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Compaction of nucleic acids, namely DNA and RNA, determines

their functions and involvement in vital cell processes including

transcription, replication, DNA repair and translation. However,

experimental probing of the compaction of nucleic acids is not

straightforward. In this study, we suggest an approach for this

probing using low-frequency Raman spectroscopy. Specifically,

we show theoretically, computationally and experimentally the

quantifiable correlation between the low-frequency Raman inten-

sity from nucleic acids, magnitude of thermal fluctuations of atomic

positions, and the compaction state of biomolecules. Noteworthily,

we highlight that the LF Raman intensity differs by an order of

magnitude for different samples of DNA, and even for the same

sample in the course of long-term storage. The feasibility of the

approach is further shown by assessment of the DNA compaction in

the nuclei of plant cells. We anticipate that the suggested approach

will enlighten compaction of nucleic acids and their dynamics during

the key processes of the cell life cycle and under various factors,

facilitating advancement of molecular biology and medicine.

Nucleic acids, namely DNA and RNA, are at the heart of
biochemical processes in cells.1 The emerging evidence sug-
gests that the compaction of nucleic acids (NAs) – tightness of
nucleotide packing resulting in constraints on their thermal
motion – governs the key pathways of gene expression and
genome maintenance, including transcription, translation,
replication, recombination and DNA repair. Specifically, chro-
matin – DNA complexed with histone proteins – is present in the
cell nucleus in the form of functionally different euchromatin

and heterochromatin depending on its compaction degree.
Compact heterochromatin is transcriptionally silent, whereas
euchromatin is rich in genes and has an open structure easily
accessible to DNA-binding enzymes implementing transcription,
replication and remodeling.2 Epigenetic changes in response to
various factors result in rearrangements of chromatin, turning the
transition between euchromatin and heterochromatin, and pro-
viding fine tuning of gene expression and cell proliferation.3

Compaction of RNA is important as well: for instance, that of
ribosomal RNA (rRNA), which constitutes the bulk of the ribo-
some, is essential for protein synthesis. Thus, detailed under-
standing of the NA (especially DNA) packing and dynamics, as
well as their dependence on temperatures and other factors is of
paramount importance for molecular biology and medicine. How-
ever, this understanding is far from being achieved. Unfortunately,
the techniques for probing NA compaction and chromatin
arrangement developed to date (e.g., Hi-C,4 neutron scattering,5

X-ray scattering6 and fluorescence labeling7) are hardly applicable
for non-invasive in vivo studies.

A promising tool for studying the cell compartments, includ-
ing nuclei, is Raman imaging microscopy.8 Raman spectra of
biomolecules in the high-frequency range (HF, the wavenumber
above 200 cm�1) typically contain characteristic bands corres-
ponding to intramolecular vibrational modes. As a result, HF
Raman spectra distinguish DNA, RNA, proteins and lipids so
that HF Raman imaging can probe their distribution in cells,8,9

as well as their dynamics, e.g., during mitosis10 and apoptosis.11

Low-frequency (LF, below 200 cm�1) Raman spectroscopy could
provide invaluable information about the conformation of
(bio)molecules and interactions between them, as LF spectra
are associated with large-scale motions of extended molecular
fragments controlled by non-covalent interactions. LF Raman
spectra of biomolecules have been analyzed in a number of
reports (see, e.g., ref. 12–18). In a few of them, the nature and
frequency of various LF bands were addressed for various DNA
and RNA species under different conditions.14–17 For instance,
the effect of sequence15 and humidity14,16,17 was widely dis-
cussed. However, the intensity of LF Raman bands of NAs was
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addressed only in a few reports,13,14,17,18 and the analysis was
nearly lacking in most of them.

On the other hand, we have recently shown that in another
class of molecular materials, namely organic semiconductor
crystals, high LF Raman intensities are observed for vibrations
that strongly contribute to the dynamic disorder – thermally
induced fluctuations of the positions and relative orientations of
molecules.19–22 Meanwhile, high HF Raman intensities underline
vibrations that significantly affect the molecular polarizability,
i.e., contribute to local electron–phonon coupling.23 Since mea-
suring absolute LF Raman intensity is not straightforward, it is
reasonable to use the ratio of LF Raman intensities to the HF
ones (referred to as the R ratio in what follows), which provides a
means for quantification and monitoring of the dynamic dis-
order in organic semiconductors.20 In contrast to crystalline
organic semiconductors, DNA and RNA are not periodic in the
strict sense. However, in terms of solid-state physics, they can be
regarded as systems with a strong static disorder, while extra
disorder induced on top of it by thermal fluctuations at the
picosecond timescale can be treated much like the dynamic
disorder in molecular crystals. Note that such a definition of
the dynamic disorder we adopt here excludes various motions at
timescales longer than 10 ps and shorter than 0.1 ps: the former
are related to slow conformational transitions of biomolecules,
while the latter are associated with vibrations of chemical bonds
(like the abovementioned intramolecular vibrations in molecular
crystals). Between the two scales, however, there are vibrational
modes that are thermally populated and are able to provide
information about the molecular environment and compaction
of the biomolecule.

In the current study, we formulate, test and apply a Raman-
based approach to probe the dynamic disorder in NAs, thereby
monitoring the compaction degree of these biomolecules.
Unlike previous studies that used LF Raman spectra for analysis
of the conformation of biomolecules, we focus on the relative LF
Raman intensity instead of the frequencies of the bands, which
allowed us to provide a quantitative estimate for the dynamic
disorder. In the theoretical part, we introduce a version of the R
ratio as a descriptor for the disorder in NAs and use molecular
dynamics (MD) simulations to corroborate the connection
between the disorder amplitude, the LF Raman spectrum and
the compaction state of a biomolecule. Experimentally, we
compare the R ratio for native and digested DNA and rRNA
samples, and relate the observed difference to the degree of NA
compaction therein. Furthermore, we report and explain a
systematic decrease of the LF Raman intensity with long-term
storage for DNA, whereas the rRNA spectrum changes slightly as
assigned to the inherited compactified state of the ribosome.
Accordingly, we argue that probing the dynamic disorder using
a LF Raman-based technique enables monitoring the compac-
tion of the NA molecules. Finally, we show that this monitoring
can be performed in vivo using plant cells as an example.

To develop a spectroscopic descriptor of the dynamic dis-
order in NAs, we consider separately LF and HF Raman
intensities. The Raman intensity is proportional to mean
squared modulation of the polarizability tensor, a, of the

system, I p htrda2(t)i (see, e.g., ref. 24). The LF Raman signal
from NAs originates mainly from rotational vibrations (libra-
tions) of nucleosides25 (see Fig. 1); in the latter, contributions
of the nucleobases should dominate because of the much
larger polarizability of the p-conjugated system of the nucleo-
base as compared to that of the non-conjugated (deoxy)ribose.
Within the rigid-body approximation for the nucleobase libra-
tions, the tensor transformation law indicates that the vibra-
tional modulation of the polarizability tensor for each
nucleobase is proportional to the libration angle djn(t) around
the instantaneous rotation axis, dan B andjn, up to a factor of
order unity. To arrive at the desired semiquantitative descrip-
tor, we treat the polarizabilities an of individual nucleotides as
being of the same order, denoted a1 hereinafter, since they are
rather comparable in reality (see, e.g., our DFT estimations in
Fig. S1, ESI†). For the whole biomolecule, the polarizability
fluctuation thus reads da � a1

P
n

djn, and the LF Raman inten-

sity is proportional to:
ð
LF

Ido � CNresa21s
2
j � f � CNresa21s

2
j; (1)

where f is a factor describing correlations between the polariz-
ability deviations for different nucleotides (which is of order
unity, since the correlation length for vibrational modes is
expected to be much smaller than the size of the biomolecule),
C is a constant prefactor depending on the experimental
conditions (pump intensity, active volume, etc.), and Nres is
the number of nucleotides in the biomolecule. Finally, the
quantity of interest sj measures the characteristic angular
amplitude of orientational disorder of the nucleobases, which
can be regarded as a measure of the dynamic disorder in the
whole NA molecule. In fact, the quantity a1sj on the right-hand
side is nothing but the characteristic amplitude of the dynamic

Fig. 1 Origins of LF and HF Raman signals for NAs.
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polarizability disorder, i.e., of thermal fluctuations of the
nucleobase polarizabilities.

The HF Raman intensity (divided by the vibrational fre-
quency) is related to the charge transfer reorganization energies
of the nucleobases, ln.21,23 To formulate a semiquantitative
disorder descriptor, we stress that ln values are assumed to be
close for various nucleobases. This is physically reasonable (see
ref. 26); moreover, the percentages of various nucleotides in
reasonably long native DNA and RNA samples are generally
similar; therefore, the differences between l values are effec-
tively averaged out. As a result, the HF Raman intensity can be
described as: ð

HF

I=oð Þdo � CNresa21l1; (2)

where C is the same constant as in eqn (1) and l1 is the average
reorganization energy of one nucleobase. To eliminate the
unknown C and Nres factors, we follow ref. 21 and introduce a
spectroscopic quantity

R ¼
ð
LF

Ido=
ð
HF

I=oð Þdo: (3)

Using eqn (1)–(3), we find

sj �
ffiffiffiffiffiffiffiffi
l1R

p
/

ffiffiffiffi
R
p

: (4)

Thus, a large R indicates strong dynamic disorder in NAs and
can be used for its experimental assessment, in line with our
results for organic semiconductors.19–22

It is natural to assign strong dynamic disorder (large R) to
loose packing of the NA, i.e., its weak compaction, so that large-
scale nucleotide motions are possible. In contrast, in a densely
packed (compacted) NA, large-scale nucleotide motion is hin-
dered, resulting in a small R value. The following two factors
seem to determine the compaction of NA: close packing of
nucleotides within the helix and strong interaction between
adjacent helices, so that both contribute to decrease of R. We
emphasize that eqn (4) is only semiquantitative; however, in

this study we show that R reasonably monitors the dynamic
disorder and compaction of DNA and RNA.

To corroborate and illustrate our reasoning connecting the
LF Raman intensity, dynamic disorder in different NA frag-
ments (or nucleotides), and their molecular environment or
compaction, we performed MD simulations of a linear DNA (27
nucleotide pairs, i.e., Nres = 54 nucleotides) and of the riboso-
mal L1 stalk (Nres = 95), which are known for their important
role in the translation process (see, e.g., ref. 27), in explicit
water solvent. Apart from their relative simplicity, these two
structures were chosen because of their clearly different
degrees of compaction (Fig. 2b and c): while the linear DNA
maintains its quasi-1D structure with a uniform packing den-
sity, the L1 stalk exhibits a tertiary structure, which features
fragments formed by relatively densely packed three and more
RNA stems/loops. Fig. 2a shows LF Raman spectra predicted
from 10 ns MD simulations of the two structures (see Methods
for the computational protocol we used), after normalization to
the numbers of nucleotides. Both spectra are represented by a
LF wide-band background signal (LFWBS) and a number of
bands on top of it (e.g., those around 70–80 cm�1, see inset in
Fig. 2a). It is natural to assign this LFWBS to localized stochas-
tic vibrations of the rather soft, nearly amorphous DNA struc-
ture with a lot of degrees of freedom.28 The LF spectra, virtually
characterizing the frequency distribution of the dynamic polar-
izability disorder for DNA and RNA, reveal a vivid difference: in
the more compacted L1 stalk, the disorder is more shifted
toward higher frequencies than in linear DNA. Moreover, the
total root-mean-squared (RMS) disorder amplitude, after a
‘‘statistically inspired’’ normalization to

ffiffiffiffiffiffiffiffiffi
Nres

p
, turns out to

be 30% smaller in L1 stalk than in DNA (see the bar chart in the
inset in Fig. 2a). Furthermore, Fig. 2b and c evidences that,
quite naturally, unpaired and terminal nucleotides are the ‘‘hot
spots’’ with the highest disorder amplitudes, whereas those
lying inside the quasi-3D compaction domains of L1 stalk are
the least ‘‘noisy’’ (represented by bluish color shades in the
figure). In contrast, all the nonterminal nucleotides in DNA are

Fig. 2 (a) Calculated LF Raman spectra of a linear DNA and the ribosomal L1 stalk. The inset presents the spectra after subtraction of the LFWBS
contribution to the spectrum, whose estimate is shown using a dashed curve in the main plot. The inset also presents the normalized RMS dynamic
polarizability disorder amplitude, sa=

ffiffiffiffiffiffiffiffiffi
Nres

p
, for the two molecules, in Å3. (b) and (c) Structures of DNA (b) and L1 stalk (c), colored according to the relative

polarizability disorder s(an)/tr�an of individual nucleobases n. The ‘‘hot’’ and ‘‘cold’’ spots with the highest and lowest disorder are marked explicitly.
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characterized with roughly the same disorder. A similar con-
clusion can be drawn from the RMS coordinate deviation
analysis: over a 2 ns time window, this disorder metric is
2.7 Å for DNA atoms, compared with 1.5 Å for a more ordered
L1 stalk (for details, see Section S1, in particular, Fig. S2, ESI†).
Note that the L1 stalk is relatively soft compared with the
ribosome as a whole (which strongly exceeded our simulation
capabilities), so that the dynamic disorder for the latter is
expected to be even lower. Thus, our MD results corroborate
the formulated approach for LF Raman probing of dynamic
disorder in NAs and their compaction.

We now move to the experimental Raman data for DNA and
RNA samples. Fig. 3a presents the spectra for precipitated native
(supercoiled) and digested (cut with DNAse I) DNA (semi)dry
films. For the digested species, the cuts in one or both DNA
strands prevent supercoiling and enable the relaxed (extended)
conformation.29 Since the experiments were performed in films,
neighboring molecules interact with each other, and the
digested DNA can pack in a more compact state than the
supercoiled native one. The HF Raman spectra for both DNA
species are typical for DNA30 and exhibit prominent character-
istic bands. These bands have similar frequencies and slightly
different intensities for the two samples; their assignment with
the corresponding intensity analysis is given in Section S4, ESI.†

The LF Raman spectrum of both DNA species (see Fig. 3a) is
presented by relatively narrow bands above the LFWBS, in line
with the earlier experimental14–18 and computational data.18,28

Note that since the experiments on DNA and RNA samples were
performed for (semi)dry films, direct contribution of retained
water to LFWBS is expected to be insignificant. The LFWBS
contributes to the overall disorder18 and hence should be
accounted for to assess the latter via the R calculation. How-
ever, for investigation of the coherent vibrations (which reveal
themselves as narrow bands) of biomolecules the LFWBS
should be subtracted; thus, we will also use another descriptor,
R0, calculated without the LFWBS. The calculated R and R0

values for the DNA samples studied are listed in Table 1. In the
digested DNA, the LF signal is less intensive, resulting in a
lower R value. After the subtraction of the LFWBS (inset of
Fig. 3a), the difference in the LF spectrum between the native
and digested DNAs remains prominent: the intensity of the
lowest-frequency Raman band at B20 cm�1 is about 10 times
higher for the native DNA than that for digested one, resulting
in a much lower R0 value corroborating the weaker dynamic
disorder in the digested DNA. This decrease in LF Raman
intensity resembles that observed with cooling (see Fig. S3,
ESI†), which freezes molecular motion and hence dynamic
disorder. The weaker disorder in the film of digested DNA

Fig. 3 (a) Raman spectra of native (red) and digested (black) DNA. (b) Raman spectra of native (red) and EDTA-treated (black) ribosome (rRNA). The
spectra are normalized to the integrated HF intensity. The insets show the LF region with LFWBS subtracted. (c) and (d) Time dependence of R and R0 for
the native DNA (c) and ribosome (d). Lines are exponential fits (R = A1exp(�t/t) + y0), with t (in days) labeled on the graphs. The insets show the Raman
spectra in the LF region with LFWBS, with the numbers of storage days given in the legends.
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can be ascribed to tighter packing of DNA helices or closer
packing of nucleotides within the helices in this sample, as
mentioned above. The tighter packing of the helices of digested
DNA in films is corroborated by atomic-force microscopy data:
while the native DNA precipitates from solution as extended
isolated molecules, the digested DNA form aggregates (Section
S5, ESI†). In addition, the decrease of dynamic disorder can
have a contribution from changes in the helix conformation.
Native DNA exists in the B-form of the helix, whereas digestion
of the former can induce transition into other forms, e.g.
A-form. This hypothesis is corroborated by emergence of the
band at B807 cm�1 (characteristic for A-form30,31) and
decrease of the band at B835 cm�1 (characteristic for
B-form) in the digested DNA, as well as a shift of the band at
B1421 cm�1 (see Fig. S4, ESI†). In the A-form, nucleobases are
closer to each other than in the B-form: the interplane distance
between adjacent nucleotides in the stack is B2.6 Å for A-form
but B3.4 Å for B-form.32 Closer stacking of nucleobases should
hinder their relative motion and hence decrease their vibra-
tional amplitudes, making the helix more rigid,32 i.e. weaken-
ing the dynamic disorder. Thus, the decrease of R for the
digested DNA can be partially attributed to the B- to A-form
transition upon digestion. Note that contributions to compac-
tion originating from B-to-A-form transition (intrahelical) and
from strengthening interaction of helices (interhelical) could be
entangled: different DNA helices of A-form DNA interact stron-
ger than those of B-form DNA.33 Disentangling of these con-
tributions to R decrease is a subject of separate study.

We now focus on the ‘‘sister molecule’’ of the DNA, namely
RNA, and measure Raman spectra for a ribosome – the nano-
machine composed mainly (B2/3 by weight) of rRNA. Fig. 3b
presents these spectra for native ribosomes and those treated
with ethylenediaminetetraacetic acid (EDTA), which chelates
magnesium ions extracting them from the ribosome and
fostering the unfolding of the rRNA. As a result, the EDTA-
treated ribosome is expected to be more loosely packed than
the native ribosome, in which the magnesium ions support
strong interaction between the rRNA helices.34 The HF spec-
trum for both samples is typical for RNA35 and close to that of
DNA (cf. Fig. 3a and b). The LF Raman spectrum for both native
and EDTA-treated ribosomes (both LFWBS-subtracted and non-
subtracted) is significantly weaker than that for the native DNA
(cf. Fig. 3a and b), in line with ref. 18. Correspondingly, the
ribosomes show much lower R and R0 values than the native
DNA. This is in line with the much tighter and more ordered
conformation of rRNA as compared to native DNA: the helices
within a single ribosome are naturally assembled to form a
relatively rigid structure.34 Note that RNA exists in the A-form of
the helix, which should have much weaker disorder than
B-form (see above). The EDTA-treated ribosomes show the

slightly stronger LFWBS and the lowest-frequency band than
the native ones (albeit much weaker than the native DNA)
resulting in slightly larger R and R0, which are in line with a
less compact character of the EDTA-treated ribosomes. Thus,
our results for two DNA and two RNA samples highlight the
feasibility of using R to probe the degree of dynamic disorder
and compaction of NAs.

We also monitored the Raman spectra for another sample
series of precipitated native DNA and ribosomes in the course
of their long-term storage. Fig. 3c and d presents the corres-
ponding R(t) dependencies; the full recorded spectra are shown
in Fig. S5, ESI.† Note that the samples for these studies
potentially could have been prepared under slightly different
conditions (e.g., due to seasonal variations of the air tempera-
ture and humidity) compared to the samples described above.
For this reason, the values of R/R0 observed in the first day, R(1),
in Fig. 3c and d differ from those in Table 1; however, in both
cases, R for the DNA is higher than the one for the ribosomes,
in accordance with the more compact ribosome structure.
Fig. 3c shows that LF Raman intensity of DNA significantly
decreases with time so that R (R0) drops by B2 (3) times in 40
days. We attribute this drop to suppression of the dynamic
disorder in the sample due to the increase of the compaction
degree: the remaining water evaporates from it during the
storage time, and, as a result, the chains interact stronger. In
addition, evaporation of the solvent can induce the transition
from the B-form of the helix observed in native DNA to the
A-form,17 which is more compact and shows weaker dynamic
disorder (see above). The latter hypothesis is corroborated by
the emergence of a weak HF Raman band at 807 cm�1, which is
characteristic of the A-form, with time (Fig. S4a and c, ESI†). As
mentioned above, the interhelical and intrahelical contribution
to R decrease can be interdependent. The decrease of R with
time is in accordance with the earlier observations that
reported a drop in the LF Raman intensity,17 and the THz
signal in the range below 40 cm�1 36 with a decrease in the air
humidity. Our results are also in line with neutron scattering
data showing a decrease in the RMS displacement of atoms
with DNA drying37 and shortening of the distance between the
helices of the supercoiled DNA molecule with the increase of
DNA concentration.38 In contrast to DNA, the LF Raman
intensity for the ribosome only slightly decreases after 40 days
(see Fig. 3d), in accordance with its inherently tightly packed
structure that is expected to be slightly affected by the neigh-
boring ribosomes during drying. Moreover, rRNA in ribosomes
is already in the A-form, and hence solvent evaporation does
not induce crossover to the latter. These results corroborate the
feasibility of the proposed approach for assessment of NA
compaction and tracking dynamics of the latter. Note that
R(1) and t are expected to depend on the sample preparation
and storage conditions, e.g., on temperature and air humidity,
and are to be considered as estimates. However, we expect that
for a given ‘batch’ of the DNA and ribosome samples, t should
be smaller for the former.

To address the potential of our approach to monitoring the
compaction state in vivo, we recorded Raman spectra from the

Table 1 R (R0) values for the DNA and RNA samples, in cm�1

NA Native Digested (DNA) EDTA-treated (RNA)

DNA 3818 (329) 131 (38)
RNA 1218 (91) 1230 (102)
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two nuclei of plant (onion) cells; Fig. 4a shows these spectra.
The HF parts of the spectra are quite similar, given that these
spectra belong to the nuclei of different cells from different
samples, and exhibit several characteristic peaks of DNA; note
that some of them differ from those of the pristine DNA
because of interaction with the proteins (see Section S4, ESI†).
The LF Raman spectra for nuclei are weaker than that for the
native DNA (see above). This can be tentatively ascribed to the
more compact DNA in nuclei in comparison with the precipi-
tated supercoiled DNA. Noteworthily, the LF spectrum for one
nucleus shows a much larger intensity than that for the other,
and this is a sign that the former nucleus (or, more probably, its
probed area) contains more euchromatin.

The results presented above pave the way to noninvasive
monitoring of the DNA compaction and its dynamics in nuclei
of (living) cells. Fig. 4b illustrates the underlying idea of such
monitoring. Raman spectra are measured in different points of
the nucleus, like in conventional (HF) Raman imaging. The HF
spectrum is nearly independent of DNA compaction and is used
as a reference. In contrast, the LF spectrum is very sensitive to
the compaction as shown above. Accordingly, the map of R
values could indicate the areas exhibiting active transcription.
Importantly, these areas can be monitored in living cells and in
real time (in vivo), allowing tracing the effect of various factors
(stress, mediators, and drugs) on the chromatin packing and
dynamics. The approach can be extended to nonlinear Raman
techniques, e.g., CARS, improving the signal-to-noise ratio. The
spatial resolution can also be improved by using advanced
high-resolution optical microscopy techniques, e.g., near-field
scanning optical microscopy.

To conclude, we suggested a Raman-based approach for
monitoring the compaction of NAs. Specifically, the connection
between the dynamic disorder amplitude, the LF Raman inten-
sity, and the compaction state of a biomolecule was established
theoretically and corroborated computationally using MD,
yielding the descriptor of NA compaction. The values of this
descriptor calculated from the experimental data for various
native and digested DNA and rRNA samples clearly correlate
with the expected NA compaction in them. The descriptor also

revealed the difference in the dynamics of DNA and rRNA
compaction in the course of their long-term storage. Finally,
the feasibility of the suggested approach for in vivo studies was
shown using plant cells. We anticipate that our approach will
shed light on the structure and dynamics of chromatin, as well
as on their response to various factors, thereby advancing cell
biology and finally areas of medicine such as oncology, histo-
pathology, medical microbiology and immunology. Moreover,
the suggested experimental tool for assessment of dynamic
disorder at the nanoscale can be applied to other complex
amorphous systems, providing new opportunities for physical
chemistry.

Methods
Simulations of DNA and RNA and evaluation of their
Raman spectra

LF Raman spectra of L1 stalk and linear DNA were calculated
using a multiscale MD + DFT methodology:18 instantaneous
positions of nucleobases sampled from simulated MD trajectories
were used for a fully-quantum (DFT) prediction of their polariz-
ability tensors an(t), letting one obtain the spectra. In detail, the
structures of L1 stalk and DNA from E. coli (RCSB PDB ref. codes
5ML7 and 6LXN, respectively39) were protonated, neutralized by
Na+ counterions, and solvated in water using AmberTools
software.40 The MD simulations which followed were based on
AMBER force fields for nucleic acids: OL3 for L1 stalk and OL15 for
linear DNA;40 the water was described by the TIP3P model.41 All
simulations were performed in periodic boundary conditions.
After energy minimization, 1.5-ns warmup to T = 300 K, and a
further 4-ns equilibration at this temperature in the NPT ensem-
ble, a production MD run followed with a total duration of 10 ns.
Separately, for five methyl-terminated nucleobases n = A, C, G, T,
and U, their equilibrium atomic positions xn,i

(0), polarizability
tensors an

(0) and derivatives dan
(0)/dxn,i were calculated in GAMESS

US42,43 at the B3LYP/6-31G(d,p) level of theory. Given these quan-
tities (calculated only once) and instantaneous atomic coordinates
xn,i(t) for each nucleobase n each 50 fs of the MD simulation, an

Fig. 4 (a) Raman spectra of onion nuclei. The inset shows the LF regions with LFWBS subtracted. (b) General idea of the monitoring DNA compaction
using Raman microscopy.
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in-house Python script evaluated the nucleobase polarizabilities on
the fly using the formula an(t) = Rn(t)(an

(0) + dan
(0)/dxn,i�rn,i(t))Rn

T(t),
featuring an orthogonal transformation Rn(t) of the tensor and
residual, non-rigid corrections. The non-rigid term was found from
matching the MD geometries of the nucleobases with the equili-
brium ones: xn,i(t) = Rn(t)(xn,i

(0) + rn,i(t)) + Dn(t), where a rotation Rn(t)
and a rigid shift Dn(t) form an isometry (see Section S1, ESI†). The
polarizability a(t) of the whole structure (L1 stalk or DNA) was
estimated as the sum of the polarizabilities of individual nucleo-
bases therein. Once this was evaluated, the Raman spectrum was

found as I oð Þ / C oð Þ � �ho=kBTð Þ 1� e��ho=kBT
� ��1

, where C(o) is
the Fourier transform of the polarizability autocorrelation function
htr(da(t)da(t + t))i, and the rest of the expression is the so-called
detailed balance correction affecting frequencies around 200 cm�1

(see, e.g., ref. 44). In principle, though we did not do this explicitly,
one can use these spectra in eqn (3) to retrieve the R ratios (see
Section S1, ESI†). The polarizability fluctuations were calculated as
da(t) = a(t) � �a(t), where �a(t) is a running mean over a 10-ps
window. Finally, the RMS polarizability disorder is defined as sa =
htrda2(t)i, with angle brackets denoting a time average; the disorder
for individual nucleobases, s(an), was calculated analogously.

Preparation of biological samples

Plasmids pEGFP-N1 (Clontech, https://www.addgene.org/vector-
database/2491/) and pTag-RFP-N (Evrogen, cat.# FP142) were
isolated and purified with Plasmid Midiprep kit 2.0 (Evrogen,
cat.# BC124) following the protocol from the supplier. The quality
of the prepared plasmid DNA was controlled by electrophoresis
in 1% agarose gel in a TBE buffer. The plasmid DNA was
precipitated with ethanol, washed and air-dried for at least 30
minutes. Relaxed DNA was obtained by digestion of the plasmid
with 0.5 U mg�1 DNase I for 30 minutes at 37 1C. The DNAse I
treatment conditions were adjusted so that the enzyme intro-
duced only single strand breaks and no more than one double
strand break in the circular plasmid. Ribosomes were isolated
from the E. coli strain MRE600 according to the protocol
described earlier45 (see Section S2, ESI†). The samples of
‘‘relaxed’’ ribosomes were prepared by chelating Mg2+ ions. For
this, the samples collected after 15–40% sucrose gradient were
diluted with at least four volumes of TE buffer (50 mM Tris–HCl
pH 7, 10 mM EDTA) and collected by ultra-centrifugation. Several
sets of DNA and ribosome samples were prepared, obtained in
different time periods under slightly different conditions, e.g.,
temperature and air humidity.

Raman spectroscopy

A Raman microscope (inVia, Renishaw) with a 50� objective lens
(Leica DM 2500 M, NA = 0.75) equipped with a He–Ne laser
(RL633, Renishaw) with a power of 17 mW was used. No signs of
sample degradation were noted. The number of runs was chosen
depending on the Raman signal intensity. All the spectra for the
samples were measured at several points and then averaged to
increase the single-to-noise ratio. The LF spectra were recorded in
the confocal regime within the range of 10–450 cm�1 (series 1)
with a built-in double monochromator (NExT, Renishaw). The

notches in the LF spectra at 18, 25, and 160 cm�1 were artifacts
caused by dust motes on the NExT filter mirrors. The HF Raman
spectra were recorded in the confocal regime within the range of
100–1800 cm�1 (series 2) with Rayleigh edge filters. To recon-
struct the Raman spectra covering both the LF and HF ranges,
the corresponding spectra were stitched.18 The details of spec-
trum processing are presented in Section S3, ESI.†
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J. Hagemann and S. Köster, Following DNA Compaction
During the Cell Cycle by X-ray Nanodiffraction, ACS Nano,
2016, 10(12), 10661–10670.

7 J. Xu and Y. Liu, Probing Chromatin Compaction and Its
Epigenetic States in situ With Single-Molecule Localization-
Based Super-Resolution Microscopy, Front. Cell Dev. Biol.,
2021, 9, 653077.

8 A. F. Palonpon, M. Sodeoka and K. Fujita, Molecular ima-
ging of live cells by Raman microscopy, Curr. Opin. Chem.
Biol., 2013, 17, 708–715.

9 I. W. Schie and T. Huser, Methods and Applications of
Raman Microspectroscopy to Single-Cell Analysis, Appl.
Spectrosc., 2013, 67, 813–828.

10 T. Guerenne-Del Ben, Z. Rajaofara and V. Couderc, et al.,
Multiplex coherent anti-Stokes Raman scattering highlights
state of chromatin condensation in CH region, Sci. Rep.,
2019, 9, 13862.

PCCP Communication

Pu
bl

is
he

d 
on

 0
4 

Ju
ne

 2
02

4.
 D

ow
nl

oa
de

d 
by

 I
m

pe
ri

al
 C

ol
le

ge
 L

on
do

n 
L

ib
ra

ry
 o

n 
8/

27
/2

02
4 

3:
48

:4
4 

PM
. 

View Article Online

https://www.addgene.org/vector-database/2491/
https://www.addgene.org/vector-database/2491/
https://doi.org/10.1039/d3cp05857c


17474 |  Phys. Chem. Chem. Phys., 2024, 26, 17467–17475 This journal is © the Owner Societies 2024

11 O. Jonas, J. W. Kang, S. P. Singh, A. Lammers, F. T. Nguyen,
R. R. Dasari, P. T. C. So, R. Langer and M. G. Cima, In vivo
detection of drug-induced apoptosis in tumors using
Raman spectroscopy, Analyst, 2018, 143, 4836–4839.

12 B. S. Kalanoor, M. Ronen, Z. Oren, D. Gerber and
Y. R. Tischler, New Method to Study the Vibrational Modes
of Biomolecules in the Terahertz Range Based on a Single-
Stage Raman Spectrometer, ACS Omega, 2017, 2, 1232–1240.

13 V. S. Gorelik and A. Yu Pyatyshev, Raman Spectroscopy of
DNA in a Wide Frequency Range, Phys. Wave Phenom., 2014,
22, 252–254.

14 H. Urabe and Y. Tominaga, Low-lying collective modes of
DNA double helix by Raman spectroscopy, Biopolymers,
1982, 21, 2477–2481.

15 O. P. Lamba, A. H. Wang and G. J. Thomas Jr, Low-
frequency dynamics and Raman scattering of crystals, of
B-, A-, and Z-DNA, and fibers of C-DNA, Biopolymers, 1989,
28, 667–678.

16 C. Demarco, S. M. Lindsay, M. Pokorny, J. Powell and
A. Rupprecht, Interhelical Effects on the Low-Frequency
Modes and Phase Transitions of Li- and Na-DNA, Biopoly-
mers, 1985, 24, 2035–2040.

17 H. Urabe, Y. Sugawara, M. Ataka and A. Rupprecht, Low-
Frequency Raman Spectra of Lysozyme Crystals and
Oriented DNA Films: Dynamics of Crystal Water, Biophys.,
1998, 74, 1533–1540.

18 A. Yu Sosorev, O. D. Parashchuk, O. G. Kharlanov,
I. V. Chicherin, A. A. Trubitsyn, P. A. Kamenski and D.
Yu Paraschuk, Low-Frequency Raman Scattering of Transfer
and Ribosomal RNA, JETP Lett., 2022, 116, 335–341.

19 M. V. Vener, O. D. Parashchuk, O. G. Kharlanov, D. R.
Maslennikov, D. I. Dominskiy, I. Y. Chernyshov, D. Y.
Paraschuk and A. Y. Sosorev, Non-Local Electron-Phonon Inter-
action in Naphthalene Diimide Derivatives, its Experimental
Probe and Impact on Charge-Carrier Mobility, Adv. Electron.
Mater., 2021, 7, 2001281.

20 O. G. Kharlanov, D. R. Maslennikov, E. V. Feldman, G. G.
Abashev, O. V. Borshchev, S. A. Ponomarenko, M. V. Vener,
D. Y. Paraschuk and A. Y. Sosorev, Spectroscopic Assess-
ment of Charge-Carrier Mobility in Crystalline Organic
Semiconductors, Adv. Electron. Mater., 2021, 7, 2100579.

21 A. Yu Sosorev, O. D. Parashchuk, N. V. Tukachev, D. R.
Maslennikov, D. I. Dominskiy, O. V. Borshchev, M. S. Polinskaya,
M. S. Skorotetcky, O. G. Kharlanov and D. Yu Paraschuk, Sup-
pression of dynamic disorder by electrostatic interactions in
structurally close organic semiconductors, Phys. Chem. Chem.
Phys., 2021, 23, 15485–15491.

22 A. Y. Sosorev, M. V. Vener, O. G. Kharlanov, E. V. Feldman,
O. V. Borshchev, N. I. Sorokina, T. V. Rybalova, S. A.
Ponomarenko and D. Y. Paraschuk, Efficient suppression
of dynamic disorder in organic semiconductors via electron-
donating and -withdrawing substituents, J. Phys. Chem. C,
2023, 127, 17948–17957.

23 M. K. Nuraliev, O. D. Parashchuk, N. V. Tukachev, Y. A.
Repeev, D. R. Maslennikov, O. V. Borshchev, Y. G. Vainer, D. Y.
Paraschuk and A. Y. Sosorev, J. Chem. Phys., 2020, 153, 174303.

24 S. Y. Lee, Placzek-type polarizability tensors for Raman and
resonance Raman scattering, J. Chem. Phys., 1998, 78, 723.

25 S. M. Perepelytsya and S. N. Volkov, Intensities of DNA ion-
phosphate modes in the low-frequency Raman spectra, Eur.
Phys. J. E, 2010, 31, 201–205.

26 A. Yu Sosorev and O. G. Kharlanov, Organic nanoelectronics
inside us: charge transport and localization in RNA could
orchestrate ribosome operation, Phys. Chem. Chem. Phys.,
2021, 23, 7037–7047.

27 S. Mohan and H. F. Noller, Recurring RNA structural motifs
underlie the mechanics of L1 stalk movement, Nat. Com-
mun., 2017, 8, 14285.
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