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Plant cytochrome P450s play key roles in the diversification and functional modification of plant natural
products. Although over 200,000 plant P450 gene sequences have been recorded, only seven crystalized P450
genes severely hampered the functional characterization, gene mining and engineering of important P450s. Here,
we combined Rosetta homologous modeling and MD-based refinement to construct a high-resolution P450
structure prediction process (PCPCM), which was applied to 181 plant P450s with identified functions.
Furthermore, we constructed a ligand docking process (PCPLD) that can be applied for plant P450s virtual
screening. 10 examples of virtual screening indicated the process can reduce about 80% screening space for next
experimental verification. Finally, we constructed a plant P450 database (PCPD: http://p450.biodesign.ac.cn/),
which includes the sequences, structures and functions of the 181 plant P450s, and a web service based on
PCPCM and PCPLD. Our study not only developed methods for the P450-specific structure analysis, but also
introduced a universal approach that can assist the mining and functional analysis of P450 enzymes.

Introduction

Cytochrome P450 enzymes have been identified in all kingdoms of
life, which can catalyze more than 20 types of reactions, including hy-
droxylation, epoxidation, cyclization, and so on [1]. Due to their func-
tional diversity, they can generate terpenoids [2], flavonoids [3],
alkaloids [4] and fatty acid compounds [5], etc. P450 genes play a vital
role in the biosynthesis of plant natural products. With the rapid
development of DNA sequencing technology, about 200,000 plant P450
gene sequences have been identified and collected in public databases
[6]. However, a small proportion of the plant P450s have been func-
tionally characterized, due to the high cost required for screening a P450
enzyme with a specific catalytic function. Some studies have exploited
the potentials of comparative genomic or transcriptomic analysis to
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reduce the screening scope [7-9]. However, to our knowledge, no uni-
versal method can obviously assist the mining and functional analysis of
plant P450 enzymes.

The tertiary structure of enzymes and their corresponding ligand-
binding motifs can help us analyze their reaction types and function
preferences [10,11]. However, the crystal structures of plant P450s are
difficult to resolve due to the membrane localization, which leads to the
structure easily broken and degraded during purification and crystal
growth [12]. Currently, there are only seven plant P450 protein crystals
in the Protein Data Bank (PDB) database, which limits the further
structural analysis of plant P450s [13-18]. In this study, we developed a
template-based structure prediction process and a ligand docking pro-
cess specifically for plant P450 enzymes, designated as PCPCM (plant
cytochrome P450 comparative modelling) and PCPLD (plant
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cytochrome P450 ligand docking), respectively. Using PCPCM and
PCPLD, we constructed the structures of the plant P450 enzymes with
known functions and accurately docked the enzymes with the corre-
sponding ligands. With the cross-docking experiments, we successfully
validated the potential of PCPLD in P450 virtual screening. Finally, we
built a plant P450 database (PCPD) web platform (http://p450.biodesi
gn.ac.cn/) to share the sequences, structures, and functions of the
plant P450s, and the web-based tools of PCPCM and PCPLD.

Result
Plant P450s with known functions and crystal structures

Collecting all functionally characterized P450s not only helps to
predict the catalytic function of other P450s based on sequence simi-
larity but also facilitates the design of new pathways to biosynthesize
natural and non-natural products by synthetic biology [19-21]. Totally
181 plant P450s with known functions were collected from the KEGG
database, the BRENDA database, and published literatures (Fig. 1A and
Table S1). Among them, 118 cases catalyze hydroxylation reactions, 11
cases catalyze oxidation reactions, 11 cases catalyze epoxidation re-
actions, and 3 cases catalyze cyclization reactions (Fig. 1A). P450s
catalyze the conversions of 133 substrates among 181 plant P450s,
including 71 terpenoids, 10 flavonoids, 15 alkaloids, and so on (Fig. 1A).
Based on the phylogenetic tree and sequence similarity, the 181 plant
P450s were classified into 46 gene families and 113 subfamilies (Fig. 1A)
[22]. The P450s in the same subfamily (sequence identity >60%) often
have a similar catalytic function, the P450s in different subfamilies or
families often display entirely different catalytic functions [23,24]. But,
except for true orthologs, this classification can never accurately predict
the function of P450s. Therefore, besides sequence similarity, other
analytic features, such as structure information, are also considered for
the function prediction of so massive P450s.

Among seven collected plant P450 protein crystals in the PDB
database (ID: 3DSK, 3DAN, 5YLW, 6A15, 6J95, 6L8H, and 6VBY), 3DSK
and 3DAN come from the CYP74A subfamily, 6J95 and 6L8H come from
the CYP97 family, other three P450s (i.e., 5YLW, 6A15, 6VBY) come
from CYP76, CYP90, and CYP73 family, respectively. To avoid the
function biases of similar sequences and structures from the same fam-
ilies, this study only compared and analyzed five protein crystals from
different families (3DSK (lower resolution than 3DAN), 5YLW, 6A15,
6J95 (presence of the substrate in the structure) and 6VBY) (Fig. 1B).

A

Internal

Hydroxylation (118)
N N-oxidation (13)

Oxidation (11)
I Epoxidation (11)

Desaturation (4)
BN Cyclization (3)
Others (21)

External

Terpenoids (71)
Alkaloids (15)
Flavonoids (10)
Cyanoamino acids (6)
Fatty acids (8)
Others (23)
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Although the sequence identities among these five P450s are lower than
30%, all of them have very conserved secondary structures and super-
secondary domains in the tertiary structures (Fig. 1B and Table S2)
[25-27]. Structure analysis of all P450 crystal structures from the PDB
database also suggested a similar structural arrangement (Fig. S1). The
conserved structural arrangement provides us an opportunity to predict
P450 structures by homology modeling, even the query P450s have
relatively low sequence similarities with their templates.

PCPCM: plant cytochrome P450 comparative modelling

By integrating the widely used homology modeling method Roset-
taCM with the MD-based structure refinement method for structure
optimization [28-32], we built a structure prediction process specific for
plant P450 (PCPCM). PCPCM predicts the plant P450 structure with the
following five steps (Fig. 2A): 1) The transmembrane region of the target
P450 protein sequence was clipped according to the transmembrane
topology prediction; 2) The homologous template was selected by the
blast search for a local P450 structure library which included all P450
crystal structures; 3) The initial model of the target P450 structure was
constructed by homology modeling method; 4) The heme prosthetic
group was added into the initial model by structure alignment; 5) The
complex structure was optimized by molecular dynamics (MD) simula-
tion, and the structure with the lowest potential energy was selected as
the final structure for the target P450 gene.

In order to evaluate the prediction accuracy of PCPCM. PCPCM and
the other four structure prediction methods (Swiss-Model [33],
I-TASSER [34], MODELLER [35], OROIN [36]) are used to blindly
predict the structures of the five crystallized plant P450 proteins,
respectively. To obtain a more accurate assessment of these methods, the
real crystal structure had been removed from the corresponding tem-
plate library in the modeling process (Materials and Methods). Six
protein structure quality measures (namely WHATCHECK [37], Verify
3D [38], ERRAT [39], Prove [40], PROCHECK [41], and QMEAN [42])
were used to evaluate the predicted models (Fig. 2B, Fig. S2, and
Table S3). For 30 (5 x 6) evaluations from 5 structures and 6 metrics,
PCPCM ranked first in 24 evaluations and ranked second in 6 evalua-
tions. Furthermore, the Root Mean Squared Deviation (RMSD) values
were obtained by comparing the predicted models with the crystal
structures (Fig. 2C). PCPCM obtained very low RMSD values (<2 A) in
all five comparisons, which indicated that our process has a higher
prediction accuracy compared to other methods. In addition, due to the

3DSK 5YLW 6A15 6J95 6VBY

28% 22% 24% 26%  3DSK

25%

23%  31% SYLW

Fig. 1. Data of plant cytochrome P450 enzymes with known functions. (A) The phylogenetic tree of 181 plant P450s with known functions. The outermost ring
indicated the types of substrates, and the internal ring indicated the types of catalytic reactions. (B) Structural alignment of five plant P450 protein crystals in PDB.

The pairwise amino acid identities were shown on the structures.

103


http://p450.biodesign.ac.cn/
http://p450.biodesign.ac.cn/

H. Wang et al.

Input
Target plant P450 sequence

TMHMM

\ 4

Number

‘ Transmembrane-clipped sequence ‘

BLAST+

\ 4

‘ Template PDB ‘

! RosettaCM

‘ Candidate structure ‘

Add HEM

\ 4

‘ Complex structure ‘

Amber

v

Output
Optimized structure

RMSD (A)

Synthetic and Systems Biotechnology 6 (2021) 102-109

= PCPCM Swiss-Model m=Modeller m=l-TASSER mORION

8
 Hnala I

1

Ranklng

4

. uPCPCM u|-TASSER mModeller mORION = Swiss-Model
3
25
2
15
1
05
0

6J95 6A15 5YLW 3DSK

Fig. 2. PCPCM workflow and model evaluations. (A) The workflow of PCPCM. The workflow mainly includes: preprocessing of the input sequence (TMHMM step)
and blast search (BLAST+ step); homology modeling to predict initial model (RosettaCM step); addition of active heme prosthetic group (Add HEM step); molecular
dynamics optimization of the composite structure (Amber step). (B) Comparison of five structure prediction methods for P450 structural modeling. For each crystal
structure, five methods were ranked based on the protein structure quality measures. Ranking first represents the method that had the best performance for the
corresponding crystal structure and quality measure. Each color represents a modeling method, the Y-axis represents the number of five rankings of each method. (C)
Comparison of RMSD values of five structure prediction methods. The RMSD values were calculated by comparing the crystal structures with the modeling structures

from five methods using LGA (http://proteinmodel.org/AS2TS/LGA/Iga.html).

consideration of the heme prosthetic groups and the further MD opti-
mization for the structures, PCPCM showed high performance in the
stacking of active centers and heme-binding regions, which was espe-
cially important for substrate recognition and catalysis (Fig. S3).

PCPLD: plant cytochrome P450 ligand docking

The P450s recognize substrates with high regio- and stereo-
selectivity, and the P450 with specific function often recognizes the
specific substrate [43,44]. Based on the P450 structure prediction pro-
cess PCPCM, we furthermore constructed a ligand docking process
(PCPLD) that can be applied for plant P450s virtual screening (Fig. 3A).
PCPLD mainly includes the following four steps: 1) The parameteriza-
tion (distance, dihedral angle, and so on) of ligands and the obtainments
of the cytochrome P450 Compound I (CpdI) (CpdI is the high-energy

— - —
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intermediate state of heme in the catalytic reaction cycle) complex
and heme-ligated cysteine [45]; 2) Docking the ligand to the active
centers of plant P450s; 3) Screening the docking poses with energy
function and clustering the docking poses based on the backbone atoms
with Calibur software [46]. The top 10 poses in each cluster were
filtered by distance value (between CpdI oxygen and ligand atoms) to
obtain suitable candidates; 4) A Score value for each candidate structure
was calculated by integrating the Rosetta total energy and the ligand
binding free energy, and the docking pose with the highest Score was
selected as the final complex [29,47]. To evaluate the docking accuracy
of PCPLD, we docked the corresponding ligands to three crystal struc-
tures with native ligands. As expected, all docked ligands aligned well
like the ligand arrangements in the crystal structures (Fig. 3B). We also
analyzed the relationship between the positional difference of docked
ligand with native ligand and the docking score, and a significant

Fig. 3. Docking workflow and evaluations of
PCPLD. (A) The Docking workflow of PCPLD. (B)
Plant P450 crystal structures (gray) and predicted
structures (purple) docking with corresponding li-
gands, plant P450 crystal structure (PDB ID: 3DSK,
6A15, and 6J95), and corresponding ligands
(vanillic acid, cholesterol, and retina). Since there
are no corresponding ligands and analogs in the
crystal structure of 5YLW and 6B9Y, there is no
docking. (C) 10 ligands and 181 plant P450s were
selected for cross-docking, and the results were

) o . . . : . shown in the figures. The red marked short-term
! Clustering 5180 <2 8 1 G 7 i ¢ represented the correct docking. The 10 ligands
. 3 26 22112 20 32 i are abbreviated as Te (terpenoids), Fa (fatty acids),
[ Conformation clusters top 10 ] > 160 i'24 33 Aa (amino acids), Fl (flavonoids), and Al
i = ' . (alkaloids).
Scoring 8 140 i ’ I H H
e ] : ] H I
Output W Q 120 ‘ H $ : : l .
Complex 1 2 3 4 5 7 8 9 10
Te FI FI Te Te FI Te Aa Al Fa
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negative correlation (R? = 0.82) between them was observed (Fig. S5),
indicating that the calculated docking score can well reflect the docking
accuracy.

Furthermore, we investigated that whether PCPLD has the potential
for the virtual screening of plant P450s. Firstly, we constructed a
structure screening library including the 181 predicted plant P450
structures with known functions; Secondly, we selected 10 representa-
tive ligands (including 4 terpenoids, 3 flavonoids, 1 alkaloid, 1 fatty
acid, and 1 amino acid) (Table 1) which could be catalyzed in the
structure screening library; Thirdly, a cross-docking between 10 selected
ligands and 181 Plant P450s was conducted, and 1810 (10 x 181)
docking scores were calculated and sorted (Materials and Methods). For
all selected ligands, we found the native plant P450 often has the higher
docking score towards the native ligands, and the docking scores of all
10 native plant P450s are distributed in top 20% (Fig. 3C). Our results
indicated that the PCPLD has the potential for the virtual screening of
plant P450s, which is of reference significance for mining some impor-
tant P450s.

PCPD: plant P450 enzyme database

At last, we constructed a database of the 181 plant P450s (PCPD),
which included the sequences, functions, and PDB structures predicted
by PCPCM and PCPLD (Fig. 4, http://p450.biodesign.ac.cn/). Besides, a
web server for PCPCM and PCPLD was provided for structure prediction
and ligand docking of plant P450 enzymes. The usage information is
shown below briefly. Firstly, users need to provide their own username
and email address to facilitate the checking of data results; Secondly,
selecting one tool between PCPCM and PCPLD. For PCPCM, a FASTA
formatted sequence file of target plant P450 is required. For PCPLD, a
PDB formatted structure file of target plant P450 and a corresponding
SDF formatted ligand file are both required.

The submitted task will run on the server with several days. Once the
task was completed, the output result files will be sent to the user’s
email. PCPCM’s result files include: prediction information of sequence
transmembrane region, the P450 secondary structure prediction infor-
mation, homologous template selection and comparison information,
and the final structure model file. The PCPLD result file is a PDB
formatted complex with docked ligand.

Synthetic and Systems Biotechnology 6 (2021) 102-109

Discussion

Over the last few years, there has been remarkable progress in the
gene number and function characterization for plant P450s with the
rapid development of sequencing technology, omics analysis, and syn-
thetic biology [57]. Many databases, such as Cytochrome P450 Home-
page (https://drnelson.uthsc.edu/cytochromeP450.html), Cytochrome
P450 Engineering Database (https://cyped.biocatnet.de) and Plant GDB
(http://www.plantgdb.org/site/acknowledgments.php), had been con-
structed to collect the sequence and function information of plant P450s.
However, the structure information is often ignored, due to the huge
difficulties in protein purification and crystal growth [58], and only
seven crystalized P450 proteins were collected in the PDB database.
With the development of computational technologies for protein struc-
ture prediction, many methods such as RosettaCM, Swiss-Model,
I-TASSER, etc. have been widely used in protein structure prediction
[59,60]. In this study, the PCPCM, integrating RosettaCM and MD
simulation, showed better performance in plant P450s homology
modeling than all other methods. However, the performance of PCPCM
is not always the best for the construction of the P450 ligand-binding
pockets (Table S4). The missing of highly similar templates in active
site pockets compared to backbone regions may account for the poor
performances (The backbone region refers to helices F, I, C and p1-5,
between helices F and F/, between helices K and $1-4, and between (3-2
and p3-3 in P450s) [16,61].

On the basis of PCPCM, we further developed PCPLD with the po-
tential for P450s virtual screening. However, the request for tremendous
computational resources (both one structure prediction and one docking
need about 1 day) severely restricted the application for large-scale
structure prediction and virtual screening. Due to these limitations,
the PCPCM and PCPLD were only applied to 181 plant P450s with
identified functions. Besides, our PCPLD prediction process only
generated a preliminary rough confirmation of the active sites due to the
very variable active pocket in the P450 structure. Therefore, our docking
results can only be used as a reference for the prediction of substrates.
With the development of deep learning algorithms, the Google team has
used co-evolution information combined with deep neural networks to
develop AlphaFold to generate spatial constraints and reduce spatial
search [62]. David Baker’s team integrates deep learning algorithms and
Rosetta modeling software to develop trRosetta to reduce the

Table 1
10 P450 catalytic reactions for the test of P450s virtual screening.
Number Enzymes Catalytic function Reactions Sources
1 CYP51H10 12,13p-epoxy-p-amyrin 16p-hydroxylase Avena strigose [48]
2 CYP706X Apigenin 6-hydroxylase g . Erigeron breviscapus [7]
Q’éd B Q}é
3 CYP93C Isoflavone synthase . w 7" Glycine max [49]
Adiéoj - ,é\)g
4 CYP90B2 Cholesterol 22-hydroxylase Oéjgj ﬁé;gJ/ Dioscorea zingiberensis [50]
—
5 CYP76AH3 Ferruginol 2,11- hydroxylase L o L Salvia miltiorrhiza [51]
6 CYP75A Dihydrokaempferol 3',5'-hydroxylase " " o Vitis vinifera [52]
gl
7 CYP76AH1 Miltiradiene 12-hydroxylase T Salvia miltiorrhiza [53]
) —
8 CYP79D1 L-Valine N-monooxygenase - Manihot esculenta [54]
§—<c~—> (H/_én,
9 CYP80B1 (S)-N-methylcoclaurine 3'-hydroxylase o /é,u Eschscholzia californica [55]
200 =0y
10 CYP94A5 fatty acid omega-hydroxylase (I\/\/\/\/ik/\/\/\/ Nicotiana tabacum [56]



http://p450.biodesign.ac.cn/
https://drnelson.uthsc.edu/cytochromeP450.html
https://cyped.biocatnet.de
http://www.plantgdb.org/site/acknowledgments.php

H. Wang et al.

Synthetic and Systems Biotechnology 6 (2021) 102-109

P Plant Cytochrome P450 Database

> . Plant Cytochrome P450 Database

Fig. 4. The main function interface of PCPD. (A) The data browsing and downloading interface of the website. It mainly includes: browsing of plant P450 family,
catalytic and function and reaction, as well as downloading of sequence and structure. (B) The application interface of PCPCM and PCPLD. Users can choose the

needed method and submit input file according to the User Guide.

consumption of resources and time for prediction [63]. In the future, we
will integrate the methods such as co-evolution, deep learning, and deep
neural networks to accelerate the speed of plant P450 structure pre-
diction and ligand docking, realize the structure prediction and func-
tional screen of million P450 genes.

Materials and Methods
Data collection of plant P450 enzymes to identify functions

We manually search for the keyword “plant cytochrome P450” from
public databases (KEGG, NCBI, UniProt, EMBL-EBI, etc.) and plant-
related journals (Plant Physiology, The Plant Journal, Nature plants,
etc.) to find plant P450s with identified functions. The sequence infor-
mation, mutation modification, catalytic reaction, participation in
metabolic pathways, and other related information were also searched.
At last, 181 plant P450s with known functions were summarized in
Table S1 and our PCPD database. All these data will be updated every six
months.

PCPCM process

Preprocessing of the input file: The user submits the amino acid
sequence (target sequence) of plant P450, which is required to be the
standard fasta format (i.e., Target.fasta). Since the N-terminal part of the
plant P450 enzyme is a trans-membrane region, in order to improve the
accuracy of sequence alignment and the feasibility of later molecular
dynamics optimization, TMHMM Server v.2.0 (the most popular trans-
membrane area prediction software) was first used to predict and clip
Target.fasta transmembrane region sequence to obtain Target RTM.
fasta [64,65]. NCBI-blast-2.8.1 was then used to retrieve the homolo-
gous structure sequence of Target RTM.fasta in the P450 structure li-
brary which include all 101 PDB crystal structures filtered with 90%
identity, and up to five crystal structures with the highest identity were
set as the template structures for homology modeling (templatel.pdb,
template2.pdb, template3.pdb ...). The template library will be updated
every six months.

Generation of initial conformation: RosettaCM was used to build a
three-dimensional structure model for plant P450s, and Clustal Omega
was used to compare three template and target sequences [66]. Totally
500 models for the target were produced, and the model with the lowest
total score was chosen as the candidate. And then the all-atom
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refinement of the candidate structure was implemented using Rosetta
relax application. 100 models were produced to fully sample the local
conformers. Finally, the model with the lowest total_score was selected
as the result. The REF2015 energy function was used in RosettaCM and
Rosetta relax applications [29,47].

Adding the prosthetic group HEM: In the plant P450 enzyme
structure, the CYS (heme-ligated cysteine) near the C-terminus and the
prosthetic group HEM are coordinated to form the active reaction cen-
ter. The presence of HEM will change the conformation around the
active center. For the optimization of the spatial position of the HEM, we
collected all relative information of heme and ligated CYS from all P450
crystal structures, and constructed the PDB_CST database (dihedral
angle, angle, and distance data between heme, CYS, and CYS adjacent
amino acids). According to the types of CYS and adjacent amino acids in
the model, search for matching template data in the PDB_CST database,
so as to place heme in the model structure. Therefore, the spatial posi-
tion of the HEM in the unknown structure can be optimized through the
existing HEM and the surrounding spatial position relationship. UCSF
Chimera’s StructSeqAlign was used to align the candidate structure with
the template, so as to determine the general position of the HEM in the
candidate structure according to the position of the HEM in the template
[67]. Then, by analyzing the relative positional relationship between
HEM and CYS in all P450 enzymes, the spatial position of HEM is
optimized (Fig. S4), and a plant P450 enzyme complex structure with
catalytic activity is obtained.

Molecular Dynamics Protocol: By using AMBER16, the plant P450
structure model was optimized by molecular dynamics simulation with
15ns. Firstly, pdb4amber was used to preprocess the protein structure
(hydrogen deletion and residue fixes). The heme molecule file and
parameter file (HEM.mol2 and HEM.frcmod) were directly obtained
from a previous study (Shahrokh et al.) [68]. The force field parameter
files and corresponding library files for the ligands were generated with
the parmchk and tleap modules from amber package. Secondly, ff14SB
[69], GAFF [70], and TIP3P [71] force fields were used to load protein
and ligand files in tleap. The whole system constructed is solvated into
an explicit octahedral TIP3P water box (box radius is 12.0 A), and the
system was neutralized by the addition of explicit counterions (Na+ and
Cl-). Thirdly, we performed a 1000-step steepest descent for the com-
plex system followed by a 1000-cycle conjugate gradient, and the system
was minimized with a 50 kcal/mol/AZ constraint on protein atoms [72].
After 2500 steps of steepest descent followed by a 2500-cycle conjugate
gradient, the system was minimized without restraint for a short period
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of time, reducing the conflict between the protein and the water box.
Fourthly, the system was heated from 0 K to 300 K under constant
pressure, and the total time is 50ps, and the step size is 2 fs [73]. The
backbone atoms of the protein are constrained by 30.0 kcal/mol/AZ.
Fifthly, we performed a constant volume MD of 50ps, and constrained
the protein atoms with 20 keal/mol/A2 to adjust the density of the
system. Then, we applied a constant pressure of 500 ps and constrained
the protein atoms to 10 kcal/mol/A2. Sixthly, under constant tempera-
ture and pressure conditions (ntb = 2, ntp = 1), through six consecutive
stages, the constraints on the protein backbone were gradually reduced
and removed, and MD without constraints was run for 10 ns. In the
process of operation, SHAKE constraints were used for hydrogen atoms
(ntc = 2, ntf = 2), and the temperature was controlled by a time step of
2fs and Langevin dynamics (ntt = 3, gamma ln = 2.0) [74]. The
generated trajectory file was analyzed using Amberl6’s cpptraj pro-
gram, and the optimized optimal structure model was obtained by
calculating temperature, density, total energy, and RMSD.

PCPLD process

Ligand Docking: In our docking process, we use CpdI (Active
oxidant) instead of heme as a cofactor for plant P450 enzymes [75,76].
We pretreatment the protein structure, CpdI (coordinated with CYS),
and ligand before docking using the Rosettaligand program. The
RosettaLigand application was used to dock the ligand molecule to the
active center of the protein structure and a monte carlo minimization
process was performed to generate a total of 10,000 docking decoys.

Scoring functions for docking: Firstly, the top 100 docking poses
with the highest score (Total_score and interface_delta_X) were selected;
Secondly, the selected poses were clustered with Calibur software and
the top 10 poses in each cluster were then filtered by distance (between
CpdI oxygen and ligand atoms) to obtain suitable candidates (3.5~5 A).
Based on filtering results, two scoring items of RosettaLigand docking
results: total score (Total _score) and ligand binding free energy (inter-
face_delta_X) are analyzed. The empirical formula is: Score = K1-Vtotal
+ K2.Vx, where Vtotal and Vx are the average values of the Total score
and interface_delata_X in all candidates, K1 and K2 are set to —0.1 and
—0.9, respectively. Finally, one Score value was calculated based on the
formula above and each docking experiment corresponds to one Score
value.

Application of other homology modeling methods: In this article,
for the model to predict the real crystal structure, the Swiss-Model and
OROIN methods of the webserver, and the localized scripts of the I-
TASSER and MODELLER methods are used. Among them, the localiza-
tion script command used by [-TASSER is: perl/PATH/I-TASSER5.0/1-
TASSERmod/runl-TASSER.pl  -pkgdir/PATH/I-TASSER5.0  -libdir/
PATH/I-TASSERS 0.0/ITLIB -ntemp 50 -LBS true -EC true -GO true
-seqname Target.fasta -datadir/PATH/I-TASSERS5.0/Target Dir/-jav-
a_home/usr/bin/java -light true -hours 10 -outdir/PATH/I-TASSER5.0/
Target Dir/-homoflag = benchmark.

We use the parameter -homoflag = benchmark to exclude templates
that are homologous in the database.

The localization process of MODELLER is: First, finding the structure
related to the target sequence (search.py); second, preparing all the
structure templates and target sequence (compare.py); then, aligning
the template structure with the target sequence (production alignment
file): Finally, performing homology modeling (get-model.py). The
scripts used here are all provided by MODELLER.

Availability and implementation

The important parameter and configuration files of PCPD are avail-
able at https://github.com/JiangLab2020/PCPD.
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