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ABSTRACT Raman vibrational spectra were obtained from
two DNA restriction fragments and the DNA polymer (dG-
dC)n-(dG-dC)n in 0.01 and 4.5 M NaCl. One fragment contained
95 base pairs (bp) of the Eschelrichia coli lactose operator-promoter
region (95-bp fragment). The other fragment consisted of the 95-
bp region flanked by 26 and 32 bp ofdC-dG sequences and BamHI
ends (157-bp fragment). In 0.01 M NaCl all three DNAs have Ra-
man spectra characteristic of a right-handed B conformation. The
high salt spectrum of the 95-bp fragment is also characteristic of
a B conformation. However, the spectrum of the 157-bp fragment
in 4.5 M NaCl shows major intensity changes from the 0.01M NaCl
spectrum. These changes are also observed in the high salt spectra
of (dG-dC)n.(dG-dC)n and are correlated with the presence of a
left-handed Z conformation. Comparisons between the high salt
Raman spectra ofthe 157-bp fragment and spectra calculated from
(dG-dC)n-(dG-dC)n and the 95-bp fragment indicated that essen-
tially all of the dC-dG regions in the 157-bp fragment are in the
Z conformation and a large part ("80%) of the 95-bp region no
longer has a B-type backbone vibration. However, this non-B-
DNA-like character of the central region is not indicated by base
vibrations.

Repeating sequences of alternating dC and dG nucleotides can
form left-handed duplex DNA conformations. This was dem-
onstrated in the solid state by x-ray diffraction studies ofcrystals
ofd(CpGpCpGpCpG) and d(CpGpCpG) (1-4) and fibers of the
polymer (dG-dC)n-(dG-dC)n (5). The observation of left-handed
conformations for dC-dG sequences helped resolve questions
concerning the unusual solution properties of (dG-dC)n*(dG-
dC)n. It has been known for some time that spectroscopic prop-
erties of(dG-dC)n(dG-dC)n show major changes with increasing
ionic strength (6). In low salt solutions (<2.0 M NaCl), circular
dichroic spectra (7, 8) and Raman spectra (9) are characteristic
of a B-type DNA. Increased concentrations of salts or ethanol
induce an inversion of the circular dichroic spectrum and
changes of the Raman spectrum indicative of a cooperative in-
tramolecular transition (8-10). The Raman spectrum of the Z
conformation crystal of d(CpGpCpGpCpG) is essentially iden-
tical to the spectrum of(dG-dC)n(dG-dC)n in high salt solutions
(11). This correlation together with nuclear magnetic resonance
studies (12, 13) indicate that the high salt form of (dG-dC)n-(dG-
dC)n is a Z-type conformation.

Recent studies have shown that dC-dG regions can exist in
a left-handed conformation when joined to a natural DNA seg-
ment. Recombinant DNA techniques were used to construct
a 157-base pair (bp) restriction fragment that contains a 95-bp
segment of the Escherichia coli lac operator-promoter region
(14) flanked between 26 and 32 bp of dC-dG sequences (15).

Fig. 1 illustrates the DNAs used in this study. The "157-bp frag-
ment" has 153 duplex bp and the "95-bp fragment" has 95 du-
plex bp. Both fragments have four nucleotide tails. Circular
dichroism and 31P nuclear magnetic resonance studies have
shown that a portion ofthis DNA exists in a Z-type conformation
in 4.5-5.0 M NaCl solution. This and other results demon-
strated that a junction can occur between a DNA region in a Z-
type conformation and an adjacent region that normally assumes
a B-type conformation (15).

In the present study Raman spectroscopy was employed to
examine the 95-bp lac fragment, the 157-bp fragment, and (dG-
dC)n.(dG-dC)n in 0.01 and 4.5 M NaCl. Raman spectra of the
95-bp fragment show bands characteristic of a B-type (E) con-
formation in both low and high salt solutions. Raman spectra
of the 157-bp fragment in 0.01 M NaCl are also characteristic
of B DNA. In 4.5 M NaCl, major changes occur in the spectrum
ofthe 157-bp fragment. These changes are the same as the spec-
tral changes observed for (dG-dC)n(dG-dC)n and confirm the
presence of 7 conformation in this fragment. A quantitative
comparison was made between the 157-bp fragment spectra and
spectra calculated from the 95-bp fragment and (dG-dC)n-(dG-
dC)n. The observed intensities of bands at 682 cm-' and 627
cm 1 indicate that in 4.5 M NaCl essentially all of the dC-dG
regions of the 157-bp DNA are in the 7 conformation. Intensity
predicted at 835 cm-1 is not observed. The latterband has been
correlated with a ribose phosphate vibration in the E confor-
mation (16-18). Absence of intensity indicates that a substantial
portion (80% ± 15%; ± SD) of the 95-bp segment in the 157-
bp fragment is distorted by the left-handed helical ends. This
distortion is not indicated by a comparison of calculated and
observed intensities of base vibrations at 682 cm-', 730 cm-',
and 750 cm-1.

MATERIALS AND METHODS
Raman Instrumentation. The Raman spectroscopy system

employs digital photon counting and is controlled by a PDP-8f
computer. A general description of the system has been given
previously (19). All Raman spectra were obtained with the
514.5-nm line of an argon ion laser. Laser power of 180-300
mW was used to record spectra from 400 to 1935 cm-. The laser
beam was focused up into the liquid sample that was contained
in fused quartz cells that were 2 mm in diameter. Cells con-
tained 10-15 Ald of DNA solution or solvent and were capped.
All Raman spectra are the sum ofthree to five consecutive scans.
Each scan accumulated counts for 1 sec/cm1. The temperature
was =240C.

Abbreviation: bp, base pair(s).
t Present address: Institut fur Organische Chemie und Biochemie,
Technische Hochshule-Darmstadt, 6100 Darmstadt, Federal Repub-
lic of Germany.
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FIG. 1. Three DNAs employed in this study. The 95-bp fragment is the Alu I fragment of the E. coli lactose operator-promoter region (14) with
four base EcoRI ends. Including these ends, it has 99 bp. It is referred to as the 95-bp fragment to be consistent with previous descriptions. (dG-
dC)n(dG-dC)n was about 400 bp long. The 157-bp fragment contains the 95-bp region flanked by G-C regions and BamHI ends.

DNAs. The DNA polymer (dG-dC)n.(dG-dC). was purchased
from P-L Biochemicals. It was extracted with phenol prior to
Raman experiments. Its sedimentation coefficient indicated an

average size of -400 bp. Preparation and characterization ofthe
95-bp and 157-bp DNA fragments have been described (14, 15,
20). DNA samples were prepared for Raman spectroscopy by
precipitating 1-2 mg ofDNA with ethanol in a 1.5-ml tube. The
DNAs were pelleted by centrifugation for 4 min at 13,000 X

g and were washed several times with 80% ethanol at 4TC. They
were then lyophilized to dryness. Samples were dissolved to
concentrations of 20-40 mg/ml by addition of 0.01 or 4.5 M
NaCl solutions. DNA concentrations were measured by diluting
2 ,ul in 1.0 ml of0.01 M NaCl solvent. The following extinction
coefficients were used: 95-bp fragment, 6.5 X 103 M'1cm-1;
(dG-dC)n.(dG-dC)n, 7.1 X 103 M-'cm-1; 157-bp fragment, 6.7
X 103 M-1.cm-l (15).
Data Analysis. Two methods were examined for background

subtraction under the DNA spectra. In the first method, the
computer subtracted various amounts of the Raman spectra of
the solvents (19). Although this method generally gave a flat
background, the curvature of the solvent Raman spectrum did
not always follow the DNA spectra background. To provide a

consistent subtraction procedure, a second method was devel-
oped that fit a continuous curve to the background of a Raman
spectrum (unpublished).
A typical example of a DNA spectrum and its fitted back-

ground curve is shown in Fig. 2. Least squares polynomial
curves (up to third order) were fit to unambiguous background
regions and continuously connected to background points.
These points were determined from a computer-generated list
of valley points from original DNA spectra and an examination
of solvent spectra. This method did not add any noise to DNA

410 810 1210 1610
cm-l

FIG. 2. Original Raman spectrum of the 157-bp fragment in 0.01
M NaCl. The background curve was generated as described.

spectra and provided a consistent subtraction procedure for all
DNA spectra. The first subtraction method-although not used
in the analyses-provided a valuable check for the computer-
generated background method. When comparisons were pos-

sible, both methods gave very similar results. DNA spectrawith
flattened backgrounds were then smoothed by a least squares

fit of third-order polynomials to overlapping 15-point regions
(21). This procedure was very effective in decreasing noise with-
out flattening or distorting peaks.

Figs. 3, 4, and 5 show the smoothed spectra of(dG-dC)n'(dG-
dG)n, the 95-bp DNA, and the 157-bp DNA, respectively. The
Raman spectra ofthe 157-bp DNA was compared to the spectra
calculated from the 95-bp DNA and (dG-dC)n.(dG-dC)n. This
required normalization of the spectra to the same relative scat-
tering power, DNA concentration, and molar ratio of nucleo-
tides of the dC-dG and 95-bp regions in the 157-bp fragment.
The water band at 1645 cm-' was used as an internal standard

410 810 1210
cm-l

1610

FIG. 3. Smoothed Raman spectra of (dG-dC)n-(dG-dCQ, after back-
ground subtraction. Assignments of several peaks are shown: G, gua-
nine; C, cytosine; Bk, backbone; OPO0, dioxy stretch. Dashed lines
above and below the midline correspond to peak intensities in 0.01 M
(Upper) and 4.5 M (Lower) NaCl, respectively, relative to the 1488-
cm 1 band. This band is normalized to 1 in both spectra. Comparison
of these spectra by using Na2SO4 as an independent internal standard
indicated a slight decrease in the 1488-cm-1 intensity at the higher salt
concentration.
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cm-l
FIG. 4. SmoothedRaman spectra of the 95-bp fragment after back-

ground subtraction. Assignments are the same as in Fig. 3, with the
additions: T, thymine and G/A, guanine and to a lesser extent adenine.
Dashed lines are intensities normalized relative to the 1488-cm'
band. (Upper) 0.01 M NaCl; (Lower) 4.5 M NaCl.

for the combination ofexperimental factors that affect scattering
power (e.g., laser power, optical alignment, counting time). A
test of the normalization for scattering power and DNA con-

centration was made by comparing three Raman spectra of the
95-bp fragment taken at different DNA concentrations and laser
power. Peak intensities for all medium to large peaks were

within ± 10% (± SD) ofone another. Calculated Raman spectra
of the 157-bp DNA were made from experimental spectra of
(dG-dC)n-(dG-dC)n and the 95-bp DNA by using the following
equation

r" = P157C157 (s58 jIU + P157C157 (95A IV
pGCCGC 153 P95C95 153 9 [1]

1157 is the calculated Raman intensity of the 157-bp DNA at
wavenumber iv that is calculated from a sum of the normalized
intensities of (dG-dC)n-(dG-dC). and the 95-bp fragment. It is
comparable to an experimental intensity measured from a sam-

ple at a molar concentration of C157 in nucleotides and with P157
as the intensity of the 1645-cm'1 water band. IGC and 1% cor-
respond to the experimental Raman intensities at wavenumber
v of (dG-dC)Q-(dG-dC)n and the 95-bp fragment, respectively.
They are measured from samples at concentrations CGC and C95
and with water band intensities of PGC and P95, respectively.
The four nucleotide long "tails" are neglected in Eq. 1.

RESULTS
Raman spectra of (dG-dC).-(dG-dC)n in 0.01 M and 4.5 M NaCl
are shown in Fig. 3. The low salt spectrum has bands charac-
teristic of DNAs in the B conformation (16, 17). In particular,
one observes a band at 832 cm1-~assigned to a ribose phos-
phate vibration (18)-and the 682-cm-1 peak-associated with
the guanine ring (22-24). The large peak at 784 cm-' is assigned
to a cytosine ring vibration (22). A backbone vibration centered
at ""795 cm'- contributes to the right shoulder ofthis peak. This
is not discernable on the scale of this figure, but it can be de-
tected upon expanding this region (25). The large 1488-cm-1
peak is assigned to a guanine ring vibration (22, 24) and the 1095-

cm-l
FIG. 5. Smoothed Raman spectra of the 157-bp fragment after

background subtraction. (Upper) 0.01M NaCl; (Lower) 4.5 M NaCl. See
Figs. 3 and 4 for other information.

cm-' band is assigned to a symmetric dioxy PO- vibration (17,
22). The (dG-dC)n-(dG-dC)n spectrum in 4.5 M NaCl is essen-
tially identical to that previously observed (9) and is correlated
with the Z conformation (11). It is characterized by the disap-
pearance of intensity at 682 cm-' and at 832 cm-'. New bands
appear at 627 cm-1 and 730 cm-1. Two shoulders are now ob-
served on the right side of the 784-cm-1 peak at 795 cm-1 and
815 cm- 1. Large intensity changes also occur between 1230 and
1350 cm-1.

Fig. 4 shows the Raman spectra of the 95-bp lac-operon frag-
ment in 0.01 and 4.5 M NaCl. The low salt spectrum shows an

835-cm-1 vibration characteristic of E DNA. A peak at 669
cm-1-assigned to thymine (22)-forms a shoulder to the 682-
cm-1 guanine vibration. Other bands are similar to those ob-
served for calfthymus DNA in the B conformation (22, 25). The
95-bp fragment spectrum in 4.5 M NaCl shows some intensity
changes between 550 and 600 cm-' and 750 and 950 cm-1.
However, the spectrum remains characteristic of B DNA.
Raman spectra of the 157-bp fragment are shown in Fig. 5.

The low salt spectrum is indicative of a E-DNA conformation.
An 835-cm-1 backbone vibration is observed. As expected, the
guanine band at 682 cm-1 has a greater intensity relative to the
669-cm-1 band than observed for the 95-bp DNA. The Raman
spectrum of the 157-bp fragment in 4.5 M NaCl shows a new
band at 627 cm-1. In addition, decreases in intensity are ob-
served at 682 cm-1 and at 835 cm-1. A shoulder at 815 cm-'
is observed. These changes as well as the increased intensity
at 1322 cm-' and alterations in the 1200-1300-cm-1 region
clearly indicate the presence of a Z conformation in the 157-bp
fragment. These results confirm the circular dichroism and a1p
nuclear magnetic resonance studies (15).
The Raman spectra ofthe 157-bp DNA were compared to the

spectra calculated from the 95-bp DNA and (dG-dC)n-(dG-dC)n.
In 0.01 M NaCl-in which all DNAs are in a B conformation-a
comparison of the spectra tests the assumption of Eq. 1 and the
normalization procedure. Fig. 6A compares actual and calcu-
lated spectra of the 157-bp fragment in 0.01 M NaCl. The cal-
culated spectrum is 0.96 of the value determined from Eq. 1.

0)
4.'1a
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FIG. 6. (A) Comparison of experimental (-) Raman spectra of
157-bp fiagment with spectrum calculated (----) from 95-bp fragment
and (dG-dC),;(dG-dC)Q in 0.01 M NaCl. (B) Comparison of experimen-
tal (-) and calculated (----) spectra of 157-bp fragment in 4.5 M
NaCl.

This adjustment normalized peak heights of the 1095-cm-1
band. It is within expected error. Close agreement is observed
for the two spectra. All calculated peak intensities from 400 to
1300 cm-' are within ± 10% (±SD) of experimental peak
heights. The predicted intensities of peaks at 1300 cm-1, 1336
cm-1, and 1378 cm-1 are all somewhat higher than actual peak
heights (10-16%). This is probably due to inaccuracies in de-
termination of background curves in this region.

Fig. 6B shows the experimental and calkulated spectra of the
157-bp DNA in 4.5M NaCl. The calculated spectrum presumes
that all of the dC-dG regions of the 157-bp DNA are in the Z
conformation and that the 95-bp region is in the B conforma-
tion. As in the previous comparison, there is close overall agree-
ment between calculated and experimental spectra. The inten-
sities of the 500-cm'1 band and the symmetric dioxy PO-
stretch vibration at 1095 cm-' are accurately predicted. The
627-cm-1 and 682-cm-1 bands are also closely predicted. These
two bands are sensitive to the conformation of the dC-dG re-

gions (Fig. 3). The agreement between the calculated and ob-
served intensities of these bands indicates that essentially all

7(00 800 900

cm-1

FIG. 7. Comparison of experimental (-) and calculated (----)

Raman spectra of the 157-bp fragment for the 650-900-cmnf regions
of Fig. 6. (Upper).0.01 M NaCl; (Lower) 4.5 M NaCl.

of the dC-dG segments are in the 2 conformation. This agrees
with the 31P nuclear magnetic resonance measurements of the
157-bp DNA but differs from determinations based on circular
dichroism (15). Fig. 7 shows enlargements ofthe 650-900-cm-1
regions of Fig. 6 A and B. Fig. 7 Lower shows that the high salt
spectrum of the 157-bp fragment has much less intensity at 835
cm-1 than predicted. Comparison with the spectra of Fig. 7
Upper as well as other bands in Fig. 7 Lower indicates that this
difference is significant. This result indicates that a substantial
part of the 95-bp segment of the 157-bp fragment is distorted
from the F conformation. Integrated intensity measurements
between 815-0 cm-1 show 80% ± 15% (±SD) less intensity
in the actual spectrum as compared to that of the calculated
spectrum. The error is based on three separate spectra of the
DNA fragments, repeated analyses ofbackground subtraction,
and normalization. It is worth noting from Figs. 6B and 7 Lower
that some Raman bands assigned to base vibrations are in good
agreement with the calculated spectrum. This is observed for
the 682-cm-1 guanine band, the 730-cm-1 band assigned to thy-
mine, and the 750-cm-l adenine band. In addition, some ofthe
peaks from 1200-1900-cm-1 that are associated with base vi-
brations also agree with the calculated spectrum.

Some of the small differences between the calculated and
observed spectra in Fig. 6B may be due to differences in the
background, and it is difficult to assess these variations with
confidence. Intensities predicted at 595 cm-', 610 cm-l, and
645 cm-1 are not observed to the same extent in the actual spec-
Atra. These bands, although small, are reproducibly observed in
the 95-bp DNA and (dG-dC)n(dG-dC)n spectra. If their con-

tributions to the predicted intensity of the 627-cm-1 band are

subtracted, the actual 627-cm-1 band appears to have a greater
intensity than predicted. Although ,the significance of this ob-
servation is uncertain, it supports the conclusion that essentially
all of the dC-dG regions are in the Z conformation.

DISCUSSION
Raman spectroscopy studies have shown that dC-dG regions in
the 2 conformation can distort the conformation of an adjoining

A
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region ofnatural DNA. Previous studies have also indicated that
steric and thermodynamic effects can propagate through DNA
(8-10, 26-32). The extent to which a disturbance at one DNA
site affects adjoining sites may be expected to depend on the
nature of the disturbance and the DNA sequences involved. In
addition, detection of a disturbance depends on the experi-
mental probe employed. Observations by several workers
(33-35) suggest a possible long-range effect (-100 bp) involving
the interaction of lac repressor with its operator DNA site.
However, the repressor-operator complex does not appear to
affect EcoRI cutting 40 bp away (36). The present Raman study
indicates a long-range distortion at the junction of E and 2 con-
formations. Assuming the intensity at 835 cm-' is proportional
to the amount of F conformation, about 70 bp of the 95-bp re-
gion are affected by the dC-dG ends. This observation may have
implications with respect to a potential role of 7 conformation
DNA in gene regulation.
The results from this Raman study can be compared to other

observations of the W-Z junction (15). Circular dichroic spectra
of the 157-bp fragment in high salt showed qualitative but not
quantitative agreement. It was concluded from this study that
65% ofthe dC-dG regions are in a2 conformation, 10 bp ofeach
dC-dG region are in a non-2 conformation, and most of the 95-
bp segment is in aR structure. However, evaluation of 31P nu-
clear magnetic resonance studies indicated that virtually all of
the dC-dG regions are in a 2 conformation in high salt. Results
from high-salt agarose gel electrophoresis of fractionated plas-
mid DNA topoisomers that contain the 157-bp fragment indi-
cated a junction region of a few base pairs (unpublished). The
differences in the conclusions from these studies may be more
apparent than real because different conformational features of
the junction are being examined.
The conformation of the middle portion of the 157-bp frag-

ment in high salt is uncertain. Natural DNAs and a number of
synthetic DNAs [d(A)Ad(T)n, (dA-dT)n-(dA-dT)n, d(G)n-d(C)n,
d(G-C)'-d(G-C)n] all show a Raman band peaking between 830
and 840 cm-' in low salt solutions (ref. 22; also unpublished).
Studies from x-ray diffraction analyses (37) and gel electropho-
resis (38, 39) suggest that in low salt solutions these DNAs are
in the R conformation family, with variations about an average
structure occurring for some of the DNA sequences. Because
all of these DNAs show an 830-840-cm'1 band, absence of in-
tensity in this region implies a conformation which is no longer
in the R family. Whether the conformation of the junction re-
gion is one conformation or a continuum of conformations can-
not be determined. The change in the ribose phosphate vibra-
tion of the 157-bp fragment is not reflected by similar changes
in a number of Raman bands associated with base vibrations.
Raman bands at 682 cm-', 730 cm-', and 750 cm-' show in-
tensity changes upon undergoing a B to Z or B to A transition
(or both) (17, 25). The intensities of these bands are accurately
predicted by assuming the 95-bp region is in its high salt B con-
formation and the dC-dG regions are in the 2 conformation.
This observation suggests that the base pair stacking of the 95-
bp region is not altered to the extent indicated for the ribose
phosphate backbone. This is consistent with the circular di-
chroism studies that indicated that most of the 95-bp region
remained in the B conformation.
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