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Local base stacking and conformational mobility play a major role
in the structure and function of nucleic acids. We have recently
shown that the low-energy CD spectrum of 2-aminopurine (2-AP),
i.e., the CD spectral region above 300 nm, can be used to monitor
conformational changes in polynucleotides at or near mono- and
dinucleotide 2-AP residues that replace adenine residues in DNA
and RNA. Here, we extend this technique to pyrrolo-cytosine (PC),
a fluorescent analogue of cytosine. The low-energy CD spectrum of
a PC dinucleotide in dsDNA exhibits an exciton couplet with two
bands of opposite sign centered at 350 nm. This signal is charac-
teristic of base stacking between adjacent PC residues in a right
helical conformation. Isolated PC nucleotide residues inserted into
polynucleotide chains also display chirality that reflects the asym-
metric environment of their sequence context. Thus, we show that
the low-energy CD spectra of C(PC)A and A(PC)C sequences in
dsDNA have opposite signs. It appears that the measurement of
the low-energy CD spectra of PC residues will usefully complement
2-AP measurements by serving to characterize the local conforma-
tions and dynamics of nucleic acids near C residues and G-C base
pairs.

base stacking � dinucleotide conformations � exciton coupling � nucleic
acid conformations � spectroscopy

C ircular dichroism (CD) spectroscopy is commonly used to
investigate the conformation of nucleic acids. However,

conformational environments of particular nucleotide residues
within DNA or RNA cannot be studied by this method because
the spectroscopic signals of these residues are buried in the total
CD of the polynucleotide. This limitation has been partially
overcome by using the low-energy CD of 2-aminopurine (2-AP)
residues at defined sites within DNA and RNA (1). The suc-
cessful use of this technique with 2-AP is a prototype investi-
gation for the present study of another nucleic acid base ana-
logue, pyrrolo-cytosine (PC), that can probe G-C sequences.

2-AP is a structural isomer of adenine in which the amino
group has been moved from position 6 to position 2 of the purine
ring. It has a low-energy electronic transition at 305 nm that is
f luorescent (2, 3). Base stacking causes a red shift in the
absorbance maximum of this transition (2, 4). 2-AP behaves in
other ways like adenine. In particular, the insertion of 2-AP
residues opposite T or U residues in duplex DNA or RNA does
not significantly change the conformation or stability of these
structures (4, 5) (unpublished results), and furthermore, 2-AP
nucleoside triphosphates can serve as substrates for DNA and
RNA polymerases in vivo and in vitro (6–11).

DNA molecules that contain 2-AP residues exhibit two types
of low-energy CD spectra (1). The first is due to exciton coupling
between two stacked 2-AP residues (12) in a right helical
conformation, such as in B-form dsDNA. This CD signal is
characterized by a positive CD band located at a wavelength
above the maximum UV absorbance of 2-AP and a negative
band below this wavelength. The low-energy tail of the large
oligonucleotide CD signal near 270 nm can mask the negative

band; thus, in practice, a positive exciton band above 320 nm is
often the most reliable indication of exciton coupling between
2-AP residues. The second type of signal, a single CD band
centered at the wavelength of maximum UV absorbance, is
characteristic of 2-AP in a context without exciton coupling. This
type of signal has been observed for single 2-AP residues or for
pairs of 2-AP residues that are not stacked.

Using this method, we have seen local conformational changes
in polynucleotides caused by a number of variables, including
thermal melting of dsDNA, conformational changes such as
B-form to A-form conversions, and the denaturing effects of
ethanol (1). We are currently investigating protein-induced RNA
conformational changes that are implicated in regulating tran-
scription in E. coli and phage � by site-specifically placing 2-AP
residues in the loop of an RNA hairpin, boxB (unpublished
results); binding of cognate protein to boxB produces CD
changes that reflect, for example, stacking of nonadjacent bases
in the loop and extrusion of the intervening base. Hence, the
low-energy CD of site-specifically placed 2-AP residues within
nucleic acids provides a useful way to study biochemical pro-
cesses that depend on local DNA and RNA conformations.

In this article, we extend the low-energy CD technique to PC, to
probe specific sequences of nucleic acids that are not accessible to
2-AP. PC is a fluorescence analog of cytosine (Fig. 1) with an
excitation maximum at 350 nm and an emission maximum at 460
nm (13–16). Fluorescence quenching of site-specifically placed PC
residues has previously been used to study local conformations in
the nucleic acid components of complexes of T7 RNA polymerase
(14, 15) and HIV-1 reverse transcriptase (17).

PC has not been as extensively studied as 2-AP, and its effects
on nucleic acid structure and stability are less well known. As far
as we have been able to determine, PC incorporation by DNA
replication in vivo has not been investigated, and the mutage-
nicity of this analogue is unknown. The PC deoxyribonucleoside
triphosphate can be used in PCRs (16), and a recent study has
shown that, in vitro, reverse transcriptase-catalyzed DNA-
dependent DNA synthesis is not affected by the incorporation of
PC residues into the template strand (17). It seems that this
template-directed synthesis takes place with high fidelity, be-
cause the probability of nucleotide misincorporation directed by
either a C or a PC residue located in the template strand is
approximately the same.

Furthermore, the RNase H activity of HIV-1 reverse tran-
scriptase properly cleaves DNA–RNA substrate with PC in the
DNA strand, suggesting that replacing C residues with PC
introduces no gross structural deformation of the oligonucleo-
tide (17). Likewise, substitution of PC for C has little effect on
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the thermal stability of dsDNA oligonucleotides (13, 16). Al-
though further studies of the differences between PC and C are
clearly needed, the available data indicate that PC residues can
be considered, at least to a first approximation, as the functional
equivalent of cytosine residues.

PC absorbs at 350 nm (13, 14), and one would expect adjacent
PC residues in a B-form DNA conformation to show exciton
bands centered at this wavelength (18, 19). Less interference
from the CD of the naturally occurring bases is expected for a
CD spectrum centered at 350 nm than for 2-AP, which absorbs
near 320 nm in dsDNA (1). Thus, the use of PC residues should
permit extension of our low-energy CD methods to the investi-
gation of G-C sequences.

To examine this possibility, we have measured the spectro-
scopic properties of single-stranded (ss) and double-stranded
(ds) 15-mer oligonucleotides containing PC residues at various
positions (Fig. 1b). The oligonucleotide PC2 has two adjacent PC
residues and was used to study the effects of base stacking on CD.
Other polynucleotide sequences were chosen to permit us to
investigate the effect of sequence changes on the CD of an
isolated PC chromophore. The oligonucleotide PC1 has a resi-
due in an A(PC)C sequence and PC1A has two PC residues in
a C(PC)A sequence, whereas PC1B has one residue in each
sequence.

Materials and Methods
Oligonucleotides containing PC (Fig. 1) were synthesized and
PAGE-purified by Qiagen. The sequences of all of the oligonu-
cleotides used were identical, except for the substitution of C by
PC. Unless otherwise stated experiments were carried out at
20°C in 20 mM sodium phosphate buffer containing 100 mM
NaCl and 0.1 mM EDTA (pH 7.5) and made with deionized
water (Barnstead). Concentration units are mol (ss or ds) of
oligonucleotide per liter.

To avoid complications due to secondary structure within the
complementary ss oligonucleotide ssPCC (see below), concen-
trations were calculated from the A260 values of ss oligonucleo-
tides at 80°C, using the recently determined extinction coeffi-
cients of Cavaluzzi et al. (20) and a molar extinction coefficient
of 4,000 M�1�cm�1 for PC-monophosphate (John Randolph,

Glen Research, personal communication). Thermal denatur-
ation experiments were carried out by raising the temperature in
the cuvette by 2°�min, and melting was monitored by UV
absorbance at 260 nm, using a Cary 3E spectrometer.

Fluorescence spectra were taken with a Jobin Yvon Fluorolog
spectrometer, and the results are reported as counts per second.
Samples placed into a 10 � 4-mm cuvette with the long path-
length oriented in the direction of the incident light, were excited
at 353 nm, and emission spectra were recorded at 20°C. Maxi-
mum emission was observed at 455 nm for all experiments. OD
at 355 nm was �0.05, and inner filter corrections were not
required.

CD spectra were taken between 500 and 195 nm on a Jasco
J-720 CD spectrometer equipped with a thermostated cell
holder. The results presented represent the average of 8–20
spectra and are plotted as ��, (the difference in molar extinction
coefficient of left and right circularly polarized light) per mol of
residue (19). CD values per mol of nucleotide at wavelengths
below 300 nm [units, liter (mol nt)�1�cm�1] were compared with
CD values per mol of PC residue above 300 nm [units, liter (mol
PC)�1�cm�1].

Results
Preparation and Characterization of Oligonucleotides that Contain PC
Residues. Solutions of 7 �M concentrations of ss deoxyribo-
oligonucleotides (units, mol of oligonucleotide per liter; optical
densities of �1 OD at 260 nm) were divided into two portions.
One was used to characterize the ss oligonucleotides, and the
other was mixed with the complementary ss oligonucleotide to
form dsDNA complexes. Low-energy absorbance of PC residues
at 350 nm, with an intensity of 2% of the OD at 260 nm per PC
residue for ss oligonucleotides, could be clearly observed without
interference from the absorbance of the naturally occurring
bases.

The ds nature of the polynucleotide was confirmed by thermal
melting, which was monitored by changes in the UV absorbance
at 260 nm. The melting profile was cooperative in nature, as
expected for a melting process that involves a ds- to ssDNA phase
transition. The Tm of the unmodified construct without PC,
dsPC0, was 59°C, whereas the Tm of dsPC1 and dsPC2 were 1°C
and 2°C higher, respectively. These results show, as previously
reported (13, 16), that the substitution of C residues by PC has
little effect on the overall stability of dsDNA molecules.

The fluorescence properties of PC are known and have been
used to probe local conformational changes induced by proteins
in polynucleotides that contain PC (14, 15, 17). The fluorescence
intensity of ssPC2 per mol of PC was one-quarter of that seen
with ssPC1 or ssPC1A. The lower intensity observed for the ss
oligonucleotide with two adjacent PC residues, compared with
that seen for isolated PC residues, may reflect quenching due to
base stacking interactions between PC residues in ssPC2 (see
below). The fluorescence signal further decreased when ss
oligonucleotides were titrated with the complementary oligonu-
cleotide ssPCC. Upon formation of the ds complex, 86% quench-
ing was observed for dsPC1, and 80% quenching was observed
for dsPC2, relative to the initial f luorescence signal of their
constituent ss oligonucleotides.

To eliminate possible unwanted effects of variable oligonu-
cleotide sequence, the ss oligonucleotides chosen for these
studies were identical, except for substitution of C residues by
PC at various positions (Fig. 1b). As a result, ssPCC, the
complementary ss oligonucleotide used to make all of the ds
oligonucleotides, contains eight guanosine residues, and sev-
eral findings suggest that this ss molecule may possess signif-
icant secondary structure. Thus, we observed that the value of
A260 for ssPCC increased by 10% when the temperature was
changed from 15°C to 80°C, and the resulting melting transi-
tion was cooperative with a Tm of 57°C. In contrast, broad

Fig. 1. Structure of a guanine-PC base pair (a), and sequences and nomen-
clature of ss oligonucleotides used in this study (b). ssPCC is the complementary
strand used to form the ds oligonucleotides dsPC0, dsPC1, dsPC2, dsPC1A, and
dsPC1B.
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thermal transitions were observed for the other ss oligonucle-
otides, with total increases in A260 of only 3–5%. In addition,
the CD spectrum of the ssPCC oligonucleotide construct
showed peaks at 269 and 289 nm. Similar CD spectra have been
previously reported for guanine-rich ss oligonucleotides and
attributed to the formation of higher-order oligonucleotide
structures (21).

The presence of secondary structure in ssPCC has two
consequences for our study. First, to determine oligonucleo-
tide concentration, it is necessary to take into account the
effects of this structure on the observed UV absorbance (see
Materials and Methods). In addition, we note that the ssPCC
oligonucleotide shows an apparent Tm that is similar to the
values reported above for the ds oligonucleotides. Conse-
quently, it appears that the formation of secondary structure
within ssPCC could potentially compete with ds oligonucleo-
tide formation. However, we were able to show that this
competition does not affect our experiments. In particular, we
found that the interaction between the two oligonucleotides
was rapid; no time-dependent f luorescent changes were ob-
served during titration of the f luorescent oligonucleotide with
ssPCC. Furthermore, the binding of the complementary strand
to the f luorescent oligonucleotides was stoichiometric. Hence,
in our studies, the formation of secondary structure in ssPCC
noted above does not appear to interfere with the formation
of duplex molecules.

Low-Energy CD of Oligonucleotides That Contain PC Residues. We
subsequently investigated the CD spectra of oligonucleotides
with PC residues in various positions. The CD peak at 275 nm
decreased from 4.3 [liters (mol nt)�1�cm�1] in ssPC0 to 3.6 [liters
(mol nt)�1�cm�1] in ssPC1 and ssPC2 (Fig. 2). The low-energy
CD spectra of ssPC1 consisted of a single band at 350 nm, which
is the position of the PC absorption maximum. The low-energy
band of the spectrum obtained with the ssPC2 oligonucleotide
was somewhat less intense and shifted to 360 nm. This red shift
in the CD maximum could be a consequence of appearance of
a high-energy peak due to stacking between PC bases in a
fraction of the ssPC2 population.

The CD spectra of the ds oligonucleotides dsPC0, dsPC1, and
dsPC2 showed a peak at 265 nm and a shoulder at 288 nm. The
intensity of the CD band at 265 nm was �� � 3.2 [liters (mol
nt)�1�cm�1] for dsPC0, and the intensity of this band decreased
to 2.2 and 1.6 [liters (mol nt)�1�cm�1] in dsPC1 and dsPC2,
respectively.

Transition from ss to ds oligonucleotide produced local con-
formational changes at the PC residues that affected the low-
energy CD spectrum. Formation of dsPC1 from ssPC1 increased
the intensity of the 350-nm band that was observed in the ss
oligonucleotide by a factor of 1.8 but did not change the
wavelength of maximum intensity (Fig. 3a). Hence, the low-

energy CD spectrum of dsPC1 has its maximum intensity at the
same wavelength as the absorption spectrum of this transition, as
expected in the absence of exciton coupling. We infer that the
observed CD reflects the chiral placement of adjacent nucleo-
tides near the PC residue, and that this placement changes with
base stacking.

In contrast, the low-energy CD spectrum of dsPC2 exhibits
two bands of opposite sign centered on the absorption maximum
(Fig. 3b). The spectrum has a peak at 380 nm and a trough at 335
nm, and crossed the baseline at 352 � 2 nm. A positive
low-energy exciton band such as that observed in this spectrum
is expected for exciton coupling of a dinucleotide containing
identical bases in the right-handed helical conformation of
B-form DNA (18, 19).

dsPC1A and dsPC1B contain two PC residues separated by
three canonical bases (Fig. 1b). The CD spectrum of the ds
oligonucleotide dsPC1A shows a trough with �� � �0.55 [liters
(mol PC)�1�cm�1] at 360 nm, whereas dsPC1B shows a peak with
�� � 1.5 [liters (mol PC)�1�cm�1] at 345 nm (Fig. 4). These
different spectra appear to be an effect of sequence context on
the CD of the PC residues. In the oligonucleotide dsPC1A, both
PC residues are in C(PC)A sequences. Hence, the negative trace
in Fig. 4 can be considered to represent the molar CD of PC in
this sequence. Likewise, the positive CD of dsPC1 (black trace
in Fig. 3a) would be the molar CD of PC in an A(PC)C sequence.
dsPC1B contains two PC residues, one in a C(PC)A sequence
and the other in the A(PC)C sequence, and its CD spectrum

Fig. 2. High-energy (a) and low-energy (b) CD spectra of 7 �M ss oligonu-
cleotides. Reaction conditions were as described in Materials and Methods. Fig. 3. Low-energy CD spectra of 7 �M ss oligonucleotide and 3.5 �M ds

oligonucleotides. (a) PC1. (b) PC2. Concentration units are mol oligonucleo-
tide per liter. CD units are liters (mol PC)�1�cm�1.

Fig. 4. Low-energy CD spectra of 36 �M dsPC1A and 24 �M dsPC1B, con-
taining two PC residues separated by 3 nt. The dark gray line is the sum of the
dsPC1A and dsPC1 (Fig. 3a) spectra. Concentration and CD units are as in Fig. 3.
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equals the sum of the dsPC1 and dsPC1A CD spectra (Fig. 4).
These results show that the low-energy CD spectra produced by
isolated PC residues depend on the nearest neighbor sequence
and are additive.

Discussion
Low-Energy CD of PC. The most important result of this study is the
demonstration that the low-energy CD of PC can be used to
investigate the conformation of DNA at selected cytosine resi-
dues. Low-energy CD spectra reflect local base stacking at PC
residues during the transition from ss to ds oligonucleotide (Fig.
3). In particular, the low-energy CD spectrum of dsPC2 exhibits
exciton coupling characterized by two bands of opposite sign
centered on the low-energy UV absorption maximum of PC. A
CD spectra of this shape indicates base stacking between adja-
cent PC residues in a right helical conformation (18, 19). In
contrast, the maximum intensity of the low-energy CD spectrum
of ssPC1 occurred at the absorption maximum. Formation of
dsPC1 increased the CD, and this spectroscopic change reflects
the chiral environment of nucleotides in the DNA sequence near
the PC residue.

A CD signal characteristic of exciton coupling has also been
reported for adjacent 2-AP residues in dsDNA. A low-energy
peak is observed at 326 nm, and its intensity is three times larger
than for dsPC2 (1). It is worth emphasizing that the low-energy
CD signal of PC is well separated from the CD spectra of DNA
and protein. Hence, the exciton couplet with equal intensities
and opposite signs that is expected from the conservative nature
of exciton coupling (18, 19) is more clearly visible for dsPC2 (Fig.
3) than for 2-AP dimers in dsDNA (1). The wavelength where
the CD intensity is zero corresponds exactly to the absorption
maximum of PC. CD spectra of this quality open the possibility
for theoretical calculations of the relation between structure and
CD for a single base pair within a particular polynucleotide.
Finally, because their CD signals above 300 nm are well sepa-
rated, it may be possible to use 2-AP and PC together in
low-energy CD experiments and simultaneously measure local
conformations at two different sites within a given nucleic acid
construct.

Effect of Nearest Neighbor Bases on Low-Energy CD of Isolated PC
Residues. We observed an unexpected effect of sequence context
on the low-energy CD spectra of isolated PC residues in dsDNA
oligonucleotides. The CD of PC in an A(PC)C sequence is
positive (black trace in Fig. 3a), whereas the CD of PC in
C(PC)A is negative (black trace in Fig. 4). These signals arise
from the sequence context of the PC residue and are additive, as
shown by the molar CD of dsPC1B, which contains two PC
residues, one in each sequence (Fig. 4).

The origin of these different signals is uncertain. Geometric
factors involved in determining the total chirality of adjacent

bases are modified when the polarity of the trinucleotide
sequence is reversed and could change the sign of the CD
spectrum. In addition, the PC residue may have a different
range of conformations in the two sequences. An unusually
large f lexibility of the CA dinucleotide step in dsDNA has
been reported from gel mobility assays (22), from fluctuations
in protein–DNA structures (23), and from EPR experiments
(24); averaging over a larger range of structures due to the
greater f lexibility of a CA dinucleotide base pair could con-
tribute to the negative CD band of C(PC)A. Although further
studies will be necessary to understand this phenomenon, the
low-energy CD of an isolated PC residue appears to be
sensitive to nearest neighbor bases and may give information
about local conformation and mobility at GC sequences.

The local behavior of RNA and DNA at the nucleotide and
dinucleotide level has many biological consequences. For
example, local conformations are thought to contribute to
protein-nucleic acid recognition primarily through indirect
readout in which specific binding occurs because the protein
recognizes sequence-dependent conformational features of
DNA or RNA (25, 26). Conceptually, local deformations could
produce a fraction of the duplex population in the product
conformation; specific protein binding would then ‘‘trap’’ this
conformation and displace the equilibrium toward the bound
complex. In this case, free oligonucleotide would be expected
to have structural characteristics similar to the specifically
bound oligonucleotide (25, 27). Experiments with techniques
such as gel mobility assays, NMR spectroscopy, and x-ray
crystallography have been carried out for a number of years to
study specific recognition of DNA sequences by proteins.
Observation of local, sequence-dependent deformation of
duplex DNA or RNA by low-energy CD, such as demonstrated
in this paper, appears to be a useful complementary method
to study this and related phenomena.

In conclusion, we have demonstrated the feasibility of using
low-energy CD to determine local conformations of nucleic
acids at AT sequences (1) and GC sequences (this work). The
structural basis of exciton coupling of 2-AP or PC dinucleoti-
des is well understood (18, 19), and these signals can be used
to measure local base stacking. Isolated 2-AP or PC mono-
nucleotides also display chirality that ref lects their asymmetric
environment and is sensitive to sequence context. Local DNA
conformation and mobility play a role in much nucleic acid
biochemistry, and low-energy CD should be a useful technique
to study such processes.
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