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Deoxyribonucleic Acid Complexes. Circular Dichroism Studies" 
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ABSTRACT: Mixtures of calf thymus DNA and the lysine-rich 
histone fraction, f-1, from the same tissue were examined 
under various conditions by means of circular dichroism. 
These DNA-histone complexes, which are a model system 
for chromatin, display conformational changes dependent 
upon solvent and upon complex composition and concentra- 
tion. At moderate salt concentration (0.14 M NaF) the conser- 
vative circular dichroic spectrum of DNA becomes progres- 
sively distorted as increasing amounts of histone are added: 
the positive ellipticity band at  275 mp decreases, the negative 
band at 245 n1.u increases in magnitude, both bands are red 

I n contrast to the rapid progress made in studying the 
genetic systems of bacteria and phages, advances in under- 
standing the genetic mechanisms of eucaryotes have been 
modest. This i s  partially due to the failure of understanding the 
role that the proteins play in nucleoproteins. Such proteins have 
been suggested to have both structural and regulatory im- 
portance (Bonner and Ts'o, 1961; Littau et ul., 1965). Chein- 
ical studies alone of these molecules have not, however, yielded 
an understanding of their dynamic biological mode of action. 

The structure of the chromatin complex has l x w  ap-  
proached basically from three directions. The first emplojs 
model compoundc such as poly-L-lysine and studies their in- 
teractions with DNA or synthetic polynucleotides (Leng and 
Felsenfeld, 1966; Tsuboi, 1967; Olins et a/.,  1968; Davidson 
and Fasman, 1969; Shapiro et a/ . ,  1969); the second utilizes 
isolated complexes of nucleohistone or chromatin (Bradbury 
et NI., 1962; Oriel, 1966; Bartley and Chalkley, 1968); and the 
third method involves examination of reassociated complexes 
of DNA and histones or residual complexes from which some 
component has been removed (Akinrimisi er d., 1965; Johns 
and Forrester, 1969; Olins, 1969; Tuan and Bonner, 1969). 
Optical rotatory dispersion studies (Oriel, 1966; Tuan and 
Bonner. 1969) have shown that the rotatory properties of 
DNA are altered in nucleohistone, probably indicating ii 

change in conformation of the DNA. 
The lysine-rich fraction, f-1 of calf thymus histone, has been 
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shifted, and other alterations occur at  lower wavelengths. 
These ellipticity changes are augmented by increases in coni- 
plex concentration. At low ionic strength (0.01 11) the circular 
dichroic spectra of the complexes (known to be formed) are 
identical with that of the sum of free DNA and histone. On 
the other hand, small amounts of organic solvents increase 
the ellipticity changes. Conformational changes are not ap- 
parent upon binding of heat-denatured DNA to f-1 histone. 
The results are interpreted in terms of association of deoxy- 
ribonucleic acid-histone complexes and in terms of deoxyribo- 
nucleic acid hydration. 

suggested to be involved in the maintenance of chromosome 
conformation (Mirsky et u / . ,  1968). For this reason, this frac- 
tion has been chosen for study of its interaction with calf 
thymus DNA. Circular dichroism has been utilized to examine 
these interactions, as the ellipticity bands of the DNA have 
no or modest contribution from the histone in the long-wave- 
length regicn of the DNA spectrum. 

Experimental Section 

Materials. The f-1 histone fraction was isolated from calf 
thymus tissue by the method of Kinkade and Cole (1966a). 
The thymus was obtained immediately after the death of the 
animal and frozen on Dry Ice. The f-1 migrated as one band 
on polyacrylamide gel a s  carried out by the method of Reis- 
field et ul. (1962). The histone so obtained is reported to have 
a molecular weight of about 22,000; it has a high proline and 
alanine content, as well as about 25 mole lysine (Teller 
e[ d,, 1965; Kinkade and Cole, 1966a). Protein concentration 
was determined by the microbiuret method using  poly-^- 
lysine as a standard (Zamenhof and Chargaf,  1957). 

As different batches of commercial DNA did not yield re- 
producible circular dichroic spectra, DNA was isolated from 
thymus tissue by a combination of high-salt, phenol, and 
chloroforin-isoamyl alcohol extractions. The procedure of 
Zamenhof utilizing 0.1 ?vi EDTA, pH 7.35, was used to obtain 
a high salt extract which was then precipitated with 95% 
ethanol (Zamenhof, 1957). l h e  DNA was redissolved and 
treated with RNase using the method of Marmur (1961). 
The solution was then extracted three times with water-satu- 
rated phenol and spooled from ethanol. The resulting DNA 
was then purified according to the chloroform-isoamyl alcohol 
procedure of Marmur (1961) omitting the RNase. and the 
final stock solution was prepared in 0.14 M NaF at pH 7.0 and 
stored at  4". The resulting DNA showed less than 0 . 5  2 pro- 
tein contamination according to amino acid analysis carried 
out o n  a Beckman amino acid analyzer by the standard method 
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(Spackman et al., 1958). There was no RNA detectable by the 
orcinol reaction (Schneider, 1957). The D N A  showed a 42 
hyperchromicity (OD260) upon heating to 93". D N A  and 
DNA complexes were assayed primarily with the diphenyl- 
amine reaction (Ashuell, 1957), and the phosphate analysis 
of Ames and Dubin (1960) was also used. At low concentra- 
tions of f-1 :DNA (lo-.' M phosphate) the concentration of 
D N A  was obtained by hydrolysis in 0.5 N perchloric acid 
(Ogur and Kosen, 1958) and by then using € 2 6 0  (molar PO') = 
10.1 x I O 3  for the resulting mixture of mononucleotides. The 
molar extinction coefficient of complexes estimated from the 
perchloric acid method yielded a value of €260 (mole phos- 
phate) = 6.8 x IO3.  DNA was denatured by boiling for 20 
min followed by quick cooling. 

Solutions. Complexes were made by dialyzing from a solu- 
tion at  high ionic strength (2.0 M KF) down to  the desired 
ionic strength in N a F  in the manner described by Huang 
et al. (1964). Protein to DNA ratios (1') are reported as moles 
of amino acid residue per mole of nucleic acid phosphate. 
Unless otherwise noted, the solvent used was 0.14 M sodium 
fluoride at  pH 7.0. Controls were run in sodium perchlorate 
and potassium chloride to eliminate the possibility of a specific 
ion effect. 

Merhods. The circular dichroism experiments were carried 
out on  the Cary Model 60 recording spectropolarimeter with a 
Model 6001 circular dichroism attachment. All experimmts, 
unless otherwise mentioned, were carried out at  23' in fused 
quartz, 5-cm, 1-cm, or 1-mm cells using an ODzco of no higher 
than 0.7, in the manner previously described (Adler et al., 
1968). Concentrations of D N A  used were in the 10-5 to 
M base range. Mean residue ellipticity, [e],  is reported in 
deg-cm2 per dmole of nucleotide residue for DNA com- 
plexes. [e] is based upon amide residue concentration in the 
case of pure histone. 

The solutions showed slight opalescence, which increased at  
higher DNA and salt concentrations. Light scattering was 
observed in the absorption spectra of these latter solutions. 
However, the large circular dichroism changes observed could 
not be attributed entirely to such effects. The pH was measured 
with a Radiometer 25 pH meter with a combination electrode 
type GK 2021B. Ultraviolet spectroscopy was carried out on 
a Cary 14. 
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Results 

Effect of Varying f - I :  DNA Ratio. The circular dichroism 
spectrum of f-1 histone at pH 7.0, 0.14 M NaF, is shown in 
Figure 1. Above 250 mp the spectrum is featureless; below 
250 mp the spectrum shows a negative band at 199 mp, with 
[e],,, -18,900. The spectrum has a small, but discernible 
shoulder at  longer wavelengths. Such a spectrum corresponds 
to a random polypeptide conformation, although [e],,, is 
smaller than that associated with 100% random coil (Green- 
field and Fasman, 1969), in agreement with the results of 
other workers (Jirgensons, 1966; Bradbury et al.. 1967). The 
spectrum is independent of pH between pH 5.0 and pH 9.0. 
The circular dichroism spectrum of DNA is also shown in 
Figure 1 .  It exhibits the conservative spectrum typical of DNA. 
There is a positive ellipticity band a t  275 mp with [el2,, 8500 
and a negative band at  245.5 mp with , of -8850; the 
crossover point is at  256.5 mp. At lower wavelength there is 
another positive band at  220 mp with [e],,, 3800 and another 
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negative band at  210 with [e],,, of -1000. These values are in 
substantial agreement with the results of other workers 
(Brahms and Mommaerts, 1964; Sarkar et af. ,  1967), although 
the values are slightly larger than previously reported. I t  has 
been observed, however, that particularly the low-wavelength 
region of the spectrum varied with the batch of DNA, at  least 
in commercial preparations, probably indicating varying de- 
grees of denaturation or protein content. It is clear from 
Figure 1 that there is relatively little overlap between the 
protein and nucleic acid spectra above 250 m p ,  allowing the 
monitoring of changes in the DNA conformation at  longer 
wavelength without having interference from the protein. 

M phosphate) in 0.14 
M NaF affects the spectrum in several ways (Figure 2). As in- 
creasing amounts of histone are added, the peak at  275 mp 
first decreases and red shifts until a t  a protein (mole of resi- 
due)/DNA(mole of phosphate) ratio of 1 ( r  = 1) it disappears. 
The negative ellipticity band at  245 mp increases in magnitude 
with increasing ratios and shifts to 251 mp at I' = 1.  The spec- 
trum at low wavelength becomes more negative, so that even 
when corrected for the contribution of the f-1 histone, the 
former positive peak at 220 mp now is a negative maximum 
between two negative bands. At r = 1 a shoulder is seen at  
265 mp on  the negative band with maximum at 251, [O] , , ,  
- 16 X lo3;  an  inflection point is found at  228 inp and a large 
negative band is seen at  210 mp, [8Inlo -23 X lo3. Increasing 
the histone to DNA ratio decreases the net negative charge on 
the complex, and allows formation of associated complexes, 
or specific aggregates. It is these aggregates which create 
circular dichroism spectra greatly different from that of DNA, 

Complexing f-1 histone to D N A  
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FIGURE 2: Circular dichroism spectra of f-I-DNA complexes as a 
function of r ,  the histone (mole residue) :DNA (mole phosphate) 
ratio at lo-" \I DNA (mole phosphate), in 0.14 M NaF, pH 7.0: 
curve 1, native DNA; 2. r = 0.25; 3, r = 0.50; 4, r = 0.75; and 5, 
r = 1.0. Error bars represent reproducibility and noise dependence. 
Uncorrected for histone contribution. Path length, 1 mm. 

as will become apparent later. At r = 1 the charge on the DNA 
is 28 neutralized. 

Effect o f  Varjsing ,JLI-DNA Concentration. The observed 
changes in the circular dichroism spectrum of DNA upon 
addition of f-1 were found also to be dependent on the original 
concentration of DNA. In Figure 3 is seen the efrect on the 
circular dichroism upon adding f-1 to a solution o f  DNA at 
I O e 4  51 (phosphate) in 0.14 h i  NaF, pH 7.0. The circular di- 
chroism of DNA alone is not altered upon dilution. At I O Y 4  
h i  complex concentration it can be seen that higher ratios of 
f-l :DNA are reqirired to reduce the circular dichroism curves 
to comparable values found at  M complex. A ratio of 1.25 
is required to reduce the [e],;, to zero a t  10Y4 h i  DNA. tiow- 
ever, when this band is reduced to zero, the band at 245 m p ,  
which shifts to 251 mp, has become more negative than is 
found at 10  11. To illustrate the circular dichroisni correction 
which may be applied for the histone contribution, i n  Figure 
3. curve 3 is the corrected spectrum of curvc 2 for r - 0.75. 
The correction changes values only below 250 mp. Such cor- 
rections may not be precise due to changes in the histone con- 
formation upon being complexed with the DNA. This cannot. 
however, be the primarq explanation of the observed circular 
dichroism changes because ii greater change is seen at 210 
than at 220 mg, which would not be expected for a coil- helix 
or a coil -d transition (Greenfield and Fasrnan, 1969). Further 
studies wcrt, carried out to investigate the effect of f-1 : D N A  
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FIGURE 3: Circular dichroism spectra of f-I-DNA complexes as a 
function of r ,  the histone (mole residue): DNA (mole phospliate) 
ratio at hi DNA (mole phosphate. in 0.14 ht NaF, pH 7.0: curve 
1. native DNA; 2, I' = 0.75; 3 ,  r = 0.75, corrected for histone con- 
tribution; 4, r = 1.0; 5 ,  r = 1.25. Path length varying from 1-cm to 
5-cm cell. 

concentration on  the circular dichroism spectra. The results 
are shown in Figure 4 for an  f-1-DNA complex of r = 0.75 in 
0.14 M NaF, where the concentration of the complex is varied 
from 10Y3 to 1Wj 11 (phosphate) DNA. Two plot> a r e  shown: 

0],,; (where peak values werc ti~cd), 21s well 
ak) as functions of coniplcx concrntrntion. 

It can he seen at  10-j hf DNA thc values iiii.astired are ap- 
proaching the value found for native DNA tinder similar 
conditions. However, as the complex concentration is in- 
creased, between 5 X 10-s M and 4 X I O  - 4  \ I  DNA therc is a 
large decrease in [e],,,. and a similar decrease in the [e] 
ratio. 'There after, at r = 0.75 i t  appears that increased con-  
centration\ of complex do nor ciiusc further Iargc changes 
in the circular dichroism spectra. Thus, it appears that thc 
interaction between complexes plabs an important role in 
determining the final conformations. That i j .  formation of 
specific aggregates or super coniplext.\ is required for large 
change5 in circular dichroism. 
Effect IJ /  Ionic Strength. The results presented above appear 

to disagree with those of Olins (1969) which show no change in 
the conforniation of DNA upon being complexed with f-I 
histone, and the results of Tuan and Bonner (1969) with par- 
tially dissociated nucleohjstones. The reason for the discrep- 
ancy between the Olins (1969) report and the present dala are 
the differences in the ionic strength at which the expcriinents 
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FIGURE 4: The dependence of the circular dichroism spectra upon 
f-I-DNA complex concentration: f-1-DNA at r = 0.75 in 0.14 M 
NaF at pH 7.0. (a) [ O ] N 2 8 6 : [ O ] - 2 4 ,  (peak values ratio) as a function of 
DNA concentration (M phosphate), termed complex concentration; 
(b) [ O ] - B ~  (ellipticity at peak) us. complex concentration. Below 
lo-' M, path length 5 cm; lo-' M, 1 cm; M, 1-mm cell used. 

have been carried out.' It was confirmed that a t  0.01 ionic 
strength the circular dichroism spectra of f-I-DNA complexes 
are essentially those of native DNA, as reported previously 
(Olins, 1969). However, as the ionic strength is increased, the 
changes in the spectra become more and more pronounced. 
Binding at  low ionic strength has been demonstrated by means 
of equilibrium dialysis (Akinrimisi et al., 1965) and by the 
elevated and biphasic melting profiles of complexes (Huang 
et al., 1964; Olins, 1969). Complexing at  0.01 M N a F  was 
further demonstrated by fi!tering f-I-DNA complexes (0.5 
ratio) through 0.45 I.( Millipore filters (01 300). Uncomplexed 
DNA quantitatively came through the filter while the com- 
plexes were retained. 

The effect of variation in the ionic strength upon the circular 

The present results cannot be compared to those of Tuan and Bon- 
ner (1969) in any simple manner, as pointed out by a referee. These 
authors found that removing the f-1 histone fraction from nucleohistone 
did not alter the DNA conformation, whereas the data herein show that 
adding f-1 to DNA can alter it. The possibility exists that f-1 may be 
responsible for altering the DNA conformation in forming a complex 
initially, but that, once altered, the other histones can maintain this 
conformation even when f-1 is removed. A similar statement may be ap- 
plied to the recent finding (Bradbury and Crane-Robinson, 1970) that 
removal of f-1 does not affect the X-ray spacings of nucleohistone. 
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FIGURE 5 :  Circular dichroism. (a) The dependence of the circular 
dichroism ratio [0]275:[0]245 for f-I-DNA complexes ( r  = 0.5) as a 
function of ionic strength: salt NaF, pH 7.0; (0)10-4 hi DNA (mole 
phosphate) measured in 1-cm cell; (0) M DNA (mole phos- 
phate) measured in 1-mm cell. (b) Circular dichroism spectra of f-l- 
DNA complexes as a function of ionic strength (NaF concentration) 
for M (phosphate) DNA at r = 0.5; I-mm path length. 

dichroism of the f-1-DNA complexes at  r = 0.5 is seen in 
Figure 5a. The change in circular dichroism is illustrated by 
the ratio [6'],,,:[6],,, and the dependence is shown for two con- 
centrations of DNA, 10-3 M (mole phosphate) and M. 
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FIGURE 6 :  Circular dichroism spectra of f-1-denatured DNA com- 
plexes: denatured DNA(-- ); f-1-DNA, I' = 0.5 (----); r = 1.0 
(-,-.-). DNA concentration ht (phosphate), in 0.14 M NaF, pH 
7.0. Path length, S-cm cells. Data are not corrected for histone 
contribution. 

- rected by substraction of histone contribution for f-l--DNA(. ' . ' ' .). 
DNA at M (phosphate) measured in 1-mm cell; DNA in com- 

In Figure 5b is seen the circular dichroism spectral changes for 
f-1-DNA, Y = 0.5, at  M (phosphate) DNA at three salt 
concentrations (NaF = 0.01,0.14,0.20 M). The spectra a t  0.01 
ionic strength are the same as that for native DNA. There is a 
decrease in the [e],, :[e],,, ratio which is roughly sigmoidal as a 
function of ionic strength. As the salt concentration is in- 
creased (up to about 0.2 M), there is increased shielding of the 
negatively charged complex. Therefore, there is a tendency for 
the shielded complexes to associate and to form supercom- 
plexes. This results in the observed circular dichroism changes. 

This system, however, is quite complicated; at low com- 
plex concentration hi DNA) a minimum value for the 
[e]2i5:[O],45 ratio is reached before 0.14 ionic strength. At 
higher concentration (loa3 h i  DNA) the minimum is not 
reached before 0.25 hi, and thereafter the system becomes even 
more complicated; at higher salt concentration a combination 
of effects occurs. Increasing the ionic strength causes further 
circular dichroism change along with simultaneous decreased 
binding of the positively charged histone to the negatively 
charged DNA, again due to increased shielding. The effect of 
increasing the ionic strength at  a fixed f-1 :DNA ratio is similar 
to that observed for increasing the ratio of f-1 :DNA a t  a 
fixed ionic strength (Figures 2 and 3). It is evident that both 
ionic strength and the concentration of the DNA are import- 
ant factors in determining the magnitude of the changes, as 
can be seen in Figure 5 .  

Other Considerntions. The conformational changes ob- 
served pertain only to native DNA. In Figure 6 the circular di- 
chroism curves for heat-denatured DNA and f-1-denatured 
DNA complexes at  two ratios are seen, and little change is 
noted. The curve for denatured D N A  (lo--* M phosphate) 
agrees with that of Brahms and Mommaerts (1964). The two 
complexes at r = 0.5 and 1.0 show insignificant changes cotn- 

pared to denatured DNA and are within experimental error 
at high wavelength. Apparently, the histone does not affect 
the conformation of denatured DNA. When the curves are 
corrected at 250 mp and below for the contribution of the 
random coil histone, the complexes and denatured DNA yield 
identical curves. The unchanged circular dichroism spectra 
of denatured D N A  complexes are not simply due to a change 
in the binding constant, because Akinrimisi et nl. (1965) have 
shown that the binding constant for f-1-DNA to native and 
denatured DNA is about the same in this ionic strength range. 
An analogous situation was also found with poly A. At pH 
7.0 where poly A is single stranded, f-1 has little effect on the 
conformation as determined by circular dichroism measure- 
ments. At pH 4.3, on the other hand, where poly A is double 
stranded (Holcomb and Tinoco, 1965), there is a pronounced 
effect on  the conformation. 

The f-1 fraction is about 20% by weight of the total histone 
(Johns, 1964; Butler et a/., 1968). This corresponds to an 
amino acid residue to nucleic acid phosphate ratio (r)  of about 
0.6 in the nucleus. If, however, complexes are made with 
greater and greater ratios, eventually a form is obtained whose 
circular dichroismspectrum hasalargenegative bandat 270mp, 
a negative maximum at 230 mp, and a second negative band at  
210 mp. Such a circular dichroism curve is shown in Figure 7 
for a ratio of 3.0. The spectrum in Figure 7 corresponds to one 
observed recently by Shapiro et al. (1969) for poly-I.-lysine- 
DNA complexes at  a 1 :1 ratio. The spectrum is highly un- 
usual as the main ellipticity band at 275 m p  is inverted and 
the mean residue ellipticities are exceptionally large for DNA. 
A calculated curve is also shown containing the correction 
due to the contribution of the random coil histone. This re- 
duces the magnitudes of the bands below 250 mp very slightly. 
This solution of complex showed a high degree of light scat- 
tering. An error estimate made for possible scatter is shown in 
the figure. 

Preliminary circular dichroism studies (Shih and Fasnian, 
1970) on  chromatin (10-3 M, 0.14 M NaF) have shown that the 
DNA in chromatin has a circular dichroism spectrum which 
indicates a changed conformation relative to the native DNA.  
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The circular dichroism peak lies at  280 mp (shifted to the red) 
and 5000, which is comparable with curve 3 of Figure 2. 
Thus, the conformational change induced is not as drastic as 
that found for high f-1 :DNA ratios. 

In the course of this work on f-1 and DNA it became clear 
that the complexes which were studied represent associated 
complexes. For example, they may be centrifuged out of solu- 
tion with relatively low gravitational fields. Furthermore, 
progressive circular dichroism changes were found under con- 
ditions favoring aggregation (higher ratio, complex concen- 
tration, and ionic strength). It also appeared that there was 
cooperativity of binding of the histone to DNA. For example, 
one could spin out a stoichiometric amount of DNA as com- 
plex from the solution, or the complex could be filtered with 
an 0.45 p HA Millipore filter. 

However, the changes in circular dichroism are not 
simply the result of the small to  moderate amounts 
of light scattering (OD400/OD258 ranged from 0.01 to 
0.06) which usually accompanied solutions of aggregated 
complexes. First, any precipitation caused by aggregation 
would be expected to reduce ellipticities by removing complex 
from the solution; since either spectrophotometric (corrected 
for scattering) or chemical determination of DNA gives the 
same concentration, this is not the case. Second, a simple 
scattering phenomenon might be expected to affect the cir- 
cular dichroism (like the absorption spectrum) in the manner: 
0 scattering = kX-4. This expression is not followed for the 
circular dichroism spectra of associated complexes, which 
usually differ more from DNA in the 260- to 280-mp region 
than at  220 to 240 mp, For example, in Figure 3, [e]275 for curve 
3 (which has been corrected for the contribution of histone) is 
7800 more negative than for DNA. If the 
expression were obeyed, this difference in [e] would be 18,200 
at  220 mp; instead it is observed to be only 7300. Third, Urry 
and Ji (1968) have calculated the manner in which dispersion 
distortion due to light-scattering affects the circular dichroism 
of particulate systems. This distortion causes damping and 
red shifts of circular dichroism bands, but no changes in 
crossover wavelengths or in the sign of the bands, such as are 
observed for f-1-DNA complexes. Fourth, a similar decrease 
and shift of the 275 mp DNA band is seen in nonscattering 
solutions of chromatin. Thus, although light-scattering phe- 
nomena may well be distorting the circular dichroism spectra 
of aggregated complexes, the major qualitative changes in 
circular dichroism upon complex formation appear to be real, 
and therefore attributable to some change in DNA conforma- 
tion upon aggregation of complexes. If, however, these aggre- 
gates form specific liquid-crystal-like complexes (which may 
be possible if f-1 histone serves as a specific cross-linking 
agent), the changes in circular dichroism could not be attribut- 
able to a conformational change of the DNA, but, rather to 
the lattice spacings of the aggregates. 

The conformational changes so far described are seen to be 
dependent on concentration, i .e. ,  to be a function of associated 
complexes. To investigate the forces responsible for this asso- 
ciation to form super complexes, the effect of organic solvents 
was measured. As hydrophobic forces may be involved in such 
association, such solvents may indicate whether these forces 

2 Since this paper was submitted two other circular dichroism studies 
on chromatin have appeared which agree with the results reported 
herein (Permogorov ef al., 1970; Simpson and Sober, 1970). 

play a role. Intracomplex charge attractive forces (between 
DNA and histone) would be enhanced as would intercomplex 
repulsive forces between negatively charged complex mole- 
cules. The effect of dioxane or methanol on f-1-DNA com- 
plexes at 1 0 - 3 ~  (phosphate) DNA at r = 0.5 in 0.14 M N a F  at 
pH 7.0 was investigated. Low concentrations (10%) of meth- 
anol or dioxane (added to the original dialysis solvent at  high 
salt) produced complexes with circular dichroism spectra 
having unusually low values at  245 mp and having a small 
shifted peak at  288 mp. In 10% dioxane 623 and [8Iz4, 
-11,000, and in 10% methanol [ O I Z ~ ~  677 and [e],,, -11,900, 
These curves look similar to that found for the complex at low3 
M and for a ratio r = 0.75 (Figure 2, curve 4). Thus the effect 
of the organic solvents was equivalent to increasing the f-l-  
DNA ratio, i.e., it enhanced the effect of the histone present in 
the complex. If increasing the ionic strength (until about 0.2 
M) resulted in greater shielding, and thereby greater intercom- 
plex interaction (aggregation), then one might expect the 
organic solvents, with lower dielectric constant, to work in the 
opposite fashion and reduce the association of negatively 
charged complexes by increasing the charge repulsion. How- 
ever, the opposite occurs ; association apparently increases. 
Thus, these results would superficially appear to be contra- 
dictory. Obviously, the interaction is far more complex than 
simple electrostatic interactions, or hydrophobic interactions 
between complexes. 

Two alternate explanations are possible: First, a lower di- 
electric constant might allow greater or tighter binding of f-1 
to  DNA. This, however, is contradicted by the melting curves 
of f-1-DNA in 50% methanol ( O h ,  1969). Second, highly 
charged DNA (and f-1-DNA complexes) are not nearly as 
soluble in organic as in aqueous media, since nonpolar mole- 
cules cannot solvate DNA as well as water. In concentrations 
of dioxane or methanol too low to cause precipitation, the 
DNA (or complex) molecules form aggregates. This increased 
association (super complex formation) would, as shown pre- 
viously, induce conformational changes in the DNA. 

Discussion 

The large circular dichroism changes accompanying the 
interaction of f-1-DNA can be attributed to a conformational 
change induced by the histone binding onto the double-strand 
DNA, although no or small ultraviolet absorption changes 
ensued. Numerous studies have established that changes in 
circular dichroism spectra can be associated with changes in 
the asymmetric architecture of the chromophores (Yang and 
Samejima, 1969). Langridge et al. (1960) have determined by 
X-ray diffraction the molecular configuration for DNA in the 
B form, the form which is thought to exist in aqueous media 
(Brahms and Mommaerts, 1964; Maestre and Tunis Schneider, 
1969). In the B conformation the bases are stacked almost 
parallel to one another (5"  angle of twist) and are almost per- 
pendicular to the helical axis (2" tilt). In contrast to the results 
of the present paper, several X-ray diffraction studies have 
concluded that the DNA configuration found in nucleohis- 
tones remains in the B form (Wilkins et al.. 1959; Zubay and 
Wilkins, 1962, 1964; Pardon et al., 1967); similar conclusions 
have been arrived at  by solution studies (Bradbury et ul., 
1962). Pardon et ul. (1967) however have remarked that the 
DNA reflections in X-ray diffraction studies are poorly 
oriented, and have suggested that nucleohistones might be 
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supercoiled, as was proposed by Zubay (1964). (See Bradbury 
and Crane-Robinson (1970) for a review of physical studies on 
nucleohistones.) Previous conformational studies on DNA in- 
teractions with model compounds or with salts o r  organic sol- 
vents are informative. The interaction of poly-L-lysine with 
DNA was shown to cause significant rotatory changes (Cohen 
and Kidson, 1968; Shapiro et al., 1969). The circular dichro- 
ism spectrum was seen to lose its conservative nature, and a 
large negative band appeared at 274 nip (Shapiro et a/., 
1969) similar to that observed with f-1-DNA at r = 3. The 
circular dichroism spectrum of DNA in 95 % ethylene glycol 
was also seen to lose its positive circular dichroism band with 
the appearance of an  enlarged negative band at  250 mp 
(Green and Mahler, 1968), while 80% ethanol caused an in- 
crease in the 275-mp band and a decrease in the 245-mp band 
(Brahms and Mommaerts, 1964), a change in spectrum from 
conservative to nonconservative. The latter spectrum is similar 
t o  that found for RNA, and perhaps typical of the A form of 
DNA (3 Na  content), as produced at  66 % relative humidity 
with DNA films (Maestre and Tunis Schneider, 1969). The 
effect of 4-6 M N ~ C I ,  or  LiCl on DNA was to diminish the 
cotton effects of the optical rotatory dispersion spectra (Tunis 
and Hearst, 1968a) and reduce the circular dichroism 275-mp 
band to zero (Maestre and Tunis Schneider, 1969). Similar 
circular dichroism spectra could be obtained at  66 x relative 
humidity with the lithium salt of DNA and it was postulated 
that this is the spectrum of DNA in the “C” form (Maestre 
and Tunis Schneider, 1969). Thus the circular dichroism 
spectra of DNA can be used to monitor conformational 
changes. 

Theoretical work of Tinoco (1964) has suggested that the 
conservative circular dichroism spectrum of DNA is the result 
of base stacking perpendicular to the helical axis. Further- 
more, the nonconservative nature of the RNA spectrum, for 
example, is attributed to the large tilt of the bases with respect 
t o  the helical axis (Tinoco, 1968); more recent calculations 
support such a hypothesis (Johnson and Tinoco, 1969). The 
circular dichroism changes observed for f-1-DNA complexes 
may likewise be due to base tilting. Bush and Brahms (1967), 
on the other hand, have suggested that the nonconservative 
behavior is due to the presence of a band outside the range of 
measurement. 

The major effects observed in the studies reported herein 
may be summarized as follows: (1) the dependence of the 
magnitude of circular dichroism changes upon the f-1 : DNA 
ratio; (2) the dependence of the magnitude of the circular 
dichroism changes upon the concentration of f-1-DNA; (3) 
the ionic strength dependence of the conformational change 
due to f-1-DNA complexes; and (4) the effect of organic sol- 
vents on the circular dichroism of the complexes. 

The first observation can be explained on the basis of the 
higher the coverage of the DNA, the larger the induced 
change. Thus as the ratio continuously changed from zero to 
0.6 (the ratio found for f-1 : DNA in native nucleohistone), a 
larger conformational change is induced. The circular di- 
chroism spectrum of chromatin is very similar to that found for 
r = 0.5 at  M (Figure 2). However, it is seen that this 
amount of binding does not appear to be specific, for the in- 
duced change continues as higher ratios are produced. At a 
ratio of r = 3 (Figure 7) the circular dichroism curve has be- 
come completely inverted in the 270-mp region, similar to 
that found for poly-L-lysine-DNA (Shapiro et a/.,  1969). The 

obvious role of charge neutralization for binding of the his- 
tone to DNA is observed. As about 72 of the f-1 histone is 
nonbasic (Kinkade and Cole, 1966b) on a residue mole basis, 
one could theoretically bind about 4 times the residue molar 
amount of histone to DNA (r = 4) before total charge neu- 
tralization occurred. Thus the effect upon the circular di- 
chroism of increasing the ratio up to 3, where a completely 
different circular dichroism pattern is found (Figure 7), is un- 
derstandable in terms of attractive forces and binding. 

However, the binding of histone to D N A  is not a sufficient 
explanation. At low ionic strength or with denatured DNA 
the histones have been shown to bind (Akinrimisi et al., 1965) 
without a corresponding change in the circular dichroism 
spectrum, so that binding is not the sole criterion for confor- 
mational change. However, the shielding of the residual nega- 
tive charge on  the complexes may be important if association 
(aggregation) of complexes plays an important role in the 
observed circular dichroism changes. The sharp dependence of 
[0]47j cs. ionic strength (Figure 5) over the range of 0.01 to 0.14 
M NaF  illustrates the importance of such shielding, and ex- 
plains why some previous investigators have failed to observe 
circular dichroism changes with complexes at  low salt con- 
centration ( O h ,  1969), while others (Oriel, 1966; Tuan and 
Bonner, 1969) have observed altered DNA conformation in 
nucleohistone under different conditions. However. if shield- 
ing alone determined the extent of the interaction between 
complexes, then the effect of organic solvents would be ex- 
pected to increase the charge repulsion, and also to weaken 
any hydrophobic interactions, thus reducing association of 
complexes and thereby reducing the effect of the histone on 
the D N A  spectra. But the reverse is true and the organic sol- 
vent further amplifies the conformational effect on the DNA. 
Thus shielding alone, o r  change in dielectric constant, cannot 
be considered the only factor; solvation of complexes and its 
effect upon aggregation should also be considered. The other 
major consideration is the effect of the complex concentration 
on the magnitude of the circular dichroism changes. At low 
concentrations (10-5 M) the circular dichroism of the complex 
in 0.14 M N a F  is approaching that found for native DNA. As 
the concentration is increased the circular dichroism changes 
increase until about 4 X M. Thus another requirement for 
the observed conformational change is the association qfconz- 
plexes, perhaps to form supercoils as previously suggested 
(Cole, 1962). It should be emphasized that the aggregates of 
complexes responsible for the circular dichroism changes are 
not composed of f-1 DNA molecules attached to one another 
at  random. On the contrary, the complexes associate in a 
highly specific manner, dependent upon concentration, ratio. 
and solvent conditions, to induce specific conformational 
changes in the DNA. These changes are reflected in the re- 
producible alterations in circular dichroism spectra. The con- 
centration of nucleohistone in the nucleus is about 0.7 M 
(phosphate) (Stern and Mirsky, 1953), much higher than used 
in these studies, and the ionic strength is at least isotonic. Thus 
the packaging of the nucleohistone in the nucleus or the as- 
sociation of the histone-DNA complexes can cause consider- 
able conformational change. Similar observations have been 
noted for the DNA in the interior of phage heads (Maestre 
and Tinoco, 1967). 

The conformational changes associated with the f-1-DNA 
complex are influenced by a variety of factors: residue ratio, 
ionic strength, complex concentration, organic solvents, and 
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DNA denaturation. There SCNUS to lit, little in common among 
these various factors except for the extent to which they in- 
fluence specific aggregation of f-1 DNA complexes. How- 
ever, if association to form super complexes is the only source 
of the circular dichroism changes, many points remain ob- 
scure: the effect of DNA denaturation is not explained, the 
role of organic solvents is obscure, and it is not clear how 
aggregation alone can induce a conformational change. 

There is another consideration which may be of common 
concern to all the above factors, and that is their effect on the 
hydration of DNA. Numerous authors have discussed the 
degree of hydration of DNA and its implication for DNA 
structure (Wang, 1955; Falk et al., 1962; Falk et al., 1963a; 
Lubas and Wilczok, 1966; Gray et al., 1967; Tunis and 
Hearst, 1968b). It is clear that bound water is necessary for 
the maintenance of DNA structure (Franklin and Goslin, 
1953). The stability of the B form depends on the hydration of 
the bases which in turn plays the important role in determining 
conformation. As the hydration of the bases is altered, the 
helical DNA structure begins to break down (Falk et al., 
1963b). It thus appears possible that the change in state of 
hydration of DNA can also play an important role in the con- 
formational effect occurring in the f-1-DNA interaction and 
between complexes. 

Denatured D N A  is apparently less hydrated than native 
D N A  (Gordon et al., 1965; Lubas and Wilczok, 1966; Tunis 
and Hearst, 1968b). If such changes in hydration can be ac- 
cepted, then it is not unreasonable to attribute the lack of a 
conformational change upon complex formation of denatured 
DNA with f-1 as being due to this factor. Lysine-rich histone 
is apparently important in maintaining the cross-linked struc- 
ture of nucleoprotein in interphase chromatin (Littau et a/., 
1965) and in metaphase chromosomes (Mirsky et al., 1968) 
the arginine-rich histone does not seem to be as important. 
This may be explicable in terms of hydration. Leng and 
Felsenfeld (1966) have shown that poly-Aysine binds prefer- 
entially to (A + T)-rich regions in DNA. A + T pairs have been 
shown to  bind about two more molecules of water than a G 
+ C pair (Tunis and Hearst, 1968~) .  Perhaps the relative hy- 
dration plays an important role in this binding. 

The conformation of DNA in f-1-DNA complexes a t  0.14 
h4 ionic strength is seen to be altered relative to native DNA 
in solution. The circular dichroism changes observed could be 
due to tilting of the bases with respect to the helical axis 
(Wilkins et al . ,  1959; Zubay and Wilkins, 1962, 1964; Brahms 
and Mommaerts, 1964; Shapiro et nl., 1969; Yang and Same- 
jima, 1969; Johnson and Tinoco, 190) .  However, a difference 
in the dimensions of the helix could likewise cause similar 
changes. The dependence of the conformation on the f-1 : DNA 
ratio, concentration, ionic strength, and organic solvents is 
explicable partially in terms of their efects on the hydration 
of the DNA. Both specific aggregation of complexes and the 
addition of organic solvents would tend to reduce hydration 
of complexes, which in turn may determine how the f-1 his- 
tone can perturb the native structure. Hydration operates 
through altering the stability of the native structure, allowing 
the f-1 to induce change, and perhaps by affecting differences 
in hydrophobic binding between the amino acid side chains in 
the protein and the purine and pyrimidine bases of the DNA,  

Coupled with these interactions is the effect of the associa- 
tion of the complexes, forming super complexes, causing pro- 
nounced changes in the circular dichroism spectra. Thus the 

packaging in the nucleus would be sufficient to cause confor- 
mational changes of the DNA. If the f-1 histone does play a 
role in the regulatory mechanism, perhaps it is due to the 
manner in which it controls the association of the DNA in the 
chromatin, bringing about the necessary conformational alter- 
ation blocking transcription. Such conformational changes 
may also be important in maintaining chromosomal structure 
in mitotic cells. 
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