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Abstract
Motivation: DNA sequence and shape readout represent different modes of protein–DNA recognition. Current tools lack the functionality to si
multaneously consider alterations in different readout modes caused by sequence mutations. DNAdesign is a web-based tool to compare and 
design mutations based on both DNA sequence and shape characteristics. Users input a wild-type sequence, select sites to introduce muta
tions and choose a set of DNA shape parameters for mutation design.
Results: DNAdesign utilizes Deep DNAshape to provide ultra-fast predictions of DNA shape based on extended k-mers and offers multiple 
encoding methods for nucleotide sequences, including the physicochemical encoding of DNA through their functional groups in the major and 
minor groove. DNAdesign provides all mutation candidates along the sequence and shape dimensions, with interactive visualization comparing 
each candidate with the wild-type DNA molecule. DNAdesign provides an approach to studying gene regulation and applications in synthetic bi
ology, such as the design of synthetic enhancers and transcription factor binding sites.
Availability and implementation: The DNAdesign webserver and documentation are freely accessible at https://dnadesign.usc.edu.

1 Introduction
Protein–DNA interaction plays a pivotal role in many biologi
cal processes. Transcription factors (TFs) are DNA binding 
proteins that are involved in gene regulation. DNA sequence 
and shape contribute to a TF’s specific recognition of its DNA 
binding site (Garvie and Wolberger 2001, Mitra et al. 2024). 
Biophysically, proteins use two different readout modes: base 
readout and shape readout (Rohs et al. 2010). DNA base read
out refers to hydrogen bond formation or hydrophobic inter
actions between amino acid side chains and the chemical 
groups of DNA bases whereas DNA shape readout is charac
terized by the recognition of 3D DNA structure. An example is 
the narrowing of the minor groove, which results in enhanced 
negative electrostatic potential that attracts positively charged 
amino acids such as arginine, lysine, or protonated histidine 
(Rohs et al. 2009, Jiang et al. 2024). Alteration of protein– 
DNA interaction through DNA shape changes is a biophysical 
mechanism through which nucleotide mutations lead to func
tional or phenotypic changes. For example, DNA shape- 
changing single nucleotide polymorphisms (SNPs) were found 
to be under selection pressure (Wang et al. 2018).

Despite our biophysical understanding of base and shape 
readout mechanisms, only a limited number of studies 

considered DNA sequence and shape when designing DNA oli
gos to study the functional significance of mutations in 
enhancers (Le Poul et al. 2020). To facilitate the integration of 
the two readout modes in experiments such as optimizing TF 
binding sequence and designing synthetic enhancers, we intro
duce DNAdesign, a web-based tool that enables the interactive 
design and comparison of candidate mutants. DNAdesign ena
bles researchers to design oligos based on the desired sequence 
and shape changes with versatile customization options. 
DNAdesign enables users to choose from 14 DNA shape fea
tures predicted by Deep DNAshape, which is a deep learning 
approach that considers extended k-mers (Li et al. 2024).

DNAdesign also offers multiple approaches to encode nu
cleotide sequences when calculating base readout distances, 
including one-hot encoding and physicochemical encoding 
(Chiu et al. 2023). The physicochemical encoding represents 
DNA by the base pair-specific arrangement of functional 
groups (hydrogen bond acceptor and donor, nonpolar hydro
gen, and methyl group) in the major and minor groove 
(Supplemental Fig. S1). DNAdesign offers a comprehensive 
overview of all candidates, presenting their shape and base- 
pair distances from the input sequence, with interactive fea
tures for candidate selection and visualization. DNAdesign 
aims to provide biologists with easily accessible structural 
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and mechanistic insights and assists studies of enhancer func
tion, synthetic biology, and gene regulation.

2 Implementation
DNA shape refers to a set of features that describe the 3D 
structural properties of the double helix. DNAdesign incor
porates six inter-base pair, six intra-base pair, and two minor 
groove features, minor groove width (MGW) and electro
static potential (EP) (see Supplementary Information). 
DNAdesign predicts DNA shape by utilizing the Deep 
DNAshape webserver (Li and Rohs 2024). Specifically, 
DNAdesign takes any input wild-type sequence of length n 
and utilizes the Deep DNAshape model to predict DNA 
shape features. Each inter-base pair parameter corresponds 
to a vector of length n −1, and each intra-base pair parameter 
and groove parameter is a vector of length n. The default 
DNA shape distance metric is the Euclidean distance. As an 
advanced setting, DNAdesign also offers Pearson's correla
tion as the alternative shape distance metric. This can be use
ful when it is crucial to preserve the pattern of a shape 
parameter along a sequence instead of the absolute values. A 
detailed definition is discussed in Supplementary 
Information.

To quantify base readout alterations caused by sequence 
mutations, the default distance metric of DNAdesign is based 
on physicochemical encoding (Chiu et al. 2023). Specifically, 
each base pair is encoded by four functional groups on its 
major groove edge and three functional groups on its minor 
groove edge (Fig. 1; Supplementary Fig. S1). This approach is 
implemented through encoding of each functional group by a 
one-hot vector with length of four. Each base pair is repre
sented by concatenating the functional group vectors into a 
major groove vector of length 16 and a minor groove vector 

of length 12. The base readout distance between an input 
sequence and a given mutation candidate is obtained by 
summing up the position-wise difference between the two 
base-pair feature matrices.

DNAdesign also offers alternative encoding methods and 
distance metrics for base-pair distance calculation including 
the one-hot encoding and the Levenshtein distance (see 
Supplementary Information). While the physicochemical 
encoding is equivalent to sequence one-hot encoding, the ex
plicit description of functional groups allows for chemical 
modifications and base-pairing variations that deviate from 
the Watson-Crick geometry in a future extension of 
the method.

DNAdesign allows users to specify focal points for shape 
readout distance calculations. By default, readout features 
along the entire sequence length are used. However, since a 
point mutation will affect shape parameters in consecutive 
neighboring base pairs, selecting focal points for distance cal
culation enables users to study shape profile changes at spe
cific nucleotides. This feature is particularly useful for 
designing DNA sequences to achieve desired shape patterns 
in specific areas of interest, such as the spacer region between 
cooperative TF binding sites or flanking sequences adjacent 
to a TF core binding motif.

The DNAdesign webserver is implemented with the Python 
Flask library as the backend. User input of DNA sequences, 
customization of options, and interaction with the graphs are 
handled by JavaScript and through the Plotly.js integration. 
Resulting figures can be downloaded from the webserver. For 
users who intend to save raw data to analyze offline, a down
loadable file button can be found on the top right corner of 
the graphs. The webserver is designed to be interactive and 
easy to use. A detailed user guide and application examples 
can be found on the manual page.

Figure 1. Illustration of the DNAdesign method and flowchart.
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3 Application
DNAdesign is a versatile tool for assisting experimental de
sign for various research applications involving DNA se
quence or shape. To illustrate its practical application, we 
demonstrate two case studies (Supplementary Figs S3 
and S4).

In the first case study, we designed DNA sequences with in
creased binding affinities of the nucleoid protein Fis. Prior 
studies revealed that the DNA sequence affects Fis–DNA 
binding, particularly through sequence-dependent MGW 
(Hancock et al. 2013, Chiu et al. 2017). We input a DNA se
quence with lower binding affinity to DNAdesign and identi
fied three mutation candidates that optimize MGW. We 
found that all three candidates harbor the ideal mutation 
from C/G to A/T rich in the center of the binding site, includ
ing one candidate with experimentally verified higher binding 
affinity (Supplementary Fig. S3).

We also demonstrate that DNAdesign can be used to de
sign shape-perturbing DNA oligos to test the DNA shape 
preference of a TF. A recent study investigated DNA binding 
of the Apicomplexan Apetala 2 (ApiAP2) TF family in the hu
man malaria parasite (Bonnell et al. 2024). To test if changes 
in DNA shape readout will alter DNA binding affinity of a 
GAGCAC-binding ApiAP2 TF, the authors selected DNA oli
gos to maximize shape readout changes while controlling the 
number of point mutations. We showed that DNAdesign is 
perfectly suited to assist researchers with such design needs 
(Supplementary Fig. S4).

DNAdesign can also be applied to molecular genetics stud
ies. For example, to investigate the regulatory logic of an en
hancer, another recent study compared reporter gene 
expression patterns in transgenic Drosophila by substituting 
7-base-pair A-tracts along a 196-base-pair enhancer region 
(Le Poul et al. 2020). DNAdesign can be used to systemati
cally introduce DNA-shape perturbing mutations along the 
functional region or to target specific TF binding sites.

4 Conclusion
DNAdesign is a web-based application that enables the de
sign of mutant DNA sequences with structural considera
tions. The webserver enables ultra-fast calculation of DNA 
shape profiles for up to 47 mutation candidates at once. It 
allows users to customize distance metrics, select from 14 
DNA shape features for analysis, and visualize and compare 
all mutation candidates in a single, easy-to-understand panel. 
DNAdesign incorporates an interactive display of shape and 
base readout profiles of the selected mutation candidate, pro
viding an intuitive visualization. DNAdesign is currently lim
ited to predicting local structural properties of unbound 
DNA, and it does not support mutations in more than seven 
nucleotide positions due to memory constraints.

With rapid advances in high-throughput structure predic
tions, our understanding of mutations is no longer limited to 
DNA sequence alone. An increasing number of studies dem
onstrate the functional significance of DNA structural and 
mechanical properties in biological processes (Basu et al. 
2021a,b, Yao et al. 2024). Although tools such as AlphaFold 
3 and RoseTTAFoldNA can predict 3D structures of protein– 
DNA complexes, their throughput and speed are limited 
(Abramson et al. 2024, Baek et al. 2024). Moreover, parsing 
these generated structures to obtain geometric descriptors of 
DNA is not straightforward. DNAdesign is designed to 

address this unmet need as an easy-to-use, complementary 
tool for researchers who want to consider both the sequence 
and structural aspects caused by DNA mutations, in a quick 
and low-barrier way. We envision that DNAdesign will fur
ther bridge the genomics and structural biology communities, 
enabling scientists to advance the exploration of the complex 
interplay between DNA sequence, structure, and function.
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