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SURVEY OF THE DNA BINDING PROPERTIES OF NATURAL 
AND SYNTHETIC POLYAMINO COMPOUNDS 

KENT D. STEWART* AND THOMAS A. GRAY 
Department of Chemistry and Winship Cancer Center, Emory University, Atlanta, Georgia 30322, USA 

Using a fluorescence-detected ethidium displacement assay, the calf thymus DNA complexation properties of 27 
mono-, di-, tri-, tetra- and hexacationic polyamines were determined. The DNA-binding affinity of these polyamine 
compounds increased with increasing cationic charge on the polyamine. Although most of the compounds exhibited 
no base pair binding selectivity, two of the tricationic polyamines possessing additional neutral amine groups exhibited 
approximately tenfold GC binding selectivities. 

INTRODUCTION 

One of the goals of DNA complexation studies is to  
develop a sufficient understanding of the binding forces 
to  allow the design of novel DNA binding agents. The 
conformational flexibility of the receptor and the exist- 
ence of multiple binding modes and sites complicate the 
design process. One particularly challenging goal is the 
design of molecules which bind to DNA in the major 
groove. Whereas examples of biopolymers (nucleic 
acids’ or proteins’) which bind in the major groove 
may be cited, no unambiguous examples of ‘organic’ 
compounds which bind in the major groove exist. For 
example, the polyamine class of compounds (spermine, 
spermidine, etc.) binds to  DNA in a non-intercalative 
manner, however, the exact position (or positions) of 
the binding interaction (major groove, minor groove, 
or phosphate backbone) has not been e ~ t a b l i s h e d . ~  
Three crystal structures of polyamines bound to DNA 
oligomers indicate that well defined groove-binding 
orientations can be achieved in the solid state.’-’ In the 
case of the B-DNA conformation, spermine was 
observed to span the major groove.’ Accordingly, we 
embarked on a general study of polyamine-DNA inter- 
actions to  establish rules that might be useful in future 
design of DNA complexation agents for major groove 
binding. In this paper, we report on our results with 27 
polyamines. 

EXPERIMENTAL 

Polyamines 1-24 (Table 1) were purchased from 
Aldrich Chemical and used as received. Compounds 

24-27 were prepared from the corresponding aryl- 
dibromides or aryltribromides by procedures analogous 
to  published procedures. * All new compounds gave 
satisfactory nuclear magnetic resonance, mass spectral 
and combustion analysis data. 

DNA-binding studies. Calf thymus DNA (CT-DNA) 
was a generous gift from Professor W. D. Wilson and 
was purified according to a literature procedure.’ Poly 
d(AT)2 and poly d(GC)2 were purchased from Sigma 
Chemical. The experimental details of the ethidium 
displacement assay have been discussed in the 
literature. losll  The CSO value refers to the concentration 
of test compound required to  displace ethidium from 
DNA under a given set of  assay conditions ( 2 m ~  
HEPES, 8 mM NaCI, 0-05 m M  EDTA pH 7 .0 ,  [ethi- 
dium] = 1.26 f i ~ ,  [DNA] = 1 pM, 25 ? 0 - 3  “C)  as 
measured by fluorescence spectroscopy. DNA thermal 
denaturation studies and viscometric studies were 
carried out using literature procedures. All measure- 
ments were made in duplicate. Error limits on C50 

values are 2 10% and on AT,,, values ? 1 OC. 

RESULTS AND DISCUSSION 

The direct study of polyamine-DNA binding interac- 
tions is made difficult by the lack of an ultraviolet or 
visible light chromophore in the polyamine compounds. 
In this work, polyamine binding was measured 
indirectly by monitoring their displacement of the inter- 
calator ethidium from DNA. The ethidium displace- 
ment assay has been used to  assess the DNA binding 
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Table 1. Electrostatic charge and C50 values for polyamine binding to calf thymus DNA 

cs 0 

CT-DNA 
(PM 1 

V a l u e  
:harge 
n 
olution 
H = 7.0 

+1 

COMPOUND 

I NH 

28,000 
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Table 1. (Confinued) 

+2/+3 140 

+3 36 

+3 41 

+3 180 

+3 20 

+3 17 

+3 22 

+3 31 

+4 1.6 

+4 2.2 

+4 1.9 

+6 0.15 

+6 0.13 
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strengths of a number of dasses of compounds, 
including both intercalators and groove binders. The 
c50 binding value determined in this measurement has 
been shown to correlate with the dissociation constant 
for the polyamine class of compounds. 8,13914 Interpre- 
tation of the CSO values in terms of a well defined 
binding process is not possible, however. Displacement 
of ethidium from DNA could result from polyamine 
binding in the major or minor groove or along the 
phosphate backbone. Also, conformational changes in 
the DNA induced by the polyamine would not be 
apparent in this assay. With these caveats, the ethidium 
displacement assay is still appropriate for screening 
groups of compounds to  discover binding trends. Our 
work was focused on making relative comparisons of 
c50 values. The structures and CSO values (in PM units) 
of polyamines 1-27 binding to  calf thymus DNA are 
shown in Table 1. 

The monocationic amines guanidine and piperazine 
(1 and 2)  exhibit the weakest binding of all of the 
amines studied (a high C50 value indicates a low DNA 
affinity). The c50 values listed in Table 1 are only rough 
estimates of the DNA binding affinity of these 
polyamines because the binding titration concentrations 
(10-100mM) are well above the buffer salt concen- 
tration (10 mM). 

A chain length dependence was observed in the 
binding of a ,  a-diamine compounds 3-8 binding to 
DNA. While the CsO values for ethanediamine (3) 
putrescine (4) and hexanediamine ( 5 )  binding to 
CT-DNA are similar, there is a slight increase in 
binding strength for octanediamine (6) and decane- 
diamine (7) and a significant increase for dodecane- 
diamine (8). This chain length dependence has been 
reported previously in thermal denaturation studies of 
DNA. l 5  Interestingly, the distances between opposing 
phosphates in duplex B-DNA (19 A )  is similar to the 
distance between charged amines in the fully extended 
dodecanediamine. A binding interaction of dodecane- 
diamine spanning the major groove analogous to  that 
observed in the crystal structure' of spermine bound to  
B-DNA may be envisioned, although this proposed 
complex requires further experimental support. Incor- 
poration of cyclohexane rings in the aliphatic backbone 
of the diamino compounds 10 and 11 did not alter the 
binding affinity significantly. 

The DNA-binding affinity of the bis-quaternary 
amine 9 is much weaker than the corresponding decane- 
diamine 7. Even though these two compounds possess 
equal chain length, a tenfold difference in c50 values 
was observed. While hydrogen bonding interactions 
with DNA are not possible for compound 9 ,  electro- 
static interactions may also be diminished. 

The reported pK, values for diethylenetriamine (12) 
are 9.9, 9.1 and 4 . 3 ,  and therefore at pH7 the com- 
pound is dicationic. l 6  As shown in Table 1, the CSO 
value for compound 12 binding to CT-DNA is similar 

to  the values determined for compounds 4 and 5,  indi- 
cating that the uncharged amine group in 12 has little 
effect on the CT-DNA binding affinity. 

Incorporation of the polyamino system into a macro- 
cylic ring, as in compounds 13 and 14, did not sig- 
nificantly alter the binding affinity from that seen for 
other di- or tricationic amines. A inore precise interpre- 
tation of the results for 13 and 14 is made difficult 
because results for suitable open-chain compounds are 
not available. 

The reported pK, values for triethylenetetraamine 
(15) are 10.0, 9.3, 6.9 and 3.7, and therefore at p H  7 
the compound exists in a number of protonated states 
with the net charge close to  + 2.5. In agreement with 
this analysis, the C50 value for compound 15 binding to  
CT-DNA is between that for putrescine (4), +2,  and 
spermidine (17), + 3. 

The tricationic polyamines 16-22, including spermi- 
dine (17), exhibit a greater affinity for DNA than the 
dicationic amines. Although not listed in Table 1 ,  most 
of the polyamines studied in this work exhibited similar 
c50 values (within a factor of 2) when calf thymus DNA 
was replaced with poly d(AT)2 or poly d(GC)2. These 
polyamines show very little base-pair binding selec- 
tivity. Two notable exceptions are compounds 19 and 
20. The CsO values for 19 and 20 binding to  poly d(AT)2 
were 55 and 5 0 p ~ ,  respectively, while the values for 
binding to poly d(GC)2 were 5.3 and 6.0 PM, respect- 
ively. The lower numbers with poly d(GC)2 indicated 
that these two compounds preferentially bind to  GC 
rather than AT base pairs with ten- and eightfold selec- 
tivity, respectively. The reported pK, values for 19 are 
10.7, 10.0, 8.5 and 5 - 8  and those for 20 are 10.0,9.2,  
8.2, 4.1 and 2*6. '72 '8  In neutral aqueous solutions, 
compounds 19 and 20 would be expected to be tripro- 
tonated and to possess neutral amine groups. Perhaps 
the presence of neutral amine groups in these two com- 
pounds allows other binding interactions to occur in 
addition to the electrostatic interactions. While electro- 
statik interactions are certainly dominant for the 
binding of 19 and 20, an interaction such as hydrogen 
bonding with the guanine N-7 or cytosine 4-NH2 group 
might cause the GC binding selectivity. * Further inves- 
tigation of these observations is in progress. 

The tetracationic polyamines 23-25, including sper- 
mine (23), exhibit c50 values approximately ten times 
lower than the tricationic polyamines, indicating that 
the binding to  DNA is stronger than the tricationic 
polyamines. The novel hexamine compounds 26 and 27 
are each assumed to be hexacationic at neutral pH 
based on comparisons of their structures with other 
amine compounds. l 9  These two compounds exhibit 
C50 values ten times lower than the tetracationic 
compounds, indicative of high DNA affinity. 

To confirm the tight DNA binding of the hexaamino 
compound 27 observed in the ethidium displacement 
assay, thermal denaturation studies were performed 
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Figure I .  Plot of CSO versus electrostatic charge for the 27 
polyamines listed in Table 1 

with putrescine, spermidine, spermine and compound 
27 and values of A T ,  of 2, 5 ,  12 and 16 ‘C, respect- 
ively, were determined. Hence there was a correlation 
between CSO values and AT, values for these four 
polyamines. In addition, a viscometric titration of 27 
indicated that the compound with its single aromatic 
ring does not intercalate into DNA. 

The Cso values in Table 1 were plotted against the 
charge for all the polyamines studied. Charges at 
neutral p H  were assigned by comparison with com- 
pounds with known pK, values. l 9  Two of the com- 
pounds, 14 and 15, were assigned charges of + 2 * 5  
because they had estimated pKa values close to 7.  The 
resultant graph is shown in Figure 1. There was a linear 
correlation between the logarithm of the C ~ O  values and 
the electrostatic charge of the compounds. To  the 
extent that the c50 values reflect dissociation constants, 
the log Cso, and therefore the free energy of complexa- 
tion, AG, correlated directly with charge. The same 
kind of correlation has been observed with oligolysine 
derivatives” and has a theoretical basis in Manning’s 
theory of counterion condensation on poly- 
electrolytes. 21,22 

CONCLUSIONS 

Evidence presented here and elsewhere4rz3 suggests that 
some compounds of polyamine structure can make site- 
specific interactions in the grooves of DNA. The chain- 
length dependence of the dicationic linear diamines and 
the GC base-pair selectivity of compounds 19 and 20 
attest to  this conclusion. Binding can be significantly 
enhanced by adding positive charges, as shown by the 
hexaamine compounds 26 and 27. Combination of this 
powerful electrostatic interaction with appropriate 

hydrophobic and hydrogen bonding interactions should 
be a fruitful, albeit challenging, research strategy in the 
future for designing DNA groove binding agents. 
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