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ABSTRACT: Structural effects of binding the intercalating drug ethidium bromide (EtBr) to 160 base pair
(bp) fragments of nucleosomal calf thymus DNA have been probed by the method of Raman difference
spectroscopy. With the use of a near-infrared (NIR) laser source to excite the Raman spectrum at 752 nm,
vibrational signatures of both the EtBr intercalant and DNA target have been identified in spectra of the
drug-DNA complexes. Analysis of the results obtained on complexes consisting of 1 EtBr bound/10 bp
leads to the following conclusions: (i) Raman markers diagnostic of DNA phosphodiester conformation
are converted from the B type to the A type with EtBr binding, commensurate with the proportion of
ethidium-bound nucleotides in the complex. (ii) Ethidium binding converts deoxynucleoside sugar puckers
from the C2′-endo to the C3′-endo conformation, also consistent with binding stoichiometry. Both
pyrimidine and purine deoxynucleoside sugar puckers are perturbed by the phenanthridinium ring
intercalation. (iii) Phenanthridinium insertion between bases is accomplished with no apparent change in
hypochromicities of purine or pyrimidine Raman markers, indicating that base-phenanthridinium
interactions provide compensatory hypochromic effects. (iv) Novel Raman markers of helix unwinding
have been identified and assigned primarily to methylene deformation modes of the deoxyribosyl C2′H2

and C5′H2 groups. The present study provides new insights into drug-DNA recognition in solution and
demonstrates the feasibility of NIR-Raman spectroscopy for structural studies of highly chromophoric
DNA complexes.

A goal of drug-based therapy is the targeting of a ligand
to DNA to alter genome structure and function with high
specificity. Rational drug design thus requires detailed
knowledge of both the binding characteristics of the drug
and the structural consequences of ligation. Ideally, such
information is required for DNA targets of genomic size and
complexity. While thermodynamic and kinetic properties
have been assayed for a wide range of drugs and DNA targets
(1-3), structural studies have been limited almost exclusively
to drug ligation by small oligonucleotides (4-14).

Raman spectroscopy has the potential to probe structural
details of solution complexes between drugs and DNA
molecules of genomic size and topological diversity. Typical
of DNA-intercalating drugs is ethidium bromide (EtBr),1 a
phenanthridinium compound (Figure 1) for which consider-
able DNA binding data have been reported (15-17).
Unfortunately, conventional Raman analysis of ethidium and
its DNA complexes by use of laser excitation wavelengths
in the visible region is not feasible owing to the prohibitively
intense fluorescence of the phenanthridinium moiety through-
out much of the 400-600 nm interval. Although fluorescence
interference could be circumvented in principle by use of
Fourier transform (FT) Raman spectroscopy via 1064-nm

excitation, the FT-Raman approach suffers from very low
spectral sensitivity. Similarly, the FTIR method is disadvan-
taged vis-a`-vis Raman by the very high opacity of water to
infrared radiation. Finally, we note that the method of
ultraviolet-resonance Raman (UVRR) spectroscopy of drug-
DNA complexes is also limitedsin this case by the fact that
UV laser excitation wavelengths below 400 nm preclude the
possibility of gaining direct structural information about the
DNA backbone (18).

We have overcome all of the foregoing limitations and
succeeded in obtaining Raman spectra of both ethidium-free
and ethidium-bound DNA using the near-infrared (NIR) laser
excitation wavelength of 752 nm and a Raman spectrometer
system designed for optimum performance in the NIR region.
NIR excitation of the Raman spectrum not only circumvents
ethidium fluorescence but also has the potential to simulta-
neously probe both the drug and DNA components of a
complex. NIR-Raman spectroscopy of ethidium/DNA is
therefore expected to reveal structural features of the DNA
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FIGURE 1: Structural formula of ethidium bromide (EtBr).
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phosphodiester backbone as well as those of the base and
phenanthridinium residues (19-23).

Much of our understanding of the structural details of
ethidium-bound nucleic acids is derived from X-ray analyses
of crystalline complexes of EtBr with various diribonucleo-
side monophosphates (4, 5). A consequence of phenanthri-
dinium intercalation in these RNA fragments, irrespective
of the base sequence, is C2′-endo puckering of the 5′-ribosyl
moiety and C3′-endo puckering of the 3′-ribosyl moiety. Such
mixed sugar puckering may facilitate the increased interbase
separation (6.7 Å) and reduced winding angle (8-10°) that
are imposed by phenanthridinium intercalation (24, 25).
Crystallography of the EtBr/ribodinucleotide complexes
indicates that the phenyl and ethyl groups of ethidium are
positioned in what would represent the minor groove of an
extended nucleic acid duplex, while the positive charge of
the phenanthridinium moiety (Figure 1) is situated so as to
provide favorable electrostatic interaction with the nucleotide
phosphate. Hydrogen bonding between phenanthridinium and
RNA (or DNA) sites is not suggested by the crystal
structures. The absence of such hydrogen bonds is presumed
to distinguish ethidium from other more complex nucleic
acid intercalators (6).

In addition to offering the prospect of new insights into
structural consequences of ethidium intercalation, Raman
spectroscopy of EtBr/DNA complexes is expected to comple-
ment ongoing Raman studies of protein-DNA recognition
(20, 21, 23). For example, the unwinding of double-stranded
B-DNA that is induced by phenanthridinium intercalation
(24, 25) can also be promoted by DNA-binding proteins (26,
27). Such ligand-induced unwinding is expected to signifi-
cantly perturb well-characterized Raman markers of B-DNA
(21-23). Raman band perturbations specific to DNA helix
unwinding have been difficult to assess from studies of
protein-DNA complexes because the protein-induced un-
winding also generates a myriad of other local structural
perturbations in B-DNA, including bending and kinking of
the double helix (28-30). Accordingly, the present study is
expected to provide an alternative approach for evaluating
how changes in the helix winding angle may affect the
Raman signature of B-DNA.

In this work we show that ethidium intercalation of
B-DNA in the EtBr/DNA complex causes pronounced
changes to the Raman signatures of both the EtBr and DNA
components. To delineate spectral perturbations, we have
examined both H2O and D2O solutions of the EtBr/DNA
complexes and exploited the fact that qualitatively and
quantitatively different deuteration shifts are observed for
the EtBr and DNA constituents. We have found that changes
in Raman markers of the DNA backbone which result from
ethidium intercalation provide an interesting complement to
those reported previously for other DNA structural transitions
(31-33).

MATERIALS AND METHODS

Mononucleosomal 160-bp DNA was prepared by digesting
high-molecular-weight calf thymus DNA (Amersham Phar-
macia) by standard methods (34). Electrophoresis-grade
ethidium bromide (EtBr) was purchased from Fisher Scien-
tific. Oligonucleotide duplexes [d(GC)6 and d(AT)10] were
purchased from Sigma-Genosys (The Woodlands, TX). H2O

and D2O solutions of DNA or oligonucleotides (25 mg/mL),
EtBr (1.6 mg/mL), and their complexes were prepared
containing 100 mM NaCl and adjusted to neutrality (pH or
pD 7) by addition of dilute NaOH or NaOD. Spectral data
shown below were obtained primarily from complexes
containing one EtBr molecule/10 bp in the DNA target.

For Raman measurements, aliquots of solutions of EtBr,
DNA, and 1:5 and 1:10 complexes were sealed in glass
capillaries. Raman spectra were collected on a Kaiser Optical
HoloSpec VPT spectrometer (Ann Arbor, MI) equipped with
a liquid-nitrogen-cooled, charge-coupled device detector
optimized for the near-infrared region (Roper, model
1024EHRB, Trenton, NJ). Spectra were excited at 752 nm
with ∼150 mW of radiant power from a titanium/sapphire
laser (Coherent, model 890, Palo Alto, CA), which was
pumped at 532 nm (Spectra-Physics, model Millennia X,
Mountain View, CA). Each spectrum displayed in the figures
is the average of 140 exposures of 15 s each. Raman
wavenumbers were calibrated by use of the emission lines
from a neon lamp and the 459 cm-1 band of liquid CCl4.
Weak scattering by the aqueous solvent was removed by
established computer subtraction techniques (35). Raman
markers of the DNA phosphate group (1092 cm-1) and EtBr
phenyl ring (1001 cm-1) were employed for spectral intensity
normalizations, as also described previously (31, 36).

Complexes of the desired stoichiometry (e.g., 1 EtBr/10
bp of DNA) were prepared by use of the known molar
extinction coefficients of EtBr (ε480 ) 5860 M-1 cm-1) and
DNA (ε260 ) 6600 M-1 cm-1). The Raman difference
spectrum between complex and sum-of-constituents was
computed (20) by compensating the marker bands serving
as intensity standards for DNA (1092 cm-1) and EtBr (1001
cm-1). In this protocol, the sum-of-constituents spectrum is
generated by direct addition of the component spectra (EtBr
and DNA), weighted appropriately to ensure no residual
difference intensity at either 1092 or 1001 cm-1 in the
subsequently computed digital difference spectrum. Typi-
cally, only a few iterations were required to achieve the
correct weighting.

RESULTS

1. NIR-Raman Spectrum of Ethidium Bromide.The 752-
nm excited Raman spectrum of ethidium bromide (EtBr) in
H2O solution is shown in trace A of Figure 2. The 450-
1750 cm-1 interval of this spectrum, which is rich in Raman
bands due to localized vibrations of the phenanthridinium,
phenyl, and ethyl moieties, represents the first reported
Raman signature of an ethidium compound. A Raman
spectrum of similar quality, also with 752-nm excitation, has
been obtained for the D2O solution of EtBr (not shown in
Figure 2 but available as Supporting Information). Prelimi-
nary assignments for the Raman bands of EtBr, based upon
the H2O and D2O solution spectra and additional Raman data
from model compounds, are given in Table 1. More detailed
assignments for selected vibrational modes of the phenan-
thridinium ring have also been discussed elsewhere (37).

2. NIR-Raman Spectra of DNA and Ethidium-DNA
Complexes.The 752-nm excited Raman spectrum of 160-
bp DNA in H2O solution is shown in trace C of Figure 2.
This spectrum exhibits all of the Raman bands diagnostic
of B-DNA (31, 38-41). As expected, however, the band
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intensities for 752-nm excitation are markedly different than
those reported previously for 488-, 514-, and 532-nm
excitations. A tabulation of the Raman band assignments and
relative Raman intensities observed for 752- and 532-nm
excitations of the DNA spectrum is given in Table 2. Further
discussion of the Raman band assignments of B-DNA has
been given elsewhere (19).

Trace B of Figure 2 shows the Raman spectrum of a
complex of EtBr with 160-bp DNA, obtained by titrating
the DNA with EtBr up to a molar ratio of 1 ethidium/10
base pairs (1:10 EtBr/DNA). At this stoichiometry, virtually
all of the ethidium is bound to DNA whereas no more than
20% of the DNA bases can be affected (42). Although
Raman bands of both EtBr and DNA contribute prominently
to the spectrum of the complexsas indicated in Figure 2 by
the vertical lines interconnecting prominent bands of the
complex with those of the constituentssthe binding stoichi-
ometry employed here implies that Raman bands of EtBr
will be more affected than those of DNA.

Trace D of Figure 2 illustrates the prolific Raman
difference spectrum obtained by subtracting from the spec-
trum of the EtBr/DNA complex (trace B) the spectral sum
of its EtBr (trace A) and 160-bp DNA (trace C) constituents,
demonstrating that complex formation leads to extensive
perturbations of localized vibrational modes of the interacting
drug and DNA molecules. The largest spectral perturbations
are evident for phenanthridinium Raman markers in the
1350-1400 cm-1 interval, although significant perturbations
are also observed for DNA Raman markers in the 600-850
and 1400-1600 cm-1 intervals. Interpretation of these results
in terms of the interacting molecular sites is facilitated by

consideration of complementary data from corresponding
D2O solutions (Figure 3). Analogous approaches have been
used previously to facilitate interpretation of DNA confor-
mational transitions (32, 43) and protein-DNA interactions
(44).

Figure 3 compares the Raman difference spectrum of the
H2O solution of the EtBr/DNA complex with its D2O solution
counterpart (top trace) and also with difference spectra for
model oligodeoxynucleotide/EtBr complexes (bottom two
traces). Here, the ordinates for the intervals 600-900 cm-1

(left panel) and 1250-1750 cm-1 (right panel) have been
appropriately scaled to accommodate the greater magnitude
of perturbations suffered by EtBr markers of the latter
interval.

DISCUSSION

Raman spectroscopy has been exploited previously as a
conformational probe of genomic DNA complexes in aque-
ous solutions and condensed states (38, 41, 45-49). Here,
we extend the method by use of near-infrared laser excitation
to solutions of the highly chromophoric complex formed
between the intercalating drug ethidium bromide (EtBr) and
monodisperse nucleosomal calf thymus DNA fragments of
160 bp.

FIGURE 2: Raman spectra (450-1750 cm-1) of solutions of EtBr
at 1.6 mg/mL (trace A), 160-bp DNA at 20 mg/mL (trace C), and
the EtBr/DNA complex (trace B) at 20 mg/mL. The complex
contains 1 EtBr ligand/10 base pairs (bp). Spectra were excited at
752 nm and corrected for contributions from the aqueous solvent
(100 mM NaCl, pH 7.0, 20°C). Also shown is the computed Raman
difference spectrum (trace D) obtained by subtracting the spectral
sum (trace A+ trace C) from the spectrum of the complex (trace
B). The difference spectrum shows to scale the magnitudes of
Raman band shifts and intensity changes resulting from ethidium-
DNA interaction. Vertical broken lines connect key marker bands
in spectra of EtBr and DNA to their counterparts in the spectrum
of the complex; dotted lines connect bands of EtBr or DNA that
are shifted significantly in the complex.

Table 1: Raman Frequencies,a Intensities, and Assignments for
Ethidium Bromide

H2O solution D2O solution

frequency
(cm-1)

relative
intensity

frequency
(cm-1)

relative
intensity assignmentb

519b 0.2 512 0.2
562 0.4 560 0.4

590 0.2 ND2 def (wag?)
615 0.3 617 0.3 phenyl ring
654 0.1 648 0.2
697 2.2 692 1.8 phenanthridinium ring
821s 0.2 NH2 def (wag?)
839 1.3 829 1.6 phenanthridinium ring
943 0.3 950s 0.2
964 1.2 971 1.1

1001 0.9 1001 0.9 phenyl ring
1012s 1.6 C-N str
1029 0.3 1030 0.2 phenyl ring
1088 0.4 1088 0.3 C-C, C-N str
1119s 0.4 C-C, C-N str
1125b 0.5 1125 0.5 C-C, C-N str
1162 0.7 C-C, C-N str
1156 1.3 ND2 def (scissor?)
1177 0.6 1179 0.9 phenyl ring
1198s 0.4 C-C, C-N str
1210 0.6 1210 0.8 phenyl ring
1233 1.0 1243 0.4 CH def
1261 1.0 1276s 1.4 CH def
1284 1.6 1288 2.2 CH def
1317b 0.5 phenanthridinium ring
1352 1.4 1344s 2.8 phenanthridinium ring
1362s 3.5 1357s 3.4 phenanthridinium ring
1377 10.0 1369 10 phenanthridinium ring
1386s 3.0 1389s 1.7 CH3 def
1413 2.7 1411 4.0 phenanthridinium ring
1445 2.6 1440 3.0 CH2 def
1468 1.0 1461 1.7 CH3 def
1487 0.8 1486 0.5 phenanthridinium ring

1549s 0.4
1575 1.2 1573 1.2 phenanthridinium ring
1603 2.0 1603 2.3 phenyl ring
1626 2.3 1629 4.2 NH2 sci; phenanthridinium ring
2884 nd nd nd al CH str
2945 nd nd nd al CH str
3002 nd nd nd ar CH str

a Frequencies are in wavenumber (cm-1) units; and relative intensities
are on an arbitrary 0-10 scale.b Abbreviations: b, broad band; s,
shoulder; def, deformation; str, stretch; sci, scissor; al, aliphatic; ar,
aromatic; nd, not determined.
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1. Raman Fingerprint of Ethidium-DNA Interaction.The
difference spectrum computed by subtracting the sum of
Raman spectra of DNA and EtBr constituents from the
Raman spectrum of their EtBr/DNA complex represents a
Raman fingerprint of ethidium-DNA interaction. Examples
of such fingerprints are shown in Figure 3 for complexes of
EtBr with d(AT)10, d(GC)6, and 160-bp calf thymus nucleo-
somal DNA. The 1200-1700 cm-1 interval of each finger-

print of Figure 3 exhibits many prominent features (peaks
at 1267, 1285, and 1348 cm-1 and peak/trough couplets at
1371/1379 and 1620/1629 cm-1) that are independent of the
base composition of the DNA target. Accordingly, these
difference features also represent a fingerprint of phenan-
thridinium intercalation, irrespective of the target base
sequence. The peak/trough couplets at 838/844, 1410/1420,
1436/1448, and 1465/1475 cm-1, which are also common
to the three complexes, are likewise assigned primarily to
the intercalated drug. Although weaker overlapping Raman
bands of DNA may be present (Table 2), assignment
primarily to intercalated EtBr is justified by the fact that the
observed deuteration shifts (cf. top two traces of Figure 3)
parallel those observed upon deuteration of the free drug
(Table 1).

The 600-900 cm-1 interval of Figure 3 also reveals
Raman difference features between each of the three EtBr/
DNA complexes and its constituents. However, because the
ordinate scale for this interval of the spectrum has been
expanded 8-fold in relation to the accompanying 1200-1700
cm-1 interval, these difference features are relatively small
by comparison. With the possible exception of the sharp
troughs and peaks between 690 and 700 cm-1, all of the
difference features of the 600-900 cm-1 interval are
assignable to DNA (Table 2) and all appear to be dependent
in detail upon the base sequence. We note, for example, that
the 806 cm-1 difference feature occurs as a dominant peak

Table 2: Raman Band Frequencies and Intensities of Nucleosomal
Calf Thymus DNA (160 bp) Obtained with 752- and 532-nm
Excitationsa

752 nm 532 nm

frequency
(cm-1)

relative
intensity

frequency
(cm-1)

relative
intensity assignmentb

415 0.8 412 0.9
432 0.7 437 0.6
452 0.6
472 0.7
490s 1.0
501 2.8 497 2.0 G, T
534 0.7 532 0.6 A
567 0.6 562 0.5 T
583 0.5 578 0.6
596 0.8 594 1.0 C, G
626 0.4
646 0.8 642 0.6 A, C
670 2.4 670 2.5 T
682 3.3 681 3.4 G
729 3.8 727 3.5 A
750 2.6 748 2.3 T
784 10.0 785 10.0 C
788s 9.9 bk (OPO str)
835 2.9 834 2.9 bk (OPO str)
894 1.3 894 1.6 bk
917 1.1 919 1.2 bk
925 1.0 bk
970 0.9 971 0.5 bk

994 1.2 bk
1011 2.7 1013 2.2 T
1053 3.0 1052 2.2 bk (CO str)
1067 2.6 1070 2.1 bk (CO str)
1092 8.2 1092 8.2 bk (PO2- str)
1107s 3.2 bk
1142 1.2 1142 0.9 T
1175 2.0 1177 1.8 T
1190 2.0 1191 1.5 bk
1212 3.5 1214 3.2 T, A
1237 3.8 1237 1.1 T
1254 5.7 1255 5.1 C, A, T
1292s 3.8 1292s 4.1 C
1301 4.8 1302 5.2 A, T
1318 3.8 1315 3.8 G
1336 6.7 1337 7.1 A, G
1375 8.2 1374 8.8 T, G, A
1385s 3.5
1420 4.1 1420 3.1 A, bk (C5′H2 def)
1443 2.1 1443 1.1 bk (C5′H2 def)
1460 3.4 1461 2.1 bk (C2′H2 def)
1488 6.6 1488 8.8 G, A, T
1510 2.7 1510 1.9 A, C
1532 0.7 1528 0.4 C, G
1577 7.5 1577 7.6 G, A

1600 1.6 C
1647 3.8 1650 3.3 T (C4)O/C5)C6 str), C
1670 5.8 1668 4.6 T (C4)O/C5)C6 str)
1686s 4.7 1693 2.9 T (C2)O str)
1716s 2.4 1715 1.7 G (C6)O str)

a Frequencies are in wavenumber (cm-1) units and relative intensities
are on an arbitrary 0-10 scale, with 10 assigned to the most intense
band (784 cm-1) in each spectrum; s indicates a partially resolved
shoulder.b A, T, G, C, and bk indicate bands assigned to base ring
vibrations and the DNA backbone, respectively. Other abbreviations:
str, stretch; def, deformation. More specific bond vibrational assign-
ments, when known, are given in parentheses. (See also refs48, 55,
and56.)

FIGURE 3: From top to bottom: Raman difference signatures (600-
900 and 1200-1750 cm-1 regions) of the 1:5 EtBr/DNA complex
in D2O and H2O solutions and corresponding 1:10 complexes of
EtBr with model oligodeoxynucleotides containing only GC pairs
[EtBr/d(GC)6] and only AT pairs [EtBr/d(AT)10]. The ordinate scale
of the 600-900 cm-1 spectral interval is expanded 8-fold in relation
to the accompanying 1200-1750 cm-1 interval. The dashed lines
connect difference features that are common to all the complexes;
dotted lines connect difference features that are base-composition-
dependent. Experimental conditions are as given in Figure 2.
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in 160-bp DNA but as a lesser peak in d(AT)10 and as an
obscure shoulder in d(GC)6. Accordingly, this interval of the
difference spectrum is proposed as a fingerprint of nucle-
otide-specific structural perturbations induced by EtBr at its
particular binding sites, as discussed in the following section.

2. DNA Structural Perturbations: (a) Deoxyribosyl Con-
formation. Ethidium-intercalated sites in crystal structures
of ribodinucleoside monophosphate complexes are character-
ized by C3′-endo and C2′-endo puckering for the 3′- and
5′-ribosyl moieties, respectively, in lieu of the exclusively
C3′-endo puckering observed in the absence of bound
ethidium. The mixed sugar conformations of the complex
presumably accommodate the low helix winding angle (Ω
∼ 10°) and large base pair separation (Dz ) 6.7 Å) resulting
from ethidium insertion (7). In such complexes, ethidium
has been described as asimple intercalator, engaged in
stacking interactions with the bases and electrostatic interac-
tions with the oppositely charged sugar-phosphate backbone.
Conversely,complex intercalators are distinguished by a
normal helix winding angle (Ω ∼ 36°) and exclusively C3′-
endo ribosyl puckering. Although no crystal structure is
available for any oligodeoxynucleotide complex of EtBr, it
has been proposed that the simple and complex intercalation
models apply also to DNA models (7). Because both simple
and complex intercalations are characterized by C3′-endo
puckering at the intercalation sites (though in different
amounts), it is of interest to assess whether such C3′-endo
puckering is evidenced by Raman markers of the EtBr/DNA
complexes examined here.

Raman bands of DNA that are potentially informative of
deoxyribosyl pucker (and glycosyl bond torsion angle) occur
in the interval 600-900 cm-1 (19, 50). Those of dT and dG
have been particularly useful in previous studies (51-54).
For example, the C2′-endo/anti dT conformation of B-DNA
has a Raman marker at 750 cm-1, which undergoes an
approximate 50% loss of intensity upon changing to the C3′-
endo/anti dT conformation ofA DNA (32). Similarly, the
C2′-endo/anti dG conformation has a Raman marker at 682
cm-1, which shifts to approximately 664 cm-1 for the C3′-
endo/anti dG conformation (52).

Interestingly, the Raman difference signature of EtBr/
d(AT)10 (Figure 3, bottom trace) exhibits a trough at 750
cm-1, consistent with a conversion of dT moieties from C2′-
endo/anti to C3′-endo/anti. Based upon Raman studies of
the B-DNA f A-DNA transition (32), the observed trough
intensity corresponds to pucker conversion by 15%( 7%
of deoxynucleoside residues, where the limit error reflects
the spectral noise level. Although the precision of the results
is not sufficient to distinguish between models of simple
(10% conversion expected) and complex intercalation (20%
conversion), the Raman spectrum identifies intercalant-
induced dT conformational change in the solution complex
of EtBr/d(AT)10. A 750 cm-1 trough corresponding to 15%
( 8% dT pucker conversion is also revealed in the Raman
difference signature of the EtBr/DNA complex (Figure 3,
second trace from top). As expected, this type of difference
feature is absent from the EtBr/d(GC)6 complex.

In the case of EtBr/d(GC)6 we observe a trough at 681
cm-1 and peak at 670 cm-1 (Figure 3, second trace from
bottom), which are features consistent with a conversion of
dG moieties from C2′-endo/anti to C3′-endo/anti. Again,
based upon the B-DNAf A-DNA studies (52), the results

suggest 15%( 8% pucker conversion. Similar shifting of
dG conformational markers occurs in the EtBr/DNA complex
(Figure 3, second trace from top).

The data of Figure 3 indicate that ethidium intercalation
in DNA of mixed base composition drives deoxynucleosides
of both pyrimidines and purines from C2′-endo to C3′-endo
sugar pucker.

(b) Phosphodiester Conformation.A positive difference
feature is observed near 806 cm-1 in all difference spectra
displayed in Figure 3. This Raman difference band most
likely arises from a conformational rearrangement of phos-
phodiester torsion angles of the DNA backbone in the
complex. Consistent with this assignment is the persistence
of the difference feature in the deuterated complex (Figure
3, top trace). A Raman band near 806 cm-1 has been assigned
previously as a Raman marker diagnostic of A-DNA (32).
The combination of an 806 cm-1 band and C3′-endo/anti
nucleoside conformers is compatible with ethidium-induced
transformation of the DNA backbone from the B form to
the A form at the sites of intercalation. Additional band shifts,
788f 779 and 1420f 1410 cm-1, are reminiscent of those
reported earlier for the Bf A transformation of poly(dA-
dT)‚poly(dA-dT) (32).

(c) Base Stacking.Phenanthridinium intercalation in the
EtBr/DNA complex approximately doubles the vertical
separation of the bases (Dz) to 6.7 Å (4). Because this results
in no change of Raman hypochromism for the well-
characterized and sensitive base-stacking markers of dA and
dT near 728 and 1238 cm-1, respectively (55, 56), we
conclude that base-phenanthridinium stacking effectively
compensates for the eliminated base-base stacking interac-
tions.

(d) Helix Unwinding.Phenanthridinium intercalation in
EtBr/DNA complexes reduces the helix winding angle (Ω)
of B-DNA from 36° to approximately 10° (12-14). To
assess whether Raman markers of helix unwinding could be
identified in the difference spectrum of the EtBr/DNA
complex (Figure 3), the present results have been compared
with Raman difference signatures of other DNA structure
transformations (19) and protein/DNA complex formations
(23, 57). For example, helix unwinding that accompanies
the binding of architectural proteins to B-DNA is known to
perturb Raman indicators of backbone geometry in the
1410-1470 cm-1 interval (21-23). Similar Raman band
perturbations also accompany the Bf A transformations
of DNA (31, 39, 58) and polynucleotides (32, 58). The
affected Raman markers, which are assignable primarily to
methylene deformation modes of the deoxyribosyl C2′H2 and
C5′H2 groups (Table 2), are significantly perturbed by EtBr
binding to B-DNA (Figure 3). Accordingly, we attribute the
pattern of peaks and troughs in the 1410-1470 cm-1 interval
in the difference spectra of Figure 3 to phenanthridinium-
induced helix unwinding and accompanying changes (C2′-
endo f C3′-endo) in deoxyribosyl ring pucker. A very
similar difference signature is also observed in the D2O
solution spectrum (Figure 3, top trace).

(e) Other.Hydrogen-bonding interactions between exo-
cyclic substituents of the bound drug and the phosphate
oxygens of DNA may also stabilize the intercalative geom-
etry of simple intercalators such as EtBr. However, these
are not expected to produce large spectral perturbations to
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Raman markers of either the drug (EtBr) or its target (DNA),
and no difference bands are so assigned in Figure 3.

CONCLUSIONS

Raman spectra of complexes formed between ethidium
bromide and 160-bp DNA with drug/base pair stoichiom-
etries of 1:10 and 1:5 have been successfully obtained for
the near-infrared laser excitation wavelength of 752 nm.
Structural markers of both the drug and DNA moieties have
been identified in the spectra and assigned to localized
vibrational modes of interacting groups. Comparison of the
Raman signature of each complex with corresponding
signatures of its drug and DNA constituents indicates that
phenanthridinium intercalation at∼10% of base sites drives
approximately 10-20% of DNA deoxynucleosides from C2′-
endo pucker (B-type conformation) to C3′-endo pucker (A-
type conformation). Both pyrimidine and purine deoxynu-
cleosides are affected. The results obtained here thus extend
earlier findings (12-14), which identified changes only in
the puckering of purine deoxynuclosides.

Raman spectra of EtBr/DNA complexes also extend earlier
findings on key Raman markers of nucleic acid backbone
conformation (58, 59). Thus, drug-intercalated DNA exhibits
a Raman marker near 806 cm-1, which is analogous to the
Raman markers observed near 805-815 cm-1 in spectra of
RNA (59, 60), deformed DNA (61, 62), and many nucle-
oproteins (23, 63, 64). In all cases, the Raman marker is
diagnostic of the C3′-endo sugar conformation, which is
absent from canonical B-DNA and other nucleic acids
containing only C2′-endo sugars. Ethidium-induced shifts of
B-DNA Raman markers at 680, 750, 790, 1420, 1445, and
1460 cm-1 have also been identified with phenanthridinium
intercalation and may reflect structural perturbations to either
the backbone or base environments of the DNA target.

Finally, the present study demonstrates the effectiveness
of NIR-Raman spectroscopy as a structural probe of highly
fluorescent DNA complexes.

SUPPORTING INFORMATION AVAILABLE

Figures comparing NIR-Raman spectra of EtBr in H2O
and D2O solutions (Figure S1) and showing the original data
used to generate the difference traces of Figure 3 (Figure
S2). This material is available free of charge via the Internet
at http://pubs.acs.org.
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