CD OF POLYARGININE-DNA

Helix-Coil Transition and Conformational Studies of
Nucleoprotein: Poly(L-arginine)- and Poly(L-arginine87, L-
ornithine!3)-DNA Complexes. II. Circular Dichroism®
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ABSTRACT: Circular dichroism (CD) of DNA with varied GC
contents, synthetic copoly(dAT) and poly(dG)-poly(dC) com-
plexed with polyarginine, and calf thymus DNA complexed
with poly(L-arginine?’, L-ornithine!?) in 2.5 X 10~ M EDTA
(pH 8.0) has been studied. For natural DNA, the binding of
polyarginine or poly(Arg?7,0rn!3) yields red shifts for Amax of
the positive band at 275 nm and A of the crossover at 255 nm,
and a reduction of amplitude of the positive band. The CD
spectra of the complexes can always be decomposed into two
components, Aeg of free base pairs equal to that of free DNA in
B conformation and Ae, of bound base pairs with a conforma-

Circular dichroism (CD) has been used in conformational
studies of DNA complexed with polylysine (Haynes et al.,
1970; Carroll, 1972; Chang et al., 1973), polyarginine (Car-
roll, 1972), protamine (Yu and Li, 1973), histone I (Olins,
1969; Fasman er al., 1970, 1971), histone IV (Wagner, 1970;
Shih and Fasman, 1971; Li et al., 1971), histone IIb2 (Adler et
al., 1974; Leffak et al., 1974), and whole histones in chromatin
(Shih and Fasman, 1970; Permogorov et al., 1970; Simpson
and Sober, 1970; Johnson er al.,, 1972; Li et al., 1974b). Pre-
viously only CD of the whole protein-DNA complex could be
dealt with. Recently, by using thermal denaturation as an inde-
pendent method to determine the fraction of base pairs bound
by proteins, we have been able to obtain CD or conformation of
protein-bound base pairs in a nucleoprotein, such as polylysine-
DNA (Chang ez al., 1973), protamine-DNA complex (Yu and
Li, 1973), nucleohistone 11b2 (Leffak ez a/., 1974), and chro-
matin (Li et al., 1974b).

As an extension of our previous work we report here the CD
results of polyarginine complexed with DNA of varied gc con-
tents and poly(Arg?7,0rn'3)-DNA complexes. As shown in the
previous report (Epstein et al., 1974), there are two melting
bands at around 100° (T’ and T 11’), corresponding to po-
lyarginine-bound base pairs. Melting temperatures and ampli-
tudes of these two melting bands depend upon the GC content
and the secondary structure of DNA, and the presence of orni-
thine in polyarginine. Though the melting properties appear to
vary greatly in these complexes, the differences in CD are not
so obvious. In each complex, except for poly(dG)-poly(dC), by
taking the average of CD of polyarginine- or poly(Arg87,0rn!3)-
bound bases, irrespective of the presence of T and Tp 1,
the CD of each complex can also be decomposed into Aey of
free and Aep of bound base pairs. For poly(dG)-poly(dC), the
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tion between B and C structures. For copoly(dAT), the CD of
the complex with polyarginine can also be decomposed into two
components, Aep of free and Ae, of bound base pairs. Both Aeg
and Aep of polyarginine-copoly(dAT) complexes are quite dif-
ferent from their counterparts in polyarginine-natural DNA
complexes. For poly(dG)-poly(dC), the binding of polyarginine
yields only small CD changes which do not resemble those of
natural DNA or copoly(dAT). There are good correlations be-
tween thermal denaturation and CD results of these complexes
which suggest the requirements of GC content and secondary
structure of DNA for a specific binding by polyarginine.

addition of polyarginine does not induce any significant CD
change.

Materials and Methods

Materials and methods, except those in CD, are identical
with those in Epstein et al. (1974). The CD spectra of DNA,
polyarginine-DNA, and poly(Arg87,0rn!3)-DNA complexes
were taken on a Durrum-Jasco spectropolarimeter, Model J-
20, at room temperature in 2.5 X 1074 M EDTA (pH 8.0), the
buffer used for thermal denaturation. The CD results are re-
ported as Ae = ¢ — ¢, where ¢ and ¢, are respectively molar ex-
tinction coefficients for the left- and the right-handed circular-
ly polarized light. The units of Ae are M~! cm~! in terms of nu-
cleotide. The concentrations of the complexes were determined
by using the same molar extinction coefficients at 260 nm as
those in pure DNA (Epstein ez al., 1974).

Results

CD Spectra of Calf Thymus DNA.Complexed with Polyar-
ginine and poly(Arg®,0rn'3). Figure 1 shows CD spectra of
calf thymus DNA complexed with various amounts of polyar-
ginine. As more polyarginine is bound to DNA, there are red
shifts for both the positive band near 275 nm and the crossover
near 255 nm. The amplitude of the positive band is also re-
duced. These CD changes on DNA due to polyarginine binding
are essentially the same as those found in direct mixed polylys-
ine-DNA (Chang et al., 1973) and protamine-DNA com-
plexes (Yu and Li, 1973).

When the difference CD spectra of pure DNA and the com-
plexes were taken it was found that the shapes are identical and
the amplitude of each difference CD spectrum is proportional
to the B value (input ratio of amino acid residue per nucleo-
tide) in that complex. It indicates that the CD of the complex,
Aem, can be decomposed into two components, A¢g of free and
Aep of bound base pairs, as done before in polylysine-DNA
(Chang et al., 1973) and protamine-DNA complexes (Yu and
Li, 1973).

As shown earlier (Epstein et al., 1974), there are two melt-
ing bands at T, in polyarginine~-DNA complexes, indicating
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FIGURE 1: CD spectra of polyarginine-calf thymus DNA complexes.
B=0(——),020(---),035(- o-),and 0.60 (— - —).

two types of bound base pairs. For the analysis of CD results of
the complexes, the average CD, Aep, of these two types of
bound base pairs is used. In other words, it is assumed that, for
each complex, the free base pairs have A¢g equal to that of pure
DNA and the bound base pairs have an average CD, Aey,
which is to be determined. As defined above, Ae, is the mea-
sured CD of the complex. If F is the fraction of base pairs
bound in each complex, we obtain

Ae, = (1 — F)aeg, + FAe, 1)

where F is determined by thermal denaturation from eq 1 in
Epstein et al. (1974). This method is identical with the one
used before (Chang et al., 1973). From eq 1, Aey, of bound base
pairs in each complex can be determined. The calculated Aey,
for three polyarginine-calf thymus DNA complexes are shown
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FIGURE 2: Calculated CD spectrum (Aep) of calf thymus DNA base
pairs bound by polyarginine. B = 0.20 (m), 0.35 (A), and 0.60 (®).
Also included is Aeg of calf thymus DNA (- - -).
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FIGURE 3: Calculated CD spectrum (Aep) of calf thymus DNA base
pairs bound by poly(Arg®7,0rn'3). B = 0.40 (a), 0.60 (®), and 0.80
(m). Also included is Aeg of calf thymus DNA (- - - -).

in Figure 2. Within experimental error these three complexes
have the same Aep, with Apax Of the positive band at 286 nm, A,
of the crossover at 278 nm, and Aeygg = 0.53 in contrast to Ae
of pure DNA with Apax at 275 nm, A; at 256.5 nm, and Aeyss
= 2.53. This Aey, is close to that of polylysine-bound base pairs,
with Amax 283 nm, Ac 273 nm, and Aeygs = 0.80 (Chang et al.,
1973). It implies the existence of a conformation between B
and C structures for polyarginine-bound base pairs (Tunis-
Schneider and Maestre, 1970; Chang et al., 1973).

The CD spectra of calf thymus DNA complexed with po-
ly(Arg®7,0rn!3) are similar to those of polyarginine-calf thy-
mus DNA complexes (Figure 1) except at 220-nm region,
though the thermal denaturation results at 7,,” are very differ-
ent in these two complexes (Figures 2 and 8 in Epstein er al.,
1974). Using eq 1, Aep from these complexes are calculated
and shown in Figure 3. Again they agree with one another and
have one Aep with Apayx at 282 nm, Ac at 271 nm, and Aeygr =
0.63. Compared with Ae, of polyarginine~-DNA, it is seen that
Aey, of poly(Arg87,0rn!?)-DNA is closer to that of polylysine-
DNA (Chang er al., 1973) except that, at 220 nm, Aey, is much
greater for poly(Arg®’,Orn!?)~-DNA complexes. This is in
agreement with thermal denaturation data that the presence of
ornithine makes polyarginine-DNA appear closer to polylys-
ine-DNA (Epstein et al., 1974).

CD Spectra of Bacterial DNA Complexed with Polyargi-
nine. In the previous report (Epstein er al.,, 1974), it was shown
that thermal melting properties of polyarginine-DNA com-
plexes depend upon the GC content of DNA used. Bacterial
DNA of varied GC contents were used here for testing such a
possible CD dependence, A¢p in particular, on the GC content.

Similar to those observed for polyarginine-calf thymus
DNA complexes, same types of CD changes are observed when
polyarginine is complexed to bacterial DNA. Figure 4 shows
Aeg of pure Micrococcus luteus DNA and the calculated Aey, of
polyarginine-bound M. [uteus DNA. The CD spectrum of pure
M. luteus DNA is essentially the same as that reported by
Gratzer et al. (1970). For the CD of complexed DNA, Ae, the
red shift of Apnax and Ac, and a reduction of the amplitude of
the positive CD band near 270 nm and an enhancement of the
amplitude of the negative band near 245 nm are exactly the



CD OF POLYARGININE-DNA

TaBLE I: Circular Dichroism Parameters of Polyarginine-Bacterial DNA Complexes.®

Aeg Aey
DNA )\ma,x )\min )\c Ae)\mu Ae)\min )\ma.x )\min )\c Ae)\mnx Ae)\min
M. luteus 270 244 256 2.7 —-2.1 279 248 265 0.7 -2.7
E. coli 276 247 258 2.5 —-2.6 285 248 276 0.4 -3.5
Cl. perfringens 273 246 256 3.2 -2.4 279 247 263 0.8 -3.2

% Nmaxs Amin, and A are respectively the wavelengths (nm) of the maximum, the minimum, and the crossover of the CD spectra.

same as those for calf thymus DNA. Similar CD results are
also found for polyarginine-Escherichia coli DNA and polyar-
ginine-Clostridium perfringens DNA complexes. The perti-
nent CD parameters of these complexes are summarized in
Table I.

CD Spectra of Synthetic DNA Complexed with Polyargi-
nine. Synthetic double-stranded copoly(dAT) has a CD spec-
trum (Figure 5) different from those of natural DNA from calf
thymus or bacteria. For instance, the CD of copoly dAT has
Amax at 264 nm and a shoulder at about 280 nm. Natural DNA
from calf thymus or bacteria has Apax at 270-275 nm. In addi-
tion, the amplitudes of the negative band at about 245 nm and
the second positive band at about 220 nm are much bigger for
copoly(dAT) than for natural DNA. These differences are not
solely due to their AT contents. For instance, Gratzer et al.
(1970) calculated CD spectra of DNA with 100% AT based
upon the CD spectra of natural DNA with varied AT or GC
contents. Our CD spectrum of copoly(dAT) is similar to that
calculated by Gratzer et al. (1970) at A <250 nm but is quite
different at A >250 nm. For instance, the calculated CD has
Amax 280 nm and A; 261 nm, compared with the measured CD
with Amax 264 nm and A; 255 nm. We attribute this CD differ-
ence to the difference in secondary structure of synthetic and
the hypothetical natural DNA with 100% AT which will be
discussed later.

Addition of polyarginine to copoly(dAT) shows a slight red
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Alnm)
FIGURE 4: Calculated spectrum (Ae,) of M. luteus DNA base pairs

bound by polyarginine. B = 0.35 (m), 0.60 (@), and 0.70 (a). Also in-
cluded is A¢p of M. luteus DNA (- - - -).
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shift for the crossover (A.) at 255 nm and a reduction of the
amplitude of the positive CD band near 265 nm. These are
similar to those of natural DNA. In contrast to natural DNA,
the red shift for the positive band near 265 nm is not apparent
for copoly(dAT) (Figure 5). When the difference CD spectra
were taken it was found that they were identical for two com-
plexes with different B values and the amplitude was propor-
tional to the fraction of base pairs bound in the complex.
Therefore, eq 1 was used for the calculation of Ae, and the re-
sults are shown in Figure 6. As expected, these two complexes
with B = 0.90 and 1.6 have the same A¢,. The shape of Ay, for
polyarginine-bound copoly(dAT) base pairs is very different
from those when natural DNA were used. Ae, in copoly(dAT)
has a peak with zero amplitude at 263 nm and a trough at 270
nm.

Double-stranded poly(dG)-poly(dC) has a CD spectrum
(Figure 7) very different from those of natural DNA and copo-
ly(dAT). There is a big positive peak at 255 nm, an intermedi-
ate positive peak at 270 nm, and another peak with negative
amplitude at 224 nm. Again, this CD spectrum is similar to the
calculated CD spectrum of a hypothetical DNA with 100% GC
(Gratzer et al., 1970). They are completely different, however,
at A >250 nm. As polyarginine is added to poly(dG)-poly(dC),
there are no CD changes typical of those of other DNA, name-
ly red shifts for Ay,x (except copoly(dAT)) and A. and a reduc-
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FIGURE 5: CD spectra of polyarglmne copoly(dAT) complexes. B =0
(~=—),090(---),and 1.6 (— + —
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FIGURE 6: Calculated CD spectrum (Aep) of copoly(dAT) base pairs
bound by polyarginine. B = 0.90 (@) and 1.60 (®).

tion of the positive band near Amax. On the contrary, the pres-
ence of polyarginine (0.6 arginine/nucleotide) slightly reduces
the amplitude of 255 nm and enhances the amplitude at 270
nm (Figure 7). The presence of an intermediate level of polyar-
ginine (0.4 arginine/nucleotide) yields a CD spectrum between
the two shown in Figure 7. In other words, the small CD
changes in poly(dG)-poly(dC) is also a function of the amount
of polyarginine added.

Discussion

It has been demonstrated that, in a nucleoprotein, it is possi-
ble to divide the molecule into free and protein-bound base
pairs with various thermal stabilities (Li, 1973). One of the
most important applications of this view is in the experiments
of pea bud nucleohistone (Li and Bonner, 1971; Li, 1972) and
calf thymus nucleohistone (Li et al., 1973), with the proposal
that a histone molecule with uneven distribution of basic amino
acid residues, when bound on DNA in nucleohistone, induces
two phases of melting on DNA. Another important application
is the calculation of CD of protein-bound base pairs in a nu-
cleoprotein, such as polylysine-DNA (Chang er al., 1973),
protamine-DNA (Yu and Li, 1973), and chromatin (Li et al.,
1974b). Again the model of helix-coil transition (Li, 1973) is
used here as an analytical tool to calculate the CD of polyargi-
nine-bound base pairs.

As seen from the present report, interaction between a pro-
tein and DNA is indeed a very complicated problem. In order
to come to a reliable conclusion or proposal on this interaction,
sufficient experimental facts by varying parameters, such as
proteins, DNA, ionic environments, etc., are needed. The use of
polyarginine, poly(Arg?’,0rn!?), and DNA of varied GC con-
tents and secondary structures in this report is an example of
this approach.

Previously it was thought that ionic interaction between a
protein and a DNA was nearly the sole factor for thermal sta-
bility of the complex. Recently this thought was modified that
hydration in a protein-bound region (Li ef al., 1974a) and the
binding of a protein in the major or minor groove of DNA (Ep-
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FIGURE 7: CD spectra of polyarginine-poly(dG)-poly(dC) complexes.
B=0(——)and 0.60 (- - -).

stein et al., 1974) could also have a significant effect on ther-
mal stability of the bound region. It is also revealed here that
double-stranded DNA, such as poly(dG)-poly(dC), when
added with polyarginine, does not guarantee conformational
changes similar to that of a transition from B to C structure, as
has always been found for other DNA. Apparently there are
structural requirements on DNA for a tight winding and bind-
ing by a basic polypeptide such as polyarginine. Such a struc-
tural requirement for a specific binding of polyarginine on
DNA is also supported by thermal denaturation results when
double-stranded copoly(dAT) and poly(dG)-poly(dC) are used
(Epstein et al., 1974).

As shown in Figures 5 and 7 the CD of copoly(dAT) and
poly(dG)-poly(dC) are different from those of natural DNA
from calf thymus or bacteria. Though difference in base se-
quence among those natural and synthetic DNA can cause
some variations in CD spectra (Johnson and Tinoco, 1969;
Gratzer et al., 1970) the comparison of these two CD spectra
of synthetic DNA and those counterparts in hypothetical natu-
ral DNA with 100% AT and 100% GC (Gratzer et al., 1970)
indicated that the secondary structures of these two synthetic
DNA are quite different from those of natural DNA, presum-
ably in B conformation. The extrapolation method used by
Gratzer et al. (1970) is valid only when all the DNA used with
varied GC contents have the same secondary structure, namely
B form. Otherwise, a variation in the secondary structure alone
can cause a big CD change. This comment is in agreement with
the report using X-ray diffraction that sodium salt of copol-
y(dAT) has D form (Davies and Baldwin, 1963), which is quite
different from the B structure of natural DNA. In conjunction
with this discussion, the difference between Ae, of polyargi-
nine-copoly(dAT) complexes (Figure 6) and those of polyargi-
nine-natural DNA can be explained as a result of a difference
in their secondary structures.

Although the melting properties of polyarginine-DNA com-
plexes at Ty, are different among natural DNA of varied GC
contents (Epstein et al., 1974), their CD properties are more or
less the same. At least it is fair to say that within experimental
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error there is no significant variation in Ae, which corresponds
to the difference in Ty of these complexes. This is an example
showing that thermal denaturation is a more sensitive method
than CD in the study of a protein-DNA complex. Of course, in
other cases, such as reconstituted and direct mixed polylysine-
DNA complexes, the variation in CD (Carroll, 1972; Chang et
al., 1973) is much more obvious than in thermal denaturation
(Tsuboi et al., 1966; Olins et al., 1967; Li et al., 1973, 1974a).
These examples show that both thermal denaturation and CD,
when used together for studying a nucleoprotein, provide infor-
mation complementary to each other.
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