
D226–D231 Nucleic Acids Research, 2023, Vol. 51, Database issue Published online 25 October 2022
https://doi.org/10.1093/nar/gkac829

NAR Breakthrough Article

NACDDB: Nucleic Acid Circular Dichroism Database
Andrea Cappannini 1,†, Kevin Mosca2,†, Sunandan Mukherjee 1, S. Naeim Moafinejad1,
Richard R. Sinden3, Veronique Arluison 2,4,*, Janusz Bujnicki1,* and Frank Wien 5,*

1Laboratory of Bioinformatics and Protein Engineering, International Institute of Molecular and Cell Biology in
Warsaw, ul. Ks. Trojdena 4, PL-02-109 Warsaw, Poland, 2Université Paris-Saclay, CEA, CNRS, LLB, 91191,
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ABSTRACT

The Nucleic Acid Circular Dichroism Database
(NACDDB) is a public repository that archives and
freely distributes circular dichroism (CD) and syn-
chrotron radiation CD (SRCD) spectral data about
nucleic acids, and the associated experimental meta-
data, structural models, and links to literature.
NACDDB covers CD data for various nucleic acid
molecules, including DNA, RNA, DNA/RNA hybrids,
and various nucleic acid derivatives. The entries are
linked to primary sequence and experimental struc-
tural data, as well as to the literature. Additionally,
for all entries, 3D structure models are provided. All
entries undergo expert validation and curation pro-
cedures to ensure completeness, consistency, and
quality of the data included. The NACDDB is open for
submission of the CD data for nucleic acids. NACDDB
is available at: https://genesilico.pl/nacddb/.

GRAPHICAL ABSTRACT

INTRODUCTION

Circular dichroism (CD) is a sensitive absorption spec-
troscopy probing the chirality of biological macromolecules
such as proteins, nucleic acids, and sugars. Widely used by
molecular biologists and biophysics in industrial and aca-
demic research, CD measures the differential absorption of
circular polarized light by chiral macromolecules. In the
ultraviolet (UV) band between 340 and 170 nm electronic
transitions of the covalent bonds; mainly n–�, �–�* but
also charge transfers between adjacent bonds; are excited
and hence absorbed. Sensitive for low and high concen-
trations of samples in long or short path lengths, respec-
tively, following the Beer–Lambert law, CD is a sample con-
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serving non-destructive spectroscopy. Well-established and
fast qualitative and quantitative analysis allows for the de-
termination of macromolecular structure-folding, thermal
stability measurements, dynamics as well as inter- and intra-
molecular interactions to be observed.

CD spectra can be acquired with benchtop CD-
spectrophotometers or synchrotron radiation CD (SRCD)
beamlines. The former being fast and very efficient in the
near-UV up to visible light, the latter extending the spec-
tral band down to 170 nm in solutions and to 120 nm in
films with a relative humidity of rH 98%. The spectral ex-
tension ultimately increases the information content obtain-
able from a nucleic acid spectrum. SRCD beamlines are ac-
cessible at AU-CD (ASTRID2, Denmark), B-23 (Diamond,
UK), BL-12 (HISOR, Japan), CEDRO (LNLS, Brazil),
DISCO (SOLEIL, France) and 03A1 (NSRRC, Taiwan).

The utility of CD for proteins has been long recognized.
The Protein Circular Dichroism Database (PCDDB) has
been developed to host the spectra and metadata (1). Var-
ious methods and analytical tools have been developed for
the interpretation of spectral data and characterization of
the targets (2,3). Unfortunately, no comparable resource to
archive and maintain CD data for nucleic acids has been
developed, beyond individual efforts to curate datasets of
spectra for nucleic acids (4).

Nucleic acids, including DNA, RNA, their hybrids and
various chemically modified variants, have been studied for
the past 50 years by CD (5–9). Nucleotide residues compris-
ing a base connected to a sugar and linked by phosphate
groups are asymmetric and chiral, which is at the origin of
the CD differential absorption in the UV to vacuum UV
(VUV). Each nucleotide unit contains charged, polar, and
aromatic groups, which can make diverse types of interac-
tions with other nucleotides as well as with water, ions, small
molecules, proteins, and other molecules. Thermodynami-
cally, it is favorable for bases in nucleic acids to stack on one
another and form hydrogen bonds with each other. Within
the stacking-induced arrangement, base pairs can assemble
in helices or other structural elements.

Genomic DNA generally exists as a right-handed double
helix formed by two very long complementary strands inter-
acting via canonical Watson-Crick base pairs G-C and A-
T, with about 10.4 bp per helical turn, denoted as B-DNA.
Under certain conditions such as protein-binding or dehy-
dration, DNA can be driven to form another helical form
denoted A-DNA. DNA can also form more complicated
structures, including cruciforms, intramolecular triplexes,
left-handed Z-DNA helices, slipped strand structures, and
four-stranded quadruplexes that all exhibit biological func-
tions (10).

RNA transcripts generally consist of a single chain,
which is folded to maximize stacking and favorable
hydrogen-bonding interactions. Canonical Watson–Crick
base pairing (G–C and A–U) is important to form A-form
helices, however, it has to be emphasized that every nu-
cleotide in an RNA chain can favorably interact with ev-
ery other nucleotide in specific structural contexts, and in
most cases, non-canonical pairs are critical for creating the
tertiary interactions that stabilize the functional confor-
mations. In well-structured RNAs, canonically-paired A-
helical regions serve as geometrically regular segments of

the structural framework connected by other structural ele-
ments (turns, kinks, stable loops, and various complex mo-
tifs) stabilized by non-canonical pairs.

Adding to DNA and RNA structural complexity,
nucleotide residues can be chemically modified, which
changes their chemical and physical properties and may
influence nucleic acid conformation locally and globally
(11). Furthermore, depending on the environment (ionic
strength, pH, and temperature) nucleic acid molecules may
change their structure. CD spectra can capture all these as-
pects of the structure of nucleic acids, and enable studying
the effects of changes of sequence (mutations), chemical
modifications, and the environmental effects on the struc-
ture that are otherwise hard to detect by other methods
(12). Spectral changes based on the excitation of electronic
transitions indicate changes in the polynucleotide backbone
spatial arrangement, including base-pairing and the helicity
of the numerous complex structures of polynucleotides
such as those encountered in RNA and DNA molecules
(e.g. ssDNA, dsDNA, triplexes and quadruplexes)
(13–18).

With the development of nucleic acid therapeutics, in-
cluding mRNA-based vaccines (19), it has become clear
that CD of nucleic acids is a very accessible method for
qualitative and quantitative analysis (20,21). This technique
stands out in its methodology, being non-destructive, con-
suming very little amounts of sample, which may be very
precious (2–4 �l loading volume for a concentrated sam-
ple ∼10 mM expressed in nucleotides or 100 �l of diluted
sample ∼ 0.5 mM), and it lends itself very well to fast
high throughput microfluidic sampling with short acquisi-
tion times (minutes). Apart from using CD for quality con-
trol of nucleic acid samples, CD also enables mechanistic
studies on the structure and function of nucleic acids. The
correlation of the CD spectral changes with the dynamic be-
havior and equilibria of the chiral polynucleotides is at the
heart of current intense research in industry and academia
(22).

The Nucleic Acid Circular Dichroism Database
(NACDDB) aims to fill the gap between the need for
systematic information on the CD of nucleic acids and the
dispersed information on that topic. NACDDB provides
the research community, including academia and industry,
with a resource containing the first extensive repertoire of
CD experiments standardized, calibrated, and normalized
for various nucleic acid molecules, including DNA, RNA,
DNA/RNA hybrids and several nucleic acid derivatives.
NACDDB provides a collection of CD data sets for many
different types of nucleic acid molecules, with detailed
descriptions of experimental conditions, along with models
of 3D structure, associated data, and literature references.
We also encourage and are open to accommodating the
CD data for nucleic acids from all sources.

DATABASE CONTENT

The current (as of 2022/09/21) version of NACDDB con-
tains 135 entries, and this dataset is expected to grow with
the planned updates. Among these entries deposited in
the NACDDB, 63 references spectra were deposited us-
ing SRCD at DISCO beamline (Synchrotron SOLEIL) and
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72 were deposited once digitized from the literature using
WebPlotDigitizer (https://automeris.io/WebPlotDigitizer/).
In addition Eigenspectra representing the most significant
contributions (15 spectra currently) are retrievable and up-
dated following novel CD spectra submissions

Each entry in NACDDB provides information on:

- CD absorption versus wavelength in delta epsilon (�ε)
versus nanometer (nm) units

- the nucleic acid sequence (for heterogeneous samples se-
quence variability is indicated)

- spectral band coverage
- wavelength measurement interval

For SRCD spectra additional information is provided, in-
cluding:

- High tension (HT) of the detector, in volt units
- Absorbance spectra or pseudo-absorbance based on the

HT, in optical density units (OD)
- Dwell time at each datapoint in seconds (s)
- Cell and pathlength (mm) used for sample loading
- Spectral zeroing band

In addition to CD data, NACDDB provides information
on the nucleic acid structure obtained with other methods,
including experimental and computational approaches. In
cases where the 3D structure was determined experimen-
tally and is available from the RCSB database (23), the link
to the RCSB structural model is provided. In cases where
experimental data were available in RCSB for a related but
non-identical sequence, comparative modeling was carried
out with ModeRNA (24). In the majority of cases where no
experimentally determined high-resolution structure was
available, we generated a predictive model using SimRNA
and its variants (25,26). All computational models had their
geometry optimized by QRNAS (27). For CD experiments
involving heterogeneous nucleic acid sequences (e.g. repet-
itive polymers with variable length), a single representa-
tive sequence was selected for 3D structure modeling. The
source of each 3D structural model is indicated, and in the
case of computational predictions, a warning is included for
the users that the model is tentative and should be consid-
ered with caution.

NACDDB also hosts spectra of nucleic acid sequences
with modified residues. The modified nucleotides are rep-
resented with the alphabet used by the MODOMICS
database (11). Each modified residue serves as a link to the
MODOMICS page describing the modified residue.

In terms of information content obtainable from the
NACDDB, we have chosen the 63 SRCD spectra represent-
ing a mix of characteristic polynucleotide sequences and
folds. From these 63 spectra (Figure 1) a decomposition into
distinct spectra using single value decomposition (SVD) re-
vealed 15 relevant spectra. The statistical correlation of the
distinct spectra (Eigenspectra) was r = 0.04 with a stan-
dard error of sr = 0.08. Based on the very low correla-
tion of the eigenspectra we assume a nonlinear correlation.
Surely this is not excessive but leads us to the hypothesis that
it will be possible to identify characteristic polynucleotide
folding patterns similar to the secondary structure elements

Figure 1. Presentation of 63 spectra collected with SRCD normalized to
�ε representing the average nucleotide contribution of a polynucleotide
sequence.

found in proteins. Indeed, 8 eigenspectra contribute to the
deconvolution of protein CD spectra according to eight sec-
ondary structures. It is evident that the electronic transi-
tions within a polynucleotide (e.g. between to base-paired
nucleotides) span a much larger distance than observed in
the peptide bond, ±17.5Å versus 2.25Å, respectively. Eigen-
spectra are included in NACDDB as special entries (eigen-
spectra), which can be queried separately and compared
pairwise with experimental spectra.

IMPLEMENTATION

NACDDB was implemented using Django 3.0.5
(https://www.djangoproject.com/) and HTTP server Nginx
(https://www.nginx.com/). The database uses a SQLite
relational database (https://www.sqlite.org/index.html) and
leverages several open-source Javascript libraries to serve
its content. DataTables (http://datatables.net) was imple-
mented to allow sorting and searching in the experiment
and publication tables, allowing users to search through
the data. Additionally, we leverage the open source Mol*
Viewer project (28), which enables web-based molecular
visualization of the required molecule. In addition to these,
Chart.js (https://www.chartjs.org/) is used to display spectra
(Figure 2). NACDDB provides spectra as downloadable
files, using SweetAlert2 (https:/sweetalert2.github.io/)
based endpointAPI, in the original ‘.gen’ format. This
service is also available for tertiary structure visualization,
provided ‘.pdb’ formatted files do exist. The website is
HTTPS-enabled, which means that the data exchange
between the user and the NACDDB server is secured by
an encrypted connection. The website is mobile-friendly,
adapting to the user’s screen size and device, making
NACDDB accessible e.g. from tablets and smartphones.

The NACDDB home page provides a brief introduction
regarding circular dichroism (CD) and describes the pur-
pose of the database. The menu bar provides access to all
the pages available through which the database can be nav-
igated. The experiment results are provided under the Ex-
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Figure 2. Example entry in NACDDB: SRCD spectrum for the (G3T)4+(AC3)4 quadruplex DNA (green), absorption (red) and metadata including
sequence information.
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periment tab. The toolbar displays all the database’s pages
and a search bar to query the database contents.

The database can be queried through a keyword search
function and will therefore reveal not only the results related
to the searched keyword but also the contextual matches
to it. In the same section, NACDDB enables the compari-
son of CD spectra, including the representative eigenspec-
tra. The search returns a ranking list of spectra most simi-
lar to the query spectrum, ranked according to the p-value
of the two-sample Kolmogorov–Smirnov (KS) test. Spec-
tral data, including raw circular dichroism data and the as-
sociated wavelength vector can be entered by a user. Then
the Empirical Cumulative Distribution Function (ECDF)
of that spectrum and spectra in the NACDDB are calcu-
lated. Finally, the two-sample KS test is calculated and re-
sults, including p-values, are displayed in a table. The first
column contains the ID of each spectrum that is linked to
comparison charts. A scatter plot is presented in which the
ECDFs of the two spectra provide a visual representation
of the KS test. In addition, for further comparison, a scat-
ter plot of both spectra is provided. We also provide the
best fit for the database-spectra and the one provided by
the user, for further comparison. The polynomial used to
represent the curves is chosen from six possible ones. The
best fit returned is the one that returns the largest r-squared
value.

The sequence search functionality utilizes the NCBI
BLAST 2.12.0+ (BLASTN) tool (29,30), which allows to
search the sequences of nucleic acids in NACDDB in
FASTA or RAW format. The search can be fine-tuned by
adjusting the e-value threshold (default is 1e-02). Matches
are listed in a table. The first column shows NACDDB IDs
for which BLAST revealed a significant alignment, the sec-
ond, the degree of similarity between the two nucleic acid
sequences, and the third, the alignment e-value. BLAST re-
sults can be downloaded in either a tabular format (outfmt
6) or as alignments in ‘.afa’ format. With new CD spectra
deposited in the NACDDB, the database of sequences to be
searched will be updated accordingly

DISCUSSION

The nucleic acid structural biology community needs a
database that archives and organizes available CD and
SRCD data, accepts public deposition and distribution of
spectral references, including the metadata that describes
experimental conditions, and enables comparative analyses
of the data. NACDDB is dedicated to the CD of nucleic
acids and it offers a single entry point for data that so far
could only be obtained by meticulously analyzing many dif-
ferent sources, often difficult to browse, such as supplemen-
tary materials of published papers. This database provides
users with an easy-to-use interface with the flexibility to
browse from lists of CD experiments and publications, filter
the results according to user-defined criteria, and choose the
order in which the results are displayed. The database can be
queried by keywords and database entries can be searched
according to the similarities of nucleic acid sequence or CD
spectra obtained.

NACDDB will allow the researchers in the fields of
molecular biology and biophysics as well as bioinformat-

ics to systematically study the CD spectra that provide in-
formation about nucleic acid structures and polynucleotide-
protein interactions that are complementary to other
sources of structural information. With this collection of
CD spectra, NACDDB will enable comparative analyses
and the development of new predictive tools, e.g. for the
identification of specific structural features from new spec-
tra.

NACDDB is open for user feedback ensuring trans-
parency and quality. Users will be able to submit their ex-
perimental data following a standardization and normal-
ization procedure to conform with the currently deposited
spectra. This will allow growth of the spectral content in
the NACDDB, thriving to a comprehensible, ordered and
structured approach, which ultimately shall allow the pre-
diction of polynucleotide acid folding based on CD spec-
tra. We are open to include data of novel types of molecu-
lar systems including nucleic acids, such as RNAs folded in
membrane-confined environments used in the novel mRNA
vaccines for COVID and in the future for cancer treatments
(31,32).

Future updates of the NACDDB database will in-
clude the development of a structure prediction en-
gine, linking the query CD profile to nucleic acids with
similar spectra and potentially similar structural fea-
tures. We will also include the Applications page, with
published or patented examples of CD-based practical
applications.

The database is continuously updated as new papers
on CD experiments on nucleic acids become available.
NACDDB users are encouraged to use the contact form
under the ‘Contact us’ tab to provide us with CD spectra
not yet included, with the scope of making NACDDB as
complete as possible. For the new submissions, we will add
the relevant links, 3D structure models, and other types of
metadata. We also encourage users to use the contact form
under the Contact us tab in the toolbar to report any errors
or omissions.

DATA AVAILABILITY

The web interface to the database is available at https:
//iimcb.genesilico.pl/nacddb/. This website is free for aca-
demic (non-commercial) applications, open to all users and
no login or password is required.
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