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Complexes of DNA with lysi ne containing se quenti a l polypeptides and ra ndom amino-acid 
copolymers were studied using the method of thermal melting. The effect of lysine content, 
lysine di st ribution along the polypeptide chain and of the lys ine/ nucleotide input ratio on the 
melting pattern was determined . Polypeptide redistribution on DNA a nd reversibility of the DNA 
melting in individual transitions were a lso tested. It was show n that the behavior of DNA com­
plexes of polypeptides with relatively low dens it y of lys ine difrered from that of lysine rich poly­
peptides due to a low degree of charge neutra liza tion and to the possibility of polypeptide re­
distribution during melting in the former casco In the latter case the binding was found to be 
essentially irreversible. Higher thermal stability a nd lo wer redistribution ra te were obtained 
using complexes prepared by gradient dialysis as compared wi th those prepared by direct mixing. 

Studies of the binding of basic polypeptides with DNA represent one of the ap­
proaches which can be used to investigate the st ructural factors governing protein­
-DNA interactions. Several binding studies using homopolypeptides and amino-acid 
random copolymers were described 1-4. Recently the synthesis of sequential basic 
polypeptides was successfully performed in order to obtain polypeptide segments 
with controlled amino-acid composition and sequenceS - 9. Binding studies using 
sequential polypeptides can yield information not only about the effect of the kind 
and amount of amino-acid residues present in the polypeptide chain, but also about 
specific effects of the sequence. 

In order to characterize DNA-polypeptide complexes, the method of thermal dena­
turation has been used by several authors. Using this method, Pinkston and coworkers2 

studied complexes of DNA with rand on copolymers of Lys and Ala. Schwartz and 
Fasman10 reported comparison of two polypeptides, random and sequential, con­
taining Lys, Ala, and Gly*. In oUI laboratory two series of polypeptides, random 
and sequential, extending over a broad range of lysine contents and with varying 
lysine distribution have been synthesized4 

-7. In a previous paper results concerning 

All the amino acids in the present paper are in L configuration. 
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the effect of the chain length of the polymers (Lys-Ala-Ala)n on the melting behavior 
as well as on circular dichroism of complexes have been reported ll . In the present 
paper, our main interest was devoted to the effect of the amount and distribution 
of lysine residues on the melting pattern of complexes . In addition, the effect of the 
method of preparation of complexes (either by dialysis or by direct mixing) and the 
redistribution of the ligand on DNA were studied. 

EXPERIMENT AL 

Calf thymus DNA was isolated according to Kay and coworkers 12
• A fraction con­

taining no satellite components 1 3 was used for preparation of complexes. Synthetic 
poly(dA-dT).poly(dA-dT) was purchased from Boehringer (Mannheim). DNA 
concentration was checked spectrophotometrically using the value of 8260 = 6 600 I . 
. mo]-l cm- 1. 

Polypeptides (LysX,AlaY)n, (Lys-Ala"GlY)n (liiIw ",5550, n '" 23), (Ala-Lys-Pro)" 
(liiIw '" 10000, n ",34), (Ala-Lys-Pro-Lys)n (liiIw "'5800, n '" 14), (Ala-Lys-Lys-Pro­
-Lys)n (liiIw ...., 14000, n ",25), (Lys-Lys-GlY)n (liiIw '" 15000, n '" 32) and (Lys-Lys-
-Gly-Ala-Ala-Ala)n (11 ~ 10) were synthesized and characterized as described else-
where4

-
6

• Appropriate amounts of polypeptides were dissolved in deionized water 
in a concentration of 1 mg/cm 3

. 

Reconstituted complexes were prepared by mixing the components in 3M - 4M-NaCI 
in an appropriate ratio r (molar ratio of lysine residue to DNA phosphate) followed 
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Melting curves of DNA complexed with sequential lysine-containing polypeptides, r = 0'63, in 
O'002M-Na +. (a) Reconstituted complexes; (b) di rectly mixed complexes. 1 DNA- (Ala-Lys-Pro)n : 
2 DNA-(Ala-Lys-Pro-Lys)n; 3 DNA- (Lys-Lys-GlY)n; 4 DNA-(Lys-Lys-Gly-Ala-Ala-Ala)n ' 
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by salt gradient di alysis according to Caro1l14 to 0'15M-NaCI, and finally to EDTA -
phosphate buffer (1. 1O-4M-Naz EDTA, 8. 1O- 4M-Na 2HP04, 2. 1O- 4M-NaHzP04 ; 

pH = 7'5, [Na +] = 0·002) with several changes. To form directly mixed complexes 
an appropriate volume of polypeptide solut ion was gradually added from a micro­
syringe to the solution of DN A in EDT A- phosphate buffer under stirring. 

The absorbance A2GO change during the melting experiment was measured in 1. cm 
optical path cells lI sing a Hilger-Uvi spek spectrophotometer adapted for the mea­
surement of the melting curves. Cell temperat ure was changed continuously and 
recorded by means of a thermocouple. The absorbance increase (hyperchromicity) 
II normalized to the total absorbance increase a t 100°C was calculated and the 
derivatives dh!dt were obtained from cubic spline functions of the integral melting 
curve as described elsewhere! 5 .1 G. The effect of complex aggregation on absorbance 
during the melting experiment was checked by measuring the absorbance at 310 nm 
before and after the experiment. In most cases only a small difference (average value 
LlAt~~ = 0'009) was observed. 

RESULTS 

Complexes of Sequential Poly peptides 

Melting of reconstituted polypeptide- DN A complexes (Fig. 1 a, Table I) show the 
presence of at least three distinct melting transitions. In most cases transition I 
is a band with the peak (Tml) in the region 50-60°C (Table I), which corresponds 
to the melting offree DN A (reLI 0.11). Transition lJ, the T.ll of which (T.nll) is located 
within the limits of 70 - 80°C (Table I), is most pronounced in the case of polymeric 
tripeptides containing one lysine residue (see also ll

). At constant r this peak de­
creases with increasing lysine content and in the case of the (Lys-Lys-GIY)n-DNA 
complex it disappears within the limits of experimental error. Above 85°C transition 
III is usually found, except in the case of above mentioned polymeric tripeptides 
at lower I' values (Fig. la). 

As shown in Table I, Tml values shift to higher temperatures with increasing 1', 

but the values of Tmll and Tmlll remain fairly independent of r. The values of Tmlll 

clearly follow the increase of the lysine content. In the case of (Lys-Lys"Gly-Ala­
-Ala-Ala)n transition III is found even at low r ratios in spite of the fact that this 
polymer has the same average lysine content as the polymeric tripeptides, where 
transition II strongly prevails (Fig. la, Table I). 

Melting curves of directly mixed complexes (Fig. 1 b) are rather similar to those 
of reconstituted complexes. However, the Tmlll values are lower, melting bands are 
better distinguished and more symmetrical, and the region II appears to be less 
important. The value of Tmlll depends on lysine content and distribution in a similar 
manner as in the case of reconstituted complexes (Table II). 
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Complexes of Random Copo lymers (Lys"AlaY)n 

Melting curves of reconstituted complexes DN A-(Lys"AlaY)n also show the presence 
of several melting transitions (Fig. 2a). In this case, however, only the Tm of transi­
tion I, belonging to the free DNA, can be satisfactorily defined. Transition II probably 
exists in some cases, but is not well separated. Transition III occurs around 100°C 
and the exact value of the melting temperature cannot be estimated under our ex­
perimental conditions. 

The method of preparation has a greater effect upon the character of the melting 
curves than in the case of DN A complexes with sequential polypeptides. Transitions I 
and III are well defined with little DN A melting in the region of transition II (Fig. 2b). 
T.n l II values are lower than in the case of reconstit uted complexes and they increase 
with increasing content of lysine in the polypeptide (Fig. 2b). 

TABLE I 

Melting temperatures of reconstitu ted complexes DNA-sequentia l polypeptides 

Po lypeptide Tm l Tmll Tmlll 

(Ala-Lys-Pro)n 0'32 55·6 72-9_~, 

0-63 73-2 
0·95 69-9 81-9 

(Lys-Ala-GIY)n 0-3 56-6 76-6 
06 76·1 
09 73 '4 88-4 

(Lys-Lys-Gly-Ala-Ala-Ala)n 0-32 51-9 70 91-6 
0 ·63 50-4 68 -8 92·5 
095 55·0 707 93-4 
1'23 56-6 71 '7 93·5 

(Ala-Lys-Pro-Lys)n 0 '32 54-3 76-1 90 
063 58-6 71 88 ·8 
095 63-9 72 89-4 

(Ala-Lys-Lys-Pro-Lys)n 032 54-3 76-6 92-5 
0-63 60-0 76 93-7 
0-95 62'0 72 93 -2 

(Lys-Lys-GIY)n 0-32 53-2 98-8 
0-65 53-8 97-1 
095 60-4 97-4 
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Redistribution oj Polypeptides 011 DNA 

Complexes of calf thymus DNA with polypeptides (Lys-AJa-GlY)n, (Ala-Lys-Pro)", 
(Ala-Lys-Pro-Lys)" and (AJa-Lys-Lys-Pro-Lys)n have been prepared by gradient 
dialysis and in some cases also by direct mixing (complex of (Lys-Ala-Gly)" and 
(Ala-Lys-Pro-Lys)n). The ratio r of these complexes was 0·6. In the next step an ap­
propriate amount ofpoly(dA-dT).poly(dA-dT) was added to the complexes to achieve 
a final ratio r = 0·3. An aliquot of the mixture was measured immediately after 
addition of the synthetic polynucleotide. Another a liqu ot was kept at 4°C and mea­
sured 7 days after mixing {with (Ala-Lys-Lys-Pro-Lys)n complex also 3 weeks after 
mixing). 

TABLE II 

Melting temperatures of directly mixed complexes DNA- sequential polypeptides, r = 0·63 
----- - --- ------ -----

Polypeptide Tml Tmll Tmlll 

---- --.---- ----.---------.----

tA1a-Lys-Pro)n 55-0 70·3 81 
(Lys-Lys-G ly-Ala-Ala-Ala)" 51·0 74-7 87'1 
(Ala-Lys-Pro-Lys)" 53-4 89'6 
(Ala-Lys-Lys-Pro-Lys)" 53 -2 91'4 
(Lys-Lys-Gly)" 52-9 93-6 

d,lJ/d t 

FIG. 

Melting curves of DNA complexed with random copolymers (Lys\ AlaY)n' r = 0'63, in 
0-002M-Na +. (a) Reconstituted complexes; (b) directly mixed complexes; 1 DNA-(Lys30 ,Ala 7°)11; 
2 DNA-(Lys47,Ala53)n; 3 DNA-(Lys68,Ala32)n ; 4 DNA-(Lys78, ,A la22 )n· 
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In the case of(Lys-Ala-GIY)n (n ~ 23) complex (Fig. 3) a slight shift and a broaden­
ing of poly(dA-dT).poly(dA-dT) peak was observed immediately after mixing. 
After 7 days the redistribution has proceeded significantly. Complex of (Ala-Lys­
-Pro)n (n ~ 34) (not shown) behaves similarly but the equilibrium establishment 
is a little slower and similar to that of (Lys-Ala-Ala)n of about the same molecular 
weightll . In the case of (Ala-Lys-Pro-Lys)1l (molecular weight similar to that of 
(Lys-Ala-GlY)n) the redistribution is still lower (not shown). Only a very slight 
broadening of poly(dA-dT).poly(dA-dT) melting transition was observed after 
7 days at 4°C. No redistribution of (Ala-Lys-Lys-Pro-Lys)n was observed even after 
3 weeks at 4°C. 

Directly mixed complexes behave essentially in the same manner as the recon­
stituted ones, but in all cases the redistribution rate is higher (Fig. 3). 

Reversibility of DNA Melting in the Complexes 

The DNA complexes of (Lys-Ala-GlY)n and (Ala-Lys-Lys-Pro-Lys)n were tested 
for melting reversibility. In the case of DNA-(Lys-Ala-GlY)n two types of experi­
ments have been carried out. In the first one (I" = O' 3) the reversibility of transition I 
was tested (Fig. 4a). In spite of some hysteresis on decreasing the temperature after 
the melting of transition I, the second melting of transition I cannot be distinguished 
from the first one suggesting a total melting reversibility. In the second experiment 
with a complex of r = 0·9 (where transition I is practically lacking) after the first 
melting of transition II only partial reversibility was found on cooling (Fig. 4b). 
In the case of DNA-(Ala-Lys~Lys-Pro-Lys)n (I" = 0'9) the reversibHity of melting 
of transition II was tested and partial reversibility was observed. 

d h/ dl 

FIo.3 

Derivative melting curves of mixture of syn­
thetic poly(dA-dT).poly(dA-dT) and recon­
stituted (1, 3) or directly mixed (2) complex 
of calf thymus DNA with (Lys-Ala-Gly)" , 
Lys/DNA = 0·6 measured in 0'002M-Na + 
immediately after mixing (1, 2) and 7 days 
after mixing (3). 
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DISClISSION 

The evaluation of the melting pattern is rather difficult , because the melting 
temperatures and relative areas under the deri va tive melting curves are not connected 
in a simple way to the properties of respective complexes. Theoretically two limiting 
cases have been considered. McGhee! ? treated the case of DNA melting in the 
presence of large reversibly bound ligand s. On the o ther ha nd , Li and coworkers 2 .!8 
interpreted their results using the ass umptio n that no redi stribution of ligand occurs 
during melting of DNA-polypeptide co mplexes. Since in the case of our DNA- poly­
peptide complexes in low ionic strength the electrostat ic forces provide the main 
contribution to the binding free energy it see ms rea sonable to suppose that the amount 
and distribution of the positively charged lysine residues will be of prima ry importance. 

Polytripeptides (Lys-Ala-GlY)11 and (Ala-Lys-Pro)n i. e. po lypeptides with relatively 
low amount of uniformly di stributed isolated lysine residues represent one extreme 
in our series. It was shown 11 that the melting pattern of the (Ly s-Ala-Ala)n-DNA 
complexes depend on the molecular weight of the polypeptide. Polymer (Lys-Ala­
-Ala)10 binds reversibly to DNA and the theory of McGhee!? can be applied at 
least qualitatively. The melting pattern of DNA-(Lys-Ala-Alah4 is, however, more 
complex and cannot be interpreted on the basi s of thi s theory, Polymerization 
degrees of the polymeric tripeptides studied in thi s paper are about the same (for 
(Ala-Lys-Pro)n) or slightly lower (for (Lys-Ala-GlY)n). In all these cases the same type 
of melting patterns was observed. Moreover, similar melting patterns were found 

eo ~ 

% 
% 

FIG. 4 

(a) Integral melting curve of complex DNA-(Lys-Ala-GlY)n, Lys jDNA = 0·3, in 0·002M-Na +; 
--heating, - - - - - cooling. (b) Integral melting curve of complex DNA-(Lys-Ala-GlY)n, 
Lys jDNA = 0·9, in 0·002M-Na +; -- heating, ---- cooling 
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for DNA complexes of (Lys-Val-Ala)n and (Lys-Nva-Ala)n (refY). These melting 
cu rves are characterized by the presence of three well separated melting transitions . 
The first one is due to melting of free DNA segments as can be concluded from TmI 

value and its ionic strength dependence!!, the other two transitions (II and III) 
belong to complexed DNA. According to Li and coworkers!8 ,20, the parameter P = 1'1 
I(AII + AIlI) (where All and AIlI are the areas under the second and third transition 
relative to the total area under the derivative melting curve) defined the stoichio­
metric ratio of basic lysine residues of the polypeptide to acidic phosphate groups 
of the polynucleotide in the complexed part of DNA. As demonstrated in Table III, 
this parameter for polytripeptides with one lysine residue significantly differs from 
1 at lower input ratios I' which indicates an incomplete charge neutralization in the 

TABLE III 

Values rand J3 for reconstituted (a) and directly mixed (b) complexes of DNA with sequential 
polypeptides 

Polypeptide 
(a) (b) 

(Ala-Lys-Pro)n 0'32 065 
0·63 0'79 0-92' -
095 1·01 

(Lys-Ala-GlY)n 0·3 0'63 
06 070 
09 094 

(Lys-Ala-Ala)n a 0·3 066 
0·6 075 
0·9 0·90 

(Ala-Lys-Pro-Lys)n 0·32 0·70 
0-63 097 0·83 
0·95 1 

(Ala-Lys-Lys-Pro-Lys)n 0-32 085 
0·63 0·94 0·94 
0·95 1-09 

(Ly~-Lys-GIY)n 0·32 097 
0·63 \·03 0-92 
0·95 1·03 

See ref.!I. 
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complexes. Increasing the ratio /', parameter P approaches 1 reflecting a full charge 
neutralization. 

Similar melting curves were found by Schwartz and Fasl1lan lOin the case of COIll­

plexes DNA-(Lys-Ala-Pro)n and DNA- (Lys-Ala-GIY)n' The authors'o interpret 
the presence of two well separated melting bands with Tmll and Tmlll as a result 
of moderate cooperativity of polypeptide binding to DNA, one of the bands (Tmll) 
corresponding to non-cooperatively and the other (7;,,11) to cooperatively bound 
DNA. Our results show that at low I' values the part of the DNA covered by the 
polypeptide melts in transition II. Under these conditions transition] is reversible 
(Fig. 4a) indicating that DNA strands were not separated during melting due to the 
stabilization of parts of the DNA double helices by the polypeptides. This result 
confirms the noncooperative cha~acter of polypeptide binding when only transition ]J 

is present. Schwartz and Fasman' 0 do not take into account the possibility of re­
distribution of the polypeptide during melting. The results presented in this paper 
and elsewherell suggest that in the case of poly tripeptide containing one lysine 
residue in the monomeric unit partial redistribution of polypeptide may take place. 
If such polypeptide transfer occurs among native DNA molecules, it should also 
occurll at elevated temperature (probably with a higher rate) between the melted 
complex II and the un melted complex and partly accounts for the presence of tlansi­
tion III. The process of polypeptide redistribution from partly-melted-complex 
molecules to the unmelted molecules can be considered as cooperative, since newly 
added polypeptides tend to stabilize the complex and make it more resistant to melting 
Hence, with regard to the mechanism of melting following from our experimental 
results, the intuitive explanation given by Schwartz and Fasman' 0 seems to be 
essentially correct. 

Schwartz and FasmanlO found that complexes DNA-(Lys-Ala-Pro)n and DNA­
-{Lys-Ala-GlY)n differ in the amount of DNA melted as a complex at the same input 
'atio r and they conclude that this difference is due to polypeptide sequence. Our 
results show only minor differences in melting pattern of complexes DN A-(Lys-Ala­
-G1Y)n and DNA-{Lys-Ala-Pro)n at similar I' values and these patterns are com­
parable to those of Schwartz and Fasman lO for the complex DNA-(Lys-Ala-Pro)n' 
In view of the pronounced dependence of melting pattern of complexes on the poly­
peptide chain length 11 we feel that the differences observed by Schwartz and Fas­
man lO could be rather due to differences in the chain length and/or chain length 
distribution than to the effect of the sequence. However, the presence of certain 
amino-acid residues with hydrophobic side chains was found to affect considerably 
the melting pattern of complexes 19. 

In both polypeptide series, random and sequential, transition II disappears with 
increasing lysine content. Our results with complexes of random copolymers of Lys 
and Ala are in general agreement with the findings of Pinkston and coworkers2 

,18. In 
complexes with lysine rich sequential polypeptides the parameter P approaches 1 even 
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a t lower ratios reflecting a fuJI charge neutralization of the complex. The TmllI values 
of complexes increase with increasing lysine content in both polypeptide ~ eries, indi­
cating a better DN A stabilization by higher polypeptide charge density . Tn the case of 
polymers co ntaining comparable amount of lysine but differing in its di stribution, the 
T,1l1ll values are higher when the polypeptide contains lysine clusters. Complexes 
of (Lys-Lys-Gly-Ala-Ala-Ala)n or (Lys3o, Ala70)n melt at higher temperatures com­
pared with those of (Lys-Ala-GlY)n or (Ala-Lys-Pro)n. Complexes of random and 
sequential polypeptides were also studied by means of specific probes2l

• The more 
lysine a polypeptide contains the stronger is its competition with actinomycin binding 
to DNA, the effect being greater in the case of random polypeptides, probably 
because of lysine clusters present. Thus the resistance of the complex against actino­
mycin D intercalation roughly parallels its thermal stability, suggesting an important 

effect of lysine clusters on binding affinity. 
In both series of polypeptides, higher Tm values, indicating stronger interaction, 

were observed in reconstituted complexes formed by thermodynamically reversible 
binding process as compared to complexes resulting from kinetically controlled 
direct mixing. 

Polypeptide redistribution among polynucleotide molecules was used as an indicator 
of the reversibility of binding. The redistribution rate is a parameter rughly sensitive 
to the degree of polymerization for polypeptides of the same type l

! . In addition , it is 
also affected by the method of preparation of complexes. Under conditions of com­
parable chain length, the redistribution rate is higher for polypeptides containing 
lower percentage of lysine residues (Fig. 3). In the same case of lysine rich polypepti­
des (more than 50% of lysine) almost no redistribution was detected. Therefore, 
a partial reversibility of binding must be considered in melting studies of complexes 
of DNA with polypeptides of a relatively low charge density. Even a slight modifica­
tion in the total charge and in the distribution and availability of charged groups 
within the DNA binding polypeptide segment can appreaciably modify the ability 
of the respective polypeptide (protein) to change its position along the DNA chain 

during melting. 
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