTRACT: We have examined the effects of changing the ionic composition of the buffers in which nuclei 
are isolated on the sensitivity of chromatin to micrococcal nuclease and deoxyribonuclease I. Unless nuclei 
are isolated in buffers containing physiological levels of monovalent (1 50 m M  KCl) and divalent (2-5 mM 
MgCI2) cations, there is a substantial loss of higher order structure. The ionic composition of the buffer 
in which the digestion is carried out also affects the amount of material digested both by modulating higher 
order structure and by determining the solubility of the released material. Magnesium ion concentrations 
greater than 2 m M  and calcium ions a t  virtually any concentration precipitate substantial amounts of the 
released chromatin fragments. These observations can be interpreted in light of the known effects of the 
ions on 10- and 30-nm fiber structure and used as a basis for improvements in techniques for isolating 
chromatin and for studying its structure and function using exogenous nuclease probes. The apparent nuclease 
sensitivity of transcriptionally active chromatin was reexamined and shown to be more likely a reflection 
of differential solubility rather than an overall increase in nuclease sensitivity. 

C h r o m a t i n  is packaged in the nucleus of mammalian cells 
in a complex series of higher order forms that appear to relate 
to the functional state of each particular type of cell [for 
reviews, see Weisbrod (1982), Walker (1983), Butler (1983), 
and Tsanev (1983)l. Changes in gene expression during ad- 
aptation, proliferative activation, and differentiation are 
generally preceded by alterations in chromatin structure as 
genes are mobilized from a transcriptionally inactive state to 
a form that can be transcribed. Consequently, there is con- 
siderable interest in the regulatory mechanisms that govern 
these transitions. Furthermore, when the genetic material is 
replicated, there are also pronounced structural changes with 
chromatin becoming decondensed during the S phase of the 
cell cycle and subsequently becoming highly condensed during 
late G2 and mitosis. 

Exogenous nucleases such as micrococcal nuclease (MNase) 
and deoxyribonuclease I (DNase I) have been widely used to 
probe the structure of chromatin in isolated nuclei. For ex- 
ample, they have played a central role in elucidating the 
structural organization of the 10-nm fiber and are currently 
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being used to study the higher order 30-nm fiber [reviewed 
by Butler (1983)l. Furthermore, they have been used to detect 
and illustrate structural differences between transcriptionally 
inactive and transcriptionally active domains of chromatin 
(Weintraub & Groudine, 1976; Bloom & Anderson, 1978, 
1979; Weisbrod, 1982). In addition, the "digestibility" of 
chromatin at various stages of the cell cycle has been examined 
(Prentice et al., 1985). However, in the latter study, repro- 
ducible results could only be obtained when the ionic com- 
position of the isolation buffer was carefully controlled 
(Prentice & Gurley, 1983). Quite clearly, a prerequisite for 
all such studies is the development of techniques for isolating 
nuclei in which the native structure of chromatin is maintained. 

Studies on the folding of the 10-nm polynucleosome chain 
into the 30-nm condensed fiber, and even higher order forms, 
have shown that monovalent and more particularly divalent 
cations have critical effects on fiber structure in vitro [see 
review by Butler (1983)l. With this information in mind, we 
have examined the effects of salt and divalent cations on 
chromatin integrity as measured by its sensitivity to exogenous 
nucleases. The data show that marked changes in chromatin 
structure can occur both during the isolation of nuclei and 
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during the digestion reaction and these changes are directly 
related to the ionic composition of the isolation and incubation 
media. In general, the changes induced by these ions can be 
interpreted in relation to their above-mentioned effects on 
chromatin fiber structure, and this provides the basis for a 
rational approach to improvements in nuclear isolation tech- 
nology. Furthermore, since the digestibility of chromatin by 
exogenous nucleases is shown to be so easily manipulated in 
vitro, the perceived enhanced sensitivity of transcriptionally 
active chromatin to exogenous nucleases is critically reexa- 
mined and shown to more likely reflect enhanced solubility 
of the fragments derived from active chromatin, rather than 
an intrinsic increased nuclease sensitivity. 

MATERIALS AND METHODS 
Isolation and Digestion of Nuclei. Nuclei were isolated 

from livers of male (190-210 g) specific-pathogen-free 
Sprague-Dawley rats bred in this laboratory as described 
previously (Sikorska et al., 1980) following homogenization 
of the liver in 6 volumes of ice-cold buffer consisting of 0.25 
M sucrose, 50 mM tris(hydroxymethy1)aminomethane hy- 
drochloride (Tris-HCl), pH 7.5, 150 mM KCl, and 5 mM 
MgC12. This same buffer was used throughout the nuclear 
isolation procedure, and the concentrations of monovalent and 
divalent cations were varied in some experiments as indicated 
in the figure legends. 

Micrococcal nuclease (Sigma Chemical Co., St. Louis, MO) 
at a concentration of 50 units/mL (1 unit corresponds to a 
change of optical density at 260 nm of 1.0 at 37 OC, pH 8.0) 
and deoxyribonuclease I (DNase I, Pharmacia P-L Biochem- 
icals, Montreal, PQ) at a concentration of 50 pg/mL were used 
to digest liver nuclei which had been resuspended at a con- 
centration of 0.8-1.0 mg of DNA/mL in 10 mM Tris-HC1, 
pH 8.5, containing the concentrations of monovalent and 
divalent cations indicated in the figure legends. Digestions 
were carried out at 30 "C for the times indicated. The reaction 
was terminated by adding 0.2 M ethylenediaminetetraacetic 
acid (EDTA) [or in some cases 0.2 M ethylene glycol bis(P- 
aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA)] to a 
final comentration of 10 mM followed by rapid cooling in 
ice-water. The suspension was then centrifuged at 25000g 
for 15 min in the 50 Ti rotor of a Beckman L8-70 ultracen- 
trifuge at 4 "C to produce a supernatant (Sl)  containing 
released, soluble chromatin and a pellet (Pl)  of unreleased 
or insoluble material. 

The concentration of DNA in these fractions was measured 
by the diphenylamine reaction as described previously (Walker 
et al., 1977). 

Solubility of Chromatin Fragments in Solutions of Mono- 
and Divalent Cations. In these experiments, nuclei were re- 
suspended in 10 mM Tris-HC1, pH 8.5, containing 0.5 mM 
MgC12 and digested for 5 min at 30 OC with 50 pg/mL DNase 
I. The reaction was stopped by rapid cooling, without the 
addition of chelating agent and a supernatant containing re- 
leased material generated as described above. Samples (1 .O 
mL) of the supernatant were adjusted to approximately 1.0 
mM DNA phosphate and different amounts of KC1, MgC12, 
and CaC12 added. After 10 min on ice, the samples were 
centrifuged, and the percentage of A260 material remaining 
in the supernatant (S2)  was determined. 

Gradient Centrifugation. The size distribution of released 
chromatin fragments was determined by layering 0.5 mL of 
supernatant onto a 10-35% (w/w) sucrose gradient prepared 
in 50 mM Tris-HC1, pH 7.6, containing 150 mM KCl followed 
by centrifugation in an SW40 rotor at 40000 rpm for 3.25 
h at 4 "C in a Beckman L8-70 ultracentrifuge. The gradients 
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FIGURE 1: Effect of monovalent cation concentration in the isolation 
buffer on the sensitivity of chromatin to endogenous nuclease, DNase 
I, and micrococcal nuclease. Nuclei were isolated in buffer containing 
the indicated KC1 concentration and then digested for 5 min in 10 
mM Tris-HC1 (+0.5 mM MgCI, in the case of DNase I) in the 
absence of added nuclease or in the presence of 10 units/mL MNase 
or 10 pg/mL DNase I. The data represent the mean i SEM for four 
to six determinations. 

were fractionated by using an ISCO Model 185 gradient 
frationator connected to an ISCO UA-5 absorbance monitor. 

RESULTS 
Effects of the Ionic Composition of the Isolation Buffer on 

Chromatin Digestibility. Nuclei isolated in the presence of 
different concentrations of monovalent cation (with the Mg2+ 
ion concentration being held constant at 5 mM) exhibited 
marked differences in digestibility (Figure 1). At low con- 
centrations of K+ in the isolation buffer, the nuclei that were 
produced were rapidly digested by both MNase and DNase 
I and even showed a considerable endogenous nuclease activity. 
In contrast, when the nuclei were prepared in the presence of 
60 mM or greater K', there was little or no digestion by either 
endogenous nuclease or added DNase I or MNase at the 
enzyme concentrations used. The observation that nuclei 
prepared in buffers containing physiological levels of mono- 
valent cation had little or no endogenous nuclease activity was 
particularly useful since it would permit studies using ex- 
ogenous nucleases to be executed without interference. 

A substantial increase in the nuc1ease:DNA ratio was re- 
quired to digest chromatin in nuclei that were prepared in 
buffers containing high salt (Figure 2A). Thus, approximately 
10 times more enzyme was required to release an amount of 
DNA similar to that released from nuclei prepared in 25 mM 
monovalent cation. 

The concentration of divalent cation in the isolation buffer 
was also found to play an important role in determining the 
digestibility of chromatin (Figure 2B). Low concentrations 
of Mg2+ increased the sensitivity of the chromatin to MNase, 
but as the concentration of Mg2+ was increased from 0.5 to 
2.0 mM, the chromatin became more resistant to nuclease 
attack. Since these effects of ions and the chromatin:enzyme 
ratio are markedly different from those observed by Prentice 
and Gurley (1983) in their work on CHO cells, it is clear that 
careful attention must be given to these experimental details. 

Ionic Composition of the Digestion Buffer Also Affects 
Chromatin Digestibility. Since the ionic composition of the 
isolation buffer had such a marked effect on the sensitivity 
of chromatin to exogenous nucleases, we examined the effects 
of cations present during the digestion assay (Figures 3 and 
4). In these experiments, all the nuclei were isolated in the 
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FIGURE 2: Effects of chr0matin:enzyme ratio and divalent cation 
concentration of the isolation buffer on the digestion of chromatin. 
In (A), nuclei were isolated in the presence of 150 mM KC1 + 5 mM 
MgC12 and digested for 5 min in 2 mL of 10 mM Tris-HC1 (+OS 
mM MgC1, in the case of DNase I) in the presence of the indicated 
amounts of MNase or DNase I. In (B), nuclei were isolated in the 
presence of 150 mM KC1 and the indicated concentrations of MgC1, 
and then digested for 5 min with 10 units/mL MNase in 10 mM 
Tris-HC1. In both experiments, the data represent the mean i SEM 
of four to six determinations. 
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FIGURE 3: Effects of the concentration of mono- and divalent cations 
in the digestion buffer on the time course of digestion of chromatin 
by MNase. All the nuclei were isolated in the presence of 150 mM 
KC1 and 5 mM MgCl, and digested with 50 units/mL MNase in 10 
mM Tris-HC1 containing the concentration (millimolar) of KCl in- 
dicated by the number in the top left-hand corner of each panel and 
the MgCl, concentration (millimolar) indicated in the top right-hand 
corner. Digestions were carried out in the absence (0) or presence 
(0) of 0.1 mM CaC12. 

presence of 150 mM K+ and 5 mM Mg2+ in order to maintain 
chromatin in a condensed state and to suppress endogenous 
nuclease activity. 

Figure 3 shows the results of a series of time courses for the 
digestion of chromatin by MNase (50 units/mL) in the 
presence of various amounts of monovalent (K') and divalent 
cations (Mg2+). All the digestions were carried out in the 
presence or absence of 0.1 mM Ca2+. The nuclease rapidly 
digested chromatin when the nuclei were incubated in the 
absence of any added mono- or divalent cations with 70% of 
the nuclear DNA being released within 20 min (Figure 3A). 
The reaction reached a plateau shortly after this, however, and 
even after 60 min of digestion, 20% of the DNA remained in 
the nucleus. Micrococcal nuclease is a Ca*+-requiring enzyme 
(Cuatrecasas et al., 1967), and its activity in the absence of 
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FIGURE 4: Effects of the concentration of mono- and divalent cations 
in the digestion buffer on the time course of digestion of chromatin 
by DNase I. Nuclei were isolated and digested with 50 pg/mL DNase 
I as described in the legend to Figure 3. (0) Digestions in the absence 
of CaC1,; (0 )  digestions in the presence of 0.1 mM CaCl,. 

added CaZ+ ions observed above can be attributed to contam- 
ination of commercial preparations of the enzymes with low 
levels of Ca2+. When 0.1 mM Ca2+ was added to the digestion 
mixture, there was a marked stimulation of the initial rate of 
digestion. However, during prolonged incubations, a sub- 
stantial fraction of the released material was rendered insol- 
uble, and by 60 min, only 20% of the total nuclear DNA 
remained in solution. 

The inclusion of 150 mM K+ in the digestion buffer sub- 
stantially reduced the digestibility of chromatin (Figure 3B) 
with only 30% of the DNA being released in 60 min. Low 
concentrations of CaZf again stimulated the activity of the 
enzyme but did not restore the amount released to the level 
seen in the absence of cations. Most of the released material 
did, however, remain in solution. Magnesium ions at  a con- 
centration of 2 mM did not have any significant further effect 
on the amount of chromatin digested (Figure 3C), but at  a 
concentration of 5 mM (Figure 3D), it rendered chromatin 
essentially resistant to nuclease attack in the absence of Ca2+, 
and less than 20% of the DNA was released following 60 min 
of incubation in the presence of 0.1 mM Ca2+ (a Ca2+ con- 
centration of 1.0 mM produced no further stimulation; data 
not shown). 

Similar experiments were carried out with DNase I as the 
nuclease probe (Figure 4). Since DNase I has an absolute 
requirement for Mg2+ ions for enzymic activity, a minimum 
of 0.5 mM Mgz+ was present in all the incubation buffers. 
Furthermore, since calcium ions have been shown to activate 
DNase I in the presence of magnesium ions (Melgar & 
Goldthwait, 1968), digestions were also carried out in the 
presence and absence of 0.1 mM Ca2+ to further investigate 
the effects of this ion on the digestibility of chromatin and on 
the solubility of released material. Figure 4A shows that 
DNase I (50 pg/mL) also extensively digested chromatin in 
buffers of low ionic strength, with 70% of the nuclear DNA 
being released in 5-10 min, although some of this material 
appeared to precipitate at longer incubation times. The 
presence of 0.1 mM Ca2+ had a dramatic effect on this time 
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FIGURE 5: Solubility of chromatin fragments in buffers of various 
ionic composition. In (A), a time course of digestion was carried out 
on nuclei digested by 50 pg/mL DNase I in buffer containing 0.5 
mM MgC1, and 0.1 mM CaCI,. The DNA contents of S1 and P1 
were determined. In (B), nuclei were digested for 5 min by 50 wg/mL 
DNase I and an SI generated without the addition of EDTA. Aliquots 
of this S1, at a concentration of 1 mM DNA phosphate, were then 
incubated on ice for 10 min in the presence of the indicated con- 
centrations of KC1 or MgClZ or CaCI,, and the percentage of ODzM, 
material remaining in solution was determined. In these experiments, 
all the nuclei were isolated in the presence of 150 mM KCI and 5 
mM MgClZ. 

course of digestion. For approximately 2 min, the digestion 
appeared normal with more than 50% of the nuclear DNA 
being released. However, all of this material apparently 
precipitated over the next 5-10 min, and there was no further 
release of material even when digestions were continued for 
60 min. 

When digestions were carried out in the presence of 150 mM 
K+ (in addition to 0.5 mM Mg2+, Figure 4B), there was es- 
sentially no release of DNA in the absence of Ca2+. In the 
presence of 0.1 mM Ca2+, l0-20% of the nuclear DNA was 
released. These effects may be due to a direct inhibition of 
DNase I by monovalent cations, an effect which can be par- 
tially overcome by Ca2+ ions (Melgar & Goldthwait, 1968). 
Moreover, when the Mg2+ concentration was further increased 
to 5 mM (Figure 4C), there was little or no digestion even in 
the presence of CaZ+ ions. 

Effects of Cations on the Solubility of Released Material. 
The results presented in Figure 5A confirmed that in the 
presence of 0.1 mM Ca2+ the material that was initially re- 
leased from nuclei by DNase I (cf. Figure 4A) was precipitated 
and reappeared in the pellet fraction within 2 min of its release 
(as opposed to being totally degraded to acid-soluble nucleo- 
tides). The nuclease was incapable of rendering this material 
soluble even after a further 50-60 min of incubation. 

Since most nucleases require a divalent cation for optimal 
activity and this necessitates their inclusion in digestion buffers, 
we investigated the effects of these ions on the solubility of 
released material to assess what, if any, concentrations were 
permissible. Supernatants containing material released by 
DNase I were generated, and the effects of K+, Mg2+, and 
Ca2+ on the solubility of this material were tested directly 
(Figure 5B). Potassium ions up to 150 mM had no effect on 
the solubility of the chromatin fragments, indicating that 
digestions can be safely carried out in the presence of this ion. 
It is noteworthy that the solubility of chromatin fragments in 
salt may vary from tissue to tissue. Thus, Komaiko and 
Felsenfeld (1985) have shown that erythrocyte chromatin 
fragments are insoluble in 150 mM salt. This would be pre- 
dicted from the "phase" map of Olins and Olins (1 972) which 
shows a higher degree of compaction of erythrocyte chromatin 
by salt, presumably related to the presence of histone H5. 
Magnesium ions also had no effect on solubility below 2 mM, 
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DIRECTION OF SEDIMENTATION - 
FIGURE 6:  Density gradient sedimentation profiles of released 
chromatin fragments. Nuclei were isolated in the presence of 150 
mM KCI + 5 mM MgClz and then digested for the time indicated 
by (A) 50 units/mL MNase or (B and C) 50 pg/mL DNase I. In 
(A) and (B), 0.5-mL samples of S1 supernatants were loaded on 
gradients as described under Materials and Methods. In (C), a 2-min 
digestion was carried out and an S1 supernatant generated in the 
absence of EDTA. Aliquots of the supernatant were incubated for 
10 min on ice in the presence of 2, 3, or 4 mM MgC1,. 0.5 mL of 
S2 supernatant was loaded on the gradient. 

but concentrations greater than 2 mM caused the precipitation 
of substantial amounts of the material. In contrast, calcium 
ions were particularly effective precipitants, causing some 
material to be precipitated at the lowest concentration tested 
(0.1 mM) with virtually all of the material being removed from 
solution by 1.0 mM Ca2+. The A260 material remaining in 
solution consists of nucleotides and short oligomers derived 
principally from RNA degradation. Direct measurements of 
DNA showed that no more than 2-3% of nuclear DNA re- 
mained in solution (cf. Figure 5A). 

Characterization of the Chromatin Fragments Released by 
DNase I and MNase. The observation that there was a dif- 
ference in the precipitability by Ca2+ of the material released 
by MNase and DNase I (cf. Figures 3A and 4A) suggested 
that there were differences in the nature of the material re- 
leased by the two nucleases. To examine this in more detail, 
samples of S1 were analyzed on sucrose gradients (Figure 6). 
A 5-min digestion of chromatin by MNase, carried out in the 
presence of 0.1 mM Ca2+, released approximately 80% of the 
chromatin from nuclei (cf. Figure 3A). This material sedi- 
mented in gradients with a profile corresponding to a large 
peak of 11s mononucleosomes together with short oligomers 
and a shoulder of larger fragments containing 10-20 nucleo- 
somes per particle (Figure 6A). After 60 min of incubation, 
only 20% of this material remained in solution (cf. Figure 3A), 
and it sedimented almost entirely as a mixture of mono- 
nucleosomes and short oligomers. 

The profile of material released by DNase I in the presence 
of 0.1 mM Ca2+ was substantially different from that of 
MNase (Figure 6B). The profile obtained following a 2-min 
digestion [the digestion was kept brief in order to minimize 
the amount precipitated (cf. Figure 5A)] showed that only a 
small proportion of mononucleosomes was released, whereas 
the bulk of the released material consisted of fragments con- 
taining 5-40 nucleosomes with a mean peak size of 10-12 
nucleosomes. When the incubation time was extended, all of 
this material was precipitated (Figures 4A and 6B). 

These results suggested that it was the higher molecular 
weight chromatin fragments that were insoluble in divalent 
cation containing solutions. This was examined by running 
gradient profiles on S 2  samples derived from DNase I gen- 
erated S1 supernatants that had been treated with Mg2+ di- 
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Numerous studies have shown that monovalent (K+ and 
Na+) and divalent cations (Mg2+ and Ca2+) affect the con- 
densation of chromatin. For example, Olins and Olins (1972) 
have produced phase maps for the effects of K+ and Mg2+ (and 
also pH) on the degree of chromatin condensation in nuclei 
isolated from rat liver and chicken erythrocytes as measured 
by the degree of granularity of the nucleoplasm. For liver 
nuclei, chromatin is maximally condensed at concentrations 
of Mg2+ greater than 2 mM and of K+ greater than 100 mM. 
Subsequent studies on isolated chromatin fibers have shown 
that monovalent cations in the 60-100 mM range and mag- 
nesium ions in the 0.5-1 .O mM range cause the 10-nm poly- 
nucleosome chain to condense to the 30-nm chromatin fiber 
[see Butler (1983) and Thomas (1984)l. Furthermore, Dixon 
and Burkholder (1985) have provided evidence that hetero- 
chromatin formation has an absolute requirement for Mg2+. 
Heterochromatin appears to be generated by a higher order 
compaction of the 30-nm fiber which cannot be generated by 
monovalent cations. It is essential, therefore, to isolate nuclei 
in the presence of physiological concentrations of both mo- 
novalent and divalent cations (1 50 mM K+ and 5 mM Mg2+, 
respectively) in order to maintain chromatin in its native state. 
These conditions have the added advantage of suppressing 
endogenous nuclease activity in cells such as liver that have 
high levels of these enzymes. Isolation media which contain 
low levels of monovalent cations (10 or 25 mM are the con- 
centrations used in virtually all conventional nuclear isolation 
buffers) and/or less than 2 mM Mg2+ will not maintain 
chromatin in a native state. 

Chromatin that is maintained in a condensed state during 
the isolation is relatively resistant to exogenous nucleases when 
the digestion is also carried out at high ionic strength in the 
presence of Mg2+ ions (Figures 3C, 3D, and 4C). However, 
it rapidly disperses in buffers of low ionic strength or low 
divalent cation content and is then rapidly digested by both 
MNase and DNase I (Figures 3A and 4A). There is little 
doubt, therefore, that exogenous nucleases are sensitive in- 
dicators of the structural organization of chromatin inside the 
nucleus, but if the ionic environment has altered the native 
structure, then the results of digestibility assays become dif- 
ficult to interpret. 

The interpretation of experiments designed to measure the 
digestibility, or nuclease sensitivity, of chromatin is further 
complicated by the demonstration (Figure 7) that the frag- 
ments of chromatin released by exogenous nucleases are not 
soluble at  Mg2+ concentrations greater than 2 mM or Ca2+ 
ions at virtually any concentration. Furthermore, solubility 
may be altered by the subsequent processing of released 
fragments during prolonged digestions (Figure 3A). Results 
based on the production of acid-soluble material by exogenous 
nucleases (Prentice & Gurley, 1983; Prentice et al., 1985) are 
also particularly difficult to interpret since the kinetics of the 
reaction reflect not only the action of the nuclease on the 
chromatin fiber but also the extensive processing of the released 
fragments that must occur to generate the small sub- 
nucleosomal species that are soluble in acid. 

The observation (Figures 3A and 4A) that, under appro- 
priate conditions, as much as 80% of the total nuclear DNA 
can be released in 2-5 min by either MNase or DNase I 
indicates that these nucleases are not just attacking a small 
fraction of "nuclease-sensitive or hypersensitive" transcrip- 
tionally active chromatin. Bulk, presumably transcriptionally 
inactive, chromatin also becomes nuclease sensitive under these 
conditions. It is clear, therefore, that there are two simulta- 
neous events occurring during nuclease digestions of intact 

DIRECTION OF SEDIMENTATION 

HGURE 7: Effect of EDTA on the solubility of chromatin fragments. 
Nuclei were isolated in the presence of 150 mM KC1 and 5 mM MgC12 
and digested for 5 min with 50 rg/mL DNase I in the presence of 
5 mM MgCI2. The digestion was terminated in either the absence 
(-EDTA) or the presence (+EDTA) of 10 mM EDTA and 0.5 mL 
of S1 supernatant loaded on the gradient. 

rectly (cf. Figure 5B). These profiles showed (Figure 6C) that 
as the Mg2+ concentration was increased from 2 mM, the 
largest polynucleosome fragments were precipitated first, 
followed by progressively smaller fragments. Magnesium ion 
concentrations of 2 mM or less had no effect on the solubility 
of the released material (Figures 5B and 6C compared to 
Figure 6B). 

Effects of Chelating Agents on the Solubility of Cation- 
Precipitated Chromatin Fragments. Chelating agents, par- 
ticularly EDTA, have been used routinely to stop nuclease 
digestion reactions and solubilize the released material al- 
though little attention has been paid to their effectiveness with 
regard to the ions present in the digestion buffer. Figure 7 
illustrates that when a DNase I digestion is carried out in the 
presence of 5 mM MgC12 there is no release of material from 
the nuclei unless EDTA (10 mM) is added at  the end of the 
digestion and prior to centrifugation. Therefore, this chelating 
agent must be used for all Mg2+ concentrations greater than 
2 mM. When a similar experiment was carried out in the 
presence of 0.1 mM Ca2+ (cf. Figure 4A) and EGTA (or 
EDTA) at a final concentration of 10 mM was added to stop 
the reaction, there was no release of material (data not shown). 
It is clear, therefore, that when calcium ions are used, careful 
attention must be paid to the problems that may be encoun- 
tered with the solubility of the products of digestion. 

DISCUSSION 

These results demonstrate that, in isolated nuclei, the sen- 
sitivity of chromatin to exogenous nucleases (Le., its digesti- 
bility) is affected by at least four factors. They are (i) the 
physiological state of chromatin inside the cell prior to isola- 
tion, (ii) the ionic environment to which the nuclei are exposed 
during isolation, (iii) the ionic environment in the digestibility 
assay, and (iv) the solubility of the released material. For an 
in vitro assay, which measures chromatin sensitivity to ex- 
ogenous nucleases, to have any relevance to the physiological 
state of chromatin in vivo, then factors ii-iv must be carefully 
controlled, and this, in turn, requires an understanding of the 
effects of mono- and divalent cations on chromatin structure. 
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nuclei. The nucleases (particularly DNase I) attack tran- 
scriptionally active (or potentially active) chromatin since genes 
in this configuration have a number of sites of enhanced 
sensitivity and a fraction of this active sequence material is 
liberated as monomers and short oligomers. Simultaneously, 
the nucleases attack bulk chromatin with the extent of di- 
gestion being dependent upon its degree of condensation, and 
this, in turn, is determined by the ionic environment in which 
the nuclei are digested (and what they were exposed to during 
isolation). If a high ionic strength and greater than 2 mM 
Mg2+ concentration is maintained throughout, then little or 
no bulk, inactive material is digested, whereas when low ionic 
strength conditions are used substantial amounts of this ma- 
terial are released. Finally, what is actually observed exper- 
imentally is determined by the relative solubilities of the re- 
leased material. In general, the small amount of material 
released from active chromatin is highly soluble, even in the 
presence of divalent cation (Bloom & Anderson, 1979; Nicolas 
et al., 1983), whereas the fragments released from bulk, in- 
active material are relatively insoluble in buffers containing 
more than 2 mM Mg2+ or 0.05-0.1 mM Ca2+. Chelating 
agents may, or may not, solubilize this material (Figure 7) 
which probably accounts for much of the variability that has 
been seen in these kinds of study. 

We feel that it is mandatory to isolate nuclei using condi- 
tions which maintain chromatin in its native state and then 
choose a digestion strategy that will isolate and solubilize the 
desired fraction. For example, large amounts of bulk, pre- 
dominantly transcriptionally inactive material can be con- 
veniently prepared by brief digestions at low ionic strength (or 
at intermediate ionic strengths to generate material that is at 
definable levels of condensation/decondensation; P. R. Walker 
and M. Sikorska, unpublished observations). Micrococcal 
nuclease is the enzyme of choice for such studies since it cleaves 
almost exclusively at the linker region between nucleosomes, 
under these conditions, whereas DNase I introduces many 
nicks into the isolated fragments (P. R. Walker and M. Si- 
korska, unpublished observations). Micrococcal nuclease 
generated fragments have a full complement of core histones 
and are enriched in histone H1, making them suitable for 
studies on 30-nm fiber structure. This material can be pre- 
pared quickly without the need for lengthy dialysis steps if the 
concentration of divalent cations is kept to a minimum. The 
observation that MNase is active in the absence of added Ca2+ 
is particularly useful in this regard. 

It is now apparent that techniques for the preparation of 
transcriptionally active chromatin must be reevaluated. Early 
work tried to exploit the apparent increased sensitivity of active 
chromatin to DNase I1 (Gottesfeld et al., 1974), MNase 
(Bloom & Anderson, 1979), and DNase I (Weintraub & 
Groudine, 1976) to release the active material. However, 
although enrichments of active fragments could be obtained, 
the fractionation was never complete. In retrospect, since both 
active chromatin and bulk chromatin were probably being 
digested in these studies, the enrichment obtained was more 
likely a reflection of the selective solubility of the fragments 
derived from transcriptionally active material in the presence 
of divalent cations. This approach has been further called into 
question by the results of Smith et al. (1984), who have shown 
that under low ionic strength conditions the transcriptionally 
inactive embryonic P-globin gene becomes just as sensitive as 
the expressed adult gene in murine erythroleukemia cells. 

In addition, it has now been shown that transcriptionally 
active material is associated with the nuclear matrix (Abulafia 
et al., 1984; Barbashov et al., 1984; Hentzen et al., 1984) and 

that much of it remains in the pellet fraction, discarded by 
many workers, following nuclease digestions (Rose & Garrard, 
1984; Cohen & Sheffery, 1985). Indeed, some transcrip- 
tionally active material may actually be protected by its as- 
sociation with the matrix and have a decreased sensitivity to 
MNase (Davis et al., 1983). We are currently examining 
which ionic environment is optimum for the isolation of this 
fraction of chromatin. 

Finally, these observations, which show that the nuclease 
sensitivity of chromatin is essentially a function of ionic en- 
vironment, do not necessarily preclude the existence in vivo 
of the “hypersensitive” sites that are usually, but not always, 
located immediately upstream from transcriptionally active 
(or potentially active) genes. The exquisite sensitivity of this 
small number of sites indicates that the structure of the 
chromatin fiber has been radically altered at strategic locations 
as a prerequisite for transcription (Weintraub, 1985). How- 
ever, it is not clear whether the small amount of transcrip- 
tionally active chromatin that is released in digests of intact 
nuclei is derived solely from nuclease attack at these sites. 
Indeed, since Cohen and Sheffery (1985) showed that a probe 
to a 380 base pair sequence that is located entirely within the 
coding sequence of the globin gene hybridized to fragments 
released into S1, it appears that other sites are also involved 
in determining the release of material from transcriptionally 
active genes. 

ACKNOWLEDGMENTS 
We thank Dr. J. F. Whitfield for helpful discussions and 

advice and J. L. Sherwood for her excellent technical assis- 
tance. 

Registry No. K, 7440-09-7; Mg, 7439-95-4; Ca, 7440-70-2; DNase 
I, 9003-98-9; micrococcal nuclease, 901 3-53-0; nuclease, 9026-81-7. 

REFERENCES 
Abulafia, R., Ben-Ze’ev, A., Hay, N., & Aloni, Y .  (1984) J .  

Barvashov, S .  F., Glotov, B. O., & Nikolaev, L. G. (1984) 

Bloom, K. S., & Anderson, J. N. (1978) Cell (Cambridge, 

Bloom, K. S . ,  & Anderson, J. N. (1979) J .  Biol. Chem. 254, 

Butler, P. J. G. (1983) CRC Crit. Rev. Biochem. 15, 57-91. 
Cohen, R. B., & Sheffery, M. (1985) J .  Mol. Biol. 182, 

Cuatrecasas, P., Fuchs, S . ,  & Anfinsen, C. B. (1967) J .  Biol. 

Davis, A. H., Reudelhuber, T. L., & Garrard, W. T. (1983) 

Dixon, D. K., & Burkholder, G. D. (1985) Eur. J .  Cell Biol. 

Gottesfeld, J. M., Garrard, W. T., Bagi, G., Wilson, R. F., 
& Bonner, J. (1974) Proc. Natl. Acad. Sci. U.S.A. 71, 

Hentzen, P. C., Rho, J. N., & Bekhor, I. (1984) Proc. Natl. 

Komaiko, W., & Felsenfeld, G. (1985) Biochemistry 24, 
1186-1 193. 

Melgar, E., & Goldthwait, D. A. (1968) J .  Biol. Chem. 243, 
4409-44 16. 

Nicolas, R. H., Wright, C. A., Cockerill, P. N., Wyke, J. A., 
& Goodwin, G. H. (1983) Nucleic Acids Res. 11, 753-772. 

Olins, D. E., & Olins, A. L. (1972) J .  Cell Biol. 53, 71 5-736. 
Prentice, D. A., & Gurley, L. R. (1983) Biochim. Biophys. 

Mol. Biol. 172, 467-487. 

Biochim. Biophys. Acta 782, 177-186. 

Mass.) 15, 141-150. 

10532- 1 05 39. 

109-1 29. 

Chem. 242, 1541-1547. 

J .  Mol. Biol. 167, 133-155. 

36, 3 15-322. 

2193-21 97. 

Acad. Sci. U.S.A. 81, 304-307. 

Acta 740, 134-144. 



Biochemistry 1986, 25, 3845-3852 3845 

Prentice, D. A., Tobey, R. A., & Gurley, L. R. (1985) Exp. 

Rose, S. M., & Garrard, W. T. (1984) J .  Biol. Chem. 259, 

Sikorska, M., MacManus, J. P., & Whitfield, J. F. (1980) 

Smith, R. D., Yu, J., Annunziato, A., & Seale, R. L. (1984) 

Thomas, J. 0. (1984) J .  Cell Sci., Suppl. 1 ,  1-20. 

Cell Res. 157, 242-252. 

8534-8544. 

Biochem. Biophys. Res. Commun. 93, 1196-1203. 

Biochemistry 23, 2970-2976. 

Tsanev, R. (1983) Mol. Biol. Rep. 9 ,  9-17. 
Walker, P. R. (1983) The Molecular Biology of Enzyme 

Walker, P. R., Boynton, A. L., & Whitfield, J. F. (1977) J .  

Weintraub, H.  (1985) Mol. Cell. Biol. 5,  1538-1539. 
Weintraub, H., & Groudine, M. (1976) Science (Washington, 

Weisbrod, S .  (1982) Nature (London) 297, 289-295. 

Synthesis, Wiley, New York. 

Cell. Physiol. 93, 89-98. 

D.C.) 193, 848-856. 

Dissociation of the Lactose Repressor-Operator DNA Complex: Effects of Size 
and Sequence Context of Operator-Containing DNA+ 

Peggy A. Whitson and Kathleen Shive Matthews* 
Department of Biochemistry, Rice University, Houston, Texas 77251 

Received December 18, 1985; Revised Manuscript Received March 6, 1986 

ABSTRACT: The dissociation kinetics for repre~sor-~~P-labeled operator DNA have been examined by adding 
unlabeled operator DNA to trap released repressor or by adding a small volume of concentrated salt solution 
to shift the Kd of repressor-operator interaction. The dissociation rate constant for pLA 322-8, an oper- 
ator-containing derivative of pBR 322, was 2.4 X s-l in 0.15 M KCl. The dissociation rate constant 
a t  0.15 M KC1 for both Xplac and pIQ, each of which contain two pseudooperator sequences, was -6 X 
lo4 s-l. Elimination of flanking nonspecific DNA sequences by use of a 40 base pair operator-containing 
D N A  fragment yielded a dissociation rate constant of 9.3 X s-l. The size and salt dependences of the 
rate constants suggest that dissociation occurs as a multistep process. The data for all the DNAs examined 
are  consistent with a sliding mechanism of facilitated diffusion to/from the operator site. The ability to 
form a ternary complex of two operators per repressor, determined by stoichiometry measurements, and 
the diminished dissociation rates in the presence of intramolecular nonspecific and pseudooperator D N A  
sites suggest the formation of an intramolecular ternary complex. The salt dependence of the dissociation 
rate constant for pLA 322-8 a t  high salt concentrations converges with that for a 40 base pair operator. 
The similarity in dissociation rate constants for pLA 322-8 and a 40 base pair operator fragment under 
these conditions indicates a common dissociation mechanism from a primary operator site on the repressor. 

Tanscriptional control of protein synthesis, in which a group 
of functionally related structural genes is coordinately regu- 
lated, was first proposed by Jacob and Monod (1961). The 
lactose repressor serves as a negative control unit for the lac 
enzymes by binding to the lactose operator site of the Es- 
cherichia coli genome and thereby physically blocking RNA 
polymerase transcription of the lactose metabolizing enzymes 
(Miller & Reznikoff, 1980). In the presence of inducer sugars, 
the repressor undergoes a conformational change, which results 
in decreased affinity for operator DNA. The excess of non- 
specific DNA binding sites in the genome can then compete 
effectively with the operator for repressor binding, and tran- 
scription of the lac enzymes can be initiated. 

The specific, tight binding of the lactose repressor to the 
operator DNA was originally characterized by using the ni- 
trocellulose filter binding technique (Riggs et al., 1970a,b). 
Studies of the repressor-operator DNA complex as a function 
of monovalent salt concentration have indicated participation 
of 6-7 ionic interactions, whereas - 1 1  ionic interactions ap- 
pear to be involved in the repressor-nonoperator DNA complex 

(deHaseth et al., 1977; Record et al., 1977; Revzin & von 
Hippel, 1977; Barkley et al., 1981; Winter & von Hippel, 
1981). Studies on the salt dependence of the lac repressor- 
operator DNA complex dissociation have been reviewed by 
Lohman (1985). In general, the binding of proteins to DNA 
varies with the type of monovalent or divalent salt; the salt 
dependence is specific for the particular counterion on the basis 
of the valence and relative affinity of the cation for the anionic 
DNA. In the absence of divalent cations, plots of log kd vs. 
log [M’] for the repressor-operator DNA complex exhibit 
curvature thought to reflect multiple dissociation steps or an 
alteration in the rate-limiting step (Barkley, 1981; Winter et 
al., 1981; Lohman, 1985). In addition, a decreased repressor 
affinity for operator observed with DNA fragments less than 
170 base pairs (bp)’ suggests “long-range” effects for operator 
binding (Winter & von Hippel, 1981; O’Gorman et al., 1980a). 
The stoichiometry of the repressor-operator DNA interaction 
has been investigated by using the nitrocellulose filter assay 
(O’Gorman et al., 1980a), gel filtration, and circular dichroism 
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