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Abstract: Objectives: Durvalumab, a human monoclonal antibody that stops PD-L1 from attaching itself to CD80 
and PD-1, was approved by the Food and Drug Administration for use in cancer therapy. An essential stage in 
antibody optimization is mapping paratope residues to epitope residues. In this study, our earlier computer-aided 
method based on molecular dynamics (MD) simulations was used to observe the paratope residues on durvalumab 
and their companions on PD-L1. Methods: The durvalumab/PD-L1 complex model was obtained from the Protein 
Data Bank and used in a rectangular box for solvation. On durvalumab, the paratope residues and their compan-
ions on PD-L1 were identified using MD simulations. The interface residues were ranked on the basis of their con-
tributions to the binding of durvalumab and PD-L1 by assessing the stability of hydrogen bonds and salt bridges. 
This assessment was conducted using free and guided MD simulations. Results: Seventeen residues, including 
ASP26, GLU58, GLU60, ASP61, ARG113, ARG125, and THR127 on PD-L1 and H31ARG, H52LYS, H53GLN, H57GLU, 
H99GLU, H103PHE, H113ARG, L28ARG, L31SER, and L92TYR on durvalumab, were expected to be necessary for 
the binding of durvalumab to PD-L1. ASP26, ARG113, and ARG125 on PD-L1 were essential for its binding to PD-1. 
Eight residues (GLU60, ASP61, and THR127 on PD-L1 and L31SER, H99GLU, H53GLU, H31ARG, and H113ARG on 
durvalumab) were newly found, and two residues (LYS124 on PD-L1 and L94SER on durvalumab) proven nonessen-
tial for complexation, compared to the findings from the examined crystal structure. Conclusions: The antithrombot-
ic antibody of durvalumab’s paratope may be effectively mapped to the PD-L1 epitope using the existing computer 
method. This information will help optimize durvalumab.
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Introduction

Blocking the connection between programed 
death ligand 1 (PD-L1) and PD receptor 1 (PD-
1) is currently the most promising approach for 
cancer treatment [1-3]. PD-1 is a transmem-
brane protein, categorized as type I, comprising 
288 amino acids. It is predominantly found on 
the surface of activated T cells in peripheral 
organs. Conversely, the PD-L1 protein, which is 
also a type I transmembrane protein, compris-
es 290 amino acids and is primarily synthe-
sized by macrophages and dendritic cells [4, 5]. 
However, the frequent PD-L1 overexpression in 
various cancer types enables carcinomas to 
evade the host’s immune system when com-

bined with PD-1 [6]. Therefore, disruption of 
interactions between PD-1 and PD-L1 can 
restore the immune response, making PD-1 
and PD-L1 promising targets for cancer immu-
notherapy [1, 7, 8].

Over the last several years, therapies that inhib-
it PD-1/PD-L1 using antibodies have shown 
amazing potential [7, 9, 10]. Pembrolizumab 
and nivolumab, as anti-PD-1 medications, have 
been extensively used for various malignancies 
since 2014 and have shown excellent thera-
peutic effects [9, 11]. Atezolizumab was the 
first Food and Drug Administration (FDA)-
approved anti-PD-L1 drug (2016) and was des-
ignated for the treatment of advanced urotheli-
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al carcinoma and metastatic non-small-cell 
lung cancer [12, 13]. In 2017, the FDA also 
approved the anti-PD-L1 drugs, durvalumab 
and avelumab, for treating advanced bladder 
cancer and Merkel cell carcinoma [14].

The human monoclonal antibody, durvalumab, 
sometimes referred to as MEDI4736, inhibits 
the interaction between PD-L1, CD80, and 
PD-1 [15]. Despite being approved by the FDA 
for use in cancer treatment, multiple Phase III 
clinical trials are still ongoing in non-small-cell 
lung cancer, head and neck cancer, and urothe-
lial cancer [16]. However, the molecular basis 
of durvalumab-based anti-PD-L1 reactivity and 
binding properties compared with other anti-
PD-L1 antibodies used in clinics, such as ave-
lumab and BMS-936559, is yet to be clearly 
elucidated [17]. To begin this process, paratope 
residues must be mapped to epitope residues 
[18]. The durvalumab/PD-L1 complex’s crystal 
structure has been explained, and details of 
epitope-paratope residue interactions at the 
atomic level were provided in 2017 [14]. 
However, protein recognition is a dynamic pro-
cess and often fails to indicate the importance 
of these residue interactions during binding 
[19, 20]. Therefore, protein dynamics and other 
processes were assessed using molecular 
dynamics (MD) simulations, such as protein 
folding and complex dissociation [21, 22]. MD 
modeling is used to determine the most signifi-
cant residues in the PD-1/PD-L1 complex inter-
action (Table 1) [23]. It has also proven to be  
an efficient tool in mapping paratopes to epit-
opes for therapeutic antibodies, such as 6B4, 
10B12, and pembrolizumab, with high sensitiv-

ity, high specificity, and low false positive rate 
[20, 23, 24].

Therefore, using our earlier computer-aided 
method based on MD simulations, the para-
tope residues on durvalumab and their com-
panions on PD-L1 were examined [20]. 
Seventeen residues, including ASP26, GLU58, 
GLU60, ASP61, ARG113, ARG125, and THR127 
on PD-L1 and H31ARG, H52LYS, H53GLN, 
H57GLU, H99GLU, H103PHE, H113ARG, L28- 
ARG, L31SER, and L92TYR on durvalumab, 
were predicted to play an essential role in dur-
valumab binding to PD-L1. ASP26, ARG113, 
and ARG125 on PD-L1 were proved to be cru-
cial for its binding with PD-1 (Table 1), suggest-
ing that durvalumab prevents PD-1 from inter-
acting with PD-L1 because of steric hindrance. 
GLU58, GLU60, and ASP61 on PD-L1 were pre-
dicted to be critical residues for the binding 
between PD-L1 and the antibody avelumab 
[25]. GLU58 was an epitope residue in the 
BMS-936559/PD-L1 complex’s interface [10]. 
Information on the remaining 11 residues is 
limited. Further confirmation using mutagene-
sis experiments is necessary. These residues 
are potential targets to improve the efficacy of 
the antibody durvalumab, and our MD simula-
tion-based computer-aided approach can guide 
antibody designs and mutagenesis studies.

Methods

Simulations in both free and guided MD for-
mats

A flowchart of the free and guided MD simula-
tions is shown in Figure 1. VMD [26] and NAMD 

Table 1. Identified interaction residues between PD-1 with PD-L1 by molecular dynamics simulation
PD-1 PD-L1
ASN66, TYR68, GLN75, LYS78, ALA132, GLU136 ASP26, GLN66, ARG113, ALA121, ASP122, TYR123, ARG125

Figure 1. Flow chart of free and steered MD simulations. MD, molecular dynamics.
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2.9 [27] are the software packages used for 
MD simulations and visualization and model-
ing, respectively. Using the code 5X8M, the 
crystalline structure of PD-L1 attached to dur-
valumab was obtained from the protein data 
library. It was solved in a 7.68 nm × 12.58 nm 
× 8.03 nm rectangular box using water mole-
cules that included TIP3P as a solvent. Next, 
150-mM NaCl was added to neutralize the sys-
tem. The all-atom force field CHARMM22 [28], 
a periodic boundary condition, cMAP correction 
of the backbone, the Ewald technique for the 
electrostatic interaction particle mesh, and a 
cutoff of 12 Å for the electrostatic and van der 
Waals interactions were all used. A time step of 
2 fs was used for the MD simulations. Two 
phases were involved in the minimization pro-
cess. Within the first 15,000 stages of the sys-
tem’s energy minimization process, every atom 
of the protein was locked in place. After the 
atoms were released, a further 15,000 steps of 
minimization were performed. Then, the sys-
tem was brought three times to 20 ns of pres-
sure and temperature equilibrium. Langevin 
dynamics was used to maintain the tempera-
ture at 310 K. In addition, the Langevin piston 
method was used to maintain the pressure at 1 
atm. To monitor the equilibrium state of the 
three systems, variations in the root mean 
square deviation (RMSD) of the heavy atoms 
were considered. Three equilibrated complex 
structures were chosen from three related 
equilibrations as the three beginning conforma-
tions for subsequent unsupervised and super-
vised MD simulations.

For every difficult structure that was stable, 
three separate and guided MD simulations 
were performed. The survival rates of the bonds 
in the interface were measured after a 20-ns 
free MD simulation without temperature or 
pressure controls. A virtual spring with a spring 
constant of 5000 pN/nm was used to steer the 
mass center of PD-L1 molecules. This spring 
was created by linking a dummy atom to a 
steered atom. During guided MD simulations, 
the C-terminal Cα atoms of durvalumab’s heavy 
and light chains were kept constant. The anti-
body durvalumab was stopped for 5 ns while 
moving at a constant velocity of 0.5 nm/ns and 
a time step of 2 fs. The direction in which it 
moved was vertical to the line connecting the 
two fixed C-terminal Cα atoms. For every equili-
brated structure, three directed MD simula-

tions were conducted, and the bond breakage 
times under stretching at the interface were 
determined.

The Guangzhou National Supercomputer Cen- 
ter assisted with these simulations.

Normalized rupture time, stability index, and 
survival ratio of hydrogen bonds

When classifying paratope-to-epitope residues, 
the most stable salt bridges and/or bonds at 
the interface could be utilized [20, 29]. When 
the bonding angle and the distance between 
the donor and acceptor were less than 30 
degrees and < 3.5 Å, respectively, a bond was 
observed. Salt bridges were examined using a 
bond length threshold of 3.5 Å. VMD software 
was used to find the bonds across a complicat-
ed interface [23, 30]. The likelihood that a bond 
will continue to exist is represented by the ratio 
(ω) of the amount of time it has survived to the 
amount of time that it has been simulated. As 
long as the link survives throughout the simula-
tion period, the bond has a rupture time.

Within the free MD simulations, the thermal 
stability of a bond is represented by its survival 
ratio (ωj) for the jth bond. This ratio was calcu-
lated for each bond. ωj is the maximum value  
of ωj1, ωj2, and ωj3, and ωji (i = 1, 2, and 3) is  
the mean survival ratio of the jth bond derived 
from three separate MD simulations using  
the ith initial equilibrated complex conforma-
tion. In directed MD simulations, the compara-
tive tensile force that the jth bond exhibits 
under mechanical stress was correlated with 
the normalized rupture time αj. αj = θj/max{θ1, 
θ2, ..., θN} and θj = max{θj1, θj2, θj3}, where N is 
the total number of bonds being considered 
and θji is the mean rupture time of the jth  
bond determined from three guided MD simula-
tions using the ith initial equilibrated complex 
conformation for i = 1, 2, and 3, respectively. 
The stabilization index of the jth bond, abbrevi-
ated as HBSIj, is defined as HBSIj = max (ωj,  
αj), combining the effects of the thermal stabil-
ity and mechanical strength of the bond on the 
paratope-epitope interactions. In contrast to 
the findings of our earlier study [20], in which 
the mean survival ratio and normalized rupture 
time were defined as the HBSI value, the maxi-
mum mean survival ratio and normalized rup-
ture time were adopted here [23]. This is 
because a bond may only be thermally or 
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mechanically stable. For example, bonds 7, 10, 
and 11 in Table 3 appeared only in free MD 
simulations. In contrast, the No. 24-30 bonds 
in Table 3 appeared only in the guided MD sim-
ulations. Moreover, the mechanical stretch in 
the guided MD simulation could induce a large 
conformational transformation of the complex 
interface, and some potentially vital interac-
tions could only be detected in that scenario. 
Therefore, this correction ensured that thermal-
ly or mechanically stable bonds could be sorted 
out, and all possible interaction-residue pairs 
in the interface were provided. Any survival 
ratio, normalized rupture time, or HBSI index 
that falls between the ranges of 0-0.3, 0.3-
0.55, or 0.55-1.0, respectively, which is consid-
ered normal, indicates poor, moderate, or high 
stability for a bond, respectively [20, 29].

Results

Crystal structures provided less information on 
the interaction between residue pairs at the 
interface

The PD-L1/durvalumab complex’s crystal struc-
ture showed three salt bridges and four bonds 
spanning the complex interface (Table 2). 
These seven bonds were contributed by five 
residues, ASP26, GLU58, ARG113, LYS124, 
and ARG125, on PD-L1 and their respective 
partners, L28ARG, H52LYS, H57GLU, L94SER, 
L92TYR, and H103PHE, on durvalumab (Table 
2).

Among these five epitope residues on PD-L1, 
ASP26, ARG113, and ARG125 were critical for 
its binding with PD-1 (Table 1). ASP26 and 
ARG113 each formed one hydrogen bond with 
PD-1, whereas ARG125 formed six hydrogen 
bonds [23]. This implied that durvalumab pre-

vents PD-1 from interacting with PD-L1 because 
of steric hindrance. However, because confor-
mation transformation is entirely overlooked, 
and protein recognition is a dynamic process, 
only seven bonds were found, and the frozen 
crystal structure may give some of the contact 
residues. Therefore, MD simulations were con-
ducted to explore other interaction residues 
and to test the strength of the bonds at the 
interface.

Reciprocity mapping from the paratope to the 
epitope is achieved by the thermal stabilization 
of bonds

It was postulated that paratopes and epitopes 
could establish bonds with exceptional thermal 
stability through free MD simulations [20]. 
Initially, the PD-L1/durvalumab complex was 
brought into equilibrium thrice using an identi-
cal energy minimization protocol (Methods). 
The RMSD time profiles for the heavy atoms 
(Figure 2) indicated that the three systems’ 
equilibration occurred after a 5-ns duration. By 
conducting free MD simulations for 20 ns on 
each of the initial conformations I, II, and III 
after equilibration of the PD-L1/durvalumab 
complex, the bond formation and disruption 
were analyzed. The survival ratios of the identi-
fied bonds are detailed in Table 3. In contrast to 
the crystal structure analysis results shown in 
Table 2, the consolidated findings in Table 3 
encompass the discovery of 16 additional 
bonds. The seventh detected bond was exclu-
sively observed in the simulations related to 
the equilibrated conformation II. Conversely, 
the tenth and eleventh identified bonds were 
present in simulations of equilibrated confor-
mations I and II (Table 3). Because of the initial 
state-dependent binding formation character-
istics, several parallel simulations are neces-

Table 2. Residue interactions between PD-L1 and durvalumab in crystal structure

No.
Hydrogen bond Salt bridge

PD-L1 Durvalumab PD-L1 Durvalumab*
Residue Atom Residue* Atom Residue Residue

1 ARG113 NH2 H57GLU OE2 ASP26 L28ARG
2 LYS124 NZ L94SER OG ARG113 H57GLU
3 ARG125 NH1 L92TYR O GLU58 H52LYS
4 ARG125 NE H103PHE O
*The name of the residues involving in hydrogen bonds or salt bridges with H or L indicating that the residues are on the heavy 
or the light chain of durvalumab, respectively, and with the number indicating the position of the residue (first three-letter 
amino acid code).
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sary to further comprehend residue interac-
tions across the protein interface [20, 31].

A bond’s mean survival ratio (ω) was deter-
mined by taking the maximum value of the 
mean survival ratios for the first equilibrated 
conformations I, II, and III. This allowed for the 
most accurate calculation possible (Methods, 
Table 4). Twenty-three compounds exhibited 
distinct thermal stabilities, which were catego-
rized into three groups based on their respec-

tive mean survival ratio values: high (0.5-1.0), 
moderate (0.3-0.55), and low (0-0.3). The sta-
bility of the bonds in Table 3 varied, with the 
seventh through fifteenth bonds exhibiting 
moderate stability and the remaining eight 
(16th-23rd) demonstrating instability. Thermal 
stabilization of bonds No. 8 and 9 (Figure 3C 
and 3D) appeared to be greater than those of 
bonds No. 21 and 22 (Figure 3E and 3F) but 
lower than those of bonds No. 1 and 4 (Figure 
3A and 3B). This is evident in Figure 3.

Table 3. Summary of survival ratios, rupture time, and involved residues of hydrogen bonds detected 
from free and steered MD simulations
Bond Bond PD-L1 Durvalumab Survival ratio Rupture time (ns)
No Type Residue Atom Residue* Atom I II III I II III
1 H ARG113 NH2 H57GLU OE1 0.97±0.02 0.97±0.01 0.66±0.49 2.97±1.20 2.39±0.44 3.02±0.51
2 S GLU58 H52LYS 0.89±0.10 0.96±0.05 0.93±0.11 3.33±1.37 0.02±0.01 0.03±0.01
3 S ARG113 H113ARG 0.94±0.02 0.94±0.02 0.94±0.02 3.22±1.01 0.02±0.00 0.04±0.01
4 H ARG113 NH1 H57GLU OE2 0.78±0.06 0.86±0.02 0.57±0.50 2.72±1.05 1.86±0.47 3.28±0.69
5 H ARG125 NH1 L92TYR O 0.64±0.25 0.79±0.06 0.79±0.09 2.16±0.98 0.90±0.42 2.30±0.29
6 H ARG125 NE H103PHE O 0.46±0.20 0.75±0.06 0.72±0.10 0.48±0.42 0.01±0.00 0.21±0.35
7 S ASP26 L28ARG - 0.48±0.17 - - - -
8 H GLU58 OE2 H52LYS NZ 0.35±0.13 0.46±0.06 0.37±0.12 1.01±0.31 0.73±0.34 1.23±0.49
9 H ARG125 NH2 H103PHE O 0.44±0.18 0.18±0.09 0.21±0.10 1.39±0.65 0.59±0.37 1.91±0.09
10 H ASP26 OD1 L28ARG NH2 0.17±0.17 0.42±0.26 - - - 0.18±0.31
11 H ASP26 OD2 L28ARG NH1 0.06±0.06 0.40±0.25 - - - -
12 H GLU58 OE1 H52LYS NZ 0.37±0.10 0.33±0.05 0.39±0.07 1.64±0.77 0.88±0.22 1.14±0.28
13 H ASP26 OD2 L31SER N 0.20±0.13 0.39±0.08 0.26±0.19 0.52±0.85 0.15±0.25 0.03±0.05
14 H GLU60 O H53GLN NE2 - 0.07±0.06 0.38±0.37 0.03±0.06 0.03±0.05 0.29±0.29
15 H ARG113 NH1 H57GLU OE1 0.02±0.00 0.01±0.00 0.32±0.51 - - -
16 H ASP26 OD1 L31SER N 0.18±0.03 0.29±0.10 0.12±0.11 1.30±0.67 0.59±0.29 1.82±1.45
17 H ASP26 OD2 L28ARG NH2 0.14±0.12 0.29±0.06 0.00±0.01 - - -
18 H ASP26 OD1 L28ARG NH1 0.10±0.09 0.27±0.05 - - - -
19 H ARG113 NH2 H57GLU OE2 - - 0.24±0.40 - - -
20 H TYR123 OH H50ASN ND2 0.23±0.24 0.07±0.05 0.06±0.10 0.77±0.58 0.24±0.26 0.83±0.73
21 H ASP26 OD2 L31SER OG 0.04±0.04 0.01±0.01 0.16±0.24 - - -
22 H LYS124 NZ L94SER OG 0.14±0.02 0.12±0.07 0.13±0.01 0.13±0.07 0.17±0.22 0.21±0.10
23 H ASP26 OD1 L31SER OG 0.09±0.14 - 0.09±0.09 0.37±0.55 0.26±0.10 0.34±0.58
24 H ARG125 NH2 H99GLU OE2 - - - 1.26±0.50 0.39±0.62 1.26±1.73
25 H ARG125 O L31SER OG - - - 1.02±0.42 0.27±0.08 1.09±1.00
26 S ASP61 H31ARG - - - 0.47±0.48 1.06±0.04 0.23±0.40
27 H THR127 OG1 L31SER OG - - - 0.98±0.43 0.21±0.07 0.96±0.86
28 H ARG125 O L30SER OG - - - 0.54±0.79 0.04±0.03 0.35±0.28
29 H ARG125 NH2 H105GLU OE1 - - - 0.09±0.08 0.17±0.24 0.24±0.32
30 H ARG125 N L30SER OG - - - 0.05±0.06 0.03±0.03 0.17±0.22
The headings I, II, and III denote three different equilibrated complex conformation of durvalumab bound to PD-L1. The superscript numbers 
on residues (Column 3 and 5) designate the positions of their respective involved residues in sequences of PD-L1 and durvalumab, with serial 
numbering. The donor- and acceptor-atoms (Column 6) on paratope residues (Column 5), together with their respectively partners (Column 4) 
on epitope residues (Column 3), contribute to bonds in the binding site. All bonds, which were derived from three independent free and steered 
MD simulations with equilibrated conformations I, II, and III, respectively, were designated by nonzero values (mean ± SD) of survival ratios and 
rupture times of bonds. Letter H and S (Column 2) represent hydrogen bond and salt bridge, respectively. *The names of the residues (Column 5) 
involved in hydrogen bonds or salt bridges with H or L indicating that the residues are on the heavy or the light chain of durvalumab, respectively, 
and with the number indicating the position of the residue (first three-letter amino acid code). MD, molecular dynamics.
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To map residues from the paratope to the epit-
ope, high and moderate thermal stability bonds 
were used. The involvement of the five bonds 
varied from the first to the fifteenth (Table 3). 
Thirteen residues were sorted using a thresh-
old value of 0.3: ASP26, GLU58, GLU60, 
ARG113, and ARG115 on PD-L1 and H52LYS, 
H53GLN, H57GLU, H103PHE, H113ARG, L28- 
ARG, L31SER, and L92TYR on durvalumab 
(Figure 4). ASP26, ARG113, and ARG125 locat-
ed on PD-L1 were determined to play a crucial 
role in the interaction between PD-L1 and PD-1, 
demonstrating that the antibody durvalumab 
exhibited steric hindrance. The comparison 
between the crystal structures indicated that 
four residues were sorted (GLU60 on PD-L1 
and L31SER, H53GLN, and H113ARG on dur-
valumab), and two residues (LYS124 on PD-L1 
and L94SER on durvalumab) were missed. This 
implies that the complex underwent conforma-
tional changes in MD simulations. The unstable 
bonds ruptured (i.e., No. 2 hydrogen bond in 
Table 2), whereas new bonds (i.e., No. 14 bond 
in Table 3) formed during this process.

Epitope-to-paratope residues detected in the 
guided MD simulations

Paratope and epitope residues were mapped 
using the mechanical stability of bonds being 
assessed in a manner analogous to the ther-
mal stability, as shown by the bond’s survival 
ratios [20]. The rupture times of the bonds,  
as shown in Table 3, were determined using 
guided MD simulations. These simulations 
were conducted thrice for each of the three 

equilibrated conformations (Methods). Ran- 
dom characteristics and the dependence of 
bonds on the initial state were also detected, 
and these phenomena mirrored those observed 
in the free MD simulations. As illustrated in 
Table 3, the development of the tenth bond 
was noticed only in the simulations that were 
conducted for equilibrated conformation III, 
whereas the second and third bonds were 
observed only in the simulations that pertain- 
ed to equilibrated conformations I and III, 
respectively.

The normalized mean rupture time (α) of each 
bond was calculated once the data were stan-
dardized (Table 4; Methods). The normalized 
mean rupture times for each bond observed 
through MD simulations were used to classify 
the bonds into three distinct types: strong, 
moderate, and feeble mechanically stable 
(varying between 0 and 0.3, 0.3 and 0.55,  
0.55 and 1.0, respectively). As an illustration, 
bonds 21 and 22 ruptured rapidly compared 
with the others; bonds 1 and 4 maintained their 
integrity for a longer duration than bonds 8 and 
9 (Figure 5).

Thirteen bonds, including the first to fifth, 
eighth to ninth, twelfth, sixteenth, and twenty-
fourth to twenty-seventh bonds in Table 3, had 
α greater than 0.3, indicating good and moder-
ate mechanical stability. With these links, 14 
residues were expected to represent paratopes 
and epitopes; these included eight residues  
on durvalumab (H31ARG, H52LYS, H57GLU, 
H99GLU, H103PHE, H113ARG, L31SER, and 
L92TYR) and six residues on PD-L1 (ASP26, 
GLU58, ASP61, ARG113, ARG125, and THR- 
127) (Table 4; Figure 4). Three residues (GLU60 
on PD-L1 and H53GLN and L28ARG on dur-
valumab) were overlooked in the guided MD 
simulations, according to a comparison with 
the findings from free MD simulations. Addi- 
tionally, ASP61 and THR127 on PD-L1 and 
H31ARG and H99GLU on durvalumab were sin-
gled out for investigation. This indicated that a 
bond may be mechanically stable but not ther-
mally stable (i.e., No. 24-27 bonds in Table 3) 
and vice versa (i.e., No. 14 bonds in Table 3).

Mapping of PD-L1/durvalumab complex para-
topes to epitopes using the H-bond stabiliza-
tion index

The thermal and mechanical stabilities of a 
bond, or HBSI, were calculated by taking the 

Figure 2. Variation of the RMSD of heavy atoms of 
durvalumab/PD-L1 complex versus simulation time. 
I, II, and III denote three independent system equilib-
rium processes.
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maximum of the mean survival ratio and the 
normalized mean rupture time of each discov-
ered bond to synthetically score. This informa-
tion was published in our earlier study on the 
antithrombotic antibody 6B4 [20]. By compar-
ing the HBSI values of each bond, with ranges 
of 0-0.3, 0.3-0.55, and 0.55-1.0, all the bonds 
were categorized into three groups: low, moder-
ate, and high stability (Table 4).

According to Table 4, it was anticipated that  
the top twenty bonds would have a stability 

level ranging from moderate to high because 
their HBSI ratings ranged from 0.3 to 1. 
Seventeen residues, namely, ASP26, GLU- 
58, GLU60, ASP61, ARG113, ARG125, and  
THR127 on PD-L1 and H31ARG, H52LYS, 
H53GLN, H57GLU, H99GLU, H103PHE, H113- 
ARG, L28ARG, L31SER, and L92TYR on dur-
valumab, were involved in the stable bonds 
(Figure 4). Thermally or mechanically stable 
bonds were sorted using HBSI, which provided 
all possible interaction-residue pairs in the 
interface.

Table 4. Mean survival ratio (ω), normalized mean rupture time (α) and HBSI values of bonds

Rank Bond No.# ω α HBSI
Interaction residue pairs

PD-L1 Durvalumab*
1 2 0.96 1.00 1.00 GLU58 H52LYS
2 4 0.86 0.98 0.98 ARG113 H57GLU
3 1 0.97 0.91 0.97 ARG113 H57GLU
4 3 0.94 0.97 0.97 ARG113 H113ARG
5 5 0.79 0.69 0.79 ARG125 L92TYR
6 6 0.75 0.14 0.75 ARG125 H103PHE
7 9 0.44 0.57 0.57 ARG125 H103PHE
8 16 0.29 0.55 0.55 ASP26 L31SER
9 12 0.39 0.49 0.49 GLU58 H52LYS
10 7 0.48 - 0.48 ASP26 L28ARG
11 8 0.46 0.37 0.46 GLU58 H52LYS
12 10 0.42 0.05 0.42 ASP26 L28ARG
13 11 0.4 - 0.4 ASP26 L28ARG
14 13 0.39 0.16 0.39 ASP26 L31SER
15 14 0.38 0.09 0.38 GLU60 H53GLN
16 24 - 0.38 0.38 ARG125 H99GLU
17 25 - 0.33 0.33 ARG125 L31SER
18 15 0.32 - 0.32 ARG113 H57GLU
19 26 - 0.32 0.32 ASP61 H31ARG
20 27 - 0.30 0.3 THR127 L31SER
21 17 0.29 - 0.29 ASP26 L28ARG
22 18 0.27 - 0.27 ASP26 L28ARG
23 20 0.23 0.25 0.25 TYR123 H50ASN
24 19 0.24 - 0.24 ARG113 H57GLU
25 21 0.16 - 0.16 ASP26 L31SER
26 28 - 0.16 0.16 ARG125 L30SER
27 22 0.14 0.06 0.14 LYS124 L94SER
28 23 0.09 0.11 0.11 ASP26 L31SER
29 29 - 0.07 0.07 ARG125 H105GLU
30 30 - 0.05 0.05 ARG125 L30SER
#The bond no. in column 2 were same as those in Table 3. ω and α (Column 3 and 4) express the thermal and mechanical 
stabilities of the bonds detected from free and steered MD simulations thrice with three different equilibrated conformations 
(Method). HBSI expresses the index of hydrogen bond stabilization (Method). *The names of the residues (Column 7) involvec 
in hydrogen bonds or salt bridges with H or L indicating that the residues are on the heavy or the light chain of durvalumab, 
respectively, and with the number indicating the position of the residue (first three-letter amino acid code). MD, molecular 
dynamics.
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Discussion

Molecular dynamics (MD) simulations accom-
panied by HBSI are useful tools for mapping 

paratope residues to epitope residues for anti-
bodies [20, 23, 24]. Durvalumab is an FDA-
approved human monoclonal antibody that tar-
gets PD-L1, but the molecular basis of its dur-

Figure 3. Time courses of interatomic distances of six representative bonds in binding site of durvalumab/PD-L1 
complex. The interatomic distances of six representative bonds were plotted against simulation time, where the 
interatomic distances were from donors to their respective acceptors for three hydrogen bonds. The hydrogen bonds 
were simulated with the initial conformation I (FMD1_1~FMD1_3). The black dashed line expresses the distance 
cut-off of 0.35 nm beyond which the bonds breaks, and the blue, green and red lines exhibit the variation of inter-
atomic distances of a bond against simulation time for thrice-repeat independent free MD simulations, respectively. 
The thermal stabilizations of the No. 8 and 9 bonds seemed to be higher than those of the No. 21 and 22 bonds 
but lower than those of the No. 1 and 4 bonds. Significant differences in the thrice-repeat independent simulations 
showed a random behavior of intermolecular interactions.
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valumab-based anti-PD-L1 reactivity and bind-
ing characteristics remains unclear [17]. Using 
MD simulations as the basis for a unique  
computational approach [20], the paratope-to-
epitope residues of the durvalumab/PD-L1 
complex were mapped. Seventeen residues, 
including ASP26, GLU58, GLU60, ASP61, 
ARG113, ARG125, and THR127 on PD-L1 and 
H31ARG, H52LYS, H53GLN, H57GLU, H99GLU, 
H103PHE, H113ARG, L28ARG, L31SER, and 
L92TYR on durvalumab, were predicted to  
play an important role in durvalumab binding to 
PD-L1. Eight residues (GLU60, ASP61, and 
THR127 on PD-L1 and L31SER, H99GLU, 

H53GLU, H31ARG, and H113ARG on dur- 
valumab) were newly found, whereas two resi-
dues (LYS124 on PD-L1 and L94SER on dur-
valumab) proved nonessential for complex-
ation, as compared with the results of the crys-
tal structure investigation. ASP26, ARG113, 
and ARG125 are essential for PD-L1 to bind 
with PD-1 [32] (Table 1), implying that dur-
valumab prevents PD-1 from interacting with 
PD-L1 because of its steric hindrance. Our find-
ings provide potential targets for antibody opti-
mization and suggest that MD simulations are 
effective in mapping paratopes to epitopes [21, 
22].

Figure 4. Predicted interaction residues on the interface of the durvalumab/PD-L1 complex by molecular dynamics 
simulation. A. The durvalumab/PD-L1 complex; B. The predicted epitope residues on PD-L1; C. The predicted para-
tope residues on durvalumab. PD-L1 is shown in yellow and durvalumab is presented in gray. Predicted residues 
were shown in red with name labelled. All interaction residues on the interface of durvalumab/PD-L1 complex were 
predicted in terms of the mean survival ratio, normalized mean rupture time, or HBSI index.
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Significant plasticity within PD-1 was observed 
in the interactions between PD-1, PD-L1, pem-
brolizumab,, and nivolumab [23, 30]. MD simu-
lation is a useful tool for investigating confor-
mational changes in antibodies because it can 
reproduce the thermodynamic properties of 

biomolecules and elucidate all binding-pocket 
configurations. For example, an open-to-closed 
switch of the CC’ loop of PD-1 is observed upon 
PD-L1 binding and stabilizes the complex in MD 
simulations. The moderate stability of the intra-
molecular hydrogen bonds between SER71 and 

Figure 5. Variation of interatomic distance versus steered simulation time. The interatomic distances of the six rep-
resentative bonds under stretching were plotted against simulation time, where all descriptions for line types, bonds 
and their lengths are same as those in Figure 2. These time courses of interatomic distances showed that, the No. 
21 and 22 bonds were very quickly ruptured, in comparison to others, in which the No. 1 and 4 bonds maintained 
longer duration than the No. 8 and 9 bonds.
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THR120 allows the CC’ loop to sample the open 
and closed states in apo-PD-1. The binding of 
PD-L1 accelerates the open-to-closed switch 
and locks the CC’ loop in the closed state 
through four newly formed intermolecular 
hydrogen bonds. Thus, a complex binding 
mechanism between PD-1 and PD-L1 has been 
suggested, in which conformational selection 
and induced fit theories play a role [30]. 
Moreover, two PD-1-targeting antibodies, GY-5 
and GY-14, mainly bind to the flexible FG loop of 
PD-1, which adopts substantially varied confor-
mations upon binding and contributes to multi-
ple interactions with PD-L1 [33]. MD simula-
tions also revealed that pembrolizumab induc-
es an unexpected conformational change in 
the CC’ loop of PD-1, called “overturned” [34]. 
In 2020, Liu et al. performed MD simulations 
for the nivolumab/PD-1 complex and proposed 
a two-step binding model in which the interface 
of the nivolumab/PD-1 complex switches to a 
stronger binding state with the help of the 
N-terminal loop of PD-1. The N-terminal loop of 
PD-1 prefers to bind with nivolumab to stabilize 
the complex interface between the IgV domain 
and nivolumab. Furthermore, the binding of the 
N-terminal loop with nivolumab induces the 
interaction between the IgV domain and 
nivolumab [23]. Moreover, long-term MD simu-
lations were successfully conducted for the 
avelumab/PD-L1 and toripalimab/PD-1 com-
plexes to detect the key residues regulating 
binding [25, 35]. Thus, the molecules undergo 
different conformational changes in the binding 
process, and MD simulation is an effective 
method for providing detailed interface infor-
mation for the complex. The key residues 
mapped in this study are potential targets for 
antibody design in the future.

Three salt bridges and four hydrogen bonds 
were observed across the contact in the static 
crystal structure, involving five epitope resi-
dues (ASP26, GLU58, ARG113, LYS124, and 
ARG125) on PD-L1 and six paratope residues 
(L28ARG, H52LYS, H57GLU, L94SER, L92TYR, 
and H103PHE) on durvalumab. However, the 
hydrogen bond between LYS124 and L94SER 
(No. 2 in Table 2) was unstable, so these two 
residues were excluded from the MD simula-
tions. Furthermore, some new interaction-resi-
due pairs were discovered in the simulations, 
such as the No. 14 and 26 bonds in Table 3. 
Notably, the interaction-residue pairs have dif-

ferent thermal and mechanical stabilities. For 
example, the No. 7 bond only appeared in free 
MD simulations, whereas No. 23-30 bonds  
only appeared in guided MD simulations (Table 
3). The results of the guided MD simulations 
revealed more new bonds at the interface, sug-
gesting that more priority should be given to the 
mechanical stability of the bonds. The reason 
might be that the mechanical stretch could 
cross the barrier of conformational transforma-
tion to better mimic the dynamic process of 
protein-protein binding.

In summary, this study performed durvalumab/
PD-L1 complex residue mapping from paratope 
to epitope using the suggested computer-aid- 
ed method. However, the predicted residues 
should be further confirmed using mutagene-
sis, and this strategy could be improved by 
extending the simulation time or by conducting 
further parallel simulations.
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