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a b s t r a c t

DNA-binding is an important feature of proteins, and protein-DNA interaction involves in many life
processes. Various computational methods have been developed to predict protein-DNA complex
structures due to the difficulty of experimentally obtaining protein-DNA complex structures. However,
prediction of protein-DNA complex is still a challenging problem compared with prediction of protein-
RNA complex, this may be due to the large conformational changes between bound and unbound
structure in both protein and DNA. We extend PRIME 2.0 to PRIME 2.0.1 to model protein-DNA complex
structures. By comparing sequence and structure alignment methods, we found that structure-based
methods can find more templates than sequence-based methods. The results of all-to-all structure
alignments showed that DNA structure plays an important role in prediction of protein-DNA complex
structure. By exploring the relationship of sequence and structure, we found that in protein-DNA
interaction, numerous structures with dissimilar sequences have similar 3D structures and perform
the similar function.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

The interaction of two biological macromolecules, protein and
DNA, plays a crucial role in transcriptional regulation [1,2]. Re-
searchers have established a number of experimental technologies
to study protein-DNA interactions, such as high-throughput
methods and X-ray.

The sequence-based/structure-based computational methods
were designed to predict protein-DNA interaction. The Thornton's
team [3] reported that more than two-thirds of the interactions in
protein-DNA occurred between the backbone of the DNA and the
protein, independent of the sequence of the DNA. Thus, many
laboratories committed to develop structure-based computational
methods to predict protein-DNA interactions or model their
structures. At present, the structure-based algorithms for predict-
ing protein-DNA complexes are mainly divided into free docking
and template-based docking. The method of free docking mainly
includes sampling and scoring. In sampling, the free docking
method mainly considers the shape and electrostatic comple-
mentarity of the protein-DNA complex, and then outputs possible
candidate conformations (decoys). In the scoring process, the
scoring function is used to screen decoys and picked out the nearly
native structures. The template-based docking method searches
the template library to obtain a template structure similar to the
target structure at first, and then build a suitable model based on
the template structure.

Studies have shown that the template-based docking methods
were more accurate than the free docking methods in protein-RNA
complexes prediction [4,5], and the template-based methods work
better in complexes that involved a big conformational changes
[6,7]. HDOCK [8] is a hybrid docking method which combines free
docking and sequence template-based docking for protein-DNA
complex structure prediction. Their research showed that the
hybrid approach outperforms free docking, which suggests that
template-based methods play an important role in predicting
protein-DNA complexes.

Compared with protein-RNA docking, protein-DNA docking is a
more challenge problem. There are two possible reasons. First, the
interaction information on the surface of DNA is relatively less [9].
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Second, like in protein-protein docking, there are large conforma-
tional changes on protein and DNA during their binding [6,7]. The
template-based docking method can make up for the above defects
of free docking.

Although the predecessors’ works have made great progress in
protein-DNA interactions, no one has completely used the struc-
tural template-based docking method for modeling protein-DNA
complex structures. It perhaps because of the lack of a suitable
program for DNA structure alignment currently. Our team devel-
oped RMalign [5], which is well suited for DNA structure alignment
(Fig. S1). Therefore, we extended PRIME 2.0 [5], a method for
protein-RNA structure modeling, to PRIME 2.0.1, and used it to
model protein-DNA complexes.

In this study, we mainly discuss the results of applying PRIME
2.0.1 to model protein-DNA complex structure. We found that in
many cases the structural alignment-based method can find more
templates than the sequence alignment-based method. Consid-
ering the protein and DNA structure at the same time can eliminate
more non-near-native structures than considering the protein
structure alone. In addition, in many structures, their sequences are
dissimilar, but they share similar 3D structures. In this case, ho-
mologous sequence-based methods for predicting complex struc-
tures are often not advantageous.

2. Methods

2.1. The process of protein-DNA interaction modeling

Our structural template-based approach PRIME 2.0.1 for
modeling protein-DNA interactions mainly includes three parts:
building the dataset, predicting the model and evaluating the
predicted model.

The method of building the dataset is similar to the method for
modeling protein-RNA interactions in our group [4,5]. The protein-
DNA complexes were downloaded from PDB (a total of 3963
protein-DNA complexes were downloaded on June 5, 2017). 3287
complex structures were kept whose resolutionwere better than or
equal to 3 Å. These high-resolution structures were divided into
binary complexes. The so-called binary complex means that the
structure contains one protein chain and one DNA chain. As a result,
a total of 6,704 protein chains with a length of more than 30 amino
acids and 1585 DNA chains with a length of at least 20 bases were
reserved as the same as the study in protein-RNA [4]. A binary
complex structure with a maximum distance of 4.5 Å between any
two heavy atoms of the protein-DNA interaction chains was kept.
This eventually left 4631 binary complex structures, of which
contained 2342 protein chains and 1583 DNA chains. In order to
make the results more fair, we used the CD-HIT [10] software to
remove redundant DNA with an identity threshold of 0.99. 1583
DNA chains were clustered into 683 classes. We selected a repre-
sentative structure in each cluster. The final representative struc-
ture was the one who owns the highest resolution and the highest
sequence identity with the representative structure selected by CD-
HIT in each cluster. Finally, a total of 1536 protein-DNA non-
redundant binary complexes (NRBC1536) were preserved for sub-
sequent all-to-all alignments and benchmarking. In order to verify
the predictive power of our program, we divided the NRBC1536
into two groups: 330 newly solved structures (NRBC330) were
designated as targets, and 1206 “older” structure (NRBC1206)
served as templates.

2.2. Targets/templates alignment

When performing all-to-all alignments in the dataset of
NRBC1536, we carried out global sequence alignment and structure
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alignment.
The first method was global sequence alignment. We used the

needle in the EMBOSS software [11] for sequence alignment with
the default parameters. The sequence identity of the complex
structure was the smaller sequence identity in the binary complex
monomer. That is, needle calculated the sequence identity for
protein and DNA respectively, and we used the smaller sequence
identity between protein and DNA as the final sequence identity of
the binary complex structure.

The second method was structural alignment. The binary com-
plex structure was split into protein and DNA monomers that were
aligned to the protein and DNA in the template respectively. For
protein structure alignment, TM-align [12] was employed as the
aligner like previous studies for protein-protein [13e18] and
protein-RNA interactions [4,5]. The TM-score which shows the re-
sults of TM-align has values varying from 0 for completely dis-
similar structures, to 1 for identical structures. The DNA was
aligned with RMalign, which was based on a scoring function
RMscore that is independent of the size of the molecule. RMalign
was developed for RNA 3D structural alignment, but it is still
effective in DNA 3D structural alignment. Similar to TM-score,
RMscore also used a normalized value to describe the similarity
of DNA. The larger the RMscore, the more similar the two DNA
structures are. The smaller of TM-score and RMscore was chosen as
the final complex structure score to describe the structural simi-
larity of the binary complex.

Both of the above alignment methods were employed to the
NRBC1536 dataset to test whether the target can find the correct
template (correct template is defined as the complex structural
score greater than transition point, which describes the transition
from random to similar binding mode). Like the studies on protein-
RNA interaction [4,5], the atoms (Ca and C3’ atoms represent pro-
tein and DNA respectively) in both alignment methods were used
to calculate the interaction RMSD (iRMSD), which was applied to
characterize the similarity of binding mode between two protein-
DNA complex structures.

In order to evaluate the quality of the built model, we calculated
the ligand RMSD (lRMSD) between the model and the native
complex. In protein-DNA docking, if lRMSD � 5.0 Å, the predicted
model was considered to bemedium quality; and if lRMSD� 10.0 Å,
the predictedmodel was deemed to be acceptable. In this study, we
also adopted the same lRMSD evaluation criteria.

2.3. Modeling and evaluation model

In practice, the target is usually unaware of its template struc-
ture. Therefore, the template was needed to be found out for the
target structure before modeling by TM-align and RMalign. After
the structure alignment (see Supplementary Material), PRIME 2.0.1
outputs the predicted model according to the template structure.
During this process, the target protein and DNA are superimposed
on the protein and DNA respectively in the template structure.
Undergoing rotation and translation, TM-align [12] outputs the
matrix when the target and template proteins share the maximum
TM-score. Similarly, RMalign [5] also outputs a rotating matrix
while the target and template DNA structures have the maximum
RMscore. And then, the model is built with the matrixes generated
by TM-align and RMalign.

3. Results

3.1. The relationship between sequence/structure and the binding
mode

The relationship between iRMSD and complex sequence
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identity/complex structural score in the protein-DNA complexes is
explored by performing an all-to-all pairwise alignment on the
NRBC1536 like previous studies [4,20]. In Fig. 1, it shows the rela-
tionship between complex sequence identity and iRMSD when all-
to-all alignment is conducted on the NRBC1536. From the illustra-
tion of Fig. 1, we find that the noise is very large when the sequence
identity is less than 0.25. That is the binding mode of the complex
structures with low similarity. In comparison, when the sequence
identity � 0.25, the noise is reduced, and more complex structures
share a similar binding mode. Therefore, in this study, we take the
sequence identity with 0.25 as the threshold to distinguish the true
binding mode from random binding mode when the sequence
alignment is performed.

In Fig. 2, we plot the relationship between structural similarity
and iRMSD with an all-to-all alignment on the NRBC1536. We
studied the relationship between the complex structural score/TM-
score and iRMSD. The inset of Fig. 2(a)/b shows that the transition
point is 0.4/0.5 for complex structural score/TM-score. That is, the
ratio of the number of structures with iRMSD� 5 Å increases when
the complex structural score/TM-score changes into 0.4/0.5.

As can be seen from Fig. 2(b), a partial of protein-DNA complex
structures can find suitable templates (TM-score � 0.5) when the
TM-scorewas considered alone. However, relatively large noise still
exists at TM-score � 0.7, and we found that most of the noise was
removed after the DNA structure alignment was considered
(Fig. 2(a)). For instance, the target structure 5CMX has chains H and
A [21], and the template structure 4I7Y has chains H and D [22],
with iRMSD 52.72 Å and TM-score 0.988, ranking first in the case of
considering the TM-score alone. However, the complex structure
Fig. 1. The relationship between the binding mode and the sequence identity of the c
identity of the complex structure. The Y-axis represents iRMSD. A pairwise comparison of all
0.05, the ratio of complexes with iRMSD � 5 Å in this interval to show the phase transitio

154
score is 0.287, ranking 72nd. So, the point representing the rela-
tionship between 5CMX_HA and 4I7Y_HD was moved to the left of
the transition point, and therefore noise can be reduced. Previous
study shows that relying solely on TM-score is not sufficient in
predicting DNA-binding proteins because one-third of non-DNA-
binding proteins have TM-score � 0.55 with DNA-binding pro-
teins [23]. Therefore, both protein and DNA are essential for finding
the template for protein-DNA complex structure modeling. The
maximum value of the iRMSD is smaller than that of the protein-
RNA complexes [4], showing that the binding mode between the
protein-DNA complexes is more similar than the protein-RNA
complexes. It is probably because RNA can form a more complex
secondary structure. Although protein or DNA has large confor-
mational changes if they are forming a complex, most of the DNA
structure forms a relatively fixed double helix, so there may be
more similar binding interfaces between DNAs such that their final
complex structure may be similar.

3.2. Comparison of sequence identity and structural similarity

The previous section reveals the transition point is 0.25/0.4 for
sequence/structure. Both structure and sequence can describe the
similarity of binding mode. So, what is the relationship between
structure and sequence in protein-DNA interaction? To this end, we
explored the relationship for protein-DNA complex structures.

In Fig. 3, it depicts the relationship between sequence identity
and structural similarity on the NRBC1536. The relationship be-
tween sequence identity and structure similarity was divided into
four quadrants by X ¼ 0.4 (transition point of structure score) and
omplex structures. The X-axis denotes the smaller value of the monomer sequence
the complexes in NRBC1536 is described. In the inset, statistics are taken at intervals of
n. The vertical line represented the transition point with the sequence identity 0.25.



Fig. 2. The relationship between the binding mode and the similarity of the complex structures. The iRMSD is plotted against the lowest complex structures score (a) and
protein structural score (b) in the protein-DNA binary complex structures. A pairwise comparison of all binary complexes in NRBC1536 is depicted. In the illustration, according to
the complex structure score(a) and protein structure score(b), statistics are taken at intervals of 0.05, the ratio of the complexes with iRMSD � 5 Å in this bins to show the phase
transition. The vertical lines showed that the transitions are occurred when the similarities of complex structure are 0.40(a) and protein structure is 0.50(b).

Fig. 3. The relationship between structure similarity and sequence identity in
protein-DNA complex structures. The relationship between structural similarity and
sequence identity of the protein-DNA binary complex on the NRBC1536 dataset. Two
vertical lines divide the sequence identity and structural similarity into four quadrants
according to the threshold (see text).
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Y ¼ 0.25 (transition point of sequence identity). Points in the first
quadrant represent complex structures that can be used to find the
correct template by both sequence-based and structure-based
methods. These complexes with relatively conserved sequences
and structures not only have similar sequences but also similar
structures. Points in the second quadrant represent complex
structures with similar sequences but lower structural similarity.
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The target can discover template using sequence-based modeling
methods in this quadrant, but structural modeling methods are
relatively difficult to search the template correctly. In contrast to
the first quadrant, points in the third quadrant represent the
complexes whose sequence are dissimilar and 3D structures are
also dissimilar. The complex structures located in this quadrant are
currently unable to find the template quite correctly with
sequence-based and structure-based methods. The points in the
fourth quadrant represent complex structures with low similarity
on sequence but high similarity on structure. In supplementary
table 1, we enumerated 1267 structures with sequence similarity
below 0.25, structural similarity greater than 0.4, iRMSD and lRMSD
less than 10 Å. It is difficult to find the correct template with
sequence-based methods, but conversely, a structure-based
approach makes it easier to find the correct template. Studies
have shown that proteins and DNAs undergo structural changes
while they are docking [24e26]. Structures located in the fourth
quadrant may be due to the large conformation changes in protein
or DNA structure resulting in their structure to be similar.
3.3. The relationship between sequence, structure and function

We picked out four complex structures that are in the fourth
quadrant described in the previous section (Fig. 4). In these ex-
amples, the sequence identity between the target and its template
ranges from 0.162 to 0.205. The dissimilar sequence makes it
difficult to identify their templates by the sequence-based method.
But their structure can be aligned well, so it is convenient for
structural template-based approach to get the template.

Proteins in the same family may bind with DNA in similar ways.
In the first example, we examine the target structure 1R8D_AC
(chains A and C for protein and DNA respectively) [27] and its
template structure 4WLW_AY (protein chain is A, DNA chain is Y)
[1]. Their sequence identity is 0.198, but they have similar 3D
structures with the structure score 0.630. These two transcription
factors belonged to the MerR family can activate or inhibit



Fig. 4. Four examples with dissimilar sequences but similar structure between target and template. (a) The target structure 1R8D_AC (protein chain A, DNA strand C) hits its
template structure 4WLW_AY. Their sequence identity is 0.198, and structural score is 0.630. The lRMSD between 4WLW_AYand its native structure is 3.17 Å. (b) The target structure
4LLN_CE takes 5HLG_AI21 as the template. Their sequence identity is 0.205 but their 3D structures are very similar, and their complex structure score equals to 0.775, 4LLN_CE
obtains a lRMSD 2.82 Å with its native structure. (c) 4I2O_AX employs 3MZH_BC as the template, their sequence identity is 0.162, and the structural similarity is 0.739. Besides, their
lRMSD is 1.84 Å (d) Target structure 1PER_LB used 4JCX_BD as the template. Although they are dissimilar in sequence, their structural similarity is 0.623. The lRMSD between
1PER_LB and its native structure is 1.26 Å.
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transcription after binding to DNA. They have similar binding pat-
terns. The N-terminal of their structure has a winged helix-turn-
helix (wHTH) motif that is a DNA-binding domain. The HTH motif
consists of a four-helix bundle and a three-stranded antiparallel b
sheet [1,27].

The second example involves the target structure 4LLN_CE [2],
and the template 5HLG_AI [28], their sequence identity is 0.205
(0.236 and 0.205 for protein and DNA identity respectively). Their
3D structures can be well matched. The TM-score is 0.801 and the
RMscore is 0.775. They are the members of the MarR family and
they bind to DNA at the wHTH DNA-binding domain to participate
in transcriptional repression.

Although some similar structures are already known to be in the
same family and share similar functions, we have found that there
are some structures with unknown functions but have very similar
structures. For example, we investigate the target 4I2O_AX [29] and
the template 3MZH_BC. Their sequence identity is 0.162, but the
structural similarity is 0.739. The function of 3MZH_BC is unknown.
4I2O is a FixK2-DNA complex. FixK 2, an import regulatory protein
for a-proteobacterium Bradyrhizobium japonicum, belonging to
the cAMP receptor protein (CRP) superfamily, is negatively
controlled by oxidation of its single cysteine located next to the
DNA-binding domain. 4I2O_AX and 3MZH_BC share similar 3D
structures, so they may perform similar regulating functions.
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In the last example, the target complex structure 1PER_LB [30],
hits the template 4JCX_BD [31]. Although their sequence identity is
low (protein identity is 0.198 and DNA identity is 0.111), they share
similar 3D structures with structural similarity of 0.623. The func-
tions of these two complexes are currently unknown, but according
to the relationship between sequence, structure, and function,
these two complexes may perform a similar function.

4. Discussion

Structural template-based methods are proposed for predicting
protein-protein [6,7,20,32e35] and protein-RNA interactions [4,5].
In this study, PRIME 2.0.1 provides a structural template-based
protein-DNA complex structure modeling method. The key point
of this approach is structural similarity. Similar to the results in
protein-RNA modeling, the all-to-all alignment in protein-DNA
modeling also revealed that the predicted structure changed from
random to similar binding mode due to the similarity between
monomers. In many cases, structural alignment methods are more
suitable than sequence-based methods, and DNA structures play an
important role in protein-DNA complex structure prediction.
Numerous protein-DNA complexes are dissimilar in sequences but
with similar 3D structures which participate in the same biological
processes and perform the same functions, such as transcription
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factor-DNA complexes.
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