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ABSTRACT: Negative supercoiling in the 2686 bpEscherichia coliplasmid pUC19 is comparable in linking
number (Lk0 ) 258) and superhelical density (σ ) -0.05) to the moderate supercoiling exhibited by
many eukaryotic chromosomal DNAs in vivo. Supercoiled and relaxed forms of purified pUC19 in aqueous
solution (0.1 M NaCl, pH 8.3, 20°C) have been investigated by Raman spectroscopy to assess changes
in B-DNA secondary structure induced by superhelical stress and to identify putative Raman markers of
DNA supercoiling. We find that supercoiling leads to small but significant changes to the B-form Raman
signature of linear DNA. Spectral band shifts in the 780-850 cm-1 interval are interpreted as resulting
from a small net change in the average phosphodiester torsionsR (O3′-P-〉-O5′-C5′) and ú (C3′-
O3′-〉-P-O5′) from the gauche-/gauche- range to thegauche-/trans range with supercoiling. The
magnitude of the spectral intensity change implies that approximately 5% of the nucleotide moieties are
affected. Supercoiling also introduces small redistributions of Raman intensity within the 1460-1490
and 1660-1670 cm-1 intervals, consistent with small structural perturbations. Importantly, no Raman
markers of Watson-Crick base pairing, base stacking, or C2′-endo/anti deoxynucleoside conformations
are perturbed significantly by supercoiling of pUC19, indicating that the B-DNA structure is largely
conserved under moderate superhelical stress. Peak and trough features at 814 and 783 cm-1, and at 1462
and 1489 cm-1, respectively, in the Raman difference spectrum between superhelical and relaxed DNA
are proposed as markers of moderate negative supercoiling. We also show that in Tris-buffered solutions
the Raman signature of supercoiled DNA can be obscured by Raman bands of Tris counterions. The
subtle structural perturbations to B-DNA induced by moderate supercoiling are consistent with proposed
mechanisms of transcriptional activation.

Molecular mechanisms of genome replication, recombina-
tion, transcription, repair, and condensation all involve
supercoiled states of DNA. Supercoiling, which can be either
negative (underwinding) or positive (overwinding), is a
structural adjustment that reduces stress without cleaving the
covalently closed double-stranded (ds)1 DNA molecule (1).
The thermodynamic parameter relevant to supercoiling is the
Gibbs free energy (∆GLk), which is associated with the
difference (∆Lk) between linking numbers of the supercoiled
(Lk) and relaxed (Lk0) forms of DNA. The linking number
represents the number of times one strand of the duplex
crosses the other. Supercoiling may also be characterized in
terms of the superhelical density parameter,σ (t∆Lk/Lk0).

Coupling of∆GLk (or σ) to DNA unwinding is considered
the rate-limiting step in many gene regulatory mechanisms
(2).

DNA supercoiling has been investigated using a variety
of biochemical and biophysical methods. Reviews have been
done by Wells (3) and Strick and co-workers (4). Thermo-
dynamic aspects of DNA supercoiling have also been
investigated in detail (1). Experimental studies involving
chemical probes, nuclease digestions, small-molecule binding
assays, and cross-linking (3) provide evidence of either local
denaturations or transitions to alternative secondary struc-
tures, such as A-DNA, Z-DNA, or cruciforms (5, 6).
However, structural details of supercoiled DNA at the
nucleotide level remain largely unknown, because of the
difficulties of applying high-resolution structural methods
to conformationally strained DNA molecules.

Here, we investigate the structure of supercoiled DNA
using Raman spectroscopy. The Raman spectrum has the
capability of providing information about both local and
global structures of large DNA molecules in solution under
physiological conditions (7). Recent improvements in Raman
difference methods also provide unprecedented sensitivity
for comparing vibrational signatures of DNA in supercoiled
and relaxed states. The effectiveness of Raman difference
spectroscopy in distinguishing DNA conformational variants
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has been well documented (8-11) and reviewed recently
(12, 13). In the study presented here, we have examined the
2686 bp plasmid pUC19 in linear and negatively supercoiled
forms (∆Lk ) -15, σ ) -0.05) (14). The level of
supercoiling of many eukaryotic DNAs in vivo is believed
to be similar to that of pUC19 in vivo.

The results of this study show that the solution structures
of a supercoiled and linearized plasmid can be distinguished
by Raman spectroscopy. The conformational differences
observed at the nucleotide level are subtle but significant,
and can be interpreted in terms of the phosphodiester torsions
R (O3′-P-〉-O5′-C5′) andú (C3′-O3′-〉-P-O5′) of the
DNA backbone. The structural consequences of supercoiling
appear to be restricted mainly to the DNA backbone, whereas
base pairing and base stacking remain largely unperturbed.
The results obtained here are compared with the results of
previously reported Raman studies of other DNA plasmids
(15-18) and are also discussed in relation to the results of
recent Raman studies of protein-directed DNA curvature (19,
20). Additionally, the effects of buffers and counterions on
the Raman signatures of supercoiled and relaxed DNA are
considered (21).

MATERIALS AND METHODS

Preparation and Purification of Plasmid pUC19. Escheri-
chia colistrain DH5-R and the transforming plasmid pUC19
were obtained from Sigma Chemical Co. (St. Louis, MO).
The transformed cells were cultured in a Mobile Pilot Plant
fermenter with a working volume of 30 L (New Brunswick
Scientific, Edison, NJ) (22), pelleted in a Beckman Avanti
J-20 centrifuge at 6000 rpm (8900g) for 10 min using a JLA-
8.1 rotor, and resuspended in 50 mM Tris buffer (pH 8)
containing 10 mM EDTA and 100µg/µL RNase A.

The negatively supercoiled pUC19 plasmid was isolated
from the suspension using the Qiagen (Valencia, CA) Endo
Free Plasmid Giga Kit and a modified version of the Qiagen-
patented protocol for production and purification of high-
copy number plasmids. Briefly, the procedure involves
modified alkaline lysis with NaOH and SDS and binding of
the plasmid from the lysate to a DEAE-silica-based resin
under specified conditions [50 mM MOPS (pH 7.0), 750 mM
NaCl, and 15% 2-propanol]. RNA, proteins, carbohydrates,
and low-molecular weight impurities were washed from the
column with a medium-salt buffer [50 mM MOPS (pH 7.0),
1.0 M NaCl, and 15% 2-propanol], and the plasmid was
eluted with a high-salt buffer [50 mM MOPS (pH 7.0), 1.6
M NaCl, and 15% 2-propanol]. The eluted plasmid was
concentrated 200-fold on a Centriplus-100 ultrafiltrator with
a 100 000 Da molecular mass cutoff (Amicon, Inc., Beverly,
MA) and washed successively with pH 8.3 aqueous solutions
containing 2.0 M NaCl and 0.1 M NaCl but no Tris. [An
alternative procedure in which the eluted plasmid was washed
initially with 10 mM Tris (pH 8.0) consistently led to the
appearance of interfering Raman bands of the Tris cation in
the DNA Raman spectra. Accordingly, Tris was not used in
the final protocols for Raman sample preparations. See also
Contributions of the Tris Cation to the Raman Spectrum of
DNA (below).] All DNA solutions maintained a pH value
of 8.3 ( 0.2 following completion of data collection
protocols. The purity of the plasmid DNA was also assessed
by agarose gel electrophoresis and ethidium bromide staining,

and the absence of RNA and protein contaminants was
confirmed by Raman spectroscopy. The linear form of the
pUC19 plasmid was obtained byEcoRI digestion of the
supercoiled form. The linearized DNA was purified by
successive washings with saline solutions, as indicated above.

The restriction endonuclease (EcoRI) was obtained from
New England Biolabs (Beverly, MA). Buffers (Tris and
MOPS), ethidium bromide, agarose, and other reagents were
obtained from Sigma. DNA concentrations were determined
by UV absorbance measurements using a Cary 3E spectro-
photometer (Varian, Inc., Palo Alto, CA) and a molar
extinction coefficient at 260 nm (ε260) of 3.5× 107 M-1 cm-1

(23).
Raman Spectroscopy.Raman spectra of supercoiled and

linear forms of pUC19 were measured over the concentration
range of 10-50 µg/µL and showed no concentration
dependence. Spectra shown below were obtained from
solutions in which the supercoiled or linearized plasmid was
dissolved to a final concentration of 25µg/µL in 0.1 M NaCl
(pH 8.3). Aliquots (∼5 µL) were sealed in a glass capillary
(KIMAX no. 34507, 1.0 mm inside diameter), and the
capillary was mounted in the thermostated (20°C) sample
illuminator of the Raman spectrophotometer (24). Spectra
were excited at 532 nm using a solid-state Nd:YVO4 laser
(Verdi, Coherent, Inc., Santa Clara, CA). Raman scattering
at 90° was collected on a Spex 500 M single spectrograph
(Instruments S.A., Edison, NJ) equipped with a holographic
notch filter and liquid nitrogen-cooled, back-thinned, charge-
coupled-device detector of 2000× 800 pixels (Spectrum
One, Instruments S.A.). The radiant power at the sample was
approximately 30 mW. The effective spectral resolution was
3 cm-1. Raman frequencies, accurate to(0.5 cm-1, were
calibrated using the 459.5 cm-1 band of CCl4. Spectra shown
below are accumulated averages of 10-30 exposures of 40
s each. Further details of the instrumentation and data
collection protocols are given elsewhere (25).

Raman measurements comparing supercoiled and linear-
ized topoisomers of pUC19 were repeated on three sets of
independently prepared samples, each in 0.1 M NaCl (pH
8.3). An additional confirmatory data collection was also
carried out on supercoiled and linearized pUC19 samples
dissolved in D2O solution [0.1 M NaCl (pD 8.3)].

Circular Dichroism Spectroscopy.CD spectra were ob-
tained at 21°C on DNA samples dissolved to a final
concentration of∼0.2 µg/µL in a 0.1 M NaCl solution (pH
8.3) using a Jasco J-720 spectropolarimeter (Japan Spectro-
scopic, Co., Tokyo, Japan) and an optical path length of 0.1
cm. Spectra shown below are the accumulated averages of
10 scans, each recorded at a scan rate of 0.5 nm/s. The
instrument was calibrated using ammoniumd-camphor-10-
sulfonate.

Gel Electrophoresis.DNA samples (0.5-3 µg) were
loaded on 1.2% (w/v) agarose gels. The gels were run in
standard Tris-borate-EDTA buffer at room temperature, using
an electric field strength of 1 V/cm. After being stained with
ethidium bromide, the gels were illuminated with ultraviolet
radiation and photographed with a Polaroid MP-4 camera
(23).

RESULTS

Electrophoretic Mobility of pUC19 DNA.Relaxed (Lk0)
and supercoiled (|Lk| * Lk0) DNA tertiary structures are
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readily distinguished by agarose gel electrophoresis (26), as
shown in Figure 1. Whereas theEcoRI-linearized pUC19
plasmid migrates as expected to a position between the 2500
and 3000 bp standards (Figure 1, lane 2), the supercoiled
topoisomer (σ ) -0.05) exhibits significantly greater elec-
trophoretic mobility, equivalent to that of linear DNA of
∼2300 bp (Figure 1, lane 3). This is consistent with results
reported for other supercoiled plasmids (14). The enhanced
electrophoretic mobility of supercoiled DNA compared to
that of relaxed DNA is explained by the more compact shape
of the former (6).

CD Spectra of Supercoiled and Linearized pUC19 DNA.
The CD spectrum, which is highly sensitive to DNA helical
parameters, is perturbed significantly by supercoiling (27).
CD spectra (200-330 nm) of supercoiled and linearized
forms of pUC19 are shown in Figure 2. Although both forms
exhibit the conservative profile of B-DNA, the ellipticity near
277 nm (∆ε277) is ∼20% greater for the negatively super-
coiled plasmid. CD studies of other plasmids indicate that

∆ε277 increases linearly with supercoiling for superhelical
densities within the range of-0.05 to 0.05. This has been
attributed to the change in average helical rotation angle (∆θ)
associated with negative supercoiling (1, 18). On the basis
of the relationship between∆ε277 and σ calculated by
MacDermott et al. (47), we estimate that the observed
∆ε277

supercoil/∆ε277
linear ratio of 1.1( 0.05 for pUC19 (Figure

2) corresponds to aσ of -0.05 ( 0.007. Given thatσ t
∆Lk/Lk0 and Lk0 ) N/10.4 (1), whereN ) 2686 bp (14),
we obtain a∆Lk of -13 ( 1.7. The supercoiling-induced
changes in helical twist angle (∆Tw) and ∆θ are interde-
pendent [∆θ ) (360∆Tw)/N], as are∆Tw and∆Lk [∆Tw
) ∆Lk - Wr, where the writhe Wr ()0.72∆Lk) is
independent ofσ] (1, 6). Accordingly, the CD data of Figure
2 indicate for pUC19 a decrease in the average helical
rotation angle (-∆θ) of 0.49 ( 0.05°.

The similar CD profiles of supercoiled and linearized
forms of pUC19 indicate that supercoiling introduces little
change to the average B-form secondary structure of the
duplex. In particular, the absence of any significant wave-
length shift in the ellipticity minimum (245 nm) or maximum
(270 nm) of Figure 2 and the near-conservative profiles for
both forms demonstrate that such alternative secondary
structures as A- and Z-DNA are absent from the supercoil.

Raman Spectra of Supercoiled and Linearized pUC19
DNA. Raman spectra (400-1800 cm-1) of supercoiled and
linearized pUC19 are compared in Figure 3, using the purine
marker at 1576 cm-1 for intensity normalization. The
integrated intensity of the 1576 cm-1 band is known to be
largely invariant to transformations between different double-

FIGURE 1: Agarose gel (1.2% w/v) electrophoresis of linearized
and supercoiled forms of the 2686 bp pUC19 plasmid used for
Raman spectroscopy. Lanes 1-3 contain DNA standards, linearized
pUC19, and supercoiled pUC19, respectively. The profile of lane
3 was not significantly altered by the laser-Raman excitation and
data collection protocol, as shown in lane 4.

FIGURE 2: CD spectra of solutions of supercoiled (9) and linearized
(O) forms of pUC19 at 2 mg/mL in 0.1 M NaCl at pH 8.3 and 20
°C.

FIGURE 3: Raman spectra (400-1800 cm-1, 532 nm excitation)
of solutions of supercoiled (A) and linearized (B) forms of pUC19
at 25 mg/mL in 0.1 M NaCl at pH 8.3 and 20°C, (C) their
computed difference spectrum (spectrum C) spectrum A -
spectrum B), and (D) a 5-fold amplification of the difference
spectrum. Spectra A and B were normalized to the integrated
intensity of the purine marker at 1576 cm-1, as discussed in the
text.
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helical forms of DNA (8, 9, 28) and to changes in solvent
environment that do not lead to DNA denaturation (29, 30).
The phosphodioxy (PO2-) marker band at 1092 cm-1 is
sometimes used for intensity normalizations in studies of
DNA denaturation (25, 31, 32). The data of Figure 3 show
that the intensities of both the 1092 and 1576 cm-1 markers
are largely conserved with supercoiling. The Raman spectrum
of the pUC19 plasmid is comparable to that ofE. coli
genomic DNA with which it shares 50% GC content (30).
Importantly, the spectrum of the supercoil (Figure 3, trace
A) exhibits signal-to-noise quality far superior to any reported
previously for a supercoiled DNA (15-18).

Figure 3 shows that Raman signatures of the supercoiled
(trace A) and linearized (trace B) plasmids are similar and
typical of B-DNA. Raman bands and assignments are
summarized in Table 1. Key structural markers occur at (i)
790 and 833 cm-1, diagnostic of phosphodiester torsionsR/ú
in the gauche-/gauche- range (25, 32, 33); (ii) 680 cm-1,

diagnostic of C2′-endosugar pucker andanti glycosyl torsion
(28, 34); and (iii) 1421 cm-1, indicative of C2′H2 moieties
in the B-DNA conformation (35). The Figure 3 difference
spectrum (trace C) demonstrates that negative supercoiling
(σ ) -0.05) does not radically alter the B-DNA conforma-
tion. However, small responses to superhelical strain are
clearly evident in the amplified difference spectrum (Figure
3, trace D, which is interpreted in detail in the Discussion).
The absence of positive difference bands in the 600-800
and 1200-1400 cm-1 intervals of Figure 3 and the small
amplitudes of changes in the 1500-1800 cm-1 interval
indicate that Watson-Crick base pairing and base stacking
of B-DNA are not perturbed significantly by supercoiling
(25, 31, 33-36).

Contributions of the Tris Cation to the Raman Spectrum
of DNA.As noted above (Materials and Methods), the Raman
spectra reported here for supercoiled and linearized DNA
were obtained from solutions washed with a Tris-free 2 M
NaCl solution. This approach was motivated by the fact that
whenever Tris buffer was retained through the final washing
of supercoiled pUC19, prominent Raman bands were ob-
served at 757, 1064, and 1467 cm-1, coincident with the well-
known Raman bands of the Tris cation (Figure 4). These
interfering Tris Raman bands could be eliminated by a final
treatment of the supercoiled plasmid with the same Tris-
free high-salt solution used to extract exogenous endonu-
clease from the linearized plasmid samples. Because the
association of Tris cations with DNA can be eliminated by
the appropriate treatment of the plasmid with a 2 M NaCl
solution, we conclude that Tris-DNA interactions are
probably electrostatic in origin and nonspecific. The data of

Table 1: Raman Band Frequencies, Intensities, and Assignments of
pUC19 DNA

wavenumber
(cm-1)

relative intensity
(arbitrary units)a assignmentb

496 2.3 δ(PO2
-)

643 0.7 dC
670 2.9 dT
680 4.5 dG
727 3.8 dA
748 2.6 dT
784 13.6 dT, dC, bk
833 3.8 ν(OPO)
893 1.4 d
919 1.2 d
972 0.6 d
997s 1.7 d

1013 2.5 dT, dG, dC
1053 2.6 ν(CO)
1092 10.4 ν(PO2

-)
1142 1.0 dT
1177 2.6 dG
1189 1.8 dT, dC
1214 3.9 dC, dT
1237 4.3 dT, dC
1255 6.0 dA, dC
1292s 5.0 dC
1301 6.1 dA
1315 4.4 dG
1335 8.5 dA, dG
1374 10.4 dT, dA, dC
1421 3.7 d[δ(C2′H2)], dA
1445 1.1 d[δ(CH2)]
1461 2.5 d[δ(C5′H2)]
1488 11.1 dG, dA
1511 2.3 dA
1531 0.5 dC
1576 10.0 dG, dA
1603 2.7 dC, dG, dA
1650 4.8 dC, dT
1668 5.9 dT
1693s 3.6 dG
1715 2.1 dG

a Based upon 10.0 for the 1576 cm-1 band as the intensity standard
(see the text).b Abbreviations: ν and δ, stretching and deformation
vibrations, respectively, of the indicated atomic groups; bk, vibration
of the DNA backbone; d, vibration localized in the deoxyribose moiety;
dA, dT, dG, and dC, vibrations of the deoxynucleosides, including
modes localized in either the purine or pyrimidine base or delocalized
(base plus furanose moieties). Further details of vibrational assignments
are given in refs7-13, 28-36, 44, and 45and citations therein.

FIGURE 4: Contributions of the Tris cation to the Raman spectrum
of pUC19 DNA. (A) Spectrum of supercoiled pUC19 at 25 mg/
mL in 10 mM Tris-HCl at pH 8.3. (B) Spectrum of pUC19 from
panel A after washing with 2 M NaCl and resuspension in 0.1 M
NaCl and H2O at pH 8.3. (C) Observed difference spectrum
(spectrum C) spectrum A- spectrum B). (D) Raman spectrum
of 10 mM Tris-HCl at pH 8.3.
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Figure 4 suggest that in this experiment roughly one Tris
ion is present per DNA base pair.

Recently, Stellwagen and co-workers (21) reported indis-
tinguishable electrophoretic mobilities of high-molecular
weight DNA in Tris-acetate buffers and NaCl solutions of
comparable concentrations, suggesting that Tris cations and
Na+ interact similarly with DNA. Because Na+ is believed
to form an extensive counterion layer on the exterior of the
DNA helix (1, 4, 21), we expect similar counterion screening
of DNA by Tris cations.

A previous Raman investigation of the supercoiled ColE1
plasmid suggested putative Raman markers of DNA super-
coiling near 755, 1060, and 1460 cm-1 (17). However, these
bands coincide closely in wavenumber and intensity with
Raman bands of Tris buffer (Figure 4). Indeed, Tris was
employed in the previously reported Raman study of the
ColE1 plasmid (17), and therefore, the unusually strong
bands observed near 755, 1060, and 1460 cm-1 are likely
due to Tris rather than to DNA. The results shown in Figure
4 underscore the importance of avoiding Tris buffers in
comparing different forms of DNA by sensitive Raman
difference methods. Tris contamination may be particularly
problematic when concentrating DNA by ultrafiltration from
Tris-buffered solutions.

DISCUSSION

Recent structural studies of supercoiled DNA have focused
on large-scale, sequence-specific changes of secondary
structure induced by levels of superhelical stress considerably
higher than that encountered in vivo. These investigations,
which typically involve chemical modification of DNA (5),
report the formation of (i) left-handed Z-DNA in alternating
CG (and CA) sequences (37), (ii) cruciforms in palindromic
sequences (38, 39), (iii) H-DNA triplexes in homopurine
tracts (40, 41), and (iv) underwound DNA in AT-rich
sequences (42, 43). Detailed discussions are given in various
reviews (3, 4). Less extensively studied are the more subtle
changes in B-DNA backbone geometry that may occur in
vivo as a result of lower levels of superhelical stress. Raman
spectroscopy of native pUC19 permits examination of this
question without the need for labeling, ligation, or another
form of chemical modification of the DNA substrate.
Because pUC19 is only moderately supercoiled (σ ) -0.05)
and lacks sequences conducive to the formation of alternative
secondary structures, it is well-suited to this analysis.

Supercoiling-Induced Changes in the Structure of pUC19.
The Raman difference spectrum between supercoiled and
linearized pUC19 (Figure 3, trace D) indicates that super-
coiling generates only subtle perturbations to the structure
of B-DNA. Here, we consider the structural significance of
these Raman results. First, the difference bands at 783 and
814 cm-1 coincide with well-characterized markers of the
DNA backbone (8, 9, 13). The small difference trough at
783 cm-1 and the corresponding peak at 814 cm-1 represent
a transfer of intensity from the Raman band near 784 cm-1

to the interval of 810-820 cm-1. This spectral change is
consistent with a change in the phosphodiester torsion angles
R andú of the C5′-O5′-〉-P-〉-O3′-C3′ network from
thegauche-/gauche- range to thegauche-/trans range (9-
12, 25, 30) for a small population of pUC19 nucleotide
residues. Although Raman markers of cytosine (∼780 cm-1)

and thymine (∼790 cm-1) also contribute in the region of
the observed difference trough, changes in the pyrimidine
ring environments cannot account for the companion dif-
ference peak at 814 cm-1 (25, 32, 33). The low amplitudes
of the 783 and 814 cm-1 difference features (representing a
shift of ∼5% of the intensity contributed by the backbone
Raman marker at 784 cm-1) imply that no more than∼250
of the plasmid phosphodiester moieties are affected. This
estimate is based on the fact that the parent 784 cm-1 band
of B-DNA comprises contributions of∼33% from the
backbone and∼67% from pyrimidines (8, 9, 13). The
observed spectral changes are not likely to be due to fraying
or to other effects localized to within one half-turn of each
double helix end (EcoRI site), because such spectral pertur-
bations could not exceed 0.4% of the parent band intensities.

Second, the peak and trough pair at 1462 and 1489 cm-1,
respectively, coincide with well-characterized markers of the
state of hydrogen bonding at guanine N7 sites (19, 20, 34,
44, 45). Model compound studies show that the parent
guanine band shifts to a lower wavenumber with increasing
strength of hydrogen bonding at the N7 acceptor (19, 20,
45). Thus, the observed difference profile implies that
supercoiling results in slightly stronger N7 hydrogen bonding
for guanines. The intensity change (e2%) indicates that only
a small subset of dG residues of pUC19 is affected.

Third, the difference trough observed at 1664 cm-1

coincides with a strong Raman marker of dT residues that
is diagnostic of the state of hydrogen bonding of the thymine
C4dO site (12, 25, 35). Interpretation of this difference
feature is complicated, however, by the overlapping contri-
butions expected in the 1600-1680 cm-1 interval from H2O
solvent and other DNA base carbonyls. Nevertheless, the
simplest interpretation of the 1664 cm-1 trough is slightly
altered hydrogen bonding of thymine C4dO sites with
supercoiling. It should be noted that a perturbation of DNA
secondary structure can result not only in a shift in the center
of a Raman marker band (leading to a peak and trough
couplet in the difference spectrum) but also in a decrease or
increase in peak intensity without a shift in the band center
(8-13).

It is of interest that all of the difference bands of Figure
3D can be attributed to structural adjustments affecting either
the DNA backbone or the local environment of base sites
lining the major groove (Table 1). A corollary to these results
is the fact that pUC19 accommodates its supercoiling free
energy {∆GLk ) [(1050RT)/N]∆Lk2 ) 51.2 kcal/mol of
DNA} without radically compromising the canonical B-DNA
conformation. We conclude further that for covalently closed
DNA with sequence characteristics similar to those of pUC19
an elevation of the free energy by∼0.019 kcal/bp is not
sufficient to destabilize the B-DNA conformation in favor
of known alternative secondary structures for at least 95%
of the base pairs.

Comparison with Other Supercoiled Plasmids.Although
Raman spectroscopy has been employed previously to
investigate the negatively supercoiled plasmids pBR322
(4362 bp,σ ) -0.069) (15, 16, 18) and ColE1 (6646 bp,σ
) -0.078) (17), less extensive experimental data were
obtained and small intensity changes (e5%) were not
resolved. In the case of pBR322, neither Raman intensity
changes nor frequency shifts with supercoiling could be
demonstrated from the raw experimental data (16, 18). Yet,
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spectral markers of supercoiling were proposed at 810 and
818 cm-1 on the basis of deconvolution and curve-fitting
analyses of computationally smoothed data (18). Surprisingly,
the wavenumber range (810-818 cm-1) of the proposed
intensity increase for pBR322 is similar to one of the
difference features (814 cm-1) observed here for pUC19
(Figure 3). The apparent wavenumber agreement may be
fortuitous, because no corresponding intensity decrease near
784 cm-1 was reported for pBR322 (18). Furthermore, in
the previous study, the deconvolution result was attributed
to a supercoiling-induced change in sugar puckering from
C2′-endo to C3′-endo for a subset of the pBR322 deoxy-
nucleosides. The data of Figure 3 show convincingly,
however, that no deoxynucleoside marker in the 600-750
cm-1 region (13) is altered significantly by supercoiling in
pUC19. Accordingly, as noted above, we attribute the Raman
spectral perturbations observed for pUC19 to (i) an intramo-
lecular conformational change localized in DNA phosphodi-
ester moieties (gauche-/gauche- f gauche-/trans) and (ii)
concomitant perturbation of hydrogen bonding environments
at base sites that line the major groove of B-DNA. We find
no evidence of changes in deoxyribosyl pucker. We also note
that neither computational smoothing nor curve fitting has
been imposed to detect the supercoiling-induced changes to
topoisomer-specific Raman signatures of pUC19 (Figure 3).

In the investigation of ColE1 by Raman spectroscopy (17),
extraordinarily intense Raman markers of supercoiling were
proposed at 755, 1060, and 1460 cm-1. However, as seen in
Figure 4A and noted in the Results, these proposed Raman
markers of DNA supercoiling can be ascribed entirely to
contributions from Tris cations associated with the DNA
solution.

It is often assumed that buffers used to maintain physi-
ological pH in vitro do not form stable complexes with DNA.
However, specific and stable complexes have been proposed
between linear DNA and borate ions in Tris-borate buffers
(21). The data of Figure 4 suggest at least the possibility of
nonspecific association of Tris cations with supercoiled DNA.
Because the presently observed Tris contributions to the
DNA Raman spectrum can be eliminated by washing the
DNA with a 2 M NaCl solution, the association of Tris with
DNA is presumed to be electrostatic in origin. The Raman
markers of DNA isolated from the Tris-buffered solution
(Figure 4A) are indistinguishable from those of DNA isolated
from Tris-free solution (Figure 3A), indicating no significant
perturbation to the B-form secondary structure from the Tris
counterions. On the basis of these findings, we conclude that
DNA samples intended for sensitive Raman difference
spectral analyses should not be exposed to Tris buffers unless
followed by appropriate washing with high-salt solutions.

Compatibility of Raman and CD Profiles of Supercoiled
DNA. The CD spectrum of supercoiled pUC19 (Figure 2)
exhibits no major change from the well-established ellipticity
profile of B-DNA. The small and uncompensated increase
in ellipticity near 277 nm relative to the linearized plasmid
is attributed to a small decrease in average helical twist
without significant disruption of base stacking or base
pairing. Thus, the CD and Raman spectra are consistent in
indicating the conservation of B-form secondary structure
for pUC19 at a superhelical densityσ of -0.05. Alternative
secondary structures, such as A-, Z-, and H-DNA and

branched forms of DNA, are not evident under these
conditions.

Negative-stain electron microscopy of supercoiled pUC19
(46) and Monte Carlo simulations (1) of supercoiled DNA
at moderate superhelical density also indicate predominantly
unbranched B-DNA, in agreement with the spectroscopic
results presented here. In contrast to plasmids of high
superhelical density that are proposed to undergo major
localized changes in secondary structure (18), pUC19 appears
to accommodate moderate superhelical stress through small
structural adjustments that may be distributed throughout the
sequence.

Our results are also in accord with earlier CD studies of
topoisomers of the pBR322 plasmid (18) and the replicative
form of æX174 DNA (47). These studies show an increase
in CD ellipticity near 275 nm with negative supercoiling and
a corresponding decrease with positive supercoiling, at-
tributed to a decrease and an increase, respectively, in helical
twist. The ellipticity change at 275 nm is reported to depend
linearly on superhelical density within the range of-0.05
to 0.05 (18). Outside of this range, however, DNA branching
or major secondary structural changes are believed to account
for the more radical differences observed in CD signatures
(1, 18).

Significance for ActiVation of Transcription.Transcrip-
tional activation of promoters in both prokaryotes and
eukaryotes is strongly dependent on the negative superhelical
density of chromosomal DNA (2, 48-51). Moderate super-
coiling (σ ) -0.05 ( 0.01) is important for optimal
transcription (48) and is stringently controlled in vivo by
topoisomerases and gyrases (14). Further increases in su-
perhelicity inhibit transcription (48). Our study shows that
moderate supercoiling (σ ) -0.05) of pUC19 perturbs only
slightly the canonical B-DNA structure associated with the
relaxed form, and does not introduce significant branching
or known alternative secondary structures.

Transcription factor recognition of structurally perturbed
B-DNA has been proposed as a critical step in transcriptional
activation (49, 50, 52). In support of this hypothesis, it has
been noted that replacement of the DNA binding site of
integration host factor (IHF) in theE. coli ilvPG promoter
with the binding site of the mammalian lymphoid enhancer-
binding factor-1 (LEF-1) does not abolish transcription (49).
Both IHF and LEF-1 are known to induce strong bends in
their DNA binding sites. Evidently, a structural feature
common to both transcription factor-bound DNA sites, rather
than a specific interaction involving the transcription factor
and RNA polymerase, is required for activation. Related
studies of the ilvPG promoter region suggest that a “desta-
bilized” backbone is induced by superhelical stress (50) and
that this perturbed B-DNA conformation is propagated
downstream upon transcription factor binding. Such a
mechanism, which is supported by studies of other prokary-
otic (53, 54) and eukaryotic promoters (51), is also in accord
with the results presented here.

The gauche-/trans phosphodiester conformation, some-
times termed BII-DNA (55), is recognized as an important
structural modification of B-DNA that may be involved in
transcriptional activation (50). These results support this
hypothesis and indicate the potential of Raman difference
spectroscopy in detecting the BII variant. A similar Raman
approach should be effective for investigating DNA-
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transcription factor complexes. Recent Raman studies of
DNA complexes of the transcriptional activators GCN4 (20)
and hSRY (19) provide specific applications. The long-range
goal of this work is to establish an extensive library of Raman
markers of both perturbed and canonical DNA structures
implicated in protein recognition. In principle, such a library
could be used to identify specific DNA-protein binding
motifs and to classify patterns of structural change (including
superhelical stress) imposed by gene regulatory proteins.
Although high-resolution structural methods can provide
three-dimensional structures of small DNA-protein com-
plexes in exquisite detail, they are not generally as well suited
as Raman spectroscopy to the investigation of supercoiled
plasmids and other large DNA molecules in complexes with
regulatory proteins.
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