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Relationship between Protein and DNA Structure in Calf 
Thymus Chromatin. I. Compositional Aspects? 

Sue Hanlon,* Roger S. Johnson, and Aurelia Chan 

ABSTRACT: Structural transformations i n  the D N A  constitu- 
ent of calf thymus chromatin have been followed by circular di- 
chroism as proteins are  removed from the native complex. His- 
tones have been dissociated in sequentially different manner by 
subjecting the chromatin to increasing concentrations of NaCl 
and of sodium deoxycholate, according to the procedure of 
Ohlenbusch et al. (Ohlenbusch, H .  H., Olivera, B. M., Tuan, 
D., and Davidson, N. ( l967) ,  J .  Mol. Biol. 25, 299) and of J .  
E. Smart  and J .  Bonner ( (  197 I a) ,  J .  Mol. Biol. 58, 65 1 ). Com- 
plexes containing mainly the arginine rich histones were also 
prepared, using the method of R.  J .  Clark and G.  Felsenfeld 
(( 1972), Nature (London) 240, 226). The spectral properties 
above 250 nm of all these residual complexes as well as the in-  
tact controls can be adequately accounted for in terms of a 
mixed population of B and C conformations of the DNA base 
pairs. The per cent B character of the residual complexes in the 
NaCl and the sodium doxycholate experiments remains essen- 
tially that of the intact controls (36% B) until the protein con- 
tent (W) has been reduced to ca. 0.9 g /g  of DNA.  Below this 

on the basis of the results of CD, '  nuclease digestion, and 
thermal melting experiments, we have recently proposed a 
model for calf thymus chromatin i n  which the D N A  constitu- 
ent is i n  two discrete conformational states (Hanlon et al., 
1972; Johnson et a / . ,  1972). One population of base pairs, ca. 
30-50% (depending on the method of preparation and solvent), 
is accessible to all solvent components and is in the B confor- 
mation. The remaining base pairs are protected from the aque- 
ous environment and are in the C conformation. Protein is as- 
sociated with both conformations. I t  is clearly crucial, in fact, 
to the maintenance of the C form since removal by nonspecific 
methods such as Pronase digestion results in the complete con- 
version of all of the base pairs to the B form. 

With this background, the question to which we have next 
addressed ourselves is whether there is a unique class of pro- 
teins responsible for the maintenance of this C conformation in 
chromatin. T o  answer this, we have employed an approach 
identical with that of Smart  and Bonner (1971a-c) who fol- 
lowed several properties of chromatin as proteins were disso- 
ciated by reagents which remove histones in different sequen- 
tial orders. We have measured the circular dichroism proper- 
ties of the residual macromolecular complexes which result 
from subjecting calf thymus chromatin to increasingly higher 
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value, a linear increase i n  the per cent B occurs until a value of 
100% is reached a t  0.33 g/g. Reference to literature data on 
the histone content of chromatin complexes prepared under 
comparable experimental conditions reveals that  the linear in- 
crease in the per cent B below W = 0.9 parallels the removal of 
the last half of the histone remaining in complex. Statistical 
analyses reveal that  there is no significant differences i n  the de- 
pendence of the per cent B character of the complex on the 
protein or histone content of the complexes prepared by the 
two methods, despite the differences in the nature of the com- 
positional classes removed in the two types of experiments. The 
arginine-rich histone complexes exhibit a per cent B which is 
less than 100% but higher than the value of intact purified calf 
thymus chromatin, thus revealing that this histone class cannot 
be solely responsible for the C character of the DNA in chro- 
matin. These facts taken together lead to the conclusion that 
histone proteins are responsible for the maintenance of the C 
character of intact chromatin, but there is no one composition- 
al class uniquely responsible for this function. 

concentrations of NaCl and sodium deoxycholate, the reagents 
employed by Smart  and Bonner in their experiments. 

In addition, we have also examined the residual complex 
consisting of DNA and mainly the arginine-rich histones, pre- 
pared from intact chromatin by the method of Clark and Fel- 
senfeld ( I  972). The changes observed in the C D  spectra of these 
complexes have been analyzed i n  terms of the conformational 
properties of the D N A  and the protein components. In the first 
of these two papers, we have compared the various methods i n  
terms of the compositional effects of proteins in complex on 
DNA structure. In paper 11 of this series (Hanlon et al., 1974), 
we have explored the conformational relationships between the 
DNA and the protein constituents of chromatin. A preliminary 
report of these investigations has previously appeared (Hanlon 
et al., 1973). 

Experimental Section 

Purified chromatin ( T N H ) '  was prepared from frozen calf 
thymuses by method i of Maurer and Chalkley ( I  967).  The de- 
tails of the tissue collection as  well as  the physical and chemi- 
cal properties of the product have been previously described 
( Hanlon et al., 1972; Johnson et al., 1972). Most of the prepa- 
rations used in this study were subjected to further low-speed 
blending, according to the method of Shih and Fasman (1 970), 
in order to reduce the molecular size. N o  noticeable differences 
in optical and thermal melting characteristics were observed 
between the sheared and the unsheared preparations. No dis- 
tinction is therefore made i n  the text between sheared and un-  
sheared material. 

For the protein dissociations effected by increasing concen- 
trations of NaCI, we followed a slightly modified version of the 
procedure ot Ohlenbusch et a/.  (1967). I n  our experiments, 
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concentrated stock solutions of intact T N H  were diluted with 
water and 4.0 M NaCl to a concentration of ca. 1 X IO-' M 

T N H  (on a nucleotide basis) and a desired final NaCl concen- 
tration. After stirring these solutions from 2 to 24 hr, the disso- 
ciated proteins were separated from the residual macromolecu- 
lar complex by carefully layering the solution over I ml of I .7 
LI sucrose i n  either a S W  39L or a type 50 fixed angle rotor a t  
36,000 rpm for 24 hr. All but the final I-ml fraction in the bot- 
tom of the tube was carefully removed and discarded. The bot- 
tom I-ml fraction was then mixed with any visible pellet and 
diluted with an appropriate low to moderate ionic strength sol- 
vent containing NaCl and Tris buffer. The particular choice of 
solvent was dictated by the desire to avoid low ionic strength 
denaturing conditions for those complexes which had been 
stripped of appreciable amounts of histone proteins. 

I n  a few instances, the gelatinous pellets obtained in the final 
purification step of the Maurer and Chalkley ( I  967) procedure 
were dialyzed directly against the desired NaCl concentration 
for 20 h r .  The separation of the dissociated proteins from the 
macromolecular complex proceeded as described above. Invari- 
ably, the residual complex obtained a t  a given NaCl concentra- 
tion by this latter procedure had a higher protein to DNA 
weight ratio (I+') compared to that obtained from the first pro- 
cedure. 

The removal of protein by dissociation with sodium deoxy- 
cholate followed, without modifications, the procedure of 
Smart and Bonner (1971a).  A stock solution of 0.25 M sodium 
deoxycholate was prepared by titrating deoxycholic acid (Cal- 
biochem) with N a O H  to a final pH of 8.5-9. Thin-layer chro- 
matography (Rouser el al. ,  1967) revealed that the deoxycholic 
acid used in these experiments consisted of less than 10% im- 
purities having an R f  similar to cholic acid. The final dialysis 
step to remove the reagent from the macromolecular complex 
was conducted against 2.5 X IO-'  M Tris (pH 8 ) ,  as called for 
i n  the procedure. 

The complexes consisting of DNA and mainly the arginine- 
rich histones, 1 1 1  and IV,  were prepared from purified chroma- 
t i n  by following. with minor modifications, the first step of the 
procedure of Clark and Felsenfeld ( I  972). Stock chromatin so- 
lutions at  3 X IO- '  M in 2.5 X IO-' M Tris (pH 7.4) were di- 
luted with an equal volume of a solvent consisting of I O  VI urea, 
3 X IO-> M CaC12, and 2.5 X IO-'  M Tris (pH 7.5).  This solu- 
tion was stirred for 2 hr and then dialyzed overnight against 5 
LI urea-l X IO-' M CaClz-2.5 X IO-3 M Tris (pH 7.5). After 
this step, the chromatin solution was put through a sulfoethyl- 
cellulose column (SE cellulose, Bio-Rad) equilibrated with the 
dialysis fluid, in the manner specified by Clark and Felsenfeld 
( I  972).  The deproteinized chromatin emerged a t  or near the 
Loid volume of the column. The peak fractions were pooled and 
dialyzed against several changes of 0.01-0.02 M NaCI-0.01 M 
Tris (pH 7.5). In some instances, the initial dialysis fluid also 
contained 0.005 M NaEDTA. '  This step appeared to have min- 
imal cffect on the properties of the final dialyzed product. 

Thc complexes obtained by this procedure generally had a 
protein to DNA weight ratio, W. of0 .50  d= 0.05. This is reason- 
ably close to the value 0.45 expected on the basis of a fractional 
content of arginine-rich histones of 0.39 (average) (Hnilica et 
ui,, 1966) and a total histone to DNA weight ratio of 1.14 
(Bonner et al . ,  1968a.b). Hence, the second purification step 
involving chromatography on DNA-cellulose, called for in the 
original procedure (Clark and Felsenfeld, 1972), was corre- 
spondingly omitted. I n  this way. we hopefully ensured the fact 
that the complexes contained the full complement of arginine- 
rich proteins originally present in the intact chromatin prepa- 
rations from which they were derived. 

The complexes resulting from these various procedures are 
described i n  the text as residual complexes or residual T N H .  
The procedures themselves are  referred to as the h a C I ,  the so- 
dium deoxycholate, and the Ca-urea procedure, respectively. 
Control chromatin solutions, put through the same procedures 
in the absence of dissociating reagents, are referred to as intact 
chromatin or intact T N H .  

I n  order to qualitatively confirm the patterns of histone re- 
moval by NaCl and sodium deoxycholate, the histones of a few 
complexes were extracted with 0.2 M H2SO4. Three volumes of 
cold ethanol were then added to the extract and the mixture 
was immersed in an acetone-Dry Ice bath for L'U. 5 min or al- 
lowed to stand at  - I O o  overnight. The histone precipitate was 
recovered by a quick centrifugation ( ra.  3 min a t  10,000 rpm) 
and redissolved i n  a few drops of 10 M urea. The resulting solu- 
tions were then applied to polyacrylamide gels and electrophor- 
esed according to the method of Panyim and Chalkley ( 1  969). 
Protein bands were stained with 0.02% Amido-Schwarr i n  7%) 
CH3COOH-40% CH'CHlOH. Gels were destained in thc 
same solvent, and the various histone fractions were identified 
by reference to the literature as well as by the pattern of bands 
obtained with commercial samples of calf thymus histones. 
This visual inspection provided only a crude estimate of whcth- 
er a given histone fraction still remained i n  appreciable quan- 
tities or had been dissociated appreciably by the given concen- 
tration of h a C l  or sodium deoxycholate. 

Concentrations of the intact and residual complexes were de- 
termined from their absorption spectra. after correcting for 
light scattering by the method of Oster ( I  948). These concen- 
trations are reported on a molar nucleotide basis. An extinction 
coefficient. E p T h H .  of 6750 21-l cm-I. previously determined 
for intact chromatin (Johnson et ul., 1972) u a s  used for all 
complexes. Differences due to the removal of protein from the 
residual complexes were ignored since i t  would contribute. a t  
most, only a 2% error. 

Protein content of all complexes was determined spectrally 
by the ratio of the absorbance a t  230 and 260 nm using the 
equation of Tuan and Bonner (1969) as previously described 
(Johnson et ai.,  1972). Protein content is expressed i n  the text 
and in legends as a weight ratio. W ,  of protein to DNA i n  coni- 
plex. A few of the protein content values were also checked bq 
Lowry determinations (Lowry et ul., 195 1 ) using bovine serum 
albumin (Sigma) as a standard. These chemical determinations 
confirmed the fact. as previously observed (Johnson et ul . ,  
1972). that the W values determined spectrally were valid 
within the combined experimental error o f  both measurements 

Absorption spectra were measured in a Cary Model I4CMR 
recording spectrophotometer equipped w i t h  thermostated 
adaptors. Temperature was maintained by a Haake circulating 
water bath and monitored by a Telethermometer Bridge and 
Probe assembly manufactured by Yellow Springs Instrument 
Co. Unless otherwise specified, spectra were obtained at  25' i n  
quartz cuvets of I -cm path. 

Circular dichroism spectra were determined a t  27' in a I -cni 
quartz cell with a Cary Model 60 recording spectropolarirnetcr 
equipped with a 6001 C D  attachment. All spectral data :ire 
given i n  terms of molecular ellipticities. based on the nucleotide 
molar concentration in solution. 

Calculations of the percentage of B, C ,  and .4 conformations 
of DNA present in the complexes were performed in the  man- 
ner described in our earlier publications (Hanlon et ul. .  1972: 
Johnson et al..  1972). Basically. the C D  spectrum of a given 
complex above 260 nni. which reflects only the DNA contribu- 
tion. i s  assumed to consist of a linear combination of the contri- 
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butions of the B and C conformations. The observed molecular 
ellipticities, [ B ] x ~ ~ ~ ~ ,  a t  eight wavelengths across the positive 
band are  thus assumed to be related to the fractions of base 
pairs in the B c f ~ )  and the C V;) conformation by 

where and [B]xc are  the reference ellipticities a t  wave- 
length X of the B and the C conformations of protein-free 
DNA. The latter were obtained i n  the manner previously de- 
scribed (Hanlon et a/, ,  1972) using the spectra of Tunis- 
Schneider and Maestre ( 1  970) for identification purposes. 
Equation I can be solved f o r f ~  at  each of the several wave- 
lengths and these eight values then averaged to yield an aver- 
agefB, which is reported as a percentage, % B. 

The presence of a third component, the A form, can be test- 
ed by a linear least-mean-squares averaging of the expression 

w h e r e f ~  is the fraction of bases in the A conformation and 
[ B ] x , ~  is the ellipticity of the reference A spectrum a t  wave- 
length A,. 

This averaging procedure, applied in this laboratory for a 
subsidiary problem (S. Hanlon, S. Brudno, T. Wu, and B. 
Wolf; manuscript in preparation), expresses the sum of the 
squares of the residuals as 

thus forcing the fractions of all components to sum to I .  This 
expression is then differentiated with respect tofB andfc.  The 
corresponding partial derivatives are set equal to 0 in order to 
minimize the sum of the squares. The resulting two equations 
can then be solved unambiguously f o r f ~  and fc.  The fraction 
of bases in the A conformation is obtained from the relation- 
ship, I = fA +JB +fc.  

Statistical analyses were performed by standard methods 
(Snedecor and Cochran, 1967). In  the linear regression analy- 
ses, the dependent variable was generally taken as W, for W 
values below 1.00, since this variable contained the greatest 
error i n  that  range. Above W = 1.00, this procedure was re- 
versed. Although small differences in the characteristics of the 
linear regressions were observed if  the independent variable 
was consistently W over the entire range of W values, the con- 
clusions drawn about the comparative behavior of the com- 
plexes resulting from the NaCl and the sodium deoxycholate 
procedures were unaffected as long as a consistent procedure 
was followed in the treatment of data from both sets of experi- 
ments. 

Results and Discussion 

As noted in previous experiments (Johnson et a/. ,  1972), the 
dissociation of proteins from intact T N H  has virtually no effect 
on the absorption spectrum of the complex above 245 nm. In 
contrast, the positive band of the C D  spectrum above this 
wavelength changes profoundly after the weight ratio, W, of 
protein to D N A  has been reduced to about 0.9 g/g.  This point 
is demonstrated by the data shown in Figures 1, 2, and3. 

NaC I NaDC 

... ... ... 

C "  , 0 

FIGURE I :  Circular dichroism spectra of intact controls and residual 
complexes prepared by the NaCl (A) and the sodium deoxycholate (B) 
dissociation procedures. The appropriate codes and characteristics of 
these preparations are given above in  the figure. These data include the 
weight ratios, W, of protein to DNA, and per cent B character (calcu- 
lated as described in the Experimental Section) and the molar concen- 
tration of the dissociating reagent to which the intact chromatin was 
subjected. 

In  Figure I ,  we have displayed the C D  spectra of some of the 
residual complexes from the NaCl and the sodium deoxycho- 
late dissociation experiments. Figure 2 presents the spectra of 
complexes a t  comparable W values obtained from the three 
types of dissociation processes, NaCI, sodium deoxycholate, 
and Ca-urea. In  this second figure, we have also included the 
reference spectra of calf thymus DNA (protein free) i n  the B 
and the C conformations. (These latter spectra were taken 
from the previously reported results of Hanlon e? al. ( I972).) 

Although there are  small differences in the shapes of the 
positive bands, the spectral characteristics of the various com- 
plexes exhibit a certain uniformity in behavior as their protein 
content is reduced. Complexes a t  comparable W values show 
equivalent decreases (on the average) in the magnitude of the 
negative band below 240 nm and increases in the positive band 
above 250 nm. The former effect might have been anticipated, 
i n  part, since the predominant contribution to the spectrum in 
this wavelength region is made by the protein constituent. As 
the protein content i s  reduced, one would expect the molecular 
ellipticity, which is on a molar nucleotide basis, to decrease. 
The magnitude of the decrease, which is governed by the con- 
formation of the proteins being removed, will be treated i n  
paper I I  (Hanlon et a/ . ,  1974). 

The increase in the positive band above 250 nm is consistent 
with a loss of C character of the DNA constituent, which 
makes the sole contribution to the spectrum in this wavelength 
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F I G C R E  2: Comparison of the circular dichroism spectra of the residu- 
al complexes of similar protein content prepared by different dissocia- 
tion procedures. T N H  from t h e  Ca-urea procedure. wi th  a W of 0.50 
and a per cent B of 74% (-): T N H  from the haCl  procedure, w i t h  a 
Wof 0.48 and a per cent B of 78% (. .e); T N H  from the sodium deoxq- 
cholate procedure wi th  a Wof 0.52 and a per cent B of 79% ( -  - - ) .  Alco 
shown are the reference spectra of the B form (-) and t h e  C form 
( - - - - )  of protein-free D N A ,  taken from the paper of Hanlon ef a / .  
(1972) .  

region. Detailed numerical results for some typical complexes 
are  given i n  Table I .  As is demonstrated by the entries i n  this 
table, the standard deviation, u, i n  per cent B increases signifi- 
cantly as the W values decrease (with corresponding increases 
in per cent B). This effect is not attributable to the presence of 
or conversion to an A conformation as proteins are  removed. 
Our calculations actually yield negative values for the per cent 
A contributions, regardless of whether the A reference spec- 
trum of calf thymus DNA or Escherichia coli D N A  (Tunis- 
Schneider and Maestre, 1970) is substituted for [ H I A z .  The 
values given in Table I a re  those calculated for the E. coli lim- 
its, as the latter spectrum is somewhat closer to that which we 
have recently obtained in this laboratory by an analysis of calf 
thymus D N A  spectra a t  high salt concentrations (S. Hanlon. 
S. Brudno, T. W u ,  and B. Wolf, manuscript i n  preparation). 
In  an) case, these calculations indicate that the maximal per 
cent A cannot exceed 6% for the complexes of lower W, no 
matter what reference spectra are  employed. This figure is 
within the standard deviation of the per cent B value for these 
complexes. 

This increase i n  u is more likely attributable to experimental 
error coupled with small errors in the reference limits. which 
would tend to magnify errors i n  per cent B as  the latter value 
approached 100%. In addition, i t  is also probable that the base 
composition of the C regions in some of these complexes may 
be slightly different from the B regions. This must certain]) be 
true, for instance, for the Ca-urea complexes, since the argi- 
nine-rich proteins are associated preferentially with G + C rich 
portions of the genome (Clark and Felsenfeld. 1972). A s  long 
as the average value of per cent B is utilized, however. an) 
asymmetry i n  the base composition of the C and the B regions 
should not seriously affect the interpretation of the data .  

m + E  x - NaCl 

aa. 
0 

2 0  

8 
4 0  0 

60 

I - NaD: 

100 
0.5 1.0 1.25 1.5 2.0 

W = B.Protein/g.DNA 

F I G U R E  3 :  The dependence of the secondary structure of DNA on pro- 
tein content of the residual complexes prepared by the NaCI and the 
sodium deoxycholate procedures. The percentage of bases in the B and 
in the C conformations are plotted on the left- and the right-hand ordi- 
nates, respectively, against the weight ratio, W, of protein to DNA on 
the abscissa. The crosses represent the data for the KaC1 experiment5 
and the open circles those for the sodium deoxycholate experiments. 
Above W = 0.2, the set of straight lines through the data points repre- 
sents the results of the linear regression analyses of the combined data 
from the two sets of experiments. The set of horizontal lines above and 
below the data points represents the ranges over which the various pro- 
tein fractions i n  intact chromatin dissociate in the two types of experi- 
ments. The histone proteins are designated by their conventional 
Roman numeral notation whereas h stands for nonhistone. The heav) 
portions of the lines indicate the ranges in which a sizable portion 
(-50%) of the given protein dissociates. These ranges were calculated 
f rom the data from the existing literature (Ohlenbusch el a/..  1967; 
S m a r t  and Banner. 1971a) as described in  t h e  text. 

The behavior of these average values of per cent B of thc re- 
sidual complexes prepared by the NaCl and the sodium deoxy- 
cholate procedures is shown i n  Figure 3 as  a function of W. The 
crosses represent the data for the NaCl experiments and the 
open circles that from the sodium deoxycholate experiments. 
The set of horizontal lines drawn above and below the plot i l -  
lustrates schematically the ranges in Wover which various pro- 
tein fractions dissociate i n  these experiments. These limits arc 
based on the data taken from the literature and described in 
detail i n  the subsequent sections of this paper. The heavq por- 
tions of these lines denote those regions over which the major 
share of the particular fraction of protein is removed ( 2 5 0 % ) .  

The plot of per cent B vs. W has been approximated by ii set 
of lines which are linear, within the limitation of our cxperi- 
mental error. The characteristics of the linear regression anal)- 
ses appropriate for the regions of W > I and U' betuecn 0.15 
and I .0 are  given in Table I I .  The slope and intercept of the rc- 
gression functions given i n  this table arc designated by the 
symbols ni and b. respectivelq. The letter I' represents the cor- 
relation coefficient while the letter f represents the f value lor 
Student's "T" test. Although the slope and intercept for thc 
data on the complexes from the two types of disbociation cxpcr- 
inients differ somewhat in the range of W values between 0.25 
and I .O. a covariance analysis reveals that these differences a r c  
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I I I I 

I I I 
0.5 1.0 1.5 

Conc. of NaCl( M ) 

F I G U R E  4: The dependence of total protein content of the residual 
complexes on the concentration of NaCl used in the dissociation proce- 
dure. The value of W for each complex is plotted on the ordinate 
against the molar concentration of NaCl on the abscissa. The crosses 
represent the data for the individual complexes and their controls, 
numbered according to the control intact chromatin sample (shown at 
0 M NaCI) which was used in their preparation. The average of the 
values of Wfor the several preparations subjected to a given NaCl con- 
centration is indicated by a circled cross. The dashed curve represents 
data taken from Ohlenbusch et al. (1967) for similar experiments with 
calf thymus chromatin. 

not significant. The line shown for this range in Figure 3 thus 
represents the linear regression of the combined data.  Above W 
= I ,  the t values and correlation coefficients for the linear re- 
gressions of per cent B on W a r e  too low to be significant. Con- 
struction of a zone of confidence a t  the 95% level reveals that 
the upper limit of the increase in per cent B as a function of W 
cannot be greater than 50% a t  W = 1.0. We  feel that, realisti- 
cally, these facts taken together mean that there is no depen- 
dence of per cent B on W i n  this range of W values. Although 
the mean per cent B for the sodium deoxycholate experiments 
i n  this W range is somewhat higher than that for the NaCl  ex- 
periments, again these differences are nonsignificant. and 
hence, the solid line in Figure 3 in this range represents the av- 
erage of the combined data.  

In both types of dissociation experiments, therefore, the per 
cent B of the residual complexes remains unaffected until a W 
value of 0.9 is attained. At this point, the per cent B begins to 
increase in a linear fashion, reflecting the loss of the C charac- 
ter, until a value of 100% is attained a t  a Wof 0.3. Further pro- 
tein removal presumably does not affect the conformation of 
DNA.  

The per cent B values are plotted against W since the latter 
are our actual experimental measurements. What  is of primary 
interest, however, is the transformation in the B character as 
the various protein fractions in intact chromatin are  removed. 
At the simplest level we would like to ascertain which of the 
two types of proteins in complex, histone or nonhistone pro- 
teins, are more important in this regard. 

The relationship between the fractions of various proteins 
present i n  complex and the total Wvalues of the complexes can 
be obtained from data available i n  the literature i f  certain ad- 
justments and assumptions are made. It is first instructive to 

TABLE 11: Characteristics of  the Linear Regression Analysis of 
the Dependence of  D N A  Conformation on Protein Content 
of Calf Thymus Chromatin.u 

Dissociation Procedure 

Characteristics Combined 
Data  NaDC ~ 

of  Function NaCl 
_________ 

0 . 2 5  5 W 5 1 . O O  
rn -0 .01006 -0.00894 -0 ,00953 
b 1 .304  1 .221  1 .267  
r -0 .916  - 0 , 8 7 0  -0 .904  

Significance Yes; Yes; Y e s ;  

W = m( % B) + b 

t - 6 . 8 5  - 6 . 1 0  -10 .14  

P i  0 . 0 1  P < 0 . 0 1  P < 0.01 
F, lope = 0 .268  (N.S.); F i n r r r c r l , t  0 , 0295  (N.S.) 

1 . 0 0  5 W <  2 .25  
m 5 .02  -3 .702  1 .251  
b 2 8 . 4  4 3 . 3  3 4 . 7  
r 0.198 -0 .190  0 .050  
t 0 .670  -0 434 0 212 
Significance No No No 

B (mean) 35 .1  3 8 . 6  3 6 . 3  
U i . 5 . 0  k 3 . 9  2 4 . 8  

Z B  = m W +  b 

a The linear regressions of  the combined data  intersect a t  a 
W value of 0.93 gig. The W value a t  100% B for the linear 
regression of the combined data in  the range 0.25 5 W 5 1 .OO 
is 0.33 gig. Sodium deoxycholate. 

compare the W values of our complexes obtained a t  a given 
concentration of dissociating reagent with the reported W 
values of others obtained a t  similar concentrations of salt. The 
data for the residual complexes obtained in the NaCl and sodi- 
um deoxycholate experiments are shown in Figures 4 and 5 ,  re- 
spectively, as points. The numbers beside the points represent 
the complexes derived from a given control of intact chromatin. 
The dashed lines represent the data from similar experiments 
taken directly from the literature. In the NaCl experiments. 
these are  the data for calf thymus chromatin reported i n  Figure 
1 of the paper of Ohlenbusch et al. (1967). For the sodium 
deoxycholate experiments, we have displayed the data for pea 
bud chromatin taken from Smart  and Bonner (1971a). The 
dashed line in Figure 5 represents the sum of the weight frac- 
tions of nonhistone and histone proteins obtained at a given so- 
dium deoxycholate concentration reported in Figure l in the 
paper of Smart  and Bonner ( 1  97 I a) .  

In our NaCl experiments shown i n  Figure 4, the average W. 
represented by a cross in a circle, is somewhat higher than the 
reported literature value for that given NaCI concentration. 
There is no correlation, however, between the position of the W 
value of a given residual complex and its intact control, relative 
to either the line or the average value a t  a given UaCl concen- 
tration. For example, the ( 5 )  series had an intact control with ;I 
W value lower than the average of the controls examined, 
whereas the W values of the residual complexes derived from 
this control were generally higher than the average. The re- 
verse is true for the ( I )  series. It is likely that these variations 
i n  the relative positions of W between controls, residual com- 
plexes, and the reported literature values are attributable to 
variable contamination of readily removed cytoplasmic pro- 
teins coupled with minor variations i n  the experimental proce- 
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FIGURE 5: The dependence of the total protein content of the residual 
complexes on the concentration of sodium deoxycholate used in the dis- 
sociation procedure. The value of Wfor each complex is plotted against 
the molar concentration of sodium deoxycholate on the abscissa. The 
circles represent the data for the individual complexes and their con- 
trols, numbered according to the control intact chromatin sample 
(shown at 0 M sodium deoxycholate) which was used in their prepara- 
tion. The average value of Wfor the several preparations subjected to a 
given sodium deoxycholate concentration is indicated by a double cir- 
cle. The dashed curve represents data taken from Smart and Bonner 
( I97 1 a-c) for similar experiments with pea bud chromatin. The solid 
curve represents the same data of these authors, adjusted for the pre- 
sumed differences in the nonhistone protein content of our average in- 
tact calf thymus chromatin controls and the value given for pea bud 
chromatin by Smart and Bonner (1971a). 

dure and errors in the protein determination. The average W 
and most of the W values of the complexes used in our analysis 
are  close enough to the reported literature values to justify the 
assumption that,  a t  a given W value, the residual complex will 
consist of approximately the same proportions of histone and 
nonhistone proteins reported for the complexes obtained by 
Ohlenbusch et al. (1967). This assumption thus permits us to 
specify the total histone content, WH, in terms of a weight ratio 
of histone in complex to DNA,  for given W values of the resid- 
ual complexes. Using the data displayed in Figure 1 of Ohlen- 
busch et al. ( I  967), we have constructed a plot of WH vs. W for 
the NaCl dissociation experiments. This relationship is shown 
in Figure 6 as a dashed line. 

In contrast to the behavior of the NaCl  complexes, the com- 
plexes from the sodium deoxycholate experiments had W 
values, a t  a given sodium deoxycholate concentration, consis- 
tently below the data reported for pea bud chromatin by Smart  
and Bonner (1971a), indicated by the dashed line in Figure 5 .  
Furthermore, there was generally a correlation between the po- 
sition relative to either the average W value or the dashed line 
of the Wvalue for the residual complexes and the intact control 
from which it was derived. As is apparent from the data shown 
in Figure 5 ,  the intact controls of higher W values generally 
produced residual complexes of higher than average W. These 
discrepancies were almost constant over the entire range of re- 
agent employed. Since the nonhistone protein in complex is 
only minimally dissociated by this reagent, this behavior 
suggests that  the discrepancy between the reported values of W 
for pea bud chromatin and our preparations of calf thymus 
chromatin is attributable to differences in the nonhistone pro- 
tein content and not the histone content. (In fact, the histone 
content of the pea bud preparations examined by Smart  and 
Bonner matches the average histone content of calf thymus 
chromatin reported by Bonner et al. (1968a,b).) W e  have at-  

r I -- 

0 0 5  I O  1 5  

W ( g,Protein/g DNA ) 

FIGURE 6: Relationship between histone content, WH (grams of his- 
tone/gram of DNA), and total weight of all proteins in complex, W, in 
the residual complexes prepared by the NaCl (- - -) and the sodium 
deoxycholate (-) procedures. The NaCl data were taken directly from 
that reported by Ohlenbusch et al. (1967). The sodium deoxycholate 
data were obtained from the data of Smart and Bonner (1971a) after 
the latter were adjusted for the difference in the nonhistone protein 
content of our calf thymus preparations. 

tempted to adjust the data of Smart  and Bonner for this pre- 
sumed difference in nonhistone protein content in the following 
manner. The weight ratio of total protein to DNA,  W, of intact 
pea bud chromatin is taken as the sum of the weight fraction of 
histone proteins, 1. I ,  and nonhistone proteins, 0.5, reported in 
Figure 1 of Smart  and Bonner (1971a) a t  0 M sodium deoxy- 
cholate. We  have assumed that the difference in average W 
value, 1.4, for our intact controls in the sodium deoxycholate 
experiments and the Wvalue, 1.6, for intact pea bud chromatin 
is attributable solely to a difference in the nonhistone protein 
content of the two samples. Thus, the average nonhistone pro- 
tein content of our calf thymus preparations is 0.3 g/g.  We  
have further assumed that the attern of removal of this nonhi- 
stone protein is the same as that for pea bud chromatin. A t  a 
given sodium deoxycholate concentration, the W value of our 
residual complexes should therefore be given by W = WH + 
0 . 3 ( w ~ / 0 . 5 ) ,  where W, is the weight ratio of histone protein to 
D N A  and W N  is the weight ratio of nonhistone protein a t  the 
same sodium deoxycholate concentration, in Figure 1 of Smart  
and Bonner (1971a). 

The values of W so calculated are shown as the solid line in 
Figure 5 .  This line now falls remarkably close to the average W 
values of the complexes obtained a t  a given concentration of re- 
agent, thus justifying our assumption that the histone content 
dissociated by a given concentration of sodium deoxycholate 
was essentially the same for our preparations. 

With this approach, we have constructed a plot of wH vs. 
the W value appropriate for our complexes prepared by the so- 
dium deoxycholate method. This relationship is represented in 
Figure 6 by the solid line. It is now obvious why the structural 
transformation of the D N A  constituent of the residual com- 
plexes as a function of total protein content was the same for 
both NaCl and the sodium deoxycholate dissociation proce- 
dures. Both reagents essentially result in equivalent reductions 
of the histone protein content a t  a given Wvalue below 0.9. 

Using these relationships between WH and W we can then 
replot our per cent B values from the several types of experi- 
ments against WH. These results are  shown in Figure 7, with 
the crosses again representing the data from the NaCl experi- 
ments and the open circles that  from the sodium deoxycholate 
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F I G U R E  7 :  The dependence of the secondary structure of DNA on the 
histone content of the residual complexes. The percentages of bases in 
the B and in  the C conformations are plotted on the left- and right- 
hand ordinates, respectively, and the histone content, WH (grams of 
histone/gram of DNA) on the abscissa. The crosses and circles repre- 
sent the data from the NaCl and the sodium deoxycholate experiments, 
respectively, while the two squares are complexes prepared by the Ca- 
urea procedure. The set of solid straight lines through the data points 
represents the results of the linear regression analyses of the combined 
data from the NaCl and the sodium deoxycholate experiments. The 
dashed line above W H  of 0.5 represents the linear regression analysis of 
the data points from the sodium deoxycholate experiments alone, as 
well as the upper limit of the 95% zone of confidence for the line 
through the NaCl points. 

experiments. A covariance analysis, as expected, reveals no sig- 
nificant difference between the lines generated by the separate 
data.  The dashed line represents the upper limit of the confi- 
dence interval for the data points at  W H  2 0.6. As is seen in 
Figure 3, there is a range of W H  values in which the per cent B 
of the complexes changes dramatically. This is between WH of 
0.04 and 0.5-0.6. The former value could very easily be 0, 
within the limitations of our experimental errors and assump- 
tions, thus justifying the conclusion that it is some portion of 
the histone complement which is crucial for the maintenance of 
the C conformation. Clearly all the histone content is not use- 
ful in this regard, as approximately half can be removed with- 
out marked changes in the average B character. 

In Figure 7 we have also added the data from the Ca-urea 
experiments, as solid squares, although these points have not 
been utilized in the regression analysis. In placing these points, 
the entire complement of protein i n  complex has been attrib- 
uted to histone protein. This is a reasonable assumption which 
should not be in error by more than 0.05 g/g,  which is compa- 
rable to the error in our protein determination. 

We  realize that the assumptions employed in these adjust- 
ments and calculations of W H  are hazardous. An error of 
*IO%, or an absolute error of f0 . I  g /g  in “14, would not, 
however, seriously jeopardize our conclusions. W e  have used 
essentially the same methods of isolation as those employed in 
the experiments reported in the literature and it is difficult for 
us to believe that the error in W ,  could be larger than this. An 
obvious criticism, for example, is that  the data reported for the 
sodium deoxycholate dissociation experiments with pea bud 
chromatin are not applicable to calf thymus chromatin. Smart  
and Bonner (1971a), however, state quite clearly that they 
have observed the same pattern of protein dissociation in calf 
thymus chromatin. This is reasonable in view of the similarity 
of the histone content and composition of the two types of chro- 
matin. We have verified this in a crude fashion for our own 
chromatin preparations by identifying the histones left in com- 

plexes prepared by 0.50 M NaCI, and in 0.02 and 0.055 M sodi- 
um deoxycholate. As expected, the lysine-rich fraction I is 
missing from the complex prepared in 0.50 M NaCI. In the gel 
patterns for the histones from the 0.02 M sodium deoxycholate 
complex, the slightly lysine-rich fraction I 1  is severely dimin- 
ished and i n  the patterns for the histones from the 0.055 M SO- 

dium deoxycholate complex, the lysine-rich I band is the most 
pronounced. 

Another criticism which might be advanced is that uncon- 
trolled differences in experimental circumstances have created 
differences in extent of proteolysis occurring in our prepara- 
tions, compared to the ones reported in the literature. Our elec- 
trophoresis experiments do indeed indicate that some proteol- 
ysis has ensued. Obviously some degradation must also have 
occurred in the histones of the complexes in the experiments 
reported in the literature. We  deliberately excluded N a H S 0 3  
i n  our preparative procedures in order to make our experimen- 
tal conditions comparable. Again, it is difficult for us to believe 
that the differences in the extent of proteolysis between our 
complexes and those prepared by Ohlenbusch et al. ( 1967) and 
Smart  and Bonner ( 1  971a) could result in a loss of histone pro- 
tein which exceeded a W H  value of 0.1 g/g.  

An accurate portrayal of the various histone fractions which 
are dissociated in the NaCl and the sodium deoxycholate ex- 
periments is, of course, impossible without quantitative data of 
our own. I t  is useful, however, to indicate the various ranges in 
W over which the complexes in the literature are  reported to 
lose the various classes of histone and nonhistone proteins. 
These ranges are shown as a set of horizontal lines in Figure 3. 
with the heavier portions representing the ranges over which a 
sizable fraction (50%) of the given protein is lost. The ranges 
shown for the NaCl complexes were constructed from the data 
in Table I I  and Figure 1 of Ohlenbusch et al. (1967).  The pat- 
terns shown for the sodium deoxycholate complexes were con- 
structed from the data found in Figures 1 and 2 of Smart  and 
Bonner ( I  97 la) ,  adjusted for the differences i n  the nonhistone 
content, as previously described. Again, the limits of these 
ranges could be in error by 0. I g/g along the W axis. 

Conclusion 

It is clear from these experimental results that  histone pro- 
teins play a very crucial role in the stabilization of the C con- 
formation of DNA in intact chromatin. I f  the nonhistone pro- 
teins participate a t  all in this process it must necessarily be i n  
conjunction with the histones. Yet it is equally apparent that  
not all of the histone complement is involved in this function. 
As can be seen in Figure 7,  approximately half of the histone 
proteins can be removed before a marked increase in the per 
cent B is observed. These facts taken together would imply that 
either there is a cooperative loss of C conformation once a criti- 
cal amount of histone has been removed or, alternatively, there 
is a unique class of histones crucial to the maintenance of C 
structure whose pattern of removal is common to the two types 
of dissociation experiments. 

The first of these possibilities is deemed unlikely on the basis 
of the linear dependence of per cent B on W H  with an intercept 
of ca. 0 a t  100% B. (Subsequent analysis of the melting profiles 
and the protein conformations present in these complexes (scc 
paper 11, Hanlon e? al., 1974) also mitigates against this inter- 
pretation although we cannot, admittedly, discard it altogeth- 
er.) 

The second possibility of a unique single histone class being 
solely responsible for the C form is a more feasible explanation. 
The “class” distinction, however, cannot be solely on the basis 
of composition, since a t  least some combinations of the argi- 
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nine-rich and slightly lysine-rich histones are  involved directly 
with a possible indirect contribution of the lysine-rich I as well. 
This conclusion can be deduced from the pattern shown in Fig- 
ures 7 and 3 and arguments similar to those given by Smart  
and Bonner (1971a-c) who concluded from the results of their 
experiments that all histone fractions appeared to be involved 
in maintaining the difference i n  certain physical properties be- 
tween chromatin and protein-free DNA.  In  terms of the con- 
formational character of the D N A  in chromatin, it is apparent 
from the patterns of histone dissociation shown in Figure 3 that 
the removal of the same histone fraction may have different ef- 
fects on the C character. For instance, all of histone I can be 
dissociated in the NaCl experiments above W = 1 .O without an 
accompanying profound change in the C character. In the sodi- 
um deoxycholate experiments, on the other hand, it makes up a 
sizable fraction of the total histone complement left a t  W = 0.4 
where the per cent B is still transforming a t  the same rate in a 
linear manner with respect to total content of histone. The re- 
verse argument holds for histone fraction I1  which is mainly re- 
moved above W = 1 in  the sodium deoxycholate experiments 
and below W = 1 .O in  the NaCl experiments. I t  is also possible, 
of corse, that neither histone I nor a substantial subfraction of 
histone 11-possibly IIb2-plays a role in maintaining the C 
character of the DNA.  These two components could therefore 
be removed in any W range without affecting the structure or 
the structural conversion of the nucleic acid constituent. 

The ranges of dissociation of the arginine-rich proteins (111 
and IV) shown in Figure 3 do coincide, more or less, in the two 
types of dissociation experiments. These proteins, however, 
cannot be totally effective in maintaining the C conformation 
of the nucleic acid since the per cent B character of the residual 
complexes from the Ca-urea experiments is significantly high- 
er than the values of the intact controls from which they were 
derived. (This effect cannot be attributed to the irreversible de- 
naturation of the associated proteins by the 5 M urea solvent 
since the controls and other residual complexes subjected to the 
same solvent showed only minimal increases (ca. 5%) in the per 
cent B upon removal of the urea.) Since the per cent B for 
these Ca-urea complexes is significantly different from 1 OO%, 
these data  can also be cited as supporting evidence for the fact 
that a subfraction of histone I1  cannot be solely responsible for 
the maintenance of the C character. 

In any event, more than one histone fraction appears to be 
involved in the stabilization and maintenance of the C confor- 

mational regions in intact chromatin. There also appear to be 
two distinct classes of histones which participate in this pro- 
cess. In paper 11, other aspects of these class differences are  ex- 
plored. 
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