POLY (LYS4?, ALASY)-DNA

Studies on Interaction between Poly(L-lysine49,1.-alanine®?)

and Deoxyribonucleic Acids?

Margaret F. Pinkston and Hsueh Jei Li*

ABSTRACT: Both primary and secondary structures of a
protein are important in its interaction with DNA. In order
to understand the roles played in this interaction by hydro-
phobic aliphatic amino acid residues, and by «-helical
structure in a protein, a random copolymer of 40% L-lysine
and 60% L-alanine, poly(Lys*%,Ala%%), was used as a model
protein. Complexes between this copolymer and DNA were
made by direct mixing in 2.5 X 104 M EDTA (pH 8.0)
and studied by the methods of circular dichroism (CD) and
thermal denaturation. In the free state, poly(Lys*0,Ala®0)
possesses «-helical structure. When it is complexed with
DNA, the CD spectrum of this copolypeptide near 220 nm
is greatly altered, suggesting a distortion of its a-helical
structure. This might possibly be caused by strong interac-
tion between the DNA and the amide groups of the protein.
When compared with the effect of polylysine binding to
DNA, the presence of alanine in this copolypeptide reduces
the capacity of polylysine to induce a conformational transi-
tion from B to C form, perhaps because of the presence of
a-helical structure. If complexes made in EDTA buffer

Two important techniques in the study of protein-DNA
interaction as it relates to gene regulation and the packing
of DNA in chromosomes are thermal denaturation and cir-
cular dichroism (CD). Thermal stability of protein-bound
base pairs is contributed primarily by electrostatic interac-
tion between basic residues and phosphates on the DNA;
the conformation of both protein and DNA is manifested by
the CD spectra. Through these techniques significant prog-
ress has been made in understanding chromatin, histone-
DNA, protamine-DNA, and other basic polypeptide-DNA
complexes. However, many questions remain unanswered
due to the complicated systems involved.

For purposes of simplification, a series of investigations
were undertaken in this laboratory, using DNA from vari-
ous sources complexed with polylysine or polyarginine, or
with a synthetic copolypeptide containing one of these basic
residues linked randomly to some other single nonbasic type
residue. By limiting the copolypeptide in this way, specific
control of the variable in a protein, namely the nonbasic
residue, is permitted, so that the role of each amino acid
residue in protein~-DNA interaction can be examined
unambiguously. The importance of this study stems from
the fact that variation among histones occurs not only in the
distribution of lysine and arginine, but also in nonbasic resi-
dues. The potential role of chromosomal nonhistone pro-
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without salt are transferred from low to intermediate ionic
environment (0.1 to 0.2 M NaCl, for example), they under-
go a further transition toward A form DNA. Such confor-
mational transition is considered to be cooperative, since it
was observed to depend upon r2 rather than r, where r is
the input ratio of copolypeptide to DNA. Thermal denatur-
ation studies show that the binding of poly(Lys4°,Ala%%) to
DNA in EDTA buffer induces a biphasic melting with a
T (the melting temperature of free base pairs) at about
50° and a T’ (melting temperature of bound base pairs)
at about 93°; this is lower than the corresponding T .’
(99-101°) of polylysine-bound base pairs. In addition the
T of copolypeptide-bound base pairs is shifted to higher
temperature at higher ionic strength. Both facts seem to
imply that the presence of a rigid « helix in the copolypep-
tide prevents its lysine residues from fully interacting with
phosphates on DNA, despite 3.0 amino acid residues, or 1.2
lysine per nucleotide in the bound regions as determined by
thermal denaturation.

teins as genetic regulators in eukaryotes (Teng et al., 1971;
Stein et al., 1974) gives further stimulus to the need for
studying the contribution of nonbasic amino acid residues in
protein-DNA interaction.

Very recently Sponar et al (1974) studied interaction be-
tween DNA and sequential copolymers of three amino acid
residues, L-alanine, L-lysine, and L-proline. Using NaCl
gradient dialysis for complex formation, they reported de-
pendence of the CD properties of these complexes upon the
sequence of the copolymer used. As will be discussed later,
interpretation of the CD properties of the complex, in terms
of structural alteration of either protein or DNA by bind-
ing, is more difficult when the method of reconstitution is
used rather than that of direct mixing. Complex formation
in the present study was by the latter method. In addition,
the copolypeptides we have studied so far carry random se-
quence.

Results of a study on the interaction of DNA and a
model protein containing aromatic amino acid residues,
poly(Lys30,Tyr3%), were recently reported (Santella and Li,
1974). For the present study we selected another model pro-
tein, poly(Lys*%,Ala%?), containing hydrophobic alanine
residues which cause the copolymer to form an « helix. This
system thus provides an ideal means of investigating the
roles both of hydrophobic amino acid residues and of the
a-helical structure of a protein when the latter interacts
with DNA. The thermal stabilization of DNA caused by
the binding of basic residues is reduced by the presence of
alanine, or, more likely, by the presence of a-helical struc-
tures in a protein; the conformational effect on DNA due to
polylysine binding is likewise reduced when alanine is pres-
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FIGURE 1: Titration precipitation curve of DNA by poly(lys*, Ala%0).
r = input ratio of amino acid residue to nucleotide.

ent. On the other hand, the «-helical structure of the pro-
tein itself is greatly changed by binding. When the complex
is transferred from low to intermediate ionic environment
another striking effect becomes apparent: a further transi-
tion in the secondary structure of DNA to A form is in-
duced, vet the secondary structure of the bound protein is
not appreciably altered by the addition of salt. The struc-
tural implications of these changes in DNA and protein,
and their relation to nucleohistone, are discussed.

Materials and Methods

Random poly(Lys*C,Ala®0), a copolymer of 40% L-lysine
and 60% L-alanine, was synthesized using the - carboxy-
anhydrides of e-carbobenzyloxy-L-lysine and L-alanine
(Miles Laboratories) following the methods of Fasman et
al. (1965) and Morita et al. (1967). The amino acid com-
position of the copolypeptide was checked on a Beckman
amino acid analyzer. Concentrations of stock solutions of
this copolypeptide were determined by the ninhydrin meth-
od (Spies, 1957), using a mixture of 40% L-lysine and 60%
L-alanine as the standard.

Calf thymus DNA was purchased from Sigma Chemical
Co. and was purified by phenol extraction.

Both DNA and copolypeptide were prepared in 2.5 X
1074 M EDTA, pH 8.0 (EDTA buffer), before complex for-
mation. Complexes were then made by the slow addition of
copolypeptide (1073 M) to DNA (107* M), and studied by
CD and thermal denaturation. Measurement of the titra-
tion, or precipitation, curve was the same as described ear-
lier for polylysine-DNA complexes (Li et al., 1973).

To study the effect of ionic strength, a complex was di-
alyzed overnight against EDTA buffer containing various
NaCl concentrations.

DNA concentration was determined spectrophotometri-
cally using a molar extinction coefficient of 6500 M~! cm™!
at 260 nm. DNA concentration in the complex was deter-
mined using that of free DNA corrected with a dilution fac-
tor determined by the quantity of copolypeptide added.
When the complex was dialyzed to EDTA buffer containing
NaCl, its concentration was determined by measuring
A0 and correcting further for absorbance due to light
scattering, following the method of leach and Scheraga
(1960).

Thermal denaturation measurements were made on a
Gilford spectrophotometer Model 2400-S with a constant
heating rate of %°C/min at 260 nm. The hyperchromicity,
A, or per cent increase in absorbance, was measured at 260
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FIGURE 2: Derivative melting profiles of poly(Lys* Ala®’)-DNA
complexes at 260 nm (bottom) and 320 nm (top). r = 0.6 (-, 1.2 (
) 18 () und 2.8 (- A - ).

nm and the derivative of the melting curve, dh /d7, was
used to facilitate analysis. CD spectra, taken on a Jasco
spectropolarimeter Model J-20, are reported as Ae = ¢ —
er in M~ P em™!, where ¢ are eg are molar extinction coeffi-
cients for the left- and the right-handed circularly polarized
light. For DNA and the complex, M represents moles of nu-
cleotide/liter; for copolypeptide, moles of amino acid resi-
dues/liter.

Results

Thermal Denaturation and CD of Poly (Lys4°, 4la®Y)-
DNA Complexes. Figure | shows the titration, or precipita-
tion, curve of DNA due to binding of poly(Lys*’, Ala®).
The complex is completely soluble until the input ratio of
amino acid residue to nucleotide (r) rcaches 2.5 at which
point precipitation occurs sharply. The midpoint of precipi-
tation occurs at r = 2.6 which is equivalent to 1.0 lysine/
nucleotide, the same as reported for polylysine- DNA com-
plexes (Clark and Felsenfeld, 1971; Lier al., 1973).

Figure 2 shows derivative melting curves of some com-
plexes at 260 and 320 nm. As expected, at 260 nm, as more
copolypeptide is bound to DNA, the melting area of free
base pairs at about 50° (7,) is reduced, accompanied by
an increase in the melting area of bound base pairs at about
93° (7). Compared with those of polylysine -DNA com-
plexes prepared by the same method in the same buffer (Li
et al., 1973), there arc three major differences. In polylys-
ine-DNA complexes, the melting occurs exclusively in T,
and 7', regions, and the hyperchromicity change between
them is negligibly small, whereas in poly(Lys*,Ala®)-
DNA complexes the residual melting between these two
melting bands is significant, as shown in Figure 2. Second-
ly, for copolypeptide-DNA complexes of higher r values,
there is a rather large upward shift of about 7° in the T,
melting band compared with a shift of approximately 3° in
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FIGURE 3: CD spectra of poly(Lys*%,Ala®®)-DNA complexes. r value
of each complex is indicated.

polylysine-DNA complexes. A third significant difference
is the fact that, while in polylysine-DNA complexes A 4,y is
reduced when r of the complex is increased, in copolypep-
tide-DNA complexes % 1,4 is increased by as much as 6%
above that of pure DNA.

These properties, found in poly(Lys*0, Ala%0)-DNA but
not in polylysine-DNA complexes, can be due to the pres-
ence of alanine in the complex which favors some hydropho-
bic contact among bound regions, intermolecularly or intra-
molecularly, during melting. If this is the case, some exeess
hyperchromicity at 260 nm could be contributed by an in-
crease of light scattering. The melting curves monitored at
320 nm, shown in Figure 2, support this explanation, as the
hyperchromic change at 320 nm becomes more significant
for complexes with higher coverages. Similar phenomena
were reported before on reconstituted protamine-DNA
complexes (Olins et al., 1968).

Figure 3 shows CD spectra for copolymer-DNA com-
plexes of varied r values. As more copolypeptide is bound to
DNA, two significant changes in CD spectra can be seen.
The CD band near 220 nm becomes more negative, and the
CD band of DNA near 275 nm is slightly reduced and red
shifted. The latter effect is similar to that found with poly-
lysine binding but is of much lesser magnitude.

Quantitative Analysis of Thermal Denaturation and CD
Results. Previously thermal denaturation results were used
to determine the fraction of protein-bound base pairs in a
nucleoprotein; this fraction, in turn, was used to calculate
the CD of protein-bound base pairs, for polylysine-DNA
(Chang er al., 1973), protamine-DNA (Yu and Li, 1973),
and polyarginine-DNA (Yu et al., 1974). The same meth-
od can be used here for poly(Lys*0,Ala®%)-DNA, though
light scattering during melting makes some contribution to
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FIGURE 4: Linear plots of eq 1 and 2.

the hyperchromicity change in this system. Because of the
residual hyperchromicity between the two melting bands at
Tmand Ty, both eq 1 and 2 are used, where eq 2, but not

Yy = ‘BATm'/AT (1)
and
r = B[l - (A7 _/Ap)] (2)

eq 1, includes the residual melting between the two melting
bands as part of the melting of copolypeptide-bound base
pairs. In these equations, 8 represents the amino acid resi-
dues per nucleotide in copolypeptide-bound regions, A7
and Ar, the areas under melting bands of T, and 7'/, re-
spectively, and A T the total area under the curve, which is
equal to / max. The linear plots of these two equations are
given in Figure 4. The 8 value obtained from eq 1 is 3.2,
while that from eq 2 is 2.7 amino acid residues per nucleo-
tide, or an average of about 3.0 amino acid residues per nu-
cleotide in copolypeptide-bound regions. Since lysine com-
prises only 40% of the residues in the copolypeptide, this
means there should be approximately 1.2 lysine per nucleo-
tide in bound regions.

As will be shown later, the negative CD near 220 nm of
poly(Lys*0,Ala%) is nearly doubled when it interacts with
DNA. If every added copolypeptide molecule is bound to
DNA in the same way, one would expect a linear relation-
ship between its CD (Aexj, for example) and -, the input
ratio of copolypeptide to DNA. One would also expect the
CD change induced in DNA by copolypeptide binding,
changes of Aejyss, to be proportional to the r value of the
complex. Such expectations are shown to be valid in Figure
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FIGURE 5: Linear dependence of CD of the complex on its » value.
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FIGURE 6: (a) Calculated CD spectrum A¢,P, for DNA bound by po-
ly(Lys*0,Ala%%), Ae,P was calculated from eq 3 using complexes with r
= 0.6 (@), 1.2 (a), and 1.8 (). Also included is A¢P for free DNA
and AeP for polylysine-bound DNA (Chang et al., 1973). (b) Calcu-
lated CD spectrum AepP, for poly(Lys*®,Ala®%) bound by DNA. Ae,”
was calculated from eq 5 using complexes with r = 0.6 (@), 1.2 (&),
and 1.8 (m). Also included is AeP for free poly(Lys*?, Ala%9).

5. Because of this, it is possible to determine the CD spec-
trum of both bound copolypeptide and bound DNA.

Above 250 nm, there is no CD contribution from copoly-
peptide. The CD of a complex in this region, therefore, is a
sum of the CD from free and copolypeptide-bound base
pairs. If F is the fraction of base pairs bound by copolypep-
tide in the complex, and Aen,, AeP, and AeP the measured
CD of the complex and the CD of free and bound base
pairs, respectively, eq 3 can be used. This equation has been

Ae, = (1 — FAeg” + FAgP (3)

used before for polylysine-DNA (Chang et al., 1973), prot-
amine-DNA (Yu and Li, 1973), and polyarginine-DNA
(Yuetal., 1974). F for the complex can be calculated from

F = T'/ﬁ (4)
where £, as defined earlier, is the ratio of amino acid resi-
due to nucleotide in copolypeptide-bound regions. With the
aid of 8 = 3.0, as determined by thermal denaturation
(Figure 4), AepP of copolypeptide-bound base pairs [rom
three complexes of different » values were calculated from
eq 3. As shown in Figure 6a, they do agree with one an-
other. The characteristics of the CD are Ap.x 279 nm for
the peak, A¢ 259 nm for the crossover, and Aexz9 = 1.8. Also

included in Figure 6a is AepP of polylysine-bound base pairs-

in direct-mixed polylysine-DNA complex. It is seen that
the conformational change in bound DNA induced by co-
polypeptide, as judged by CD, is similar to that induced by
polylysine, but is significantly smaller in amplitude. The
shift in A. from 256.5 nm in AP to 259 nm in AeP in the
case of copolypeptide is much smaller than its shift from
256.5 nm in Ae2 to 272 nm in AeP for polylysine. It should
be noted that, in chromatin, histone binding on DNA also
causes a great reduction in the amplitude at An,x but only a
small shift for Ac. Perhaps this similarity in effect is due to
the presence of « helix in bound proteins, in poly(Lys*.-
Ala®®) in the present system, and in histones in chromatin.
Below 250 nm, both DNA and copolypeptide contribute
to the measured CD. There is a possibility that the CD of
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FIGURE 7: Derivative melting profiles of poly(Lys*C,Ala%®)-DNA
complex at various ionic strengths, » = 1.2. NaCl = 0.00 M (—), 0.002
M(-+-). 00l M(---),and 0.06 M (- & -).

DNA in this region might be affected by the binding of co-
polypeptide. However, this change is probably small, as is
the case for DNA in the presence of salt (Tunis-Schneider
and Maestre; 1970; Li er al., 1971; Ivanov et al., 1973), or
for DNA in polylysine-DNA complexes (Chang et al,
1973). Further, the CD of DNA in this region is relatively
small compared to that of copolypeptide, as shown in Figure
3. Therefore, as an approximation, it is assumed that the
CD change in DNA below 250 nm caused by the binding of
copolypeptide is negligibly small compared to that of the
copolypeptide alone. It is then possible to use the following
equation to estimate the CD of bound copolypeptide in the
complex

Ae_ = AgD + rAgf (5)

where Aey, and A¢P are as defined earlier in eq (3) and
AepP is the CD of bound protein in the complex. The calcu-
lated Ae,” from three complexes of different ratios are
shown in Figure 6b to agree with one another. Also includ-
ed in Figure 6b is the CD spectrum, A¢P, of free copolypep-
tide. This CD has double negative peaks at 222 and 205 nm
and a positive peak at 193 nm which indicates the existence
of « helix (Holzwarth and Doty, 1965; Greenfield and Fas-
man, 1969). When copolypeptide is bound, the amplitude of
its CD is nearly doubled and the shape is changed to a
major negative peak at 220 nm with only a shoulder at 207
nm. As the helical copolypeptide is bound to DNA, the en-
hancement in the amplitude can be interpreted possibly as
resulting either from a distorted « helix or from a greater
content of « helix when the copolypeptide is bound to DNA,
or, more likely, from both. An increase in a-helical content
is not impossible, because charge neutralization of lysine by
phosphate could possibly stabilize more « helix in bound co-
polypeptide.

Effect of lonic Strength on Poly (Lys*° Ala®%)-DNA
Complex. Asshown earlier from Figure 4, there are 1.2 lys-
ines per nucleotide in the bound regions, which means there
are more positive charges present than required to neutral-
ize the phosphates on DNA. The fact that the T of copo-
lypeptide-bound regions (92-94°) is lower than for those
bound by polylysine (99-101°) (Li et al., 1973) can be due
either to destabilization of DNA by hydrophobic alanine or
to inadequate charge neutralization of the phosphates. In-
sufficient charge neutralization could occur if the « helix in
the copolypeptide prevented lysine from close interaction
with phosphates on DNA through a steric factor. In order
to investigate this possibility, a copolypeptide-DNA com-
plex with » = 1.2 was dialyzed in EDTA buffers of various
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NaCl concentrations. The results are shown in Figure 7. As
«xpected, the T, of free base pairs is raised significantly at
higher ionic strength; the T’ of copolypeptide-bound base
pairs is also shifted to a slightly higher temperature, which
is contrary to results obtained with direct-mixed polylysine-
DNA (Li et al, 1974), protamine-DNA (Yu and Li,
1973), and polyarginine~-DNA complexes (Epstein et al.,
1974), where the T’ is independent of ionic strength. In
poly(Lys*9,Ala®®)-DNA complexes, at higher ionic
strength (0.06 M NaCl), an additional melting band ap-
pears at 100°, which becomes more significant at 0.1 M
NaCl or higher. Light scattering is probably increased at
this temperature, and this, in turn, contributes to the hyper-
chromicity at 260 nm. Therefore the analysis of ionic
strength dependence of T, and T’ is limited to NaCl
<0.06 M.

Equations 6 and 7 have been used previously for describ-

T, = T, + alog Na* (8)

m

T, = (T, ) + a’ log Na* )

ing the effect of ionic strength on T, and T, (Yu and Li,
1973). These equations are essentially the same as those
used with pure DNA (Dove and Davidson, 1962; Schild-
kraut and Lifson, 1965). The plots of both equations (not
shown here) yield T,,° = 102°, (T ,,")° = 100°, a = 17°,
and a’ = 2.7°. Though the theory behind eq 7 for protein-
bound base pairs has not yet been developed, the concept of
electrostatic shielding by NaCl and its effect on the melting
temperature of pure DNA (Dove and Davidson, 1962;
Schildkraut and Lifson, 1965; Record, 1967; Manning,
1972) are used here to gain insight into the electrostatic
shielding of DNA by bound proteins in a nucleoprotein (Li
and Bonner, 1971; Li et al., 1974). The plotted results show
a’ « a, which implies that copolypeptide-bound base pairs
are much more electrostatically shielded than are free base
pairs, but this shielding is not as great as in protamine-
DNA (Yu and Li, 1973) or polylysine-DNA complexes (Li
et al., 1974) where a’ is zero. In addition, (7 ,)° is ap-
proximately equal to 7,9 which may imply further that
the presence of alanine in the protein does not adversely af-
fect the thermal stability of DNA. It should be noted that
the tyrosine residues in poly(Lys3°,Tyr3%) also do not desta-
bilize DNA in thermal denaturation (Santella and Lij,
1974). In EDTA buffer, the T, of this complex is slightly
lower than the (T ,,")°, and also lower than the T, of poly-
lysine-DNA. This may be due to a lack of full charge neu-
tralization on the phosphate lattice caused by the a-helical
structure of the protein.

The effect of ionic strength on the CD spectrum of the
complex is still more striking (Figure 8). While the binding
of poly(Lys*?,Ala®®) to DNA in EDTA buffer without
NaCl causes a slight red shift for the positive CD band of
DNA near 275 nm, the transfer of this complex to another
environment of higher ionic strength causes an opposite and
much more pronounced CD effect. In addition to marked
enhancement of the positive band and a blue shift of its
peak from 278 to 260 nm, a new negative band at 295 nm
appears. The positive peak at 260 nm is very similar to that
of DNA dissolved in a solvent mixture of water-ethanol or
water-dioxane at low water content (Ivanov et al., 1973),
as well as to theoretically calculated CD spectrum of A
form DNA (Johnson and Tinoco, 1969; Bloomfield et al.,
1974); it is also very similar to that of the A-form double-
stranded RNA (Samejima et al., 1968; Wells and Yang,
1974). The negative peak of the copolypeptide-DNA com-
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FIGURE 8: CD spectra of poly(Lys*?,Ala®?)-DNA complex at various
ionic strengths, » = 1.2. NaCl = 0.00 M (—), 0.05M (---), 0.10 M (-
v, 0.15M (< -),and 0.20 M (- 4 -).

plex at 295 nm, however, is much more pronounced than in
other systems with A-type CD spectra. »

From Figure 8, it can be seen that near 220 nm the CD
spectrum is insensitive to changes in NaCl. This implies ei-
ther that Aeyyo of both copolypeptide and DNA is not af-
fected, or that the changes for copolypeptide and DNA can-
cel each other in the measured Aeyzg. The former reasoning
is probably more accurate, because, in the B to A transition
of pure DNA, the change in Ae¢y;0 is small compared to that
of Aezgp (Ivanov et al., 1973) and is even smaller compared
to Aexzo of the bound protein. Therefore, it is likely that the
secondary structure of the bound copolypeptide is not sig-
nificantly altered, while that of DNA measured at 260 nm
is greatly distorted when the complex is transferred from a
very low to an intermediate ionic environment. At the inter-
mediate salt concentration in which this distortion first be-
comes significant (0.1-0.2 M NaCl) thermal denaturation
studies are not feasible due to greatly increased light scat-
tering and precipitation at higher temperatures.

The transition to A structure depends not only upon ionic
strength but also upon the coverage of copolypeptide on
DNA as shown in Figure 9. The A-type CD spectrum above
250 nmi becomes more pronounced as more copolypeptide is
bound to DNA. Figure 10 further shows that, after dialysis
into 0.2 M NaCl, Aeyo still depends linearly upon the r
value of the complex, as was shown to be true for copoly-
mer-DNA complexes in EDTA buffer without salt (Figure
5). This confirms the earlier suggestion that the secondary
structure of bound protein is not significantly changed by
the presence of NaCl in the solution. There is a very differ-
ent, nonlinear dependence of the DNA CD on r value of the
complex at 260 and 295 nm. Apparently at these wave-
lengths, the NaCl effect on the DNA structure of the com-
plex cannot be simply decomposed into two independent
components, with one type of salt effect on free DNA re-
gions and another on copolypeptide-bound regions. The ef-
fect of NaCl on the DNA CD of the complex above 250 nm
seems to be much more complicated.
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FIGURE 9: CD spectra of poly(Lys*Y,Ala®®)-DNA complexes in 0.2 M
NaCl. r of each complex is indicated.

If the CD changes at 260 nm or 290 nm are plotted
against r*, rather than r, a linear dependence can be dem-
onstrated. Such a dependence on r of an order higher than
one implies either an intermolecular interaction among
complex molecules or a cooperative intramolecular struc-
tural distortion within the complex molecule. Dependence
of the CD change in DNA on complex concentration in 0.2
M NaCl was tested by measuring the CD spectra of a com-
plex at various dilutions up to tenfold for periods of time ex-
tending up to 20 hr. In no case did dilution change the
shape of the CD spectrum, and the amplitude at 260 or 295
nm was simply proportional to the concentration. This ex-
periment may exclude the possibility that the transition to
an A-type CD in the presence of salt is due to a reversible
intermolecular interaction, although an irreversible interac-
tion among the complex molecules as a cause of this transi-
tion still cannot be ruled out. An alternative suggestion for
the dependence of CD change above 250 nm upon r? rather
than r is a cooperative structural distortion of DNA mole-
cules bound by this copolymer. Such a possibility is not un-
reasonable, since, with respect to base rotation, tilting, and
stacking, the change from B to A form DNA is of much
greater magnitude than is the transition to C structure (Ar-
nott et al., 1967; Bloomfield er a/., 1974). The transition B
-> A may be energetically less favorable than a transition
from B to C form, such that maintenance of a copolypep-
tide-bound region in A conformation with the neighboring
free regions in B structure would be unlikely. The presence
of another copolypeptide in the neighborhood of this bound
region might provide additional energy to permit coopera-
tive action within the DNA molecule and cause a confor-
mational change toward A structure.
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FIGURE 10: Dependence of CD changes of poly(Lys* Ala®) -DNA
complex on its r value in 0.2 M NaCl.

Discussion

Studies of protein-DNA interaction are much more com-
plicated than those of pure DNA or proteins alone, because
the individual properties of DNA and proteins have to be
considered simultaneously. Three major aspects of interac-
tion are commonly considered when a protein is bound to
DNA: selectivity of a DNA sequence for binding (Jacob
and Monod, 1961; Gilbert and Muller-Hill, 1967; Teng et
al,, 1971; Leng and Felsenfeld, 1966), thermal stabilization
of bound base pairs (Tsuboi et al, 1966; Olins et al.,
1967,1968; Kawashima er al, 1969; Shih and Bonner,
1970; Ansevin and Brown, 1971; Li and Bonner, 1971; Li,
1972,1973), and structural effects, both on protein (Li et
al., 1971; Shih and Fasman, 1971) and on DNA (Fasman
et al., 1970; Shih and Fasman, 1970,1971; Simpson and
Sober, 1970; Permogorov et al., 1970; Johnson er al., 1972;
Chang er al., 1973). The last two aspects are dealt with ex-
tensively in this report for the model protein, poly(Lys*,
Ala®9y.

[n nucleohistones, the melting temperatures of histone-
bound regions are generally lower than those found in basic
homopolymers such as polylysine and polyarginine. The
most obvious explanations for the lowering of these melting
temperatures are either (a) that the presence of nonbasic
amino acid residues destabilizes DNA base pairs or (b) that
phosphates on the DNA are not fully neutralized by direct
interaction with cations on the proteins. The results in Fig-
ure 7 and the linear plots of eq 6 and 7 seem to indicate that
alanine itself does not destabilize DNA to a detectable
level. Instead, alanine in the free copolypeptide simply caus-
es it to form a rigid « helix, which, when bound to DNA,
prohibits full ionic interaction between lysine and phos-
phate, and this leads to a lower 7', The fact that melting
temperatures for histore-bound base pairs in nucleohistones
are lower than those of polylysine~-DNA, despite roughly
equal proportion of basic amino acid residues and phos-
phates in histone-bound regions of chromatin (Li, 1973; Li
et al., 1973), may be explained in a similar way.

Although it has been reported previously that the CD of
histone 1V (f2al) is distorted when it is complexed with
DNA in reconstituted nucleohistone (Li er af., 1971; Shih
and Fasman, 1971), with reconstitution, the cause of the
change is more complicated than with direct mixing, be-
cause during salt gradient dialysis it is not known under
what specific condition the histone is complexed to DNA.
[n addition, in free state, histone 1V has not only « helix,
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but 8 sheet and random coil as well (Li et al., 1972). The
simpler copolypeptide-DNA system under study has a
great advantage in that poly(Lys%0,Ala%") has an «-helical
structure in the free state, and by using the method of direct
mixing the condition of interaction can be controlled.

The enhanced but distorted CD spectrum of the bound
copolymer shown in Figure 6B could be explained in two
ways. Perhaps there is a strong interaction between the
amide of the copolypeptide and the DNA, or there may be a
distortion of the regular « helix of the copolymer when it is
bound. Because of these possibilities, it is necessary to be
cautious in analyzing the protein CD spectrum of a protein-
DNA complex. Simply using as reference the spectra of
free proteins in a-helix, 8-sheet, and random coil conforma-
tions, without considering the possible distortion of its sec-
ondary structure by binding, could be very misleading.

Theoretically the optical properties of DNA have been
studied extensively by Tinoco and his collaberators (Tinoco,
1968; Johnson and Tinoco, 1969), and experimentally by
many laboratories. In general, three different types of CD
correlate with the three conformations of DNA described
as, A, B, and C forms (Arnott et al., 1967; Bloomfield et
al., 1974). Depending upon the proteins and the manner of
making the complexes, when a protein is bound to B-form
DNA, the conformation of DNA, as judged by CD, may be
unchanged (Olins, 1969; Wagner, 1970; Li et al., 1971;
Shih and Fasman, 1971), distorted toward C form (Chang
et al., 1973; Yuand Li, 1973; Yu et al., 1974; Leffak et al.,
1974), distorted toward A form (Shih and Fasman, 1971;
Adler et al., 1974), or toward another structure exhibiting
a huge negative CD near 270 nm (Shapiro et al., 1969,
Haynes et al., 1970; Fasman et al., 1970; Sponar and Fric;
1972, Carroll, 1972, Jordan et al., 1972).

Transitions from B conformation, B — C and B — A,
belong to different categories with respect to base rotation,
tilting, and stacking (Bloomfield et al., 1974). Earlier re-
ports on the CD of nucleoproteins always dealt exclusively
with transitions from B conformation: B toward C, B
toward A, or B toward other structures. The evidence in
Figure 8 demonstrates a transition of B toward C followed
by a further transition toward A. The B — C transition oc-
curs when DNA is complexed with the copolypeptide in
EDTA buffer; the further transition toward A is then in-
duced as the initially distorted complex is transferred from
EDTA buffer to an EDTA buffer containing NaCl.

Since the CD of the bound copolypeptide is not signifi-
cantly changed in salt, its secondary structure presumably
is not changed either. However, charge distribution along
the complex molecule changes markedly from free to copo-
lypeptide-bound DNA regions. The presence of significant
concentrations of Na*t and Cl~ ions along the complex mol-
ecule could apply different forces to bound and free regions
of DNA, and cause base tilting. The base tilting of A form
produces a 20° angle between the base pairs and the plane
perpendicular to the helical axis of DNA, which represents
the greatest tilt among the three common structures
(Bloomfield et al., 1974). In the presence of salt, it is also
possible that the tertiary structure of bound copolypeptide
is changed, and that hydrophobic interaction between DN A
base pairs and alanine residues, or between the alanine resi-
dues themselves, would become more important. Since the
bases in A conformation are more exposed to the outside
than in B or C structure, hydrophobic interaction between
these bases and alanine residues might be favored in the A
structure.
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In summary, the results reported in this communication
indicate that (a) poly(Lys%%,Ala%) in solution has an a-he-
lical structure which can interact directly with DNA, caus-
ing a distortion of its structure, (b) the presence of alanine
reduces the B — C transition of DNA induced by polylys-
ine, (c) the presence of « helix reduces the efficiency of di-
rect charge neutralization of phosphates by lysine, so that
the T’ is lower than the corresponding melting tempera-
ture of polylysine-DNA, and (d) the intermediate DNA
conformation, B — C, of the complex can undergo a further
C — A transition when it is transferred from very low to in-
termediate ionic strength. This research demonstrates the
potential of a new direction of research emphasizing the
role of individual amino acid residues and of secondary and
tertiary structures in a protein as it interacts with DNA.
This report also suggests model systems with which to study
DNA structures and the factors which govern them.
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