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Circular dichroism (CD) was used to study the complexes of DNA (in 0.15M NaCl) with two polypeptides considered
as models of the histone molecules. CD spectra in the region of DNA absorption were studied with respect to the concen-
tration used for annezling and to the molecular weight and composition of the DNA used. The properties ot supernatants
after centrifugation of aggregated complexes were examined. The effect of selectively bound antibiotics (actinomycin D
and netropsin) on CD spectra of complexes was investigated. The induced CD of proflavine molecules bound to DNA in
the various complexes was also studied. It was concluded thai changes in the CD spectra of DNA in complexes with the
polypeptides are due to the formation of chiral superstructuscs, even if some conformational changes of DNA molecules
themselves may also be decisive in some cases. The superstructure is affected by the composition of DNA, the role of

(G + Q) rich segments being particularly important.

1. Intreduction

Previous reports have described syntheses and pro-
perties of some lysine-containing polypeptides {1,2].

It has been argued that polypeptides containing ly-
sine in amounts comparable to the amount of basic
amino acids in histones might represent suitable mod-
els of these proteins. Of the compounds prepared, the
sequential polymer (Ala—Lys—Pro},, -HCl (referred to
below as (ALP),,) and the statistical copolymer (Lysy,,
Alaqg),,~HCI (referred to below as (L,2A),,) were se-
lected to make a detailed study of complexes with
DNA in compzrison to reconstituted nucleohistones,
Both polymers also resembled histones with respect
to molecular weights in the range of those of histone
chains (i.e. 10 900—20 Q00 daltons) {1,2].

The amino-acid composition of (ALP), corresponds
to the major part of the F1 histone chain. The poly-~
mer also resembles F1 histone in displaying no ten-
dency to form ordered conformations {1]. On the
other hand (L, 2A),, with nearly the same lysine con-
tent, shows under comparable conditions an a-helical
and B conformation {2]. The ability to form an ordered
conformation is apparently due to the absence of typi-
cal helix-breaking amino-acid residues, such as proline,

but also to the presence of alanine clusters. In this
respect the copolymer resembles those histones

(e.g. F2al or F2b) which conrtain sequences of hydro-
phobic residues [3] in some parts of their chains.

The CD spectra of equilibrium complexes of these
two polypentides with DNA in physiological ionic
strength (0.15M NaC(l) differ dramatically [4]. The
CD pattern may be compared to those of nucleohis-
tones reconstituted {from DNA and the corresponding
histones. In agreement with the interpretation of CD
spectra of nucleohistones [5] the view was presented
that each of the model polypeptides affects the con-
formation of DNA in a different manner {4,6].

More detailed examination, however, suggests that
the DNA CD spectra in complex aggregate systems are
not defined only by DNA conformation. Possible
sources of apparent circular dichroism in similar sys-
tems have recently been discussed and theoretical as
well as experimental procedures of analysis have been
suggested (for references see [7,8]). In the present
paper no attempt is made to differentiate possible con-
tributions of various mechapisms to the observed CD
pattern. The present approach to the problem was to
analyze the changes of the CD spectra observed on (1)
changing some parameters of components (concentra-
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tion, molecular weight and composition of DNA)
which govern the aggregation behaviour of complexes,
(2) addition of selectively binding ligands (actino-
mycin D, netropsin) which could interfere with ag-
gregation, and (3) following induced CD spectra of
bound dye which could reflect some properties of
aggregates.

2. Material and methods

The polypeptides and DNA were the same prepara-
tions used before [1,2,9]. Low molecular-weight DNA
was prepared by sunication or an MSE ultrasound
generator after bubbling uitrogen through the solu-
tion. Measuremestt n. sedimentation coefficients and
molecular weightz of DNA has henn desciibed else-
wheze [1,2]. The Dila concentrztion was calculated
from op:ical density at 260 nm or the basis of 4%
=200,

The actinomycin D used was supplied by Calbio-
chem and its corcentraticn was calculated from ab-
csarbanca at 425 mia. Netropsin was obtained from
the Zentralinstitut fiir Mikrobiologie und experimen-
telle Tnerapie in Jena (by courtesy of Dr. Ch. Zimmer),
proflavine hydrrchloride was supplied by K and K
! accratorics, USA. Their concentsations were calcu-
lated on 1 weight basis.

2.1. Fregavasion of the complexes

The siution of polypeptide hydrochloride and
DiiA, ar a given molar ratio of lysine residues to nu-
clentide, (L;DNA) in 2M NaCl] buffered with 0.013M
sodiunz phosphate (ph 6.£) was dialyzed against a
linear molarity zadient of NaCl. The arrangement de-
scribed by Carroli [10] was used with procedural de-
tails descnibed elsewhere f11. After flow dialysis, the
complex sovttion ws dialyzed for 1518 h against
0.15M NaCi plus sodium phosphata.

‘the DMA fraction in the aggregated complex (f,,,)
was aete: ained by cz2ntrifugation of the sample and
meascering t*  optical density of the supernatant at
260 nm. Centrifugation was done in three different
ways: (1) in 2 refrigerated laboratory centrifuge at
10 000 rev/min (about 8000 g) for 30 min, (2) in the
preparative Spinco L350 centrifuge in no. 40 rotor at
20 000 rev/min (about 30 000 g) for 30 min, (3) in

the same rotor and centrifuge at 27 000 rev/min
(about 50 Q00 g), for 30 min.

2.2. Binding of antibiotics and proflavine

Binding data were obtained spectrophotometrically
with the use of 5 cm light-path cells in a VSU-2 spec-
trophotometer (Zeiss, Yena). The titration was carried
out by adding 10 pl or 20 gl aliguotes of an antibiotic
or proflavine in buffered 0.15M NaCl in parallel to the
solvent (0.15M NaCl + 0.013M phosphate) and to so-
lutions of DNA and DNA-polypeptide complexes in
the same solvent (1.1—1.4 X 10—4M in nucleotide
bases). To correct for the light scattering contribution
the same solutions of DNA or respective complexes
were used as blanks.

The average number r of the ligand molecules bound
per nucleotide and the free ligand concentration Cg
were calculated [11] from the difference in absorban-
cies of the respective solution and the solvent contain-
ing the same total amount of the ligand [12]. Absor-
bancies at 425, 320 and 440 nm were read for actino-
mycin, netropsin and proflavine, respectively. The
values of molar extinction coefficients of free and
I ound ligands were taken from the literature [11—13].

2. 3. Circular-dichiroisn measurements

The circular-dichroism (CD) spectra were measured
with a Roussel Jouan Dichrograph, CD 185, at 22—-24°C,
in 0.5, 1 and 5 cm cells. Circular dichroisim was expres-
sed in terms of specific elliptici*y [¥ ] (deg-em2-dg~1)
and was not corrected for refraction index of the solvent.
The [ ] values refer to the total D..A concentration, un-
less stated otherwise, and can be convertea to [#] by
simple multiplication with 3.5.

3. Results

3. 1. Effect of concentration and molecular weight of
DNA on CD spectra

Previous reports {1,2,4] have dealt with the CD spec-
tra of (ALP),,—DNA and (L, 2A}),,—DNA complexes. In
both cases, the absolute value of the specific ellipticity
of the DNA absorption band near 260 nm increased as
a function of L/DNA ratio reaching very high values. In



I Sponar er al [CD spectra of DNA~polypeptide complexes 257

(. 107

-8 e
. | i !

200 250 300
Ao -

Fig. 1. CD spectra of complexes (ALP),~DNA, L/DNA
= Q4. e~ DNA; —— e (ALP,H"DNA. ‘”'DNA

=13 x 10% (ALP),—DNA, Mpya =6 X 10°,
Curves 1 ey = 60 pg/ml, curves 2oy, =6 ugiml.
CCO Supernatant of the (ALP),,—~DNA complex, cpyna
= 6 pg/ml, after centrifugation C (see sect. ).

this spectral region the CD curves of the two com-
plexes are approximately mirror images, the
(L,2A),,—DNA complex having in addition 2 band
at about 300 nm.

In order to investigate the effect of aggregation
the dependence of the CD pattern on the initial com-
plex copcentration (i.e., the concentration of com-
ponents during annealing) and on the molecular
weight of DNA used was analysed. From the results
in figs. 1 and 2 it can be seen that both parameters
influenced the CD spectra of complexes. A decrease
in complex concentration by one order of ten re-
sulted in a substantial decrease of the band intensity,
more so with (ALP), -DNA than with (L,2A),,—DNA.
On lowering the molecular weight of DNA used for
annealing, an increase of the band ellipticity of the
complexes was found in ali cases, but different ellip-
ticity changes were observed depending on the start-
ing concentration, especially with (ALP),—DNA. At
the higher starting concentration (60 pg DNA/mi,

Fig. 2. CD spectra of complexes (L,2A4),—~DNA, L/DNA

= 0.5, ——-~ DNA; ———— (L,2A);~DNA, Mpnia

=13 x 10%; (L,2A),;—DNA, Mpna =6 x 105,

Cutves 1 eppna = 60 ugfml, curves 2 cpyga = 6 pg/ml.
Supernatants of the complex {(L,2A),,~DNA, cpy 4 = 6 ne/mi,
after centrifugation A (8909}, B (333}, and C (QO0) (see sect. 2).

curves 1) a decrease in the molecular weight of DNA
resulted in an increase of intensity of the 260 nmn
band by about 70% with (ALP),,—DNA but by only
20% with the (L 2A),,~DNA. At the lower complex
concentration {6 ug DNA/ml, curves 2) the effect of
DNA degradation was smaller, and of similar magni-
tude with both complex types.

The dependence of aggrepate size on starting con-
centration is shown in table 1. From solution of the
complexes prepared at the higher starting concentra-
tion (60 pg DNA/ml) about 50% DNA can be re-
moved in the form of aggregates using low-speed cen-
trifugation. If complexes obtained at a lower concen-
tration are used (6 pg DNA/mIl) the same centrifuga-
tion will remove only 5—-7% DNA. However, even in
this case as much as 50% DNA can be removed from
the solution by sedimentation at higher speeds (cen-
trifugation 1 and 2). Fig. 1 shows further that in the
case of (ALP),,~DNA the CD spectrum of supernatant
C, which may be assumed to contain practicaily no
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Table 1
DNA fraction removed with the aggregated complex in the
course of differential centrifugation; L/DNA = 0.5.

Centrifugation (ALP)y—DNA {(L.2A),;~DNA
no, m{g)  t(min) 6 pgiml 60 pg/ml 6 yg/ml 60 pgfml
1 8000 30 0.05 0.48 4.07 0.42

2 30000 30  0.45 - 0.35 -

3 50000 30  0.54 - .61 _

aggregate, differed only very little from the CD spec-
trum of DNA. On the cther hand, fig. 2 shows that
with (L,2A),,—~DNA the intensity of the positive

band in the supernatant CD spectrum decreased with
increasing centrifugation field, but with no change in
band position. The spectrum of supernatant 3 differed
in this case clearly from that of a DNA solution in the
exact position of bands, and by the presence of a long
wave-length negative band. This indicates the presence
of a nonaggregated ‘soluble’ complex with a CD spec-
trum different from that of DNA.

3.2. Effect of DNA compasition on CD spectrum

Fig. 3 shiows the dependence of CD spectra on the
composition of DNA used in the (ALP),,—DNA com-
plex formation. Band intensity increased with the
(G * C) content, but the general character of the spec-
trum remained the same. A similar, somewhat less
pronounced, dependence was found also with the
(L,2A),~DNA complex (fig. 4). The molecular
weights of the DN A preparations used in those ex-
periments were low, in a range in which molecular
weight has little effect on CD spectrum of ths com-
plexes [1], except for the Streptomyces chrysomallus
DNA, with a very high (G + C) content. Fig. 3 shows
the CD spectra of (ALP},,—DNA with two DNA pre.
parations of this origin with ditferent molecular
weights. The spectrum of the complex containing
high molecular-weight DNA fits well into the ascend-
ing dependence of the DNA band ellipticity on (G + C)
content, The CD spectrum of the complex of the low
molecular-weight DNA has its maximum red-shifted
and is altered particulasly in the range of the short
wave-lefigth band. It would appear that increasing
par:icle size has a considerable effect on CD spectra
[12]. Figs. 3 and 4 show that a high molecular weight
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Fig. 3. CD spectra of (ALP),~DNA. complexes as a function

of DNA composition, L/DNA = 0.5, cppy 5 = 60 ug/mb

~ww crab poly d(A-T)poly d{A~T), 3% (G + C), My

= 0.9 X 10%; 000 Staphylococcus aurcus DNA, sonicated,

30% (G + C), Mpya = 1.1 X 10%; ——-— calf thymus DNA,
42% (G +C), Mpya = 6.8 X 10%; calf thymus satel-
tite DNA, 55-60% (G + C), Mpna = 2.7 X 10°; 330 DNA
Streptomyces crysomallus, 70% (G + C), Mpa = 11.5 X 10%;
888 DN A Streptomyces chrysomallus, sonicated, 70% (G + C),
Mpna =06 X 10°,

does not suppress the formation of structures charac-
terised by high band intensities if the DNA used has a
high (G + C) content, Fig. 4 also shows the gradual dis-
appearance of the negative band at 300 nm with in-
creasing (G + C) content.

3.3. Interaction with antibiotics

Actinomycin D (At) and netropsin (Nt} bind strongly
to DNA and display a marked binding specificity for
(G-C) and (A-T) respectively [12—15]. From the
Scatchard plots of the binding data (fig. 5) for both
antibiotics it follows that the binding of DNA proceeds
unabated even in complexes with polvpeptides, i.e.
polypeptides and antibiotics do not compete for DNA
binding sites. The apparent number of bas=s per binding
site (Bapp)"'I is under present conditions about 40 for
actinomycin and 33 for netropsin and does not change
with polypeptide binding at least within the limits of
experimental erroi. A more detailed study of binding
properties of complexes will be published [16].

The binding of netropsin altered the CD spectrum of
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Fig. 4. CD spectra of (L,2A),,—DNA complexes as a function
of DNA composition, L/DNA = 0.5, cpNa = 40--60 uefml;
DNA asin fig. 3.

DNA and gave rise to the induced CD of netropsin
itself in the 300—350 nm region (fig. 6, dot-and-dash
curve). Furthermore, fig. 6 shows the spectra of both
types of complexes in the conrse of titration with
netropsin. Some modification of the spectra occurred
mainly in the region of the induced CD of netropsin.
In the region of DNA absorption bands the character
of the spectra did not change with an increasing Nt/
DNA ratio up to 0.75. Even then the pattern of the
two complexes differed substantially from each other
and also from that of the Nt—DNA complex. It fol-
lows that binding of netropsin to (A + T)-rich sites of
DNA does not substantially alter the specific aggrega-
tion properties of the complexes.

In fig. 7 an analogous dependence of the CD pat-
tern of complexes on increasing ratio of actinomycin
to DNA (At/DNA) is shown. Although the maximum
concentration of actinomycin D used was much lower
than that cf netropsin, the changes observed in the
CD spectra of the complexes in the range of DNA ab-
sorption were more significant. Fig. 7 shows that at
an At/DNA molar ratio of 0.20 the CD spectrum of
At—(ALP),—DNA resembled that of At—DNA under
similar conditions in general character and in band in-
tensity. On the other hand, the CD spectrum
At—(L,2A),,—DNA retained its typical character even
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Fig. 5. Scatchard plots for the binding of (a) actinomycin D,
(b) netropsin to DNA and DNA—polypeptide complexes.
ODNA, ® (ALP),,—DNA, ®(L,2A),,~DNA.

at At/DNA = 0.20, although with decreased intensity
(fig. 7). The results suggest that binding of actinomycin
D to the (G + C)-rich sites of DNA alters aggregation
properties more than binding of netropsin, in particu-
lar for (ALP),,—DNA, and that At is much more effec-
tive at much lower concentrations.

3.4. Induced CD of bound proflavine

The binding of proflavine to DNA and polypeptide—
DNA complexes is of a different type than that of the
antibiotics. The binding of proflavine is not semsitive to
DNA composition [11] and the binding of polypeptides
to DNA substantially lowers the binding of proflavine,
probably due to shielding of some of the DNA binding
sites by polypeptides [16].

Fig. 8 shows the CD spectra of proflavine (Pf) bound
to DNA and to polypeptide—DNA complexes in the
long wave-length absorption band which does not inter-
fere with the CD of DNA (specific ellipticity was re-
lated to the concentration of the bound dye). Only a
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Fig. 6. CD spectra of complexes titrated with netropsin (Nt).
MpNA =6 % 10°. —- e Nt-DNA, ~—~—— Nt~{ALP},,-DNA,
L/DNA = 0.5; Nt-—(L,?.A)n-DNA, L/DNA =0.5;

12 Nt/DNA = Q; 2: Nt/DNA = 0.05; 3: Nt/DNA = 0.25;

4: Nt/DNA = 0.73.

small quantity of Pf was added (Pf/DNA = (.04) to
allow us the assumption that its binding does not sub-
stantially alter the structure of the com.plexes. The in-
duced CD spectrum of proflavine bound to DNA has
a conservative character [17] and a low intensity. The
induced CD spectra of proflavine bound to (ALP), —
DMA_,, (prepared from sonicated low molecular-
weight DNA) showed, on the contrary, a very intense
negative band at about the maximum of proflavine ab-
sorption. The induced CD spectrum of proflavine
bound to (ALP),, —DNA (prepared from DNA of high
molecular weight) showed a negative band of much
ower intensity and a weak positive band. Comparing
these CD spectra with those of the respective com-
plexes in the region of DNA absorption (fig. 1) (at a
low Pf/DNA ratio this part of the spectrum is little
affected by proflavine) one can clearly observe the
similarity of the induced CD of proflavine and of the
CD spectrum of complexed DNA, both in band inten-
sity and sign. Induced CD spectra of proflavine bound

Fig, 7. CD spectra of complexes titrated with actinomycin

D (A1 Mpna= 6 X 106, oo AtDNA; ———— At—(ALP),;-DNA

L/DNA = 0.5; At—(L,2A),,~-DNA, L/DNA = 0.,§;

1: At/DNA = 0; 2: At/DNA = 0.01; 3: At/DNA = 0,06; 4: At/DNA

= 0.20.

to compiexes of both polypeptides, prepared using high
molecular-weight DNA, showed a mirror-image relation-
ship similar to that found in the DNA absorption region
(figs. T and 2).

4. Discussion

Aggregated comiplexes of model pclypeptides with
DNA in 0.15M Na(i are characterised by CD spectra of
a nonconservative type, with bands in the DNA absorp-
tion region displaying extraordinarily high ellipticity
values. The band intensity directly depends (1) on the
starting concentration of the components, and (2) on
the aggregate size, which proves that it is associated
with the presence and nature of the aggregated phase
in the complexes of both polypeptides. Since similar
high-intensity CD effects have been found in certain
ordered DNA systems (¥ DNA [18,19]), an ordered
structure of DNA—polypeptide aggregates is a plausible
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Fig. 8. Induced CD spectra of proflavine (Pf) bound to DNA
and to the complexes; [¢] refers to bound Pf; Pf{DNA

= 0.04, L/DNA = 0.5, «==« Pt-DNA: —- — = Pf—(ALP),;—DNA,
Mpna = 13X T 06; Pf—(ALP), —DNA,, HpNa
=6 X 10%; ——~— Pf—(L,2A),,~DNA, Mpya = 13 X 106,

assumption. The inverse dependence of CD band inten-
sity on DNA molecular size can be considered as an
additional argument for an ordered structure of ag-
gregates as already suggested in the analogous case of
histone F1—DNA complexes [20]. Since this super-
structure is able to induce a very high optical activity,
it may be assumed to be chiral. In this respect it can
be compared to the structure of cholesteric phase of
liquid crystals {8]. However, the observed system as a
whole is obviously isotropic, the optical axes of the
quasi-crystalline aggregates being randomly oriented
with respect to the incident light beam. Verv little is
known about the chiroptical properties of such sys-
tems [8].

Nevertheless the concept of a chiral superstructure
of aggregates permits a ready explanation of further
experimental findings, such as the high intensity of
bands in the region of an induced effect of bound
proflavine [21]. The opposite signs of the CD bands
of the two types of complexes could be accounted

for by an opposite (enantiomer) chirality of the super-
structure.

The predominant effect of aggregate structure does
not exclude the possibility that certain changes of CD
spectra of the DNA in the complexes are due to chan-
ges in the DNA conformation. In the case of (ALP),,—
DNA zxperimental results indicate that the CD pat-
tern both in the DNA absorption region and in the
region of induced CD depend almost entirely on the
aggregation properties of the complexes, i.e. on super-
structure formation.

In (L.,2A),,—~DNA complexes the aggregation pro-
perties also affect the intensity of the CD bands but
the CD pattern remains different from that of the
DNA, even in the ‘soluble’ supernatant complex, prac-
tically free of aggregates. Furthermore, the intensity
of the induced CD effect of bound proflavine is much
lower than the intensity of bands in the region of DNA
absorption. This can all be explained by assuming that
the intense non-coaservative CD spectrum in the region
of DNA absorption is due only parily to superstructure
chirality. A conformational change (tilting of bases)
may result in a lower degree of compensation of posi-
tive and negative contributions of interacting bases in
the polymer, similarly as in the A form of DNA or in
double-stranded RNA [22].

An interesting problem is the dependence of the CD
spectra of complexes on DNA composition. This ex-
perimental finding, together with suppression of the CD
effect by actinomycin D and the influence of methyla-
tion of the guanine residue on the CD spectra [23] sug-
gest an important role of regions rich in (G-C) pairs in
superstructure formation. A similar selectivity has been
found with histone FI-DNA complexes [20]. The ori-
gin of this selectivity is not clear at present.

The study of optical properties of DNA—polypepride
complexes emphasized the importance of a certain type
of aggregation interactions resulting in formation of
ordered superstructures. The ability of DNA to form
condensed structures with high-intensity CD bands has
also been shown in DNA films [24], in solutions con-
taining high concentrations of neutral polymers [18,
197 or polyethylene glycol [25] and is therefore not
a unique feature of DNA—polypeptide complexes. In
the latter case, however, two different types of super-
structure were observed in dependence on the conforma-
tion of bound polypeptide, and the degree of rdering
was shown to depend on DNA composition. Thus a
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certain type of specificity of interactions leading to
superstructure formation is indicated, which can
possibly play an impoertant role in chiromatin and
chromosomes. At present there is no evidence for

the existence of superstructures with optical pro-
perties of the above model complexes in biological
material, but in chromatin they can be largely obscured
due to the complexity of the system. Furthermore, the
studics onrsoluble chromatin have usually been carried
out ina low ionic strength, under conditions where most
of the aggregation interactions seem 1o disappear [4.6].
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