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ABSTRACT: We have obtained polyamine-compacted DNA and analyzed it by electron microscopy employing 
the method described by Dubochet, suitable for the study of complexes in which the main interactions are 
of ionic character. In addition, we have developed a simple biochemical method, based on the action of 
pancreatic DNase I, to demonstrate the condensation of DNA with spermidine. DNA-spermidine complexes 
are resistant to the action of DNase I, and there i s  a strong correlation between the presence of condensed 
DNA forms, both as toroids and as cylinders, and the insensitivity to DNase I activity. We have also shown 
that pBR322 DNA-spermidine complexes are transcriptionally active in the presence of Escherichia coli 
R N A  polymerase. This supports the data concerning the biological activity of spermidine-condensed DNA. 

Putrescine, spermidine, and spermine occur ubiquitously in 
living cells and are present in millimolar concentrations in 
viruses, bacteria, plants, and actively proliferating animal cells 
(Ames & Dubin, 1960; Tabor & Tabor, 1984). There is 
evidence which suggests that polyamines exert a marked effect 
on many metabolic pathways, in particular those involving 
nucleic acids, by enhancing the rate of replication, transcrip- 
tion, and translation (Geiger & Morris, 1980; Kurland, 1982; 
Russell, 1983; Moussatche, 1985). Interruption of polyamine 
synthesis by mutations (Hafner et al., 1979) or inhibitors 
(Pegg, 1986) results in reduction or absence of cell growth. 

The condensation of DNA into compact structures is a 
common feature of native genomes. In bacteria, DNA is 
packed by non-histone proteins, polyamines, and RNA (F’link 
& Pettijhon, 1975). Viral genomes are compacted by internal 
viral proteins and polyamines (Ames & Dubin, 1960; Laemmli, 
1975). In eukaryotic cells, DNA is compacted into chromatin 
fundamentally by histones and non-histone proteins. However, 
the role of polyamines in the higher order condensation of 
chromatin is practically unknown, as well as their effect on 
compacted DNA expression. It has been shown that this DNA 
has biological activity; SV40 DNA is transcribed in vivo as 
a nucleoprotein complex tightly compacted by histones, that 
is, as a minichromosome (Gariglio et al., 1979). 

Under certain conditions, the in vitro interaction of DNA 
with polycations (including polyamines) or neutral polymers 
results in a phase transition from the extended DNA con- 
formation to compact structures (toroids). In general, DNA 
condensation has been studied by physical methods (Gosule 
& Schellman, 1978; Tabor & Tabor, 1984; Schellman & 
Parthasarathy, 1984). Several laboratories have studied DNA 
organization in polyamine-condensed systems using biochem- 
ical approaches with micrococcal nuclease, restriction endo- 
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nucleases, and DNA gyrase (Marx & Reynolds, 
Krasnow & Cozzarelli, 1982; Pingoud et al., 1984). 

1982; 

In this study, employing electron microscopy and a simple 
biochemical method based on the action of pancreatic DNase 
I, we have found a strong correlation between the presence 
of condensed DNA forms, both toroids and cylinders, and their 
insensitivity to DNase I. We also demonstrate that spermi- 
dine-condensed DNA forms allow (with Escherichia coli 
DNA-dependent RNA polymerase) higher transcriptional 
activity than naked DNA. 

MATERIALS AND METHODS 
Preparation of DNA. The pBR322 plasmid DNA was 

obtained from Escherichia coli 554 by gentle phenol extrac- 
tions (Birnboinm & Doly, 1979). Plasmid DNA dissolved in 
50 mM tris(hydroxymethy1)aminomethane hydrochloride 
(Tris-HCl), 10 mM ethylenediaminetetraacetic acid (EDTA), 
and 500 mM NaC1, pH 8, was fractionated in a Sepharose 
4B column. The 260/280-nm ratio of plasmid DNA was 2.0. 
Approximately 70% of the DNA was in the form of supercoiled 
molecules as judged from agarose gel electrophoresis. 

DNA Concentration. DNA concentration was determined 
by Burton’s method (Burton, 1956) and by titration against 
a standard on an ethidium bromide-agarose plate (Maniatis 
et al., 1982). 

Preparation of DNA-Spermidine Complexes. Solutions of 
DNA and chromatographically pure spermidine (Rf = 0.28) 
were prepared in 10 mM Tris-HC1 and 1 mM NaCl, pH 7, 
mixed, and allowed to stand at 5 “C for 12 h. The final DNA 
concentration was 33 pg/mL while spermidine concentrations 
were between 0.57 and 16.5 mM. 

Electron Microscopy. To analyze DNA-spermidine com- 
plexes, we used Dubochet’s method; this method has been 
successfully employed to observe SV40 minichromosomes 
(Gariglio et al., 1979); 200-mesh copper grids previously 
shadowed with carbon were ionized with pentylamine; 20-pL 
samples were placed on freshly prepared grids, and DNA- 
spermidine complexes were allowed to adsorb for 2 min. Grids 
were stained with a 2% aqueous solution of uranyl acetate and 
then shadowed with Pt-Pd (80-20%) for 6 s at 5 X 10” T, 
32-35 A, with an 8 O  inclination angle. 

Naked DNA was observed by using the method described 
by Kleinschmidt (1968). The hyperphase (50 p L )  contained 
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have not observed in any case extended fibrous structures 
simultaneously with toroidal and cylindrical forms, suggesting 
that all the DNA molecules were condensed with spermidine. 
As the spermidine concentration increased, the size of the hole 
of toroids became smaller, and toroids were thicker and with 
clearer boundaries (compare panels c and d of Figure 1); 
furthermore, the large aggregates (cylindric forms) tended to 
be shorter with clear boundaries and without branching off 
(compare panels b and f of Figure 1). End loops were observed 
in some cylindric forms (Figure lg), suggesting that DNA is 
folded as proposed by Eickbush and Moudrianakis (1978). 
Figure l j  shows a low magnification overview of a typical 
preparation of pBR322 DNA-spermidine complexes with 16.5 
mM spermidine. When 116 mM NaCl was added to the 
pBR322 DNA-spermidine complexes and these were incu- 
bated at room temperature, electron microscopy showed no 
compact structures; only extended forms identifiable as DNA 
molecules could be observed (Figure lh), suggesting that DNA 
compaction can be reversed at this salt concentration, even 
in DNA-spermidine complexes prepared with spermidine 
concentrations as high as 16.5 mM. Electron microscopy by 
Dubochet's method shows that when spermidine was excluded, 
keeping other steps in the specimen preparation unaltered, only 
extended pBR322 DNA molecules were obtained (Figure li). 
Electron microscopy by Kleinschmitd's method also shows the 
classic image of naked pBR322 DNA (Figure lk). 

Electron microscopy of calf thymus DNA-spermidine 
complexes show toroids bigger than pBR322 DNA complexes, 
probably due to the greater size of calf thymus DNA segments 
utilized (see Figure ld,e). 

Resistance of DNA-Spermidine Complexes to Pancreatic 
DNase I .  Spermidine and spermine turn plasmid DNA re- 
sistant to restriction endonuclease cleavage (Pingoud et al., 
1984; Kuosmanen & Poso, 1985). The inhibitory effects that 
polyamines have on the cleavage of DNA by restriction en- 
donucleases may be explained by small conformational changes 
of the substrate or by a decreased accessibility of the substrate 
for the enzyme (Pingoud et al., 1984); trying to detect bigger 
conformational changes in DNA, we decided to find out 
whether DNA-spermidine complexes were also resistant to 
the action of pancreatic DNase I, a broader hydrolytic enzyme. 

pBR322 DNA was digested by DNase I at concentrations 
of spermidine below 1.15 mM (Figure 2), when DNA is 
probably associated to spermidine but not compacted (see 
Figure la). At spermidine concentrations of 1.15 mM or 
higher, when the association of this polyamine with pBR322 
DNA forms compact structures as shown by electron mi- 
croscopy (see Figure lb-d,f), this DNA remained practically 
undigested by DNase I. Control (c) was rapidly digested. 

To discard a possible spermidine inhibitory effect on DNase 
I activity, we followed DNase I activity on pBR322 DNA- 
spermidine complexes previously dissociated with 1 16 mM 
NaCl. Figure 3 shows the action of DNase I on pBR322 
DNAspermidine complexes containing 16.5 mM spermidine 
(at these spermidine concentrations, the highest condensation 
was observed by electron microscopy; Figure ld,g). These 
complexes were incubated for different times with the endo- 
nuclease. It can be seen that in DNA-spermidine complexes 
the DNA remained practically undigested by DNase I for any 
length of time up to 60 min (lanes e). On the other hand, 
naked pBR322 DNA was partially digested after 5 min and 
was totally digested after 30 min (lanes c). No inhibition of 
the enzyme by spermidine was observed in the digestion of 
DNA dissociated from the DNA-spermidine complex with 
116 mM NaCl (lanes f ) .  In this case, spermidine was present 

1 pg of pBR322 DNA, 5 pg of cytochrome c, and 50% dis- 
tillated formamide in 100 mM Tris-HC1-10 mM EDTA, pH 
8.5; the hypophase contained 16% distillated formamide in 10 
mM Tris-HC1-1 mM EDTA, pH 8.5. Grids were covered 
with parlodium film and with a protein-nucleic acid mono- 
layer, stained with a 0.01 mM aqueous solution of uranyl 
acetate, treated with isopentane, and drained. Grids were 
shadowed as above, with a 6" inclination angle. A JEOL 
JEM- 1 OOSX transmission electron microscope was used at 
60-kV accelerating voltage for all studies. 

Cleavage of DNA-Spermidine Complexes by Pancreatic 
DNase I .  Ten-microliter samples of DNAspermidine com- 
plexes containing 2 pg of DNA and 0.57-16.5 mM spermidine 
were incubated with 2.5 X Kunitz unit of pancreatic 
DNase I in 10 mM Tris-HC1, 1 mM NaC1, and 1 mM MnCl,, 
pH 7, at 37 "C for various times. Different aliquots were used 
for each time period. Reaction was stopped by adding 5 pL 
of a solution containing 10 mM EDTA, 10 mM urea, 0.05% 
xylene cyanol, and 0.05% bromophenol blue. Reaction 
products were analyzed by electrophoresis in 2% agarose gels. 
Gels were stained with ethidium bromide and photographed 
by using a Polaroid MP-4 camera and a CHROMATOVUE 
transilluminator. Quantitative results were obtained by ana- 
lyzing the gel negatives with a scanner (Gelman DCD 16). 
The scans were digitized and numerically integrated; the 
relative amount of the cleavage products in each sample was 
normalized to the original DNA concentration. As a control, 
2 pg (10 pL) of pBR322 DNA was incubated with 2.5 X 
Kunitz unit of DNase I, and the products were analyzed by 
electrophoresis in 2% agarose gels, as indicated above. 

Transcription of DNA-Spermidine Complexes. RNA 
polymerase was prepared from E.  coli SA1943 according to 
Burgess and Jendrisak (1975) and contains a full subunit 
component as determined by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis. The DNA was associated (1 2 
h at 5 "C) to 0, 0.57, 1.15, or 4.7 mM spermidine. The 
transcription assays were carried out in a final volume of 300 
pL, which contained 12 pg of pBR322 DNA (or DNA- 
spermidine complexes, see above), 10 mM Tris-HC1, pH 7.9, 
4 mM MgClz, 10 mM KCl, 1 mM dithiothreitol, 0.5 mM each 
of ATP, CTP, and GTP, 70 pM [3H]UTP (specific activity 
285 cpm/pmol), and 30 pg of DNA-dependent RNA polym- 
erase from E .  coli. The reaction was carried out at 37 OC for 
the indicated times (see Figure 5). Aliquots were removed 
for [3H]RNA determination (60 pL), electron microscopy (10 
pL), and DNase I treatment (10 pL); the [3H]UMP incor- 
poration was determined basically as previously described 
(Gariglio et al., 1979). 

RESULTS 
In this study, we have applied three different approaches 

to characterize DNA-spermidine complexes: electron mi- 
croscopy (a method that has been employed to show DNA 
condensation), a biochemical approach based on the endo- 
nuclease activity of DNase I, and a biological activity deter- 
mined by in vitro transcription. 

Electron Microscopy of Condensed pBR322 DNA. Electron 
microscopy by Dubochet's method shows that spermidine 
concentration below 1.15 mM is not eficient to compact DNA, 
since only extended pBR322 molecules were observed (Figure 
la). At a spermidine concentration of 1.15 mM or higher, 
approximately half of the pBR322 DNA was condensed in 
compact structures similar to the toroids described by Gosule 
and Schellman (1978) (Figure lc,d), and the remaining 
fraction was observed as large cylindric aggregates, similar 
to those described by Allison et al. (1981) (Figure lb,f,g). We 
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FIGURE 1 : Electron micrography of DNAspermidine complexes. All preparations were contrasted with uranyl acetate and shadowed linearly 
with R-Pd by Dubochet’s method (Dubochet et al., 1971). pBR322 DNA-spermidine complexes with 33 pg/mL DNA and (a) 0.57 mM, 
(b and c) 1.15 mM, and (d, f, and g) 16.5 mM spermidine; (h) complexes as in (d) and (0 but dissociated for 5 min with 116 mM NaCI; 
(e) calf thymus DNAspermidine complexes with 33 pg/mL DNA and 16.5 mM spermidine; (i) pBR322 DNA without spermidine; (j) a low 
magnification overview including toroids and cylinders of (d) and (g); (k) pBR322 DNA by Kleinschmidt’s method (Kleinschmidt, 1968). 
Solid lines represent 0.1 pm. Rectangles indicated toroids and cylinders that were magnified in (d) and (g). 

in the incubation system, but it is not condensing pBR322 DNase I, since pBR322 DNA dissociated from spermidine by 
DNA, due to the high salt concentration, as demonstrated by 116 mM NaCl was rapidly digested by the enzyme after only 
electron microscopy (Figure lh); the presence of spermidine 15 min of incubation (see lanes f). Figure 3 shows that 116 
in the dissociated form appears to stimulate the activity of mM NaCl caused a slight DNase I inhibition; pBR322 DNA 
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FIGURE 2: Effect of spermidine on DNA cleavage by pancreatic DNase 
I. pBR322 DNA-spermidine complexes were prepared with 33 pg/mL 
DNA, as mentioned under Materials and Methods. (Lane a) 2 pg 
of pBR322 and (lane b) complexes with 2 pg of pBR322 DNA and 
16.5 mM spermidine are controls without enzyme. Lanes c-g are 
10-pL samples in 10 mM Tris-HC1, 1 mM NaCI, and 1 mM MnCI2, 
pH 7, incubated 30 min at 37 "C with 2.5 X lW3 Kunitz unit of DNase 
I: (c) 2 pg of pBR322; (d) complexes with 2 pg of pBR322 DNA 
and 16.5 mM spermidine; (e-g) pBR322 DNA-spermidine complexes 
containing 2 pg of DNA and 0.57, 1.15, and 4.7 mM spermidine, 
respectively. 

minutes 

FIGURE 3: Resistance of pBR322 DNAspermidine complexes to 
pancreatic DNase I. Reactions and DNA concentrations are as 
indicated in Figure 2. (Lane a) 2 pg of pBR322 and (lane b) com- 
plexes with 2 pg of pBR322 DNA and 16.5 mM spermidine are 
controls without enzyme. Lanes c-f are 10-pL samples incubated 
with DNase I at indicated times: (c) 2 pg of pBR322; (d) 2 pg of 
pBR322 + 116 mM NaCI; (e) complexes with 2 pg of pBR322 DNA 
and 16.5 mM spermidine; (0 complexes as in (e) but dissociated for 
30 min with 116 mM NaCl before addition of DNase I. 

at this salt concentration was partially digested after 60 min 
of incubation with the enzyme (see lanes d); however, the 
inhibitory effect of NaCl on DNase I was overcome by the 
stimulating effect of spermidine, as demonstrated by the total 
degradation of DNA in the presence of 116 mM NaCl and 
16.5 mM spermidine (see lanes f). The cleavage reaction 
kinetics of plasmid DNA by pancreatic DNase I are shown 
in Figure 4. From this quantitative evaluation, it is apparent 
that only the DNA of pBR322 DNA-spermidine complexes 
was not sensible to DNase I up to 20 min; this lack of sen- 
sibility can probably be explained as a result of the high degree 
of DNA compaction observed by electron microscopy. It can 
be seen that spermidine does not have any inhibitory effect 
on DNase I, but rather the opposite; the rate of DNA cleavage 

IO0 

CI 

W CI, 

c c 

2 50 
a 
v 

U z 
0 

0 IO 20 30 40 50 60 
Time (minutes) 

FIGURE 4: Quantitative evaluation of pancreatic DNase I kinetics. 
Reactions described in Figure 3 (incubated with DNase I) were 
evaluated with a gel scanner; DNA percent was calculated as indicated 
under Materials and Methods. (1) pBR322 DNAspermidine com- 
plexes (2 pg of DNA and 16.5 mM spermidine); (2) 2 pg of pBR322 
DNA + 116 mM NaCI; (3) 2 pg of pBR322 DNA; (4) complexes 
as in ( I ) ,  but dissociated for 30 min with 116 mM NaCl before 
addition of DNAse I. 

is enhanced when 16.5 mM spermidine is present but not 
associated to DNA due to a high salt concentration (see Figure 
4, curve 4). 

The possibility that spermidine binds to DNase I and 
changes its cleavage specificity was also ruled out as follows. 
When DNase I was exposed for 12 h to 16.5 mM spermidine 
in 10 mM Tris-HC1-1 mM NaCl, pH 7, at 4 "C and dialyzed 
against the same buffer, the enzyme activity was as shown in 
Figure 3c,d; Le., plasmid DNA was completely digested, and 
DNA-spermidine complexes were not digested. These results 
suggested that spermidine does not bind to DNase I. This 
procedure has been used before to rule out the possibility that 
polyamines bind to nucleases (Shishido, 1985). 

In Vitro Transcriptional Activity of pBR322 DNA-Sper- 
midine Complexes. In vitro, polyamines stimulate tran- 
scription by bacterial and eukaryotic polymerases (Russell, 
1983; Tabor & Tabor, 1984; Moussatche, 1985); however, in 
these experiments, polyamine DNA condensation was not 
considered. For this reason, we decided to study the effect 
of condensing and noncondensing polyamine concentrations 
on in vitro transcription. Most transcriptional experiments 
were at low ionic strength (10 mM Tris-HCI-10 mM KCl) 
in order to be sure that pBR322 DNA-spermidine complexes 
remain in their compact form. Figure 5 shows the activity of 
E. coli DNA-dependent RNA polymerase on pBR322 DNA- 
spermidine complexes. It can be seen that under conditions 
in which no compact structures were observed by electron 
microscopy (pBR322 DNA-spermidine complexes with 0.57 
mM spermidine), RNA synthesis was practically the same as 
with naked pBR322 DNA. When we used DNA-spermidine 
complexes with 1.1 5 mM spermidine, the lowest spermidine 
concentration that caused DNA condensation (see Figure 
1 b,c), about a 90-fold increase in transcription was observed. 
DNA-spermidine complexes obtained with 4.7 mM spermi- 
dine, which form more compacted structures, cause almost a 
4-fold increase in transcription. Parallel electron microscopy 
studies of DNA-spermidine complexes obtained with 1.1 5 and 
4.7 mM spermidine showed the presence of toroids during 
transcription. These complexes were also resistant to the 
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FIGURE 5: Transcription kinetics of DNA-spermidine complexes. 
pBR322 DNA-spennidine complexes were preformed and incubated 
for RNA synthesis (37 "C) as described under Materials and Methods. 
At the indicated times, parallel reactions were camed out with pBR322 
DNA previously associated with 0.57 (A), 1.15 (A), or 4.7 mM (0) 
spermidine. As a control, a reaction was executed in the absence of 
spermidine (0). 

hydrolytic action of DNase I (not shown). 
When transcription was carried out at higher ionic strength 

(50 mM Tris-HC1-50 mM KCl), only a 2-fold transcription 
increase was observed with DNA-spermidine complexes 
containing 1.15 mM spermidine (not shown). At this ionic 
strength, we found that spermidine-DNA complexes were 
dissociated, as demonstrated by DNase I activity. 

DISCUSSION 
We employed Dubochet's method for electron microscopy 

studies of pBR322 DNA-spermidine complexes since the in- 
teractions between DNA and polyamine include electrostatic 
interactions (Manning, 1980; Schellman & Parthasaraty, 
1984), as in SV40 minichromosomes (Gariglio et al., 1979). 
On the other hand, in this method the grids are not treated 
with poly@-lysine) (Widmon & Baldwin, 1980) or cytochrome 
(Chattoraj et al., 1978), which can influence not only the 
apparent diameter of DNA toroids (Widmon & Baldwin, 
1980) but also the affinity of spermidine to DNA. Using this 
method, we have observed toroids and cylindric forms similar 
to those previously described (Gosule & Schellman, 1978; 
Allison et al., 1981); however, spheroids were never seen. 
Furthermore, no irregular forms, suggesting precipitation of 
DNA by spermidine, were detected, indicating that it is 
possible to use DNA concentrations of 33 pg/mL to obtain 
compact DNA without nucleic acid losses. At the ionic 
strength used in this work (10 mM Tris-HC1-1 mM NaC1, 
pH 7), the minimum polyamine concentration that successfully 
compacts DNA was 1.15 mM. This value is very close to the 
one reported in the phase diagram for DNA condensation by 
Krasnow and Cozzarelli (1982). As spermidine concentration 
increases, electrostatic interactions between DNA and sper- 
midine also rise, resulting in an increase in toroid width while 
cylindrical forms tend to decrease in size. End loop in some 
cylinders suggests that every deposition of DNA on the rod 
must be accompanied by exposition of a subsequent DNA 
segment in the opposite direction, as proposed by Eickbush 
and Moudrianakis (1978). 

It is known that the activity of some DNA-metabolizing 
enzymes is affected by spermidine (Tabor & Tabor, 1984). 
It is important to distinguish if this effect is due to DNA 
compaction, to competition between cationic domains of the 
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enzyme and spermidine in binding to DNA, or to direct in- 
hibition of the enzyme activity. Our results suggest that 
DNase I inactivity on DNA-spermidine complexes (either 
pBR322 or calf thymus DNA) is due to compaction of DNA 
by spermidine. When we dissociate DNA-spermidine com- 
plexes by increasing the ionic strength, free spermidine does 
not show any inhibitory effect on the enzyme; on the contrary, 
it has a stimulating effect, suggesting that spermidine does 
not compete with DNase I for binding to DNA and does not 
inhibit the enzyme. At present, we cannot explain the stim- 
ulating effect of spermidine on DNase I activity. 

DNase I is a broader hydrolytic enzyme than restriction 
endonucleases; thus, the inhibitory effect that polyamine has 
on DNA cleavage by DNase I may be explained by bigger 
conformational changes in DNA-polyamine complexes than 
those postulated for restriction enzymes. Furthermore, we 
found a correlation between enzymatic and structural con- 
formational changes of DNA-spermidine complexes. Our 
results with DNase I represent a simple, rapid, and reprodu- 
cible biochemical method that allows the detection of DNA- 
spermidine condensation. 

It is important to note that DNA compaction by spermidine 
does not convert DNA into an inert molecule. Krasnow and 
Cozzarelli (1982) have suggested that polyamine should fa- 
cilitate any reaction which requires the interaction of DNA 
segments, such as DNA ring catenation by DNA topo- 
isomerases, as well as those which involve compaction phe- 
nomena such as packaging of DNA into phage particles. 
Besides, these authors have estimated that the complex se- 
quence of reactions of 4x174 DNA replication (Scheknim 
et al., 1974) takes place efficiently in sper nidine concentrations 
that probably induce DNA compaction. In this work, we 
found that condensed pBR322 DNA-spermidine complexes 
presented a greater transcriptional activity than naked DNA 
molecules. We observed that the maximum increase in 
transcription (about 90-fold) was with DNA-spermidine 
complexes formed in 1.15 mM spermidine, suggesting that 
some order in the tridimensional structure of DNA is required 
for maximum transcriptional activity. Direct spermidine 
stimulation on RNA polymerase activity is discarded, because 
at higher ionic strength (in which DNA is not compacted by 
spermidine) only a 2-fold increase in transcription was ob- 
served. Besides, in the presence of spermidine concentrations 
(0.57 mM) that are not condensing DNA, the effect on 
transcription is minimal. It was also observed that pBR322 
remains condensed during transcription, supporting the bio- 
logical accessibility of DNA in DNA-spermidine-condensed 
structures. It has been reported that polyamines induce a 
structural B to Z transition of DNA (Thomas & Bloomfield, 
1984), which could be related to transcriptional enhancement 
(Nordheim & Rich, 1984). We are currently trying to in- 
vestigate the molecular mechanism of the increased tran- 
scriptional activity of compacted DNA-spermidine complexes. 
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Polycyclic Aromatic Hydrocarbons Physically Intercalate into Duplex Regions of 
Denatured DNA? 
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ABSTRACT: We have investigated the physical binding of pyrene and benzo[a]pyrene derivatives to denatured 
DNA. These compounds exhibit a red shift in their absorbance spectra of 9 nm when bound to denatured 
calf thymus DNA, compared to a shift of 10 nm when binding occurs to native DNA. Fluorescence from 
the hydrocarbons is severely quenched when bound to both native and denatured DNA. Increasing sodium 
ion concentration decreases binding of neutral polycyclic aromatic hydrocarbons to native DNA and increases 
binding to denatured DNA. The direct relationship between binding to denatured DNA and salt concentration 
appears to be a general property of neutral polycyclic aromatic hydrocarbons. Absorption measurements 
at  260 nm were used to determine the duplex content of denatured DNA. When calculated on the basis 
of duplex binding sites, equilibrium constants for binding of 7,8,9,lO-tetrahydroxy-7,8,9,lO-tetrahydro- 
benzo[a]pyrene to denatured DNA are an order of magnitude larger than for binding to native DNA. The 
effect of salt on the binding constant was used to calculate the sodium ion release per bound ligand, which 
was 0.36 for both native and denatured DNA. Increasing salt concentration increases the duplex content 
of denatured DNA, and it appears that physical binding of polycyclic aromatic hydrocarbons consists of 
intercalation into these sites. 

polycyclic aromatic hydrocarbons (PAH)' are an important 
class of biologically active compounds. They are mutagenic 
and carcinogenic and undergo physical and covalent interac- 
tions with DNA (Heidelberger, 1975; LeBreton, 1985). Al- 
though numerous reports on the physical intercalation of 
charged aromatic dyes have appeared (Berman & Young, 

This work was supported in part by a grant from the National Cancer 
Institute, CA 40598, and from the Elsa U. Pardee Foundation. 

1981; Dougherty & Pilbrow, 1984), much less attention has 
been given to the weaker binding of neutral PAH to DNA. 

Abbreviations: P A H ,  polycyclic aromatic hydrocarbons; BP, ben- 
zo[a]pyrene; trans-tetrol, racemic 7r,8t,9t,lOc-tetrahydroxy-7,8,9,10- 
tetrahydrobenzo[a] pyrene; cis-tetrol, racemic 7r,8t,9t,lOt-tetrahydroxy- 
7,8,9,10-tetrahydrobenzo[a]pyrene; 7,8-di(OH)H2BP, racemic trans- 
7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene; 7,8-di(OH)H4BP, racemic 
trans-7,8-dihydroxy-7,8,9,lO-tetrahydrobenzo[u]pyrene; BPDE, (*)- 
7r,8r-dihydroxy-9t,10t-epoxy-7,8,9,1O-tetrahydrobenzo[a]pyrene; E D T A ,  
ethylenediaminetetraacetic acid; DMSO, dimethyl sulfoxide. 
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