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Abstract
Background: Knowledge of protein motions is signi�cant to understand its functions. The currently
available databases for protein motions, in general, are focused on overall domain motions, which pay
little attention to local residue motions. Albeit with relatively small scale, the local residue motions may
play crucial roles in protein functions and its binding with ligand, in particular for those residues within
binding pockets.

Results: A comprehensive protein motion database (D3PM) was constructed in this study to facilitate the
analysis of protein motions. The D3PM has the motion information ranging from the overall structural
changes of macromolecule to the local �ip motion of the residues in ligand binding site. Currently, the
D3PM has 5,339 entries of overall motions and 2,319 entries of pocket residues’ motions. The motion
patterns in the database are classi�ed into 4 types of overall structural change and 5 types of pocket
residues’ shift. Impressively, it was found that less than 15% of the protein pairs have obvious overall
conformational adaptations induced by ligand binding, while more than 50% of the protein pairs have
signi�cant structural changes in the ligand binding sites, indicating that ligand-induced conformational
changes are drastic whereas they are mostly con�ned around the ligand. By the analysis of pocket
residues’ preference, we classi�ed amino acids into “pocketphilic” and “pocketphobic” residues, which is
helpful to pocket prediction and ligand design.

Conclusion: D3PM is a comprehenssive database about protein motions ranging from residue to domain,
which should be useful for exploring diverse protein motions and for understanding protein functions.
The database is freely available on www.d3pharma.com/D3PM/index.php.

Background
The conformational diversity of proteins is rooted from their structures and is often a key feature of their
functions[1, 2]. A fundamental recognition of how proteins work therefore requires knowledge of their
structures and dynamism, which also plays a considerable role in drug discovery and development. For
instance, the ensemble docking that treats the protein �exibility is a more popular approach in virtual
screening[3, 4]. Such conformational diversity can be studied in various ways. X-ray crystallography and
NMR spectroscopy are versatile experimental techniques to provide biomolecular structures[5, 6]. In
computational methods, normal mode analysis and molecular dynamics can be used in the re�nement of
X-ray and NMR structures, as well as the prediction of conformational diversity[7]. With more and more
protein structures becoming available, there is an increasing interest to relate such structures to protein
motions for studying their functions.

The protein motion has been of particular interest in many areas of the biological sciences. Many studies
of protein motions have focused on the domain hinge and shear motions, which has also been a topic of
a number of reviews[8–11]. Several techniques[12–15] applied to detect dynamical protein domains have
been developed such as the difference-distance method and deformation-plot analysis, and a catalog of

http://www.d3pharma.com/D3PM/index.php
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domain motion types have been complied. Databases of protein domain motions have been also
available in recent years[16–19]. In addition, the mobile part in protein collected in some databases has
ranged from small loops to entire subunits besides domains. However, in many cases, there are few
domain motions for proteins under different conditions such as before and after ligand binding, but
signi�cant side-chain motions of pocket residues or catalytic residues[20, 21], which play a crucial role in
responding to the access, regiospeci�city, stabilization and dissociation of ligand, enzyme catalysis,
etc[22, 23]. For example, the most pronounced conformational change simply occurs for F194 in KAI2
protein with a ~ 90° �ip of its benzene ring when bound with inhibitor KAR1[24]. Furthermore, the dynamic
residues may impact the conformation of neighboring regions in proteins[25]. Therefore, it is necessary to
study those local motions of residues within ligand binding pocket for understanding protein functions.

The protein data bank (PDB)[26] contains nearly 167,000 protein entries (July, 2020), and the number is
growing at an exponential rate. It is therefore a useful resource for studying protein motions. Three-
dimensional (3D) structures of protein are provided in the database, but whose entries are redundant for
structures of identical protein determined under diverse conditions. Lots of effort has gone into collecting
and analyzing these vast amount of data in the PDB, leading to a large number of databases. The
MolMovDB[18] is a dominant database containing conformational changes of macromolecule with focus
biased towards a collection of data and software pertaining. Other databases, such as the ComSin[27],
AH-DB[28], PDBFlex[29], and PSCDB[30] provide protein structures pairs in bound and unbound states to
explore protein motions triggered by ligand, among which the AH-DB contains the most entries (> 
700,000). However, the motions are sophisticated involving the intrinsic �exibility of protein or
experimental conditions (such as temperatures and pH), besides external perturbations like ligand
binding[31, 32]. The PCDB[33] and CoDNaS[34] provide a redundant structures’ cluster for the same
protein under different experimental protocols, but the PCDB has been not available for a while. The
CCProf[35] is another conformational diversity database which contains 986,187 protein structure pairs
before and after binding and 10 biological features for studying binding target site. However, using these
databases to study the local motions of pocket residues is di�cult, and there is still a lack of such
speci�c database so far.

In this study we constructed a database that covers all kinds of protein motions ranging from overall
structure to local residue, and classi�ed pocket residue motions into 5 types. Considering that the form of
structural pairs is more convenient to analyze protein motion features than that of structural cluster, all
kinds of protein motions were provided with protein structural pairs in the D3PM. We believe that the
D3PM will be helpful to explore diverse protein motions that related to their functions, and promote the
drug discovery and development.

Construction And Content
D3PM database construction
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All the X-ray structures were downloaded from the PDB with resolution better than 3.0 Å (25th October
2018), and were divided into pairs of identical proteins with the same UniProt ID. The oligomerization
state was limited to either monomer or homo-multimer to exclude the in�uence of protein-protein
interactions on structural changes. Many of small molecules bound into proteins are crystallographic
additives (PEG, etc. Shown in Table S1), which were manually removed in protein-ligand structures.
Finally, 7,730,788 pairs of protein structures obtained from the PDB were divided into two parts, according
to the overall Cα root mean square deviation (RMSD) threshold of 2.0 Å, which was often used as a
threshold for drug discovery[36, 37]. There are a number of redundant pairs of identical protein for the
same type of motions. Therefore, a representative pair of identical protein with the most signi�cant
motions was selected to construct a non-redundant, contrastive and classi�ed protein motions database.

For the pairs with overall RMSD less than 2.0 Å. Although the overall RMSD of less than 2.0 Å indicates
similar structures in pairs of proteins, dramatic motions of a few residues within ligand binding site
reminds us the de�ciency of the RMSD that hides local motions. To explore how the pocket residues
move in responding to ligand binding, we �rstly calculated the RMSD matrixes of each pocket residue
that around ligand by 5.0 Å for pairs of apo and ligand-bound (holo) structures. It results in 609,433 pairs
with at least one residue’s RMSD ≥ 2.0 Å. We secondly selected a representative pair with the same
motions and the largest residue RMSD, resulting in a �nal set of 568 cases. To further classify the pocket
residues’ motions, we analyzed the changes of pocket size on ligand binding using D3Pockets
(www.d3pharma.com/D3Pocket/index.php). It is well-known that one type of residue motions can
dramatically regulate the binding pocket “on” and “off” states, which is also called ‘gatekeeper’[38]. For
example, a typical feature inconsistent with its active state of apo NF-κB-inducing kinase is the presence
of the guanidinium group of R410 in the adenosine-binding site[39]. However, most of motions simply
expand the space of the binding pocket, involving two main causes. A major reason of the expanding is
the pocket residues’ moving outward. On the other hand, the fusion of more than two small pockets also
provides a large enough binding space for ligands. On the contrary, to stabilize bound ligand or take part
in the catalytic process, pocket residues need to approach the ligand, resulting in a shrinking of binding
pocket. For example, the F293 in apo FOX-4 cephamycinase moves 2.5 Å toward the substrate upon
ligand binding, forming a putative T-shaped π-stacking interaction[40]. The rest of pocket residues’
motions, other than the above four types, have little effect on the space of pocket but form better
interactions with ligand. Consequently, the pocket residues’ motions could be classi�ed into �ve classes
(Fig. 1): (a) pocket-creating motion (PC), (b) pocket-expanding motion (PE), (c) pocket-fusing motion (PF),
(d) pocket-shrinking motion (PS) and (e) other motion (OM). Each class is represented by a code of two
characters: for instance, PC stands for ‘pocket-creating motion’.

Similarly, we also calculated the RMSD matrixes of each pocket residue between pairs of holo structures,
including pairs bound with different ligands and pairs bound with the same ligand. For the pairs bound
with different ligands, there are 2,176,460 pairs with at least one residue’s RMSD ≥ 2.0 Å. We then
selected a representative pair with the largest pocket residues’ RMSD, resulting in a �nal set of 967 cases
including 620 pairs with the same ligand bound pocket and 347 pairs with different ligand bound pocket.

http://www.d3pharma.com/D3Pocket/index.php
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In fact, the 347 cases could be regarded as pairs of apo and holo pockets. Therefore, they were also
classi�ed into �ve classes (PC, PE, PF, PS and OM). For those pairs bound with the same ligand, there are
1,297,976 pairs with at least one pocket residues’ RMSD ≥ 2.0 Å. We then selected a typical pair with the
largest pocket residues’ RMSD, resulting in a �nal set of 750 cases. 

For the pairs with overall RMSD greater than 2.0 Å. In this set, conformational changes may result from
both the inherent �exibility and external perturbations like ligand binding. Consequently, to explore how
those motions occur, we classi�ed the pairs with overall RMSD ≥ 2.0 Å into four parts: (a) pairs of apo
structures, (b) pairs of apo structure and holo structure (the ligand bound structure), (c) pairs of holo
structures with different ligands, (d) pairs bound with the same ligand. For each part, we chose a typical
pair of the same motion and protein with less missing residues and larger RMSD, i.e., the one with the
least missing residues from top 5 pairs with the largest RMSD. Finally, 5,339 representative pairs were
collected. For those pairs of apo structures, inherent �exibility of proteins contributes mostly to their
conformational changes, since we have excluded the in�uence of protein-protein and protein-ligand
interactions. Motions induced by the ligand intrigue us when we focus on hit identi�cation by structure-
based virtual screening. Set contains apo-holo pairs and pairs of holo structures bound with different
ligands is a resource to observe and distinguish the motion induced by ligands. 878 pairs bound with the
same ligand have RMSD ≥ 2.0 Å, mostly resulting from the inherently �exibility of protein-ligand
complex. For pairs including holo structures, the RMSDs of pocket residues were calculated. 125 apo-holo
pairs have obvious pocket residues’ motions, which were also classi�ed into �ve classes (PC, PE, PF, PS
and OM).

Finally, the D3PM includes 5,339 entries of overall motions and 2,319 entries of pocket residues motions
from 7,730,788 pairs of protein structures as shown in Table 1.

Table 1. Summary of the data available in the D3PM*
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The overall protein motions Number of pairs Overall RMSD (Å)

Mean Maximum

apo & apo 2173 4.32 41.76

apo & holo 1282 4.34 39.53

holo & holo (different ligands) 1006 4.65 32.02

holo & holo ( the same ligand) 878 4.39 26.50

The pocket residues motions Pocket RMSD (Å)

Mean Maximum

apo & holo 949 1.45 6.42

holo & holo (different ligands) 620 2.60 9.68

holo & holo (the same ligand) 750 1.33 2.50

*: the “apo” referred to as ligand-free protein, and the “holo” referred to as ligand-bound protein.

Linkage of the D3PM and DrugBank databases

The DrugBank is a free available web resource containing comprehensive molecular information about
drugs and their targets, which greatly facilitates the drug discovery and development[41]. To make full
use of protein motions for drug discovery, drug targets in the DrugBank database are annotated in the
protein motion’s list of the D3PM. For example, the drug target carbonic anhydrase 2 (PDB ID: 3HS4) can
be found with three kinds of motions in the D3PM, including overall conformational changes caused by
its inherent �exibility and ligands binding, and PE type of pocket residues’ motion.

Utility And Discussion
User interface

For easy application, we constructed a web server, which is accessible at
www.d3pharma.com/D3PM/index.php, as shown in Fig. 2. The interface to the D3PM has been designed
to facilitate both detailed searching of protein motion types and browsing of the whole database. With
the website, the users can navigate through the motion types of a speci�c target protein. Moreover, users
can also search the database by PDB ID, Uniprot ID, RMSD, residue’s and ligand’s name etc. Each entry
has detail annotation such as PDB ID, Uniprot ID, overall RMSD, pocket RMSD etc. 

Comparison of different types of protein motions

The D3PM provides an approach to explore the protein motions caused by either the inherent �exibility of
macromolecule or ligand binding or both. In the D3PM, 7,730,788 pairs with the same Uniprot ID are

https://www.d3pharma.com/D3PM/index.php
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classi�ed into four types, viz, (a) pairs of apo structures, (b) apo-holo pairs, (c) pairs bound with different
ligands, (d) pairs bound with the same ligand. To compare the 4 types of protein motions, the pairs
included in all the 4 types were selected, resulting in 3,990,497 pairs from 1,970 proteins with the same
Uniprot ID. The pairs were regarded as motionless in terms of overall protein structures if their overall
RMSD is < 2.0 Å. Consequently, the larger proportion of motionless pairs, the weaker ability to cause
overall protein structure motions.

In Fig. 3A, the pairs bound with the same ligand have a larger proportion of motionless pairs (94.7%) than
that of the pairs of apo structures (93.2%). This can be rationalized with the fact that the bound ligands
somewhat rigidize protein structures. However, it is noteworthy that there are nearly 5% of the protein-
ligand pairs with RMSD ≥ 2.0 Å, which is largely accomplished by the �exible loop structures’ motions
that are independent of ligand binding such as the active loop of kinases. The proportion of motionless
pairs bound with different ligands is 89.4%, with a difference as large as 5.3% compared with the pairs
bound with the same ligand. It showed that the protein conformational adaptation induced by ligand
binding is somewhat related to the structure of ligands, even though this effect is not very obvious. The
apo-holo pairs have the smallest proportion of motionless pairs (85.5%), showing that ligand binding
causes the most signi�cant protein conformational adaptation. However, it is important to note that most
of the proteins have no obvious overall structural changes on ligand binding, according to all the
proportions of motionless pairs of the 4 types are larger than 85%.

To further explore the pocket residues’ motions, the RMSD of pocket residues that within 5.0 Å of ligands
was calculated (Fig. 3B). Similarly, the bound ligand decreases the �exibility of binding pocket, according
to the largest proportion of RMSD < 2.0 Å (90.2%) of the pairs bound with the same ligand. However,
structural changes induced by ligands obviously are more signi�cant on the binding pocket, as the
smallest proportion of motionless pocket (46.6%) belongs to the pairs bound with different ligands, with
a difference as large as 22.8% compared with that of the overall structure. Therefore, more than half of
proteins have signi�cant structural changes in binding pockets when bound with different ligands,
implying the importance of the �exibility of pocket residues for virtual screening. All the results
demonstrated that ligand binding could cause protein conformational changes, especially on the binding
pocket, however, stabilize the induced conformations. 

The amino acid preference of binding pocket

Interactions with binding pocket residues are indispensable to ligand’s binding process, e.g., hydrogen
bond, hydrophobic interaction and so on. In order to refresh how amino acids interacting with ligands
(pocket residues) differ from that of overall structure, the pocket residues around ligand and whole
protein were analyzed. Usually, the de�nition of pocket residues are the ones with the minimum distance
to the ligand of ~5.0 Å[42]. With 178,778 protein-ligand complexes, the residue frequencies of binding
pocket were calculated with different de�nition that around ligand by distances ranging from 2.0 to 6.0 Å.
The mean unsigned error (MUE) of the frequencies of the 20 amino acids between the pocket and overall
structure was calculated (Fig. S1). The distance of 3.0 Å has the largest difference in residue frequencies
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between the binding pocket and overall structure. The larger distance than 3.0 Å, the smaller difference,
which indicates that the cutoff value of 3.0 Å could best distinguish the pocket from overall structure.
Therefore, using a de�nition of pocket residues that around ligand by 3.0 and 5.0 Å, we analyzed the
frequencies of 20 amino acids for the binding pocket and overall structure, respectively. The Arg, Asp, Ser,
Glu, Thr, Lys, Tyr, Asn, His and Cys in binding pocket around ligand by 3 Å signi�cantly overweigh that in
overall structure (Fig. 4A), indicating that they are more inclined to interact with the ligand to form short-
range interactions such as hydrogen bond and ionic bond. The frequencies of Gly, Phe, Met and Trp
within 5.0 Å of ligands overweigh the corresponding ones in overall structure, indicating they are more
inclined to interact with ligands to form long-range interactions. The 14 residues that are likely to interact
with ligands to form short-range or long-range interaction, could be called “pocketphilic”. Other residues
like Leu, Ala, Val, Ile, Pro and Gln have lower frequencies in pocket compared with overall structure with
both the cutoff value of 3.0 and 5.0 Å, which could be called “pocketphobic”. The results also provide
useful information to improve pocket prediction.

To further explore which residues are easy to shift their positions in pocket in responding to ligand
binding, we analyzed the frequencies of residues with RMSD ≥ 2.0 Å using the pocket residues motions
database of the D3PM. As shown in Fig. 4B & C, most of the motions are PE type with frequency >56%.
The “pocketphilic” resides (Arg, Phe, Tyr, Lys, Glu and Asp) are also easier to move than the
“pocketphobic”. In particular, the Arg with the longest side chain is easiest to shift in pockets de�ned by
the cutoff either of 3.0 or 5.0 Å. However, residues with long side chain are not necessarily easy to shift in
pockets, such as the motion frequency of Tyr with long side chain is lower than that of Phe. It is also
interesting to note that the basic residues (Arg and Lys) are easier to move than the acidic residues (Asp
and Glu) in ligand binding pockets.

Case study: cross-docking reveals the importance of the pocket residue motions

The current strategy of virtual screening based on a selected inhibitor bound conformation as a target
protein structure may miss putative ligands, due to the conformational adaptations in the ligand binding
site. To evaluate how signi�cant the different conformational adaptations are, the set of 620 pairs of holo
proteins with different ligands were used for cross-docking of ligand to a bound receptor structure
crystallized in the presence of another ligand. The results of 1240 data (Table S2) showed that the
average docking score of ligands docking to its co-crystallized receptor is -9.24, however, the value is
obvious smaller when the ligands docking to another ligand bound receptor structure, which is -8.67. In
addition, 23% cross-docking cases have the difference of docking score more than 1 kcal/mol, revealing a
variety of putative compound may be missed during virtual screening in thousands or even millions of
candidate compounds. Therefore, the pocket and its residues �exibility should be treated carefully during
virtual screening.

Conclusions
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We developed the D3PM to present all kinds of protein motions involving overall structures and residues
within binding pockets. In addition, we classi�ed pocket residues’ motions into 5 types to explore different
function mechanism of ligand binding. Currently, the information provided in the D3PM is in list form. We
are currently developing an approach to predict conformational change pathway using a pair of different
structures[43]. Therefore, our planned developments of the D3PM will include (i) providing movies of all
kinds of protein motions and (ii) regularly updating to process new entries in the PDB database.

Using the D3PM, we �rstly compared the ability of different factors to drive protein conformational
changes. The results showed that protein motions induced by ligands is signi�cant in the binding pockets
according to 53.4% of protein pairs with pocket RMSD ≥ 2.0 Å, but more than 85% of protein pairs have
no obvious overall conformational adaptations. The ligands bound rigidize the binding pocket, due to the
conformational adaptation of pocket residues to form or stabilize strong protein-ligand interactions.
However, there are still nearly 5% of the protein pairs bound with the same ligand with overall RMSD ≥ 
2.0 Å. Although the factors including external perturbations like ligand binding and intrinsic �exibility of
macromolecule have been studied here, there are still other factors like pH, temperatures and mutation
that can impact protein motions, which is valuable for further study.

In addition, we analyzed the preferences of 20 amino acids in the binding pocket. The results revealed
some residues likely to interact with ligand forming short-range or long-range interactions, which could be
called “pocketphilic”. However, “pocketphobic” residues like Leu, Ala, Val, Glu, Ile, Pro and Gln have lower
frequencies in binding pocket compared with overall structure. The results provided important
information for further pocket prediction.
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Figure 1

Five classes of pocket residue motions. (A) pocket-creating motion (88), (B) pocket-expanding motion
(617), (C) pocket-fusing motion (44), (D) pocket-shrinking motion (234) and (E) other motion (57).
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Figure 2

The web page of the D3PM database: (A) the overview of types of protein motions included in the D3PM,
(B) diagrams for the two main types of protein motions, viz, overall protein motions and pocket residue
motions, (C) the information of each protein motion pair.

Figure 3
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The frequency of four types of protein overall motions (A) and three types of pocket residue motions (B).
The “apo” referred to as ligand-free protein, and the “holo” referred to as ligand-bound protein.

Figure 4

(A) Frequencies of 20 amino acid residues in overall protein structure (blue) or binding sites around
ligand by 3.0 Å (orange) and 5.0 Å (green). The residues are grouped in yellow, gray and cyan blocks,
according to largest frequency belongs to pocket-3.0 Å, pocket-5.0 Å and overall structure, respectively. (*)
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the difference between the overall structure and binding site around ligand by 3.0 or 5.0 Å is statistically
signi�cant at the 5% level (p < 0.05). (**) the difference between the overall structure and binding site
around ligand by 3.0 or 5.0 Å is statistically very signi�cant at the 1% level (p < 0.01). Frequencies of 20
amino acid residues easy to move in pocket, de�ned with the cutoff of 3.0 (B) or 5.0 Å (C)
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