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ABSTRACT

Four genomic DNAs of differing GC content
(Micrococcus luteus, 72% GC; Escherichia coli, 50%
GC; calf thymus, 42% GC; Clostridium perfringens,
27% GC) have been employed as targets of
interaction by the cationic polyamines spermidine
{[H3N(CH2)3NH2(CH2)4NH3]3+} and spermine
{[(CH2)4(NH2(CH2)3NH3)2]4+}. In solutions containing
60 mM DNA phosphate (~20 mg DNA/ml) and either 1,
5 or 60 mM polyamine, only Raman bands associated
with the phosphates exhibit large spectral changes,
demonstrating that B-DNA phosphates are the
primary targets of interaction. Phosphate perturba-
tions, which are independent of base composition,
are consistent with a model of non-specific cation
binding in which delocalized polyamines diffuse
along DNA while confined by the strong electrostatic
potential gradient perpendicular to the helix axis.
This finding provides experimental support for models
in which polyamine-induced DNA condensation is
driven by non-specific electrostatic binding. The
Raman spectra also demonstrate that major groove
sites (guanine N7 and thymine C5H3) are less
affected than phosphates by polyamine–DNA inter-
actions. Modest dependence of polyamine binding
on genome base composition suggests that
sequence context plays only a secondary role in
recognition. Importantly, the results demonstrate
that polyamine binding has a negligible effect on the
native B-form secondary structure. The capability of
spermidine or spermine to bind and condense
genomic B-DNA without disrupting the native struc-
ture must be taken into account when considering
DNA organization within bacterial nucleoids or cell
nuclei.

INTRODUCTION

Linear multivalent polyamines such as spermidine
{[H3N(CH2)3NH2(CH2)4NH3]3+} (Spd) and spermine
{[(CH2)4(NH2(CH2)3NH3)2]4+} (Spm) are abundant in living
cells (1,2) and play a key role in maintaining cellular DNA in a
compact state. Polyamines also facilitate the packaging of
double-stranded DNA in certain viruses (3). Depletion of
polyamine levels in vivo inhibits cell growth and interferes
with gene expression (2,4). The molecular mechanism of
polyamine function in DNA condensation is presumed to
involve neutralization of the negatively charged DNA back-
bone by the positively charged amino groups of Spd and Spm
(5–7). Both polyamine-induced DNA charge stabilization and
macromolecular condensation are also considered essential for
the cellular uptake of DNA in gene therapeutic applications
(8,9).

Solution studies of the binding of polyamines to B-DNA by
equilibrium dialysis (10–12), calorimetry (13) and NMR
measurements on 23Na (14–16), 14N (16) and 1H nuclei (17)
imply a binding model characterized by non-specific inter-
actions between polyamines and DNA. The experimental
results are supported by polyelectrolyte and counterion
condensation theories (18–21) in which non-specific electro-
static interactions between the DNA phosphates and cationic
polyamines hold the cations in a thin, condensed layer near the
DNA surface. In contrast, X-ray crystallographic analyses
indicate that polyamines occupy specific sites on non-B-DNA
crystal structures, including A-DNA (22–24), Z-DNA (25) and
tRNA (26). However, the oligodeoxyribonucleotides employed
in crystal structure analyses are usually rich in GC, which may
tend to bias crystallization toward either the A or Z conformation.
The high affinity of polyamines toward non-B-DNA forms
suggests that both secondary structure and base composition
may be determinants in polyamine recognition. This is consistent
with NMR solution studies indicating that hexammine cobalt(III)
binds preferentially to GC-rich DNA (27) and may help to
promote the B→A secondary structure transformation (28).

Raman spectroscopy is a versatile technique for investi-
gating nucleic acid structure perturbations in both the solution
and condensed states (29). Specific Raman ‘marker’ bands
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undergo measurable displacements in wavenumber and/or
intensity, depending upon the sites altered by complexing
agents, temperature changes or other perturbing factors (30).
Even changes affecting a relatively small percentage (∼1–2%)
of the nucleotides of genomic B-DNA can be identified under
favorable conditions (31,32). In recent Raman applications we
have characterized interactions of genomic DNA with divalent
metal cations (33,34), determined thermodynamic parameters
governing denaturation (35) and probed sequence-related
structural differences among several genomic DNA species
(36). Here we extend the earlier studies to probe base compo-
sition dependence of interactions of the polyamines Spd and
Spm with four genomic DNAs: Micrococcus luteus (ML, 72%
GC), Escherichia coli (EC, 50% GC), calf thymus (CT, 42%
GC) and Clostridium perfringens (CP, 27% GC). Raman
spectroscopic assignments and structural interpretations for
these genomic DNAs in the absence of polyamines have been
reported previously (36).

Raman data were collected on aqueous DNA (∼20 mg/ml,
pH 7) for polyamine:phosphate molar ratios of 1:60, 1:12 and
1:1. At the two lower polyamine densities each genomic DNA
remained in solution, whereas at the highest density the
complex precipitated and was examined as a precipitate
suspended in supernatant. The Raman spectra reveal the nature
of interactions of Spd and Spm with each genomic DNA at
each binding density. The results provide new insights into the
molecular mechanism of polyamine–DNA recognition and its
potential biological significance.

MATERIALS AND METHODS

Sample preparation

Stock solutions containing 100 mM Spd or Spm in deionized
water were prepared from chloride salts of the polyamines
(Sigma, St Louis, MO) and were adjusted to pH 6.5 ± 0.2 with
HCl or NaOH. High molecular weight CT DNA and bacterial
DNAs (ML, EC and CP) were obtained from Amersham
Pharmacia Biotech (Little Chalfont, UK). Each DNA was
purified by phenol extraction, precipitated with ethanol,
dialyzed serially against NaCl solutions (1 M, 10 mM and
1 mM) and deionized water and prepared as a stock solution
containing ∼1 mg DNA/ml at pH 7.5. Further details of DNA
sample preparations have been described (34,35). Reagent
grade NaCl was obtained from Mallinkrodt (Hazelwood, MO).

Aliquots of DNA stock solutions were lyophilized and the
DNA lyophilisates were redissolved in the appropriate volume
of polyamine stock solution to yield a final DNA concentration
of ∼20 mg/ml (∼60 mM in DNA phosphate) and a final
polyamine concentration of either 1, 5 or 60 mM at pH 7.0 ± 0.4.
The resulting polyamine/DNA mixtures thus contained 1:60,
1:12 or 1:1 molar ratios of polyamine:DNA (phosphate). An
aliquot (∼7 µl) of each solution mixture was sealed in a Kimax
34502 capillary tube for Raman analysis. At the highest
polyamine:DNA ratio (1:1), the complex invariably precipitated
and its Raman spectrum was collected as a precipitate
suspended in supernatant.

Raman spectroscopy

Raman spectra were excited with the 514.5 nm line of an argon
laser (Coherent Innova 70; Santa Clara, CA) and were

collected on a single spectrograph (SPEX Model 500M; ISA,
Edison, NJ) consisting of a holographic notch filter, 0.5 m
spectrograph and liquid nitrogen cooled, back-thinned, charge
coupled device detector (Spectrum One; SPEX, Edison, NJ).
The effective spectral resolution of this instrumentation is
3 cm–1. Additional details have been described (37). All
samples were maintained at room temperature (21°C). The
reported DNA Raman frequencies, accurate to ±1 cm–1, were
calibrated using the 459.5 cm–1 band of CCl4 and the vibra-
tional spectrum of liquid toluene. Spectra shown below are the
accumulated averages of 25–30 exposures of 20 s each.

RESULTS

Raman characteristics of polyamine–DNA complexes

The Raman spectrum of CP DNA (27% GC) in the absence of
polyamines is shown in the top trace of Figure 1. The second,
third and fourth traces of Figure 1 show the difference spectra
obtained by subtracting the Raman spectrum of polyamine-free
CP DNA (top trace) from those of the complexes formed by
this DNA in the presence of 1, 5 and 60 mM concentrations of
Spd, respectively. Difference spectra for corresponding Spm
complexes of CP DNA are shown in the bottom three traces of
Figure 1. In the computation of all difference spectra, the
minuend (polyamine–DNA complex) and subtrahend (free
DNA) were normalized using the following constraints:
(i) contributions from DNA at 1420 cm–1 (band assigned to a
localized vibration of the deoxyribosyl C5′H2 group) and in the
interval 1200–1300 cm–1 (bands assigned to localized vibra-
tions of the DNA bases) (29,30,38,39) were compensated for
as much as possible; (ii) the Raman signature of the free
polyamine (Fig. 5) was preserved. Thus, Raman bands of the
polyamine have not been compensated for in these subtrac-
tions. Analogous data for Spd and Spm complexes of CT DNA
(42% GC), EC DNA (50% GC) and ML DNA (72% GC) are
presented in Figures 2–4, respectively.

As seen in Figure 1, the 1:1 complexes (60 mM polyamine)
generate the largest perturbations to the CP DNA Raman
signature, whereas the 1:60 complexes (1 mM polyamine)
generate the smallest perturbations. This general pattern is
sustained for all genomic DNA species (cf. Figs 2–4). It should
be kept in mind that because polyamine contributions have not
been compensated for in any of the difference spectra, Raman
bands of the polyamines appear as positive difference features
(peaks). However, it is apparent that for solutions containing
the lowest polyamine concentration (1 mM) such differences
are close to the margin of detectability. Assignments for the Spd
and Spm contributions to the difference spectra of Figures 1–4
can be discerned by reference to the Raman spectra of the free
polyamines, shown in Figure 5.

Spermidine and spermine employ similar DNA-binding mech-
anisms. The data of Figures 1–4 show that a given genomic
DNA suffers similar spectral perturbations from binding of
either Spd or Spm. This indicates that Spd and Spm exploit a
common molecular mechanism of DNA binding.

Phosphates are the primary DNA-binding sites of spermidine
and spermine. As noted above, the precipitated 1:1 complexes
(60 mM polyamine/60 mM DNA phosphate; Figs 1–4) exhibit
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the largest perturbations to the genomic DNA Raman signa-
ture. Among the salient difference features are troughs near
785 and 1090 cm–1. Prominent troughs at 785 and 1090 cm–1

are also observed for the 1:12 complexes of CT DNA, EC DNA
and ML DNA and indications of weak troughs at these wave-
number values are seen even in 1:60 complexes (Figs 2–4).
Because the parent Raman bands are due to vibrations local-
ized in phosphate groups of the DNA backbone (C3′–O–P–O–
C5′ phosphodiester stretch at 785 cm–1 and PO2

– phosphodioxy
stretch at 1090 cm–1) (29,30), DNA phosphates are indicated as
the primary sites of polyamine binding. This finding represents
direct experimental evidence in favor of non-specific binding
of polyamines to genomic DNAs of differing GC:AT ratios; it
is consistent with models proposing electrostatic attractions
between the DNA phosphates and polyamine cationic groups
as the driving force for polyamine-induced DNA condensation.

The major groove of B-DNA is also involved in spermidine and
spermine recognition. The DNA Raman band near 1480 ± 10
cm–1 is due primarily to a vibration localized in the guanine
imidazolium ring (40). The precise wavenumber value of this
Raman marker is sensitive to the average hydrogen bonding
environment of guanine N7 sites (41,42). Such sensitivity can
be exploited to monitor interactions of major groove-binding
molecules (42–44). In CT DNA, EC DNA and ML DNA (Figs
2–4) we observe a difference trough near 1485 cm–1 and a
companion difference peak near 1475 cm–1, indicating a shift
of Raman intensity from ∼1485 to ∼1475 cm–1 with polyamine
binding. This implicates the guanine N7 sites along the major
groove of genomic B-DNAs in polyamine recognition and
suggests further that the bound polyamine molecules either
undergo hydrogen bonding interactions with guanine N7
acceptors or alter existing interactions (or environments) in the
vicinity of the guanine N7 sites.

The intensity of the DNA Raman band near 1375 cm–1 is
sensitive to the average amphipathic environment of thymine
C5H3 groups in the major groove of B-DNA and generally
increases with increasing hydrophobicity of the major groove
environment (42–44). The troughs near 1375 cm–1 in the

Figure 1. Raman spectrum of C.perfringens DNA (20 mg/ml, pH 7.0) in the
absence of polyamines (top trace) and the difference spectra obtained by
subtraction of the top trace from spectra of C.perfringens DNA in the presence
of 1, 5 and 60 mM spermidine [H3N(CH2)3NH2(CH2)4NH3]3+ and 1, 5 and
60 mM spermine [(CH2)4(NH2(CH2)3NH3)2]4+, as labeled. Mixtures contain
DNA at 20 mg/ml, pH 7.5 (21°C). Spectral resolution, 3 cm–1; spectral
averaging, 25–30 exposures of 20 s each; spectral accuracy, ±1 cm–1. For
normalization, contributions from DNA at 1420 cm–1 and in the interval
1200–1300 cm–1 have been compensated for (minimized) in difference spectra.
The Raman signature of the free polyamine has not been compensated for and
contributes positive difference peaks (cf. Fig. 5). The artifact occurring in
some difference spectra at 1122 cm–1 (Hg emission line) is marked by an asterisk.

Figure 2. Raman spectrum of calf thymus DNA (20 mg/ml, pH 7.0) in the
absence of polyamines (top trace) and the difference spectra obtained by
subtraction of the top trace from spectra of calf thymus DNA in the presence
of 1, 5 and 60 mM spermidine and 1, 5 and 60 mM spermine, as labeled. Other
conditions are given in the legend to Figure 1.
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difference spectra (Figs 1–4) imply more hydrophobic
environments in polyamine-free genomic DNAs than in corre-
sponding polyamine–DNA complexes. The 1375 cm–1 trough
correlates with the observed intensity change in the 1475–1485
cm–1 interval. Together, these results indicate that the major
groove of genomic B-DNA is perturbed by polyamine binding.

Dependence of spectral perturbations on genomic DNA
base composition

Although the pattern of polyamine–DNA recognition revealed
by the difference spectra of Figures 1–4 is generally very
similar at both the qualitative and semi-quantitative levels,
base composition-specific signals of polyamine binding are
suggested by the major groove Raman markers discussed in
the preceding section. In particular, the difference spectra of
CP DNA complexes (Fig. 1) do not exhibit a trough/peak
pattern at 1485/1475 cm–1 that is as prominent as those
observed in other genomic DNA complexes. Conversely, the
CP DNA complexes exhibit a trough feature near 1375 cm–1

that is more prominent than the corresponding feature in other
genomic DNA complexes. These findings are consistent with
the genomic DNA base compositions and presumably reflect
the low GC and high AT content of CP DNA, rather than

different binding mechanisms for the different genomic
species. Thus, while Spd and Spm presumably bind as effectively
to phosphates of CP DNA as to phosphates of other genomic
DNAs and apparently similarly perturb the respective B-DNA
major grooves, such perturbations are signaled differently in
GC-rich DNA (1485/1475 cm–1 markers) than in AT-rich DNA
(1375 cm–1 marker).

DISCUSSION AND CONCLUSIONS

We have employed Raman difference spectroscopy to compare
the Raman vibrational signatures of genomic B-DNA from
M.luteus (72% GC), E.coli (50% GC), calf thymus (42% GC)
and C.perfringens (27% GC) in both the absence and presence
of the polyamines Spd and Spm. Solutions containing low
(1:60), moderate (1:12) and high (1:1) molar ratios of
polyamine to DNA phosphate have been examined. The
Raman difference spectra establish that binding of Spd and
Spm to each genomic DNA can be detected definitively for
polyamine:phosphate ratios as low as 1:12. Even at the lowest
polyamine density examined (1:60), Raman evidence of
polyamine binding is suggested for GC-rich genomic DNA by

Figure 3. Raman spectrum of E.coli DNA (20 mg/ml, pH 7.0) in the absence
of polyamines (top trace) and the difference spectra obtained by subtraction of
the top trace from spectra of E.coli DNA in the presence of 1, 5 and 60 mM
spermidine and 1, 5 and 60 mM spermine, as labeled. Other conditions are
given in the legend to Figure 1.

Figure 4. Raman spectrum of M.luteus DNA (20 mg/ml, pH 7.0) in the
absence of polyamines (top trace) and the difference spectra obtained by
subtraction of the top trace from spectra of M.luteus DNA in the presence of 1,
5 and 60 mM spermidine and 1, 5 and 60 mM spermine, as labeled. Other
conditions are given in the legend to Figure 1.
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marginal perturbations to the guanine N7 (major groove
marker) band near 1485 cm–1.

The Raman difference spectra are indicative of a non-
specific molecular mechanism of polyamine–DNA recogni-
tion, i.e. binding is largely independent of genomic DNA base
composition. Because Raman bands due to localized vibrations
of the DNA phosphates (785 and 1090 cm–1) suffer the greatest
perturbations in the presence of Spd and Spm, we propose that
the polyvalent cations bind electrostatically near the DNA
phosphates. This conclusion is in accord with the observation
that all genomic DNAs precipitate within a relatively narrow
range of polyamine concentration, between 5 and 60 mM.

Our results show that localized phosphate vibrations are
influenced by Coulombic interactions with non-localized,
electrostatically bound multivalent cations. This is not
surprising, because the force field experienced by the phos-
phates should be sensitive to an electrical potential gradient,
whether produced by specific site binding or by averaging the
fields of mobile ions. Such fields will certainly differ for multi-
valent and monovalent cations.

Polyamine interaction with DNA phosphates is also accom-
panied by perturbation of the major groove of B-DNA, evident
in GC-rich genomes as a shift to lower wavenumber of the
guanine 1485 cm–1 marker and in AT-rich genomes by
suppression of the intensity of the thymine 1375 cm–1 marker.
Similarities among the difference spectra obtained on the three
genomic DNAs (CT, EC and ML) of highest GC content (42,
50 and 72%) suggest that a binding threshold (∼42% GC) may
exist above which additional structural perturbation of the

major groove is not significant. Although the present study
does not address the question of whether DNA-bound
polyamines actually reside along the major groove and interact
not only with phosphates but also with accessible base sites
(such as N7 of guanine and C5H3 of thymine), such inter-
actions are not inconsistent with the Raman data. Molecular
dynamics simulations of spermine–phosphate interactions in
GC-containing nucleic acid models also support major groove
binding (45).

Very low concentrations of polyamines (polyamine:phos-
phate <1:60) reduce the persistence length of DNA, presumably
through an electrostatic mechanism that increases the local
curvature and/or flexibility of the double helix (46–49).
Although Raman markers of bent B-DNA have been proposed
recently (43), no evidence of such markers is apparent in the
difference spectra reported here at low polyamine concentrations.
This is not surprising, because the proposed structural fluctu-
ations are relatively infrequent and are expected to affect <1%
of the nucleotide residues, thus producing little or no detectable
change in the DNA Raman signature. At higher polyamine
concentrations, the Raman difference spectra clearly reveal
that both Spd and Spm bind to the DNA backbone and
ultimately perturb the guanine N7 and thymine C5H3 sites.
These findings are consistent with previous studies of model
nucleic acids showing that spermine inhibits guanine N7
alkylation induced by the crosslinking reagent 2,5-diaziridinyl-
benzoquinone (50).

Of particular interest is the present finding that polyamine
binding has a negligible effect on the B-form secondary struc-
ture of genomic DNA. Recent NMR studies of oligonucleotide
solution structures in the absence and presence of polyamines
have led to the proposal that polyamines can promote B→A
(51) or B→Z (52) secondary structure transformations. We
find no evidence to suggest similar transformations in any
genomic DNA. Indeed, polyamine-bound genomic DNA
maintains the B-form structure even upon precipitation
(condensation). The capability of both Spd and Spm to bind
and condense genomic DNA while conserving the native B-form
secondary structure may have important biological implications.

We have shown previously that divalent transition metal ions
bind primarily to the DNA bases and radically disrupt the
structure of B-DNA (33,34). In contrast, polyamines bind
primarily to the DNA phosphates to preserve and stabilize the
B duplex (53). (Similar binding also occurs for divalent alkaline
earth metal cations; 33,34.) A comparison of perturbations to
the genomic DNA Raman signatures generated by the binding
of polyamines, transition metals and alkaline earth metals is
given in Table 1. The contrasting differences between transition
metal and polyamine binding can be rationalized in terms of
the proposed mechanisms. Thus, the transition metals bind
prolifically to nitrogenous base sites (including N7 as well as
imino and amino nitrogens), which induces rupturing of inter-
base hydrogen bonds, proton release and destabilization of
base stacking. This facilitates strand separation and, subsequently,
strand crosslinking through metal bridge formation. Ultimately,
the metalated and crosslinked DNA strands precipitate from
solution (34). Conversely, polyamines, like alkaline earth
metals, bind to the phosphates of the DNA backbone, without
significantly perturbing either base pairing or base stacking
interactions of B-DNA. The trivalent (Spd) and tetravalent
(Spm) ligands presumably mediate the compaction of genomic

Figure 5. Raman spectra of spermidine (top trace) and spermine (bottom
trace), each at 60 mM in H2O solution, 21°C, pH 6.5. Labels indicate proposed
vibrational assignments (st, stretch; tw, twist; wg, wag; sc, scissor). The
1454 cm–1 band is assigned to the sc mode of methylene groups linked to a
nitrogen atom.
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B-DNA by binding electrostatically to neighboring helix
surfaces and forming self-organized but mobile surface lattices
of ions. These lattices adjust to those on the adjoining surface
to form a configuration of minimum free energy (54). Thus,
electrostatic shielding of the phosphates facilitates closer
helix–helix surface contacts and, ultimately, polymer conden-
sation.

It has also been proposed that spermine can act as an intra-
helical tether of B-DNA by bridging the minor groove to form
electrostatic bonds with phosphates of the two strands in the B
duplex (55). A similar polyamine cross-strand interaction has
been proposed in the crystal structure of the A-DNA oligomer
d(GTGTACAC) (22). We find no direct evidence of such
interactions in the higher molecular weight genomic DNAs
examined here.

Although polyamine binding does not promote reorganization
of the B-form secondary structure of genomic DNA, the impact of
polyamine binding to phosphates may be sufficient to interfere
with the binding or release of gene regulatory proteins.
Polyamines may also fulfill a role in gene regulation either
directly through major groove occupancy or indirectly through
modulation of major groove dimensions. The importance of
both phosphate and major groove sites in gene regulation is
well established (56). Future work will focus on gaining
insight into the potential role of polyamines in regulating inter-
actions of DNA-binding proteins with their DNA target sites.
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