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Abstract 

DNAproDB ( https:// dnaprodb.usc.edu/ ) is a database, visualization tool, and processing pipeline for analyzing str uct ural feat ures of protein–
DNA interactions. Here, we present a substantially updated version of the database through additional str uct ural annotations, search, and user 
interf ace functionalities. T he update e xpands the number of pre-analyz ed protein–DNA str uct ures, which are automatically updated weekly. 
T he analy sis pipeline identifies w ater-mediated h y drogen bonds that are incorporated into the visualizations of protein–DNA comple x es. Tertiary 
str uct ure-a w are nucleotide la y outs are no w a v ailable. Ne w file f ormats and e xternal dat abase annot ations are supported. T he w ebsite has been 
redesigned, and interacting with graphs and data is more intuitive. We also present a statistical analysis on the updated collection of str uct ures 
re v ealing salient patterns in protein–DNA interactions. 
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Introduction 

Protein–DNA interactions play crucial roles in essential cel-
lular functions like gene regulation, genome packaging, and
DNA replication ( 1 ,2 ). Diverse recognition mechanisms un-
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Figure 1. K e y aspects of this update to DNAproDB . ( A ) A utomatic update and decoupled external annotation incorporation scheme. ( B ) Different nucleic 
acid la y out options with added tertiary str uct ure a w are RNAscape la y out, sho wn f or PDB ID: 3LDY. ( C ) Water-mediated h y drogen bond annotation. ( D ) 
Various impro v ements in other aspects of DNAproDB. 
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a static collection of structures. This resulted in PDB struc- 
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ion. As a computational resource which extensively analyzes
uch structures and presents their data in publication-quality
epresentations, the DNAproDB web server ( 8 ) and database
 9 ) have been a useful resource for biologists, and are linked
y tool libraries such as the Nucleic Acid Knowledge Base
NAKB) ( 10 ). 

This update improves the DNAproDB analysis pipeline,
utput data presentation, and web interface (Figure 1 ).
he updated analysis pipeline now computes annotations of
ater-mediated hydrogen bonds, which are known to play an

mportant role ( 11 ) in protein–DNA recognition and, in some
ases, a very prominent one ( 12 ). New PDB structures are
utomatically processed and incorporated into DNAproDB
eekly. The primary interface visualization, ‘Residue con-

act map’, now allows users to select a mapping algorithm
or nucleic acid layout. In addition to secondary structure-
ased mapping ( 13 ), tertiary-structure aware mapping ( 14 )
s now available. Binding specificity data for transcription
actors catalogued in the JASPAR2024 database ( 15 ) has
een integrated. Users can now upload structures in the
acromolecular Crystallographic Information File (mmCIF)

ormat and download interface visualizations in an ed-
table figure format. More information regarding these up-
ates, as well as quality-of-life and user-interface improve-
ents, is described in the following sections. The DNAproDB

earch functionality and documentation have also been
xpanded. 
We analyzed the expanded DNAproDB structure collec-
tion for salient features of protein–DNA interactions (Figure
2 ). These results (based on a larger sample size in this up-
date) reaffirm previous statistics presented about DNA minor
groove recognition ( 3 ) and patterns of amino acid-base stack-
ing for single stranded DNA ( 9 ). Additionally, we present and
discuss examples of the newly added water-mediated hydro-
gen bond annotations in selected structures (Figure 3 ). 

DNAproDB has been used by experimental biologists to
upload, analyze, and present interface visualizations in their
work ( 16 ). We developed this update to assist their efforts,
likely leading to additional contributions from the scientific
community. We want to emphasize the increased utility of
DNAproDB in light of structure prediction tools like Al-
phaFold3 ( 17 ), RoseTTAFoldNA ( 18 ), and RoseTTAFold-
AA ( 19 ), and binding specificity prediction tools including
DeepPBS ( 20 ) and rCLAMPS ( 21 ). These computational tools
hint towards a promising future of protein–DNA structure
prediction and design ( 22 ). We expect that DNAproDB will
be an invaluable tool and assist such efforts. 

Update details 

Processing pipeline and data update 

At the time of its previous release ( 9 ), DNAproDB contained
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Figure 2. Quantitative analysis of protein–DNA complexes in the DNAproDB collection. ( A ) PDB release years of str uct ures catalogued in the updated 
DNAproDB collection (as of 7 June 2024). The plot compares the total number of entries for protein–DNA complexes with the number of entries for 
single-stranded DNA, double-stranded DNA helices, and other DNA conformations. (B–D) Relative abundance of different amino acids interacting with 
the DNA major groo v e ( B ), minor groo v e ( C), and phosphodiester backbone ( D ). In each case, fraction of interaction with each base is shown in color. ( E ) 
Conditional probabilities of different protein residues and base forming a stacking geometry. Y -axis represents summed values over the bases for each 
amino acid. Interaction count associated with each amino acid is shown above each stacked bar. (F–H) Counts of interactions with different bases, 
categoriz ed b y major and minor groo v e f or secondary str uct ure classes: helix (includes α/ 3 10 /π -helix) ( F ), sheet ( β-sheet) ( G ) and loop residues ( H). 
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tures released after the most recent DNAproDB update being
unavailable. In this update, we have addressed this limitation
by implementing an automatic update pipeline (Figure 1 A).
Every week, the pipeline queries the PDB for newly released
structures, downloads and processes them, and adds them to
the DNAproDB collection. 

In addition, the structure processing pipeline has been de-
coupled from any external annotation dependencies. This al-
lows external annotations to be updated without reprocessing
each structure or affecting the user experience. Annotations
from the JASPAR2024 database ( 15 ) (incorporating the most
recent binding specificity matrix ID and logo) have been in-
cluded whenever applicable. 
The asymmetric unit molecular weight cutoff, which deter- 
mines whether a structure is included in the collection, has 
been expanded from 250 to 1500 kDa, increasing the number 
of structures available for analysis. The latest collection size as 
of 7 June 2024, is 6731 structures. This set has been analyzed 

and was included in the results presented in Figure 2 . 
Originally, a large part of the processing pipeline was writ- 

ten using Python 2 ( 23 ). We redesigned the backend processing 
pipeline to ensure compatibility with Python 3 ( 24 ). 

Expanding its functionality, DNAproDB now calculates 
and annotates water-mediated hydrogen bonds between pro- 
tein and DNA within this update. The program HBPLUS ( 25 ),
with the ‘-h’ option set to 3 Å, and the ‘-d’ option set to 3.5 Å,
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Figure 3. Water-mediated h y drogen bond annotation in DNAproDB. Selected examples of water-mediated hydrogen bond annotations as reflected in the 
updated DNAproDB. ( A–C ) Trp repressor / operator complex (PDB ID: 1TRO) ( D–F ) p53 tetramer with Hoogsteen base pairs (PDB ID: 3KZ8) ( G–I ) 
RXR-RAR DNA-binding complex (PDB ID: 1DSZ). In each of the three cases, the 3D str uct ure of the respective complex is shown in (A, D, G). The 
DNAproDB ‘Residue contact map’ is shown (with only selected protein residues annotated) in (B, E, H). Atomic views of selected water-mediated 
h y drogen bond interactions are shown in (C, F, I), respectively. 
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nd with the remaining parameters kept as default, is used to
etect hydrogen bonds. Custom scripts were written to deter-
ine water-mediated interactions via shared water molecules
etween hydrogen-bonded pairs (see Data Availability). 

isualization 

e updated the ‘Residue contact map’ and 3D structure (Fig-
re 1 B) visualizations presented in DNAproDB in several
ays. The nucleic acid backbone color used in these com-
onents has been changed to a more visually pleasing metal-
ic blue-gray color, compared to the previously used yellow-
range color. 
In addition to the existing secondary structure-based and

ircular layouts, an RNAscape ( 14 ) based layout for placing
nucleic acids has been computed and added to the ‘Residue
contact map’. This new layout is more representative of ter-
tiary structure compared to the other two representations
(Figure 1 B). An option to switch between these different lay-
outs is available. 

During this update, some Python 2 version utilities for sec-
ondary structure-based layout computation were discontin-
ued. We replaced these utilities with analogous Python 3 ver-
sions provided by the ‘Forgi’ package ( 26 ). 

Water-mediated hydrogen bonds have now been incorpo-
rated as an interaction edge in the ‘Residue contact map’.
These are indicated by a black circle (Figure 1 C) in the inter-
action map. Hovering over the water-mediated contacts will
present further information (e.g. residue number of the water
molecule involved). An option to hide these interactions is also
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available. The ‘3D viewer’ component displays the structure
without solvent and a button to show solvent alongside the
structure is included. 

Web interface and user experience 

Since its inception, we have continuously provided support
for DNAproDB users and taken note of their feedback. In this
update, we redesigned the web interface based on this infor-
mation (Figure 1 D). The home page and ‘Quick Search’ field
now have suggestions for PDB IDs to explore. This can be
helpful for a first-time user. Instructions and explanations for
different components, which were previously written directly
on the page, are now available as pop-up components upon
mouse hover. Report pages for each PDB entry now promi-
nently display the title of the entry. The information tables
have been rearranged in a modern and tabular fashion, result-
ing in a clearer representation of information. 

DNAproDB offers many customization features for the
‘Residue contact map’. However, these options were often
overlooked by users due to their non-prominent placement on
the website. We have redesigned the user interface to make ba-
sic options like rotation, zooming, download, and switching
between the layout algorithms easily accessible directly above
the visualization. Buttons to access further customization op-
tions (‘Chart options’ and ‘Interface selection’) are promi-
nently placed. The options within the ‘Chart options’ tab have
been expanded. Within the ‘Interface selection’ tab, basic op-
tions (model, entity, chain, moiety selection) are shown first.
Additional options are presented as advanced options. Mouse-
based interaction controls for the ‘3D viewer’ and ‘Residue
contact map’ have been made analogous, to the extent possi-
ble. 

The download option now supports the editable Scalable
Vector Graphics (SVG) format. DNAproDB currently displays
Watson-Crick, Hoogsteen, and other base-pairing geometries
via correspondingly stylized base-pairing edges (e.g. Hoog-
steen base-pairing in p53 tetramer–DNA complex ( 5 ) reflected
in Figure 3 E). For additional analysis of non-Watson-Crick
base-pairing geometries, a link to the RNAscape webserver
( 14 ) has been included in each report page. Clicking this link
will redirect the user to the RNAscape website and automati-
cally run it on the desired structure. 

The ‘Documentation’ page has been updated to include
troubleshooting instructions and a detailed description of the
report page and visualizations presented by DNAproDB. The
‘Search’ page has been reorganized, and a new search category
‘Additional Options’ has been added. Through this category,
users can search structures based on gene names, JASPAR IDs,
or Gene Ontology entry identifiers. 

Quantitative analysis of readout features 

Entries in the DNAproDB collection (as of 7 June 2024) en-
compass protein–DNA structures including single-stranded
DNA (ssDNA), double-stranded DNA helices (dsDNA), and
other conformations (e.g. G-quadruplex). We quantified the
growth of such entries over time based on their PDB release
dates, which reflects an exponential trend (Figure 2 A). Fewer
entries contain ssDNA and other conformations compared to
dsDNA. However, recent years (2016 onwards) demonstrate
a steady growth in ssDNA entries (Figure 2 A). 

Studies on protein–DNA structures have revealed consis-
tent patterns in protein residue–DNA interaction frequencies
( 3 ,27 ). We sought to quantify similar statistics in the updated 

collection of DNAproDB. To this end, we computed relative 
abundances of different amino acids interacting with the ma- 
jor groove (Figure 2 B), minor groove (Figure 2 C), and phos- 
phodiester backbone (Figure 2 D). Relative abundance for a 
residue ( R ) is the fraction of occurrence of this protein residue 
interacting with a DNA moiety relative to other residues. 

Relative abundance ( R ) = 

∣
∣Int eract io ns invo lving R 

∣
∣

∑ 

R 

∣
∣Int eract io ns invo lving R 

∣
∣

This is computed separately for the major groove, minor 
groove, and DNA backbone. Each of these values in Figure 2 B- 
E is further subdivided into fractions per DNA base, shown 

in four colors. For the major groove, we see an abundance of 
residues able to perform recognition via hydrogen bonds, with 

arginine (Arg) and lysine (Lys) residues showing the great- 
est presence (Figure 2 B). For the minor groove, this prefer- 
ence for arginine and lysine is even stronger relative to other 
residues (Figure 2 C). This agrees with the observation that 
the minor groove is more electronegative ( 3 ), favoring pos- 
itively charged amino acid sidechains while repelling nega- 
tively charged sidechains [e.g. aspartic acid (Asp), glutamic 
acid (Glu) etc.]. 

For amino acid residues ( R ) with a planar side chain 

component (i.e. able to form a stacking interaction with 

a base ( B ∈ [ A, C, G, T ] ) in single-stranded DNA), interac- 
tion geometries ( g) can be of three different types: g ∈ 

[ stack, p seudo p air, other ] (based on SNAP ( 28 )). Stacking 
conditionals P ( g = stack | R, B ) were computed for major 
and minor groove interactions as a fraction of the counts of 
stack geometry against counts for all geometries. i.e. 

P ( g = stack | R, B ) = 

∣
∣g = stack, R, B 

∣
∣

∑ 

g 

∣
∣g, R, B 

∣
∣

This term sums to 1 when summed over g (not for R, B ).
This information is presented in Figure 2 E in the form of a 
stacked bar chart. The total height of each stacked bar (i.e.
for each amino acid) is 

∑ 

B 
P ( g = stack | R, B ) . The pattern 

visible in this data conforms with the previously computed 

version in ( 9 ) while encompassing a larger sample size. 
DNAproDB also provides annotations and a visualiza- 

tion (‘Helical contact map’) reflecting how various secondary 
structure elements of a protein interact with the major and mi- 
nor groove of DNA. We quantified these interactions to reveal 
statistical patterns (Figure 2 F-H). We compute instances of he- 
lical secondary structures (including α-helices, π -helices and 

3 10 -helices) interacting with the four primary DNA bases in 

either the major or minor groove (Figure 2 F). There is a clear 
preference for protein contacts through α-helices in the major 
groove, reflecting the use of a recognition helix by many pro- 
tein families ( 29 ). On the other hand, for β-sheets, major and 

minor groove interactions are comparable in number, with a 
slight preference for the major groove (Figure 2 G). The ‘Loop’ 
category reflects residues appearing in loop regions of proteins 
interacting with DNA. Minor groove interactions are slightly 
more favored in this case (Figure 2 H). In all cases, guanine (G) 
is the most favored DNA base that is contacted. 

Water-mediated hydrogen bonds 

As described previously, the updated DNAproDB processing 
pipeline detects and visually annotates water-mediated hy- 
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rogen bond interactions between protein and DNA (Figure
 B). This feature improves the accuracy and relevance of the
NAproDB visualization for some structures. For example,

he co-crystal structure of the Trp repressor / operator complex
PDB ID: 1TRO, Figure 3 A, Residue contact map: Figure 3 B)
eflects a protein–DNA recognition scheme without any di-
ect hydrogen bonds in the major and minor groove. Instead,
NA recognition occurs via water-mediated hydrogen bonds

Figure 3 B) ( 12 ). A detailed view of two protein backbone ni-
rogen atoms (belonging to Ile79 and Ala80) recognizing G11
n this manner is presented in Figure 3 C. This type of recog-
ition scheme was previously not reflected in DNAproDB. 
Similarly, protein residues interacting with DNA only

hrough water-mediated hydrogen bonds were also not dis-
layed in the ‘Residue contact map’. One such example is
he p53 tetramer structure (PDB ID: 3KZ8 ( 5 ), Figure 3 D,
esidue contact map: Figure 3 E). This structure illustrates

erine residues (Ser121) near the tetramerization interfaces
nvolved in water-mediated hydrogen bonds with the major
roove edge of two G bases (shown for one selected base in
igure 3 F). As this is the sole mode of interaction for these
wo residues, they were omitted from the visualization in the
revious DNAproDB version ( 9 ). In this update, these inter-
ctions are correctly shown. A variety of complex interaction
eometries are possible when water-mediated hydrogen bonds
re involved. One such example can be found in interactions
f the RXR / RAR DNA-binding domain heterodimer in com-
lex with the retinoic acid response element (PDB ID: 1DSZ
 30 ), Figure 3 G, Residue contact map: Figure 3 H). The lysine
esidue (Lys1260) is involved in recognizing consecutive bases
G and T) through water-mediated hydrogen bonds involving
wo different water molecules. This update to DNAproDB al-
ows exploring such recognition schemes. 

iscussion 

NAproDB, since its inception in 2017 ( 8 ), has been a
aluable resource for the structural biology community. Its
omprehensive analysis pipeline, covering diverse aspects of
rotein–DNA binding, outputs data that can be readily used
n downstream analysis by the user ( 9 ). DNAproDB also pro-
ides interactive and publication-quality visualizations. In this
pdate, we improved DNAproDB in multiple aspects. New
tructures released since the last update in 2020 ( 9 ) have
een incorporated, resulting in a much larger collection. The
ipeline has been future-proofed via the new automatic up-
ate feature. The backend implementation has been upgraded
o Python 3, ensuring a long-lasting lifespan for DNAproDB.

A key scientific improvement in the analysis pipeline is the
ncorporation of water-mediated hydrogen bond calculation.
nterest in water-mediated interactions has been growing. This
s evidenced by the CASP16 challenge for predicting solvent
hells around the Tetrahymena ribozyme structure ( 31 ). Cur-
ently, these interactions are not well modeled by structure
rediction and analysis tools ( 17–20 , 32 , 33 ). We expect that
his added feature in DNAproDB will advance the field in un-
erstanding readout mechanisms. 
Visualizations have been improved by enabling tertiary

tructure-aware nucleic acid layouts, incorporation of water-
ediated hydrogen bond indicators, better customizability,

nd other visual improvements. The website has been re-
esigned, and data presentation has been improved. Structure
les in mmCIF format can now be uploaded, which was previ-
ously unsupported. Altogether, these updates result in an im-
proved DNAproDB, which we expect to continue serving the
structural biology community for the foreseeable future. 

Data availability 

DNAproDB and associated data are freely available for all
users at https:// dnaprodb.usc.edu/ . 

The pipeline and frontend implementations are avail-
able through figshare at https:// doi.org/ 10.6084/ m9.
figshare.27263145 , and via GitHub at https://github.com/
timkartar/DNAproDB and https://github.com/ariscohen/
DNAproDB _ frontend . 
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