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On the delocalization length in RNA single strands of cytosine: 
How many bases see the light? 
Nykola C. Jones, Steen Brøndsted Nielsen and Søren Vrønning Hoffmann*

The interplay between multiple chromophores in nucleic acids and photosynthetic proteins gives rise to complex electronic 
phenomena and largely governs the de-excitation dynamics. Electronic coupling between bases in the excited states of single 
strands of DNA and RNA may extend over several bases and likely protects nucleic acids from harmful UV damage. Here we 
report on the coupling between bases in single RNA strands of cytosine and find that the excited state is delocalized over up 
to five bases at neutral pH, where all bases are non-protonated (i.e. neutral). Delocalization is over four bases at 278 nm 
excitation, while it involves five bases at shorter wavelengths of 188 nm and 201 nm. This is in contrast to only nearest-
neighbour interactions for corresponding DNA strands as previously reported. The current results seemingly corroborate 
earlier findings of larger spatial communication in RNA than in DNA strands of adenine but there is no obvious link between 
the overall structure of strands and delocalization lengths. RNA cytosine strands form a tight helix, while comparatively, 
adenine strands show less tight packing, also compared to their DNA counterparts, and yet exhibit even higher 
delocalisation.

Introduction
The electronic coupling between excited bases in DNA and RNA 
strands is a topic of high current interest in photobiology 1,2,3,4,5. 
There is a clear motivation for this as the base-base 
communication plays a role in dissipation of energy under UV 
irradiation, and thus in the self-protection against photo-
damage from solar light. It stems from the close proximity 
between the bases in the strands where the -stacking 
significantly affects the electronic properties of strands,6 and 
electronic coupling between bases becomes more important 
than the photophysics of individual chromophore bases of the 
DNA and RNA building blocks7,8,9,10. Ultrafast non-radiative de-
excitation pathways have been observed for single bases4, but 
the electronic properties and the spatial extent of the excited 
states in oligo-nucleotide single strands are much more 
complex. 

Synchrotron radiation circular dichroism has previously 
been used to study the geometrical and electronic structures of 
strands of DNA 7,8,9,10,11,12,13,14,15,16,17,18,19 and RNA20. Circular 
Dichroism (CD) measures the difference in absorption between 
left- and right-handed circularly polarized light, probing the 
chirality or chiral arrangement of a (bio)molecule. The 
advantage of Synchrotron Radiation (SR) as a source of photons, 
over the traditionally used Xe-arc lamps in conventional CD 
instruments, is the high intensity, especially in the Vacuum 

Ultra-Violet (VUV) region below 200 nm. This facilitates better 
measurements in the VUV despite the often strong absorption 
by salts, buffers and solvents in this region. CD spectroscopy is 
an important technique for studying base-base interactions in 
DNA/RNA, as a difference in the CD spectrum of a 
mononucleotide and strands of nucleotides may be direct 
evidence of interactions between neighbouring bases in the 
electronically excited state21.

Interesting results were obtained in SRCD studies for 
adenine nucleotides where a range of strand lengths (n) of both 
DNA, (dA)n, and RNA, (rA)n, adenine have been investigated 9,20. 
The (dA)n strands showed a clear coupling between two bases 
for excitation wavelengths above 200 nm, whereas a long-range 
coupling of up to eight nucleobases was observed for 
excitations below 200 nm. This very long coupling length was 
surpassed in strands of RNA adenine, where up to eleven 
nucleobases were found to couple for all investigated 
wavelengths. These results were especially interesting as the 
base stacking disorder is higher in (rA)n than in (dA)n, which 
should lead to shorter spatial extent of the exciton and thus a 
reduced coupling in (rA)n

22 . These results are in sharp contrast 
to strands of thymine7, where the coupling is fully restricted to 
two bases. In addition, incorporation of a single thymine in 
single strands of adenine is capable of disrupting the long-range 
coupling between adenine10. It is worth noting that different 
techniques, both experimental and theoretical, sometimes 
provide different delocalization lengths (see for example refs. 3 
and 5), emphasizing that this is a non-trivial problem to attack. 

Strands of single base-type DNA and RNA show a multitude 
of structures under different pH conditions, see e.g. Ref. 7 for 
an overview. Prominent examples are the various DNA guanine 
quadruplex structures23, and DNA cytosine strands can form 
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homoduplexes under acidic conditions. The duplexes are 
formed via base pairs of two cytosine bases, where one of the 
bases is protonated, a hemi-protonated cytosine base pair. 
These duplex strands form a four-stranded complex, tetramers, 
known as i-motifs24,11. Full protonation of the DNA cytosine 
strands under highly acidic conditions, pH ~1, leads to coulomb 
repulsion between the bases, and there is no indication of base-
base interactions11. Under neutral or basic conditions, cytosine 
forms single-stranded structures25,26 and the coupling between 
the bases is limited to nearest-neighbour interactions. 

Here we investigate strands of RNA cytosine. It is interesting 
to note that cytosine lends itself better to theoretical work than 
adenine, as the excited-state mixing of n* and * is less for 
cytosine27,28. Despite the complex i-motifs found in DNA 
cytosine strands, RNA cytosine strands notably do not seem to 
form complexes at neutral pH29,30,31. This lack of complexity, 
together with the increased coupling length in adenine strands 
of RNA compared to DNA, forms the basis of this study. The 
questions we address are what information is obtained from 
SRCD with regard to coupling length in RNA strands of cytosine 
and whether this length depends on excitation energy.

Experimental
All RNA cytosine strands were purchased from DNA Technology 
A/S, Aarhus, Denmark. The samples were HPLC-purified and 
tested by mass spectrometry by the supplier. The monomer, 
cytidine monophosphate (CMP), was obtained from Sigma-
Aldrich as a disodium salt with a stated purity of >99%. All 
samples were dissolved in a 10 mM sodium phosphate buffer at 
pH 7.0 made with pure water (PureLab Genetic) and no further 
addition of salt. SRCD spectra were measured at the AU-CD 
beam line at the ASTRID2 storage ring facility, Aarhus 
University32,33. All spectra were acquired over a wavelength 
range of 175-330 nm in 1 nm steps and a dwell time of 2.1 sec. 
Sample spectra were recorded in triplicate and a buffer baseline 
subtracted, all measured using the same nominally 0.1 mm path 
length quartz cell of type 121.000 (Hellma GmbH, Germany). 
The exact pathlength, to within ±0.1 m, was measured via an 
interference method34 using an Evolution 300 UV-VIS 
spectrophotometer (Thermo Fisher Scientific). All spectra were 
slightly smoothed using a 7-pt Savitzky–Golay filter35.

The concentrations of the samples were determined by 
absorption measurements at 260 nm performed at the AU-CD 
beam line and confirmed using the UV-VIS spectrophotometer. 
Molar extinction coefficients at 260 nm used for concentration 
calculations were provided by DNA Technology A/S. Final 
concentrations and molar extinction coefficients for all samples 
are given in Table 1. The extinction coefficients are based on a 
nearest neighbour model, see e.g. the description by Tataurov 
et al.36 The parameters used in the model have historically 
varied somewhat, by about 7% for the RNA form of cytosine. 
However, this only translates into an uncertainty of up to 3% in 
the extinction coefficient for the longest strand under 
investigation. A detailed analysis on the effect of concentration 
errors is presented in the supplementary information and 
shows that errors would re-scale our spectra slightly, but does 

not change the overall conclusion on coupling lengths 
presented.

Table 1  Concentration (c) from sample absorbance 
measurement at 260 nm and the molar extinction coefficients 
() used for each of the single stranded cytosine RNA (ssRNA)

ssRNA c (mM)   (M-1 cm-1)
(rC)2 2.60 14 200
(rC)3 1.10 21 000
(rC)4 0.83 27 800
(rC)5 0.71 34 600
(rC)6 0.58 41 400
(rC)8 0.54 55 000
(rC)10 0.49 68 600
(rC)12 0.41 82 200
(rC)15 0.35 102 600

Results and Discussion
SRCD spectra of cytidine monophosphate (CMP) and various 
lengths of single-stranded RNA cytosine (rC)n with n = 2 – 6, 8, 
10, 12 and 15 are shown in Fig. 1. The insert shows a comparison 
between the monomer (CMP) and the dimer. The latter has a 
much higher magnitude, as also observed for monomers and 
dimers of DNA adenine8,9, RNA adenine20, DNA thymine7,8, and 
DNA cytosine11. Therefore CD spectra of RNA strands of 
cytosine are dominated by base-base coupling, and in the 
following discussion we may safely disregard the influence of 
the monomer in the strand spectra. The CD spectra of the 
various lengths of (rC)n show some change in shape as n 
increases, with distinct bands near 278 nm and an exciton 
doublet below 200 nm with a positive maximum around 201 nm 
and a negative one around 188 nm. These exciton-split bands in 
CD spectra occur when two monomeric chromophores make a 
strong coupling in a dimer37. These features are not observed 
for the CMP monomer, where the CD signal is particularly weak 
below 200 nm. This dominating exciton coupling is a clear 
indication of a strong coupling between the bases in strands.

Figure 1 SRCD spectra normalized to strand concentration and light path length of (rC)n 
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at neutral pH for several values of n, as indicated in the legend. In the insert, a 
comparison between the monomer (CMP) and dimer is shown.

To analyse the CD spectra of (rC)n in Fig. 1, the signal of the 
three largest bands (188 nm, 201 nm, and 278 nm) are plotted 
(Fig. 2) as a function of strand length, n. In the simplest form, 
where no interaction is present between neighbouring 
nucleotides, the spectrum of an n-long strand is simply the CD 
spectrum of the mononucleotide scaled by n. When nearest-
neighbour interaction couples bases, we often observe that the 
magnitude of the mononucleotide CD spectrum is much smaller 
than that of the di-nucleotide7,8,9,10. In this case the CD signal at 
a given wavelength of an n-long strand (n > 1) may be described 
as a·(n-1) where the constant a depends on the nucleotide, and, 
as observed for adenine DNA strands, also on the wavelength 
(vide supra)9. For more complicated couplings between 
nucleobases, where the coupling extends further than just the 
nearest neighbour, a slightly more advanced model is needed 
for the description of the CD signal with increasing strand 
length7,9. The CD signal, CD(Xn), of an n-long strand of 
nucleotide X is broken down into nearest neighbour coupling, 
a1, next nearest neighbour, a2 and so on

𝐸𝑞𝑛. 1.    𝐶𝐷(𝑋𝑛) =  
𝑛

∑
𝑖 = 1

𝑎𝑖 ∙ (𝑛 ― 𝑖)

The coupling constants ai may satisfactorily be described as an 
exponentially decreasing function of i

𝐸𝑞𝑛. 2.    𝑎𝑖 = 𝑎 exp ( ― 𝑏 ∙ 𝑖)

The parameters a and b above may be determined through 
fitting to the CD signal at selected wavelengths where there are 
strong features.

The data points in Fig. 2 for high values of n all fall on a 
straight line for each of the three wavelengths. However, this 
straight line clearly does not follow a simple nearest-neighbour 
model of a·(n-1), where the CD signal would cross zero at n = 1. 
Thus, the full model in equations 1 and 2 is employed to 
determine the extent of coupling. Notice that this model only 
contains two parameters, a and b, and produces a nice fit to all 
nine data points. The b parameter dictates how the coupling 
strength falls off between the bases as they are interacting over 
a larger and larger distance from each other. The fitted length 
parameter, b, of 0.292 is the same for both maxima in the 
exciton pair (188 and 201 nm). This shows that they are indeed 
directly linked as we would expect from exciton coupling 
between corresponding chromophores on the individual bases. 
The length parameter is larger, 0.486, for the maximum at 278 
nm. The length parameter has a dimension of inverse the 
number of bases, so that a larger value corresponds to a higher 
decay of coupling for bases further and further apart. Hence, 
the values we obtain show that the coupling has a longer range 
for the excitation near and below 200 nm than at the excitation 
near 278 nm. In fact, the nearest neighbour interaction 
accounts for about 26% and 39% of the full interaction in the 
two wavelength regions, respectively. We define the coupling 

length by identifying at which strand length the coupling 
interaction drops below 10% of the full interaction. This is for n 
= 4 and 5 for the 278 nm data and 188/201 nm data, 
respectively. This difference is also visible when comparing the 
model fit with the linear fit in Fig 2; the linear fit to the high n 
values deviates from the model fit, and the data points, at n = 4 
for the 278 nm data and at n = 5 for the 188/201 nm data. 
Therefore, the interaction length is at least four bases in long 
single-stranded RNA of cytosine. This is clearly longer than the 
interaction in the DNA form of single-stranded cytosine, where 
only nearest-neighbour interactions are important.

Figure 2 CD intensity vs strand length, n, for the three most prominent band maxima in 
the CD spectrum at 278 nm (circles), 201 nm (squares) and 188 nm (triangles – plotted 
on the right hand side scale). The solid lines are fits to the model of the CD signal CD(rC)n 
described in equations 1 and 2. The distance parameter b was found to be 0.292 when 
fitting the two maxima at 188 nm and 201 nm, and 0.486 for the 278 nm maximum. The 
dashed lines are linear fits to high n-value data points.

To further analyse the CD data in Fig. 1, we have performed 
a principal component analysis (PCA) of the spectra. In a PCA, 
the set of m spectra are deconvoluted into a set of basis spectra, 
φj, which can reconstruct one of the original spectra CD[(rC)n] of 
(rC)n via a set of coefficients, cj[(rC)n]

𝐸𝑞𝑛. 3  𝐶𝐷[(𝑟𝐶)𝑛] =  𝑐1[(𝑟𝐶)𝑛] ∙ 𝜑1 +  𝑐2[(𝑟𝐶)𝑛] ∙ 𝜑2 + 𝑐3[(𝑟𝐶)𝑛] ∙ 𝜑3 + …

It is understood that the basis spectra, like the original CD 
spectra, are a function of wavelength, while the coefficients are 
constants. There are in principle as many basis spectra, m, as 
there are CD spectra included in the analysis. However, in 
practice there are only as many significant basis spectra and 
corresponding coefficients as there are differences, other than 
scaling, between the original m CD spectra. As an example, if 
only two basis spectra are needed to reproduce all the CD data 
in a set, then there are two distinct chiral species. Variations in 
their respective coefficients with strand length reflects a change 
in the amount. Shown in Fig. 3 are the three most significant 
basis spectra found in a PCA of the spectra in Fig. 1 and a plot of 
the corresponding coefficients as a function of strand length. If 
there were only nearest neighbour interactions, the PCA would 
just give a single CD spectrum as basis spectrum, and this would 
be linearly scalable with the number of bases in the strands. The 
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rest of the basis spectra would essentially be noise. The fact that 
there is more than a single basis spectrum in the PCA that is not 
noise, directly shows that it is important to consider more than 
nearest neighbour interactions for the cytosine strands. 
Although the analysis yielded three quite different basis 
spectra, the coefficients are essentially zero for basis spectrum 
φ3 and close to zero for φ2. This means that the analysis with 
fitting single wavelength data points to our base-base 
interaction model has not overlooked any other important 
structural change as the length of the strand changes. A small 
change in the contribution of φ2 with n is, however, expected 
due to the larger delocalization length at 200 nm than at 278 
nm and is also evident from a closer inspection of Fig. 3. Further 
discussions about the spectral evolution with strand length is 
found in the supplementary material.

Figure 3 Principal component analysis of the CD spectra in Fig. 1. Top: The three 
component spectra. Bottom: The corresponding coefficients as a function of n. The c3 
coefficient is basically zero whereas the c2 one decreases slightly with n. 

There is presently no method that with certainty identifies 
the correct delocalization length. Another approach is transient 
absorption, but also here there are discussions about how to 
interpret the results. For example, Fiebig and co-workers38 
suggested that the excitation involves 3 to 4 bases in the case 
of adenine strands, while Kohler and co-workers4,1,39 concluded 
that only two bases interact and explained the deviation based 
on base-stacking disorder40. We believe that as many different 
methods as possible aid in the interpretation of the complicated 
dynamics of nucleic acids.

Interestingly, both the results presented here, as well as the 
earlier studies of the RNA form of oligonucleotides of adenine, 
show that the RNA form has an increased coupling length 
compared to its DNA counterpart. This should lead to an 
increased resistance towards UV radiation damage, as the 
energy is dispersed over a longer part of the molecule. In the 
context of the origin of life, the so-call RNA world scenario41, 
where RNA self-replicating is postulated to precede the 
evolution of DNA, would benefit from better self-protection 
against UV radiation under the higher UV radiation levels in an 

early Earth atmosphere. Well-folded RNA have been found to 
be better UV protected than more disordered folds42 .

The wavelength dependence of the present results for (rC)n 
shows only slightly higher coupling near 200 nm compared to 
278 nm. In the early development of RNA, a much increased UV 
resistance in the more energetic UV region would seem 
favourable. However, the early Earth atmosphere offered 
higher levels of shielding below 204 nm due to a higher content 
of carbon dioxide43.

Conclusions
It was previously suggested5 that an apparent contradiction 
between a longer coupling length in the RNA20 form of adenine 
over the DNA9 form, despite the reported22 larger base stacking 
disorder in the RNA form, could be resolved by a study of (rC)n. 
Here we report that the coupling length of the bases in the RNA 
form of cytosine homo oligo-nucleotides is at least four to five 
bases, in sharp contrast to the maximum of only nearest 
neighbour coupling observed in the DNA form of cytosine 
strands11. In contrast to adenine, X-ray structure44 and 
measurements of ionic current flux through a nanometer-scale 
pore membrane45 have suggested that poly(rC) have very tight 
packing compared to the typical packing in B-DNA. This may 
very well result in better base stacking leading to the increased 
coupling length in (rC)n observed here, leaving the high level of 
coupling observed in more disordered (rA)n somewhat of an 
enigma.

Conflicts of interest
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