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ABSTRACT: Information from circular dichroism (CD) and D N A  thermal denaturation has been used in 
concert to study the conformational behavior of D N A  in the extended 1 l -nm fiber of chromatin isolated 
from HeLa nuclei. The histone-dependent conformational states of the system were investigated by selectively 
removing the hydrophilic histone domains with trypsin. These were compared to acetylated chromatin from 
the same source. The integrated intensity of the positive C D  band for DNA above 260 nm is found to increase 
with the content of relatively unstressed B-form DNA. This same increase is observed along the series of 
whole, H1-stripped, and trypsinized chromatin samples as protein is removed. Hence, the ratio of percent 
hyperchromicity to integrated C D  band intensity of the respective melting transitions provides useful 
information on the conformational state of D N A  in the three principal regions of the chromatin fiber: the 
central loop and flanking nucleosomal regions and the linker. Results from this study suggest that central 
loop D N A  in both hyperacetylated and control chromatin relaxes as protein is removed. However, hy- 
peracetylated chromatin shows significantly less dependence than control chromatin upon core histone 
hydrophilic domains in the flanking and linker regions. Thus, histone hyperacetylation evidently relaxes 
DNA in chromatin with no major overall conformational changes. A possible role of histone hyperacetylation 
may therefore be to reduce cooperativity in the unfolding transition in chromatin and thus provide for greater 
localized control of unfolding during transcription. 

T y p s i n  proteolysis has been used to probe the structural 
function of the N-terminal and C-terminal histone protein 
domains in chromatin [reviewed in Bohm and Crane-Robinson 
(1984)l. Trypsin digests of chromatin yield a stable series of 
peptides at maximal proteolysis which have been identified 
as core histone C-terminal regions with the N-terminal regions 
preferentially cleaved (Crane-Robinson & Bohm, 1985). At 
this level of proteolysis, some C-terminal residues of histone 
H2A (and at times H3) are also cleaved. 

'This work was supported by U S .  Public Health Service Grant G M  
33435 and by Hatch Project 131 from the College of Agriculture, 
University of Nevada, Reno. 

* Address correspondence to this author. 

Earlier trypsin digestion studies have shown that the highly 
conserved C-terminal core histone domains are capable of 
folding DNA into compact nucleosome-like particles (Whitlock 
& Stein, 1978). These trypsinized core particles appear to 
unfold from the DNA ends on either side of the 80 base pair 
central core loop (Lilley & Tatchell, 1977). The unfolding 
process seems to be reversible, and the transition occurs at 
about 0.1 M sodium ion concentration (Grigoryev & Krash- 
eninnikov, 1982). Other studies with chromatin fragments 
have shown that the hydrophilic domains of the core histones 
are necessary to condense chromatin into the 30-nm solenoid 
(Allan et al., 1982; Marion et al., 1983). The N-terminal 
domains of core histones, which also contain the in vivo ace- 
tylation sites, therefore appear to play a structural role in 
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further studies are required on the roles of core histone tails 
and their acetylation levels in chromatin structure-function 
relationships. 

We have used circular dichroism and high-resolution 
thermal denaturation to study the conformational behavior of 
DNA in three principal regions of differing stability in the 
1 1-nm fiber of chromatin. Results from both techniques de- 
pend strongly upon the integrity of the core histones (Lilley 
& Tatchell, 1977; Hjelm & Huang, 1974). Our approach 
differs from earlier studies in that we correlate the chiral 
behavior of the DNA with informaiton on conformational 
stability available from thermal denaturation. H1-stripped 
chromatin was exposed to increasing concentrations of trypsin 
to remove selectively and differentially the nonstructured 
histone tails. CD and TD data were obtained on these prep- 
arations at 5 and 0.2 mM sodium ion concentration. Using 
the correlation between percent hyperchromicity and integrated 
molar ellipticity for the three resolved thermal denaturation 
transitions, we can assign these transitions to three regions of 
differential stability in the chromatin DNA and deduce the 
relative conformational behavior of these regions in control 
vs. hyperacetylated chromatin. 

MATERIALS AND METHODS 
The chromatin used in all experiments reported was obtained 

from HeLa cell nuclei. Cells were grown in suspension culture 
with or without 7 mM sodium butyrate treatment according 
to the method of Yau et al. (1982). Both control chromatin 
and hyperacetylated chromatin was solubilized with mild 
micrococcal nuclease (Worthington) digestion and low ionic 
strength extraction according to the methods of Reczek et al. 
(1982) with RNase A (Worthington) treatment according to 
McGhee et al. (1983). A polynucleosomal fraction of from 
n = 2 to about 30 was obtained by using Bio-Gel A-15M 
chromatography according to the method of Reczek et al. 
(1982). 

To determine the role of protein-DNA interactions in nu- 
cleosome stability, we selectively degraded the histone com- 
ponents of chromatin. Whole chromatin samples were stripped 
of H 1 histone by using carboxymethyl ion-exchange chro- 
matography at 50 mM sodium chloride/ 10 mM Tris at pH 
7.8 as described by Libertini and Small (1980). H1-stripped 
chromatin samples were trypsinized in the same buffer using 
trypsin enzyme activities comparable to those previously re- 
ported (Weintraub & Van Lente, 1974; Allan et al., 1982; 
Figure 1). Proteolytic digestion was allowed to proceed for 
1-4 h at 0 "C and was stopped by adding soybean trypsin 
inhibitor (Sigma, type 11-S) according to the method of Allan 
et al. (1982). 

All preparative buffers contained 5 mM sodium butyrate 
to prevent loss of acetylation in the histones as discussed by 
Yau et al. (1982). All experimental runs were completed 
within 3 weeks of preparation. 

HeLa DNA was prepared by using standard methods of 
proteinase K digestion of whole and trypsinized samples, ex- 
tracted 3 times with phenollchloroform followed by precipi- 
tation by addition of 2-3 volumes of 901961 100% ethanol. To 
reduce residual phenol content, the DNA was reprecipitated 
3 times from 70% ethanol. HeLa DNA isolated from all 
chromatin preparations was protein free as judged by the 
Lowry method. 

Sample Characterization. Potential nucleosome sliding was 
monitored by using the methods of No11 et at. (1975). Whole 
and H 1-stripped chromatin samples were redigested with 
various micrococcal nuclease concentrations at 4 "C for 30 
min. Extracted DNA was run on 1.7% agarose gels in 

tightly folding DNA into nucleosomes and further condensing 
chromatin into higher order fibers. 

The results reported here suggest that the flanking DNA 
of nucleosomes in the 1 1-nm fiber of chromatin is a center of 
structural lability. This is in accord with a number of earlier 
observations. Simpson (1978) showed that histone hypera- 
cetylation increases nuclease sensitivity in flanking DNA. 
Studies on the conformational transition in low-salt media 
suggest also that flanking DNA unfolds from the core, leaving 
approximately one superhelical loop of DNA at ionic strengths 
below 3 mM sodium (Uberbacher et al., 1983; Harrington, 
1981, 1982; Wu et al., 1979). A similar type of unraveling 
may also occur at high salts above 450 mM sodium (Har- 
rington, 1982; Russev et al., 1980; Wilhelm & Wilhelm, 1980). 
Trypsinization of the hydrophilic histone domains has been 
functionally equated to acetylation in its effects on chromatin 
structure (Allan et al., 1982). Grigoryev and Krasheninnikov 
(1 982) and Lilley and Tatchell (1 977) have reported dramatic 
effects on nucleosome structure and stability due to core hi- 
stone trypsinization which they associate with flanking DNA. 
Thus, we believe that core histone tails are capable of stabi- 
lizing intranucleosomal DNA as proposed by Yau et al. (1982) 
and that this function evidently occurs but is not restricted to 
the flanking region. 

Acetylation is one of several postsynthetic histone modifi- 
cations associated with DNA replication and transcription 
[reviewed in Matthews and Waterborg (1985)], spermato- 
genesis (Christensen et al., 1984), and DNA repair (Smith, 
1986). It occurs primarily in the N-terminal regions of core 
histones. Sodium butyrate has been widely used in recent 
studies to promote the accumulation of hyperacetylated histone 
by inhibiting histone deacetylase (Sealy & Chalkley, 1978). 
At maximum acetylation, up to 17% of the total positive charge 
on the histone octamer is neutralized, with over 60% neu- 
tralized on the histone N-terminal domains. Despite the po- 
tential loss of histone-DNA interaction, butyrate-induced 
acetylation has little effect upon the conformation of DNA 
in nucleosome core particles (Ausio & Van Holde, 1986) or 
the condensation of chromatin into the 30-nm fiber (Dimitrov 
et al., 1986; McGhee et al., 1983). 

Presently, data concerning the stability of acetylated 
chromatin are inconclusive. Huvos et al. (1984), using circular 
dichroism (CD)' and DNA thermal denaturation (TD), ob- 
serve no differences in the stability of chromatin isolated from 
butyrate-treated cells and reconstituted with histone H1 from 
rat thymus. Sasi and Fasman (1984) also report identical 
melting behavior for control and hyperacetylated H 1-stripped 
chromatin. On the other hand, Yau et al. (1983), also using 
TD, demonstrate significant decreases in the stability of 
acetylated nucleosome core oligomers in the absence of histone 
€31, specifically within the nuclease-resistant central loop 
DNA. The association of melting transitions with specific 
structural regions of chromatin is also a complex problem 
which has not yet been fully resolved (Yau et al., 1983; Reczek 
et al., 1982; Weischet et al., 1978). Finally, special difficulties 
arise when the sodium butyrate method is used due to evident 
increases in histone H1 content, especially the variant H1° 
(Hall & Cole, 1985). All these uncertainties suggest that 

' Abbreviations: CD, circular dichroism; TD, DNA thermal denatu- 
ration; T,. temperature of maximum dh/dT for each transition; Tris, 
tris(hydroxymethy1)aminomethane; PMSF, phenylmethanesulfonyl 
fluoride: SDS, sodium dodecyl sulfate; EDTA, ethylenediaminetetra- 
acetic acid: R,/Ro, integrated molar ellipticity of the sample normalized 
by the integrated molar ellipticity of purified DNA for the CD band 
above 260 nm; G-C, guanine-cytosine nucleotide bases; bp, base pair(s). 
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Tris/borate/EDTA buffer. Photographs of the ethidium 
bromide stained gels were scanned a t  high resolution 
(Waterborg & Harrington, 1986; Waterborg et al., 1987), and 
fragment sizes were determined in relation to bX174IHaelII 
restriction fragment markers. 

Protein concentration was determined by the procedure of 
Lowry et al. (1951), using the bovine serum albumin to histone 
conversion factor of Reczek et al. (1982). DNA content was 
determined by the optical density at 258 nm where an AI, 
of 20 = 1 mg of DNA. Acid-urea-polyacrylamide slab gels 
were run according to the method of Hardison and Chalkley 
(1978) with modifications for sample treatment as given by 
Reczek et al. (1982). Histone SDS-polyacrylamide gel 
electrophoresis was done according to the method of Laemmli 
(1970) as modified by Thomas and Kornberg (1975). Pho- 
tographic negatives of Coomassie blue stained gels were 
scanned at high resolution as discussed above. 

Thermal Denaturation. Thermal melting of whole chro- 
matin samples was done on a Gilford Model 252 UV-visible 
spectrophotometer equipped with a Model 2527 thermopro- 
gammer. All samples were dialyzed to 0.2 mM EDTA a t  
pH 7.0 and used directly, or stock NaH,POI was added to 5 
mM. All samples, at OD,, = 0.75, were degassed under 
vacuum at or below room temperature before use. 

Temperature was calibrated and monitored from within the 
housing of the cuvette bolder. The temperature increase was 
maintained at 0.25 'C/min. The chart recording of the tem- 
perature-dependent byperchromicity monitored at 260 nm was 
digitized at 0.23 'C increments into a Hewlett-Packard 85B 
microcomputer equipped with a Model 7225A plotter. 
Base-line corrections were made by running a buffer blank 
for each thermal denaturation run and subtracting it from each 
melting curve in the run. 

Derivative melting curves were obtained by taking a floating 
linear least-squares slope at each point of the digitized thermal 
melting data. We found this method somewhat faster and 
equally satisfactory to higher order polynomial fits or cubic 
spline derivatives followed by repetitive Chebychev polynomial 
filtering. Melting C U N ~  were resolved into three overlapping 
Gaussians by using the least-squares band-fitting program of 
Fraser and Suzuki (1966) as revised by Burkhart and Howells 
(1979). This program uses an algorithm in which estimates 
for peak amplitude, half-width, and center are input and are 
refined by iterative solution of a set of linear simultaneous 
equations with the constraint that the standard error between 
the observed and calculated curve points is minimized. Di- 
vergence is avoided by using a damping procedure. 

Circular Dichroism. Parallel measurements of absolute CD 
spectra between 250 and 320 nm for each sample were ob- 
tained by using a Jasco Model J-40A spectropolarimeter 
equipped with a Model DP-501 data processor and calibrated 
with IO-camphorsulfonic acid. The spectra were obtained at 
5 mM sodium pbosphate/0.2 mM EDTA. The spectral points, 
obtained as M, were digitized at 0.5-nm increments and 
derived in terms of molar nucleotide residue ellipticity using 
an extinction coefficient at 258 nm of 6800 cm-' (mol of 
nucleotide)-l. The integral of the positive spectral band above 
260 nm was obtained by computer using Simpson's rule. 

RESULTS 
Sample Characteristics. Control and hyperacetylated whole 

chromatin samples had similar average protein/DNA ratios 
of 1.37 i 0.09 and 1.39 i 0.06, respectively, after treatment 
with RNase A to remove endogenous ribonucleoprotein. 
Published protein/DNA ratios using comparable isolation 
techniques are 1.3 without RNase treatment (Reczek et al., 

R I E H M  A N D  H A R R I N G T O N  

LANE 
1 2  3 4 5 6 7  8 9 1 0  

H1 - 

H28 - 1;: H3 \ 
/- -=------ lP3 

H4 TP4 P5 
~ - 

1.56 1.06 .E33 1.11 .900 
1.17 .908 1.42 1.06 .E33 

PROTEIN/DNA ( x / d  

FIGURE 1: SDS-PAGE of wntrol (lanes 1-5) and hyperacetylated 
(lanes 6-10) trypsinized chromatin. Bovine pancreas trypsin EC 
3.4.21.4) type 111 from Sigma was used to degrade HI-stripped 
preparations of control (lane 2) and hyperacetylated (lane 7) chro- 
matin. The trypsin concentrations used were 0.625 pg/mL (lanes 
3 and 8), 62.5 pg/mL (lanes 4 and 9), and 625 pg/mL (lanes 5 and 
IO). Sample concentrations were 1-2 A,,, units for trypsinizations. 

1982). For both types of chromatin. RNase treatment resulted 
in a loss of optical density at 258 nm of about 30% as reported 
previously (McGhee et al., 1983). HI-stripped chromatin had 
average protein/DNA ratios of 1.13 0.05 for control samples 
and 1.08 i 0.04 for hyperacetylated samples. Both types of 
samples show the normal complement of five histones on 
SDS-polyacrylamide gels (Figure 1). Lanes 2 and 7 of Figure 
1 show that chromatin samples suffer a small amount of 
proteolysis during isolation. 

These gels also show that the amino-terminal regions of the 
four core histones in stripped, trypsinized fractions were se- 
lectively and differentially removed as reported previously 
(Weintraub & Van Lente, 1974) with some variation under 
the conditions reported here. The remaining lanes of Figure 
1 reveal a pattern of trypsin activity-dependent digestion in 
which H3 and H4 histones are attacked first. Histone H4  
seems to persist a t  slightly higher trypsin activities for both 
control and hyperacetylated chromatin. Histones H2A and 
H2B begin to degrade after H3 is completely digested. In our 
hands, maximum trypsinization yielded a loss of about 24% 
in core histone protein content, with protein/DNA ratios of 
0.83. This ratio is comparable to results of 0.7-0.8 given by 
Whitlock and Simpson (1977) for maximally trypsinized HeLa 
chromatin. 

The butyrate-treated chromatin samples were highly ace- 
tylated as shown on acid-urea gels (data not shown) and as 
previously demonstrated (Rigs et al., 1977). Hyperacetylated 
chromatin was used as extracted. Quantitation of the five 
acetylated species of histone H4  in our acid-urea gels gave 
an average of 0.31 acetyl group per H4  for control chromatin 
and 2.1 acetyl groups per H4 for hyperacetylated chromatin. 
High-resolution densitometric scans of the various lanes in 
Figure 1 and other SDS gels (data not shown) showed some 
variation in trypsin cleavage products of hyperacetylated bi- 
stones. These can be interpreted by using cleavage products 
identified by Bohm and Crane-Robinson (1984) and shown 
in Figure 1. Overall, histone acetylation had no major effect 
on trypsinolysis of the four core histones and resulted in only 
minor variations in the cleavage products. At maximum 
trypsinization, hyperacetylated samples showed relative in- 
creases in the cleavage product P4 over P5, both from histone 
H4. Also, the unresolved band containing cleavage products 
PI ,  P2, and P3 is much broader for hyperacetylated histones, 
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Table I: Summary of Results for Chromatin Thermal Melting Studies 

sample transition Tma mean widthb % H,' DNA (bp)" 
5.25 mM Sodium Ion Concentration 

whole I 67.8 f 0.9 4.68 9.6 f 1 . 1  20 
I1 73.2 f 0.9 4.35 18.0 f 5.0 36 
111 81.8 f 0.3 4.98 72.3 f 4.9 147 

HI stripped I 63.4 f 1.2 6.09 17.8 f 3.4 36 
I1 72.7 f 1.4 7.72 33.2 f 7.0 67 
111 81.7 f 1.3 4.94 49.0 f 4.5 99 

whole I 68.1 f 0.3 5.56 10.3 f 3.2 21 
I1 72.6 f 0.4 4.43 19.2 f 3.1 39 
111 80.8 f 0.8 4.80 70.6 f 4.1 143 

HI stripped I 63.5 f 1 . 1  7.17 37.1 f 3.8 75 
I1 72.9 f 1.1 5.02 15.3 f 2.4 31 
I11 81.2 f 0.9 5.20 47.6 f 3.6 96 

control 

hyperacetylated 

0.20 mM Sodium Ion Concentration 

whole I 61.2 f 1.9 7.05 8.9 f 3.1 18 
I1 72.8 f 1.5 7.76 36.4 f 3.4 74 
111 79.4 f 0.3 4.90 54.7 f 0.6 1 1 1  

HI stripped I 50.5 f 0.1 8.75 29.3 * 2.6 59 
I1 70.3 f 4.0 9.81 37.1 f 11.8 75 
I11 80.3 f 1.6 5.08 33.5 f 12.7 68 

whole I 61.6 f 1.9 6.60 11.4 f 2.1 23 
I1 70.6 f 1.7 6.28 26.8 f 2.1 54 
I11 78.4 f 0.7 5.54 61.9 f 4.1 126 

HI stripped I 48.3 f 1.6 8.45 32.1 f 2.6 65 
I1 69.3 f 2.1 10.3 39.4 f 1 1  .o 80 
111 79.3 f 0.4 4.83 28.5 9.0 58 

control 

hyperacetylated 

"The transition melting point in degrees centigrade bThe width of the transition in degrees at l / e  maximum height. CThe percent total observed 
hyperchromicity. dThe amount of DNA melting in the transition based on a nucleosomal repeat of 203 bp. 

indicating greater diversity in the series of cleavage products 
from histones H3, H2A, and H2B. This agrees with se- 
quencing studies on limit digests which show that of the four 
core histones, only H2B has a tryptic cutting site at a lysine 
residue which is acetylated in vivo (Bohm & Crane-Robinson, 
1984). 

Both control and butyrate-treated whole chromatin samples 
had DNA size distributions above dimer size (406 bp) [Figure 
2(A)]. The ion-exchange chromatographic technique of 
Libertini and Small (1980) used to remove histone H1 resulted 
in a slight selection against the very high molecular weight 
material in our samples. This can be seen in the appearance 
of the monomer band in Figure 2(A) for the H1-stripped 
material. Despite this, more than 98% of H1-stripped chro- 
matin was dinucleosome and greater in size. 

Possible nucleosomal sliding due to H1 stripping was 
monitored by redigesting whole and H 1 -stripped preparations 
with increasing concentrations of micrococcal nuclease [Figure 
2(B)-(D)]. The multimer peaks are coincident for both whole 
and H1-stripped material throughout the series, so there is no 
gross realignment of nucleosome cores along the fiber as hi- 
stone H1 is removed. Redigested H1-stripped chromatin in- 
itially shows a broader multimeric distribution [Figure 2(B)]. 
This broader distribution may be due to a simple increase in 
the amount of DNA susceptible to nuclease attack or a ran- 
domizing of the nucleosomal spacing due to the stripping 
process. 

Thermal denaturation of control and acetylated whole 
chromatin in 5 mM sodium displayed a major inflection 
centered around 82 O C .  The derivative of the hyperchromic 
shift was resolved in all cases into three reproducible transitions 
(Figure 3, protein/DNA ratio = 1.3; see Table I): two minor 
components centered at 68 and 73 O C  (transitions I and 11) 
and a major component centered at 81 O C  (transition 111). 
Overall, we observed no dependency of T,  values on protein 

KILOBASE PAIRS 
FIGURE 2: Densitometry scans of micrococcal nuclease digests of whole 
(-) and HI-stripped (- --) hyperacetylated chromatin. Tracing A 
is from material as originally prepared. Tracings B-D are from 
material redigested at increasing nuclease activities. DNA sizes were 
estimated by using 4X174/HaeIII restriction fragment markers. 

degradation at 5 mM sodium ion concentration. An important 
exception was a 4.5 OC decrease in T,,, to about 63.5 O C  for 
the premelt region (transition I )  upon removal of histone H1 
for both hyperacetylated and control chromatin. This is well 
outside the range of experimental error (Table I ) .  Pure HeLa 
DNA from these samples melted at 62.9 OC; assuming 40.3% 
G-C content in HeLa chromatin (Guttman et al., 1977), the 
theoretical melting point should be 61.0 OC at these ionic 
strengths (Wada et al., 1980). Thus, the premelt region ev- 
idently melts as protein-free DNA after removal of H1 histone. 

Thermal melting studies at 0.2 mM EDTA show very few 
differences between control and hyperacetylated chromatin, 
especially preparations without H1 histone (Table I ) .  As with 
Reczek et al. (1982), we se'e an increase in hyperchromicity 
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FIGURE 3: Thermal melting profiles of control and hyperacetylated 
chromatin preparations. Each plot is normalized to maximum am- 
plitude, and the derivative of the hyperchromicity as a function of 
temperature in the ordinate is in arbitrary units. The type of prep- 
aration and its protein/DNA ratio are noted at the top of each plot. 

in transition I11 for acetylated samples with somewhat lower 
transition melting points when compared to control whole 
chromatin. These differences seem to disappear when H1 
histone is removed as reported previously (Reczek et al., 1982; 
Huvos et al., 1984; Sasi & Fasman, 1984). 

The protein-dependent hyperchromicities of the three major 
melting transitions differ significantly between control and 
hyperacetylated chromatin at 5 mM sodium phosphate. This 
is seen qualitatively in the melting profiles of Figure 3 and is 
shown more quantitatively in Figure 4 in which percent hy- 
perchromicity is plotted as a function of protein/DNA ratio. 
In Figure 4, whole and H1-stripped chromatin points are 
averaged since histone H 1 was removed by using ion-exchange 
chromatography. The intermediate transition I1 remains 
approximately constant in area for control chromatin samples 
upon partial removal of the N-termini of the core histones, 
H3, H4, H2a, and H2b. This is illustrated in Figure 3 for 
protein/DNA = 1.06, at  which point H3 and H4 N-termini 
have been partially removed; data for H2a and H2b are not 
shown. For both control and hyperacetylated chromatin, DNA 
melting in transitions I1 and I11 is shifted in the direction of 
the premelt transition I as protein is removed (Figure 4). It 
is seen from comparing slopes in Figure 4 that control samples 
show a significantly greater dependence on protein content in 
transitions I and I1 for the H1-stripped and trypsinized data 
points. The situation is reversed for hyperacetylated prepa- 
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FIGURE 4: Protein-dependent behavior of the percent hyperchromicity 
for the three resolved melting transitions for control ( 0 - a - 0 )  and 
hyperacetylated (+--+) chromatin. The points with error bars (hl 
standard deviation) for whole and H1-stripped chromatin at pro- 
tein/DNA ratios of 1.38 and 1.10, respectively, are average values 
from seven and four preparations. The protein/DNA axis is inverted 
left to right, beginning (left) at values for whole chromatin and 
continuing down to values obtained after maximal trypsinization 
(right). Linear regression fits to the data shown have confidence limits 
>99%. 

rations which show a greater dependency on protein content 
in transition I11 and only a slight dependence in transition 11. 

In Figure 4, we use linear regression to represent the trends 
in the protein-dependent behavior of the percent hyper- 
chromicity. This, in effect, treats the percent hyperchromicity 
as a continuous function of the degree of trypsinization. It 
may be argued that such data are really step functions since 
the core histones are degraded selectivity with trypsin, and 
large deviations might occur when a particular histone is 
proteolyzed. A test for the adequacy of the linear approxi- 
mation is to compare the total hyperchromicity of nontryp- 
sinized samples (protein/DNA ratio of about 1.1) to that 
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FIGURE 5: Circular dichroism spectra of control and hyperacetylated 
chromatin preparations: whole chromatin (---) with a protein/DNA 
ratio of 1.45 (control) and 1.44 (hyperacetylated); H1-stripped 
chromatin (---) with a protein/DNA ratio of 1.14 (control) and 1.1 1 
(hyperacetylated); trypsinized chromatin (-- - -) with a protein/DNA 
ratio of 0.959 (control) and 0.984 (hyperacetylated); trypsinized 
chromatin (e-) with a protein/DNA ratio of 0.833 (control and 
hyperacetylated); purified DNA (-). 

obtained as the sum of the linearly extrapolated values for the 
three resolved transitions at  limit trypsin digest conditions 
(protein/DNA ratio of 0.8). I t  is clear from Figure 4 that 
in both cases, the extrapolated percent hyperchromicities for 
the three transitions sum to roughly 100% for both control and 
hyperacetylated data. 

CD spectra (Figure 5 )  at 5 mM sodium phosphate of whole 
chromatin showed an average molar ellipticity of 2650 deg 
cm-2 dmol-' for control and 2460 deg cm-2 dmol-' for hy- 
peracetylated material at  282.5 nm. These intensities are 
suppressed compared to published values (Fulmer & Fasman, 
1979; Watanabe & Iso, 1981; Reczek et al., 1982). Pure DNA 
from HeLa chromatin showed a molar ellipticity of 7388 deg 
cm-2 dmol-' at  the same wavelength. This is also somewhat 
lower than values of 9000 deg cm-2 dmol-' reported for DNA 
from other chromatin preparations (Cowman & Fasman, 
1978). We can offer no explanation other than possible dif- 
ferences in sample preparation to account for this apparent 
suppression in CD intensities, and we attach no significance 
to it. However, to facilitate comparison to published data, we 
have adopted the analytic method of MacDermott (1985) 
where the integrated molar ellipticity of the sample (R,) is 
normalized to that of pure DNA (Ro). This helps to minimize 
possible systematic errors of measurement. The ratios Rx/Ro 
of integrated molar ellipticities between 260 and 300 nm for 
chromatin to protein-free DNA were identical within exper- 
imental error (Figure 6), and both reached a maximum of 
about 53%. 

DISCUSSION 
In this work, we have combined CD spectra in a novel way 

with TD to provide additional information on the local con- 
formational behavior of the three principal regions of stability 
in the nucleosome. Using data published by Cowman and 
Fasman (1978, 1980), we observe a high level of correlation 
between the fractional or normalized integrated CD spectral 
intensity for the band above 260 nm, R,/Ro, and the length 
of DNA for mononucleosomes containing DNA in excess of 
146 bp (Figure 7). A similar correlation is found for particles 
both containing and stripped of histones H1 and H5. It is seen 
from Figure 7 that linear regressions on both systems have the 
same slope, but the intercept is larger for the Hl/HS-stripped 
particles. This increase may be due to the contribution of an 
additional 30-40 bp of unfolded DNA to the CD spectral 
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FIGURE 6: Protein-dependent behavior of the normalized integrated 
band intensity of control (O---O) and hyperacetylated (+--+) 
chromatin. The points with error bars (hl standard deviation) for 
whole and H1-stripped preparations are averages of seven and four 
different preparations, respectively (see Figure 4). The line shown 
for data from H1-stripped and trypsinized preparations is a linear 
regression with confidence limit >99%. 
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FIGURE 7: Linker DNA-dependent increase in the normalized CD 
integrated spectral intensities of unperturbed (containing H1 /H5 
histones) (**) and perturbed (stripped of H1 and H5) (0---0) 
mononucleosome preparations containing various lengths of DNA. 
Data are from Cowman and Fasman (1978, 1980). The integrated 
intensity of the positive band above 259 nm was normalized by the 
integrated intensity of the same band for DNA isolated from the 
preparations. Each point is an average of two to seven preparations. 
The correlation coefficient for the linear regression is 0.984. 

intensity. This type of unfolding has been shown to occur in 
core particles at  low salts, is inhibited by histone H1, and is 
promoted by core DNA lengths in excess of 160 bp (Burch 
& Martinson, 1980). We conclude, therefore, that there is 
a direct, linear relationship between the amount of relaxed 
B-form DNA in nucleosomes and the integrated CD spectral 
intensity for the band above 260 nm. 

The relationship between Rx/Ro and relatively unstressed 
or "linker-like" DNA can be used with appropriate caution 
to assist in assigning observed TD transitions to the principal 
regions of DNA in chromatin: linker, flanking, and central 
loop DNA. Since the TD and CD were parallel measurements, 
it is appropriate to compare them directly. This procedure 
is independent of protein/DNA ratio analysis, and errors in 
this quantity have no effect upon the conclusions drawn. 

The following arguments are based upon a comparison of 
data in Figures 4 and 6. It is clear that a pos, iue correlation 
exists between percent hyperchromicity of transition I and 
Rx/Ro for both control and hyperacetylated samples. Linear 
regression analyses for both samples are identical within ex- 
preimental error and account for over 91% of the variation 
of the samples (control r = 0.9111, hyperacetylated r = 
0.91 24). This suggests assignment of this premelt transition 
to the linker DNA region, consistent with a similar assignment 
in nucleosomes by others (Reczek et al., 1982; Cowman & 
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Fasman, 1980). The same analysis for transition I1 shows very 
little correlation and accounts for less than half of the variation 
of the sample (control r = 0.2334; hyperacetylated r = 0.4541). 
This emphasizes the importance of protein/DNA ratios in 
describing the changes in content of the intermediate transition, 
which we assign to the flanking region of the nucleosome. 

There is a negative correlation between the amount of 
material melting in transition 111 and R,/R,, characteristic 
of a fixed size, relatively highly stressed central core region. 
This assignment is consistent with that of Weischet et al. 
(1978). In transition 111, control and hyperacetylated samples 
fall on different regression lines, and although the intercepts 
are the same, the slope for hyperacetylated samples, -213 ( r  
= -0.8788) in normalized units, is significantly greater than 
the slope of the control which is -163 ( r  = -0.8813). This 
suggests significant, if not direct, interaction between histone 
hyperacetylated regions and the central core DNA. All of the 
above seems to imply that the central core is the major source 
of the additional unstressed DNA melting in transition I as 
the core histones are trypsinized, with the destabilization 
process evidently more efficient in hyperacetylated chromatin. 

Table I lists percent hyperchromicity data calculated as the 
amount of DNA in base pairs melting in each of the three 
resolved transitions on the basis of a nucleosomal repeat of 
203 bp. In interpreting these results, it is useful to distinguish 
four principal regions of stability in the nucleosome [termi- 
nology from Yau et al. (1982)l: (1) central core DNA which 
melts cooperatively in transition 111; (2) flanking DNA which 
with the central core DNA makes up the nuclease-resistant 
146 bp core particle; (3) loose core DNA which completes the 
168 bp chromatosome; (4) linker DNA which is in excess of 
chromatosomal DNA. 

In whole chromatin, the central core accounts for 143-146 
bp of DNA. Histone H I  evidently interacts with DNA in the 
linker region, stabilizing about 20 bp and causing it to melt 
with loose core DNA in transition 11. Removal of HI seems 
to destabilize the entire nucleosome, with core DNA now 
accounting for only a little more than one superhelical turn 
of 96-99 bp, leaving flanking DNA to melt separately in 
transition 11. The two highest melting transitions in HI- 
stripped control chromatin account for 166 bp of DNA, and 
the flanking DNA appears to melt in transition I1 with loose 
core DNA. In HI -stripped hyperacetylated chromatin, the 
two highest melting transitions account for only 127 bp, so 
the loose core DNA appears to melt with linker DNA in 
transition I. Thus, destabilizing the loose core DNA may be 
one effect of histone acetylation. 

Below 1.5 mM sodium, core particles evidently unfold, and 
a similar effect is observed when core histone tails are removed. 
It is possible, therefore, that differential stability effects due 
to hyperacetylation of the N-terminal histone domains may 
be obscured at  ionic strengths at or below the nucleosomal 
low-salt transition. Results from the present study shown in 
Table I and elsewhere are consistent with this interpretation. 

In Figure 4, control chromatin appears to maintain a strong 
protein/DNA dependence for DNA melting in the flanking 
(transition 11) and linker (transition I) regions as the core 
histones are trypsinized. Hyperacetylated chromatin, however, 
shows little protein-DNA dependence in the flanking region 
but an increased dependence for central core DNA (transition 
111). These results suggest that acetylation decreases pro- 
tein-DNA interactions in the flanking region. At the same 
time, central core DNA in acetylated chromatin appears more 
sensitive to loss of core histone tails than in the nonacetylated 
control. 

In using the procedure of Fraser and Suzuki (1966), we have 
made two assumptions which appear justified in view of pre- 
vious studies. First, we assume that all melting profiles can 
be resolved into a sum of three Gaussians and, second, that 
T ,  is a satisfactory criterion for consistent resolution along 
the series of whole, HI-stripped, and trypsinized chromatin 
samples. The first assumption is supported by a variety of 
other studies (Van Holde et al., 1980; Cowman & Fasman, 
1980; Reczek et al., 1982; Yau et al., 1982, 1983). Resolution 
beyond three Gaussians is normally not justified on mathe- 
matical grounds, but the technique may be capable of higher 
levels of quantitation than we have been able to achieve to date 
(Kaplan et al., 1984; Yau et al., 1982). The reason we see 
no reproducible differences in T,  for control and hyperace- 
tylated chromatin seems to derive from the use of T,  as a 
criterion for consistent resolution. We determined this rela- 
tionship for the T, after initially studying the correlation 
between the CD integrated spectral intensity and percent 
hyperchromicity from TD experiments. 

Our semiquantitative interpretation of CD results is justified 
by standard chiroptic theory for polymers in terms of specific 
conformational parameters [for a review, see Charney (1979)l. 
Theoretical studies have shown that the positive exciton band 
for DNA in chromatin above 260 nm is suppressed due to 
irregularities in the B-form helix induced by supercoiling 
(MacDermott, 1985) and that exciton coupling is dependent 
on base pair tilt and chromophore displacement from the helix 
axis (Studdert & Davis, 1974; Moore & Wagner, 1973; Baase 
& Johnson, 1979). The effects of tertiary interactions 
(Cowman & Fasman, 1978) between bases of different su- 
percoils appear to cancel. However, the relationship between 
chiral activity and superhelical density is complex, and data 
are not available to allow a higher level of quantitation than 
we have utilized here. Furthermore, protein-DNA interactions 
appear to be irregular and somewhat localized (Richmond et 
al., 1984; Frederick et al., 1984), and the effect of tightly bent 
regions in the DNA helix is presently unknown. 

CD spectra are nevertheless highly sensitive to conformation 
on an overall or global basis. It is evident from the behavior 
of R,/Ro shown in Figure 6 that in vivo hyperacetylation has 
a negligible effect upon the global structure of chromatin. 
These data suggest that global conformational changes for 
DNA in chromatin induced by trypsinolysis of the core histones 
are not affected by the levels of acetylation reported here. 
Thus, DNA stability changes reported in this and in prior 
studies must occur locally and in such a manner as to be 
effectively self-compensatory with respect to overall DNA 
conformation. The differential effects in protein-dependent 
TD which we observe between control and hyperacetylated 
chromatin therefore imply that hyperacetylation results in an 
overall loosening of nucleosomal DNA with some loss of both 
short-range and longer range interfiber interactions but with 
little or no global changes in chromatin conformation. We 
speculate, therefore, that a functional role of hyperacetylation 
in transcriptional chromatin may be to reduce unfolding co- 
operativity and hence allow a higher level of local control of 
the unfolding process during transcription. 

CONCLUSIONS 
(1) We observe a direct, positive, linear correlation between 

the amount of relaxed B-form DNA in the internucleosomal 
linker region of chromatin and the integrated intensity of the 
CD spectral band above 260 nm. 

(2) Correlated use of CD spectra using the above rela- 
tionship suggests the following assignments to the three re- 
solved TD transitions in chromatin at 5.25 mM salt: transition 
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111, the highest melting transition, is highly stressed, central 
core DNA; transition 11, the intermediate transition, is less 
stressed flanking DNA; and transition I, the lowest melting 
transition, is relatively unstressed loose core/linker DNA. 

(3) Using the above assignments, we have resolved observed 
TD transitions for our series of chromatin preparations into 
sums of three Gaussians and, on the basis of these results, 
suggest that T ,  is an adequate criterion for consistent reso- 
lution of these transitions. 

(4) In vivo hyperacetylation has a negligible effect upon the 
global conformation of chromatin at 5.25 mM salt as evi- 
denced by CD spectral data. 

(5) Control chromatin and hyperacetylated chromatin differ 
in subtle but significant ways in the thermal stability of DNA 
in different nucleosomal regions. Hyperacetylation evidently 
reduces protein-DNA interactions in the loose core DNA of 
the flanking region. 

(6) These differences are reflected also in the dependency 
of these regions on enzymatic degradation of the core histone 
unstructured “tails”. 

(7) Since in vivo hyperacetylation appears to result in an 
overall loosening of DNA with no evident changes in the 
overall chromatin structure, we speculate that a functional role 
of hyperacetylation may be to reduce cooperativity in the 
unfolding transition during transcription. 
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ABSTRACT: To gauge similarities between S 1 OOb protein and calmodulin, interactions were observed between 
SlOOb and melittin and between SlOOb and 7, the microtubule-associated proteins. The interaction of melittin 
with SlOOb protein in the presence and absence of calcium was studied by fluorescence polarization, UV 
difference spectroscopy, and sulfhydryl derivatization. Whether calcium was present or not in the solution, 
melittin and SlOOb form a complex of molar ratios up to 2: l .  Further binding of melittin occurred, but 
it resulted in precipitation of SlOOb, as is true of the corresponding case of melittin binding to calmodulin. 
In the absence of calcium, the interaction of melittin and SlOOb shielded the tryptophan (Trp) of the former 
protein and exposed cysteine-84P (Cys-84P) of the latter protein, leaving the tyrosine-16P (Tyr-16P) of SlOOb 
unaffected. Calcium addition to the complex partially restored the exposure of Trp of melittin and caused 
changes in the environment of Tyr- 16P (unlike the environmental changes induced for Tyr- 160 by calcium 
in the absence of melittin). The conformational changes induced in SlOOb by interaction with melittin 
increased its affinity for calcium and offset the inhibition of calcium binding otherwise observed in the presence 
of potassium ions. This corroborated the previous finding that SlOOb affinity for calcium greatly depends 
on the protein conformation. The phenomena described above are similar to the interactions of melittin 
with calmodulin and thus suggest that SlOOb and calmodulin have a common structural domain not only 
that binds melittin but also that may interact with common target proteins. In support of this suggestion 
is our observation that S 100b, as previously reported for calmodulin, binds to the microtubule-associated 
protein T in the presence of calcium, a fact that could explain their common calcium-dependent effects on 
microtubule assembly. Complex formation of T with SlOOb or calmodulin was confirmed when we discovered 
that both S 1 OOb and calmodulin inhibit the calcium/phospholipid-dependent phosphorylation of T proteins 
by protein kinase C by interacting with the substrate rather than with the kinase itself. 

S l O O b  is a cytosolic, acidic protein that belongs to the 
calcium binding protein family of the “EF-hand” type (Isobe 
& Okuyama, 1978). While present mainly in glial cells of the 
central nervous system (Ghandour et al., 1981), it has also been 
found in several nonnervous tissues [for a review, see Molin 
et al. (1984)l. The biological function of SlOOb protein re- 
mains unproven, but it is clear that SlOO proteins affect the 
in vitro assembly and disassembly of microtubules (Baudier 
et al., 1982; Donato, 1983; Endo & Hidaka, 1983), modulate 
the phosphorylation of a 19-kilodalton (19-kDa)’ brain protein 
by protein kinase X (Qi & Kuo, 1984a,b), and inhibit the 
phosphorylation of a soluble 73-kDa brain protein (Pate1 et 
al., 1983). 

Although SlOO protein and calmodulin are clearly different 
proteins and have different distributions in the brain (Tabuchi 
et al., 1984), they are structurally related and share some 
physicochemical properties. They both bind to pheno- 
thiazine-Sepharose columns (Marshak et al., 198 l )  and to 
melittin-Sepharose columns (Kincaid & Coulson, 1985) in 
a calcium-dependent manner. Furthermore, the majority of 
brain proteins, including calcineurin, that bind to S 1 OO-Se- 
pharose also bind to calmodulin-Sepharose and vice versa 
(Gopalakrishna et al., 1985), suggesting that both of the latter 
proteins might regulate some target proteins in common. For 
instance, a Ca*+-dependent function mediated by calmodulin, 
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’ Abbreviations; Trp, tryptophan: Tyr, tyrosine; Cys, cysteine; FPLC, 
fast-protein liquid chromatography; DTNB, 5,5’-dithiobis(2-nitrobenzoic 
acid); DTE, dithioerythritol; SDS, sodium dodecyl sulfate; EGTA, 
[ethylenebis(oxyethylenenitrilo)]tetraacetic acid; kDa, kilodalton(s); 
EDTA, ethylenediaminetetraacetic acid; Tris, tris(hydroxymethy1)- 
aminomethane. 
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