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NF-kB inducing kinase (NIK), which is considered as the centraloenponent of the

non-canonical NFkB pathway, has been proved to be an important target for the
regulation of the immune system. In the past few years, NIK lrbitors with various
scaffolds have been successively reported, among which ty =2 inhibitors that can not
only bind in the ATP-binding pocket at the DFG-in state but ab extend into an additional
back pocket, make up the largest proportion of the NIK inhiliors, and are worthy of
more attention. In this study, an integration protocol thatombines molecule docking,

MD simulations, ensemble docking, MM/GB(PB)SA binding feeenergy calculations, and
decomposition was employed to understand the binding mechaism of 21 tricyclic type
1= NIK inhibitors. It is found that the docking accuracy is largly dependent on the
selection of docking protocols as well as the crystal struaires. The predictions given
by the ensemble docking based on multiple receptor conformtions (MRCs) and the
MM/GB(PB)SA calculations based on MD simulations showed giher linear correlations
with the experimental data than those given by conventionaigid receptor docking (RRD)
methods (Glide, GOLD, and Autodock Vina), highlighting thenportance of incorporating
protein exibility in predicting protein—ligand interadbns. Further analysis based on
MM/GBSA demonstrates that the hydrophobic interactions @y the most essential role in
the ligand binding to NIK, and the polar interactions also miee an important contribution

to the NIK-ligand recognition. A deeper comparison of sevel pairs of representative
derivatives reveals that the hydrophobic interactions areitally important in the structural
optimization of analogs as well. Besides, the H-bond intergions with some key residues
and the large desolvation effect in the back pocket devote tahe af nity distinction. It is

expected that our study could provide valuable insights imt the design of novel and
potent type 172 NIK inhibitors.

Keywords: NF- kB inducing kinase, NIK inhibitors, molecule modeling, bindin g mechanism, inhibitor design
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INTRODUCTION (474M), while the remaining part with an alkyne linker can pass
the narrow channel embraced by gatekeeper Met4691™) and

Nuclear factorkB (NFkB), which regulates the expression ofcatalytic Lys429(431™), and reach into the back pocket. The
a great number of genes that are critical for the regulatioydditional occupation of the back pocket makes a greater ahanc
of apoptosis, tumorigenesis, inammation, and a variety ofto form strong interactions with the surrounding residues,
autoimmune diseases, has gained considerable attentidimein \which may be favorable to design compounds with improved
past two decadesS(in, 2017; Tegowski and Baldwin, 2018 pjological activity. However, up to now, no NIK inhibitor has
Nowadays, it is known that the activation of B is mediated peen pushed into clinical trials, suggesting that discovénpuel
by two major signaling pathways, termed as the canonical angj|K inhibitors is still urgently in need.
non-canonical NFkB signaling pathwaysK@rin and Greten, Due to the fact that experimental approaches are not fully
2009. The canonical pathway regulates the release and nuclegjailable for all biological systems, computational methods
translocation of the canonical NkB subunits (such as NkB1  sych as molecule docking and molecular dynamics (MD)
p50, RELA, and c-REL), whereas the non-canonical pathway ésmulations have emerged as an essential alternative ¢idate
selectively responsible for the generation of K2 p52 Bonizzi  the binding characteristics of bound ligands and guide the
and Karin, 2004; Taniguchi and Karin, 2018 development of novel drugsA{onso et al., 2006; Mortier

The non-canonical signaling pathway is principally inducedet al., 2015; De Vivo et al., 2Q16Hence, in this study, to
by a subset of tumor necrosis factor receptor (TNFR) familjhetter understand the binding mechanism of typ&2I NIK
members [such as CD40, B cell activating factor receptghhibitors, based on a dataset with 29 tricyclic compounds
(BAFFR), and lymphotoxirb receptor (LBR)] (Vallabhapurapu  extracted from the Castanedo’s studyaistanedo et al., 20), &
et al., 2008; Vallabhapurapu and Karin, 2JJ09F-KB inducing  theoretical case study involving several computational wesh
kinase (NIK), a serine/threonine kinase also knownas MARBK1 was conducted. Firstly, dierent docking tools were tried to
is considered as the central component of the non-canonicgredict the correct binding mode for each ligand. Neverths|e
pathway (alinin et al., 1997; Zarnegar et al., 2008Vhen just as various evidence proves, the binding of type |
activated, NIK can induce the activation of the downstre&® | kinase inhibitors may be deeply in uenced by the signi cant
kinase (IKKa), thereby leading to the processing of the inactiveconformational plasticity of the receptor, and conventional
NF-kB2 p100 to its active p52 formSenftleben et al., 2001; rigid receptor docking (RRD) may not well re ect the real
Xiao et al., 2001 Then, along with its main partner RELB, p52 experimental activities (e Leon-Boenig et al., 2012; Kong
can fully exert its biological functions including lymphoigan et al., 2015, 2018; Pan et al., 201Therefore, several other
development \(Veih and Caamano, 20)3B cell maturation methods that incorporate protein exibility, such as induced
(Jellusova et al., 20),.dymphocyte recruitmentNiuthuswamy  docking (IFD), MD simulations, and ensemble docking based
et al., 201p, etc.Thus, NIK has become a potential therapeuticon multiple receptor conformations (MRCs), were also adopted.
target and designing small-molecule inhibitors targetiNeK  Then, the Molecular Mechanics/Poisson-Boltzmann Surface
may provide a promising strategy for the intervention of theArea (MM/PBSA) and Molecular Mechanics/Generalized Born
non-canonical signaling pathway as well as the regulatigh®f Surface Area (MM/GBSA) approaches were employed to
immune systemildir et al., 2016; Brightbill et al., 20).8 predict the binding a nities. Finally, integrating all thelmve

As far as we know, the NIK type I kinase inhibitors that justcomputational technologies, a systematical analysis weigda
bind to the ATP-binding pocket at the active DFG(Asp-Phe-Gly)-out to further illustrate the binding characteristics of teelected
in conformation and the type Il inhibitors that occupy both the molecules. Hopefully, our study could provide instructive
ATP-binding pocket and the adjacent hydrophobic pocket at amyuidance for the rational design of novel tyg&INIK inhibitors.
inactive DFG-out conformation represent two major classes o
the kinase inhibitors lueller et al., 2016 Interestingly, most MATERIALS AND METHODS
NIK inhibitors belong to type 2 inhibitors, an uncommon type
that binds in the active state and extends into an additiweatk ~ Preparation of Proteins and Ligands
cavity as well. Since Li and co-workets ét al., 201Breported Two crystal structures of murine NIK kinase domain [PDB
the rsttype I NIK inhibitor derived from atype | hitidentied  entries: 4G3E [fe Leon-Boenig et al., 20)2and 5T80
by high-throughput screening and solved the rsttyg&@INIK-  (Castanedo et al., 20fJ7and one crystal structure of human
inhibitor co-crystal structure (PDB entry: 4IDV) in 2013re@t  NIK kinase domain [PDB entity: 4IDVL( et al., 201}, whose
progress has been achieved in the development of novel amdund ligands are typel¥ kinase inhibitors, were put into
potent type 2 NIK inhibitors (Castanedo et al., 2017; Kargbo,use in this study. As murine NIK and human NIK have high
2017; Blaquiere et al., 2018; Brightbill et al., 2018; Pimpéiral., sequence identify and all the residues within 5 A to the bound
2019. Until now, type 2 NIK inhibitors with various sca olds, ligands are the samdigure 1), we supposed that the activities
including pyrazole, azaindolylpyrimidine, pyrazolopyrimiéi, of the selected compounds should display a similar trend toward
thienopyrimidine, etc, have been published>é Leon-Boenig murine and human NIK. The missing loops were rstly added
etal., 2012; Lietal., 2013; Castanedo et al., 2017; Bla@ial., by theModule/Re ne Loopmodule in ChimeraRettersen et al.,
2019. As a common feature, their core regions can always forr2004. Then, all these structures were processed byPitwtein
typical kinase hinge hydrogen bonding (H-bond) interactson Preparation Wizardnodule Sastry et al., 20)3n Schrédinger
with the protein backbone, such as Glu#7@72") and Leu472 2017, including removing waters and redundant chains gassg
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FIGURE 1 | (A) The superimposition of two crystal structures of murine NIKamain (PDB entities: 4G3E and 5T80) and one crystal structeiof human NIK kinase
domain (PDB entity: 4IDV). 4G3E, 5T80, and 4IDV are colored iyan, magenta and green, respectively(B—D) The 2D protein-ligand interaction diagrams for 4G3E,
5T80, and 4IDV, respectively. The ligand is colored in purpknd the structures of the other two complexes are colored in gld. Red circles represent the structures
aligned well in at least two complexes. The picture is produed by LigPlus {askowski and Swindells, 2017.

bond orders, adding hydrogen atoms, lling in missing sideGeneration of Representative Protein

chains, assigning H-bond networks, and nally minimizinget  Conformations by MD Simulations
system by the OPLS3 force eld until the root-mean-squarex|| three crystal structures (PDB entries: 4G3E, 5T80, abiA|
deviation (RMSD) of heavy atoms converged to 0.30 A. Th@ere used as the initial structures to generate the repratieat
protonation states of residues were predicted by PROPKRrotein conformations by MD simulations. The partial charges
(Olsson et al., 20)1at pH D 7.0. As for docking calculation, of the ligands were assigned with the restrained electiiosta
if the used program owns protein preparation function, its OWnpotential (RESP)Hayly et al., 1993tting algorithm based on
function was utilized. the electrostatic potentials produced by Gaussiaf@@¢h et al.,
The information of the ligand dataset is summarized in2009 at the Hartree-Fock (HF)/6-31Gevel. The partial charges
Table 1 This series of compounds is composed of three similagnd the force eld parameters of the ligands were yielded by
tricyclic cores, including imidazobenzoxepin, thiabengpi,  theantechambemodule implemented in AMBER16)ase et al.,
and one bridged-bicyclic core. The structural modi cation 201§. The AMBER 03 force eld (Duan et al., 2003and
is mainly made at the alkyne substitution and imidazole 5the general AMBER force eldg@ ) (Wang et al., 2004were
substitution, which correspond to the hinge region bindingda employed for the proteins and ligands, respectively. Tlhap
back pocket binding, respectively. Because the stereodngofis program was utilized to produce the topology and parameter
some molecules was not determined, only 21 compounds wergs, and appropriate amounts of counter ions were added to
nally used in our study. The small molecules were sketchegeutralize the unbalanced charge. Each protein-ligand cempl
in Maestro and then prepared with thegprep(LigPrep, 201y  was solvated in a cuboid box of TIP3Peg and Duan, 2004
module in Schrédinger. The ionization states and tautormegse ~ water molecules which were extended 12 A from any solute atom
generated b¥pik(Shelley et al., 2007; Greenwood et al., at0  Prior to the MD simulations, a three-stage minimization was
pH D 7.0. The maximum number of the stereoisomers for eaclearried out to remove geometric strain and close intermolacu
molecule was set to four and all the other parameters were sebntacts in each system. The work ow of the three-stage
to default. minimization was described as followed: (1) 1,000 cyclé® (5
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TABLE 1 | Basic information of 29 tricyclic type }72 NIK Inhibitors.

o NH:
R5 / /N R2
N
Rj (0]
Compound R1 R2 R3, R4 R5 NIK ADP-FP Ki (nM) pKi
3 H MeMe H, H H 310 110 6.509
% “OH
4 F MeMe H, H H 357 95 7.447
% OH
6 F H, H H 202 47 7.695
.Zel OH
7 F (@] H, H H 4282 1015 5.368
"%1 OH
8 F Me . H, H H 87 35 8.060
% OH
(+-)*
9 F Me S\/\> H, H H 15 07 8.824
E)(LN
OH
(+/-)
10 F Me H, H H 03 03 9.523
Me . 0
Ao
OH
(Continued)
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TABLE 1 | Continued

Compound R1 R2 R3, R4 R5 NIK ADP-FP Ki (M) pKi
11 F = | H, H H 32 17 8.495
Me
N
N
%" “OH
(+7-)
12 F NMe, H, H H 986 375 6.006
Me
(@]
" “oH
(+-)
13 F H, H H 3 14 8.523
N—-Me
b OH O
(+-)
14 F N’Me H, H H 08 08 9.097
‘777- v|||l\«
OH O
15 F S/-:lN/Me H, H H 405 272 6.393
61 0
18 F MeMe H, H §—Me 355 19.4 7.450
% OH
19 F MeMe H, H §—:N 201 82 6.697

20 F Me H, H g{] 4 6 7.387
Me

21 F Me H, H NHMe 2 14 8.699
Me
% “OH 5
22 F MeMe H, H NMe, 2,503 726 5.602
%" “OH 5
23 F MeMe H H §‘</:EH 7 28 8.155
% OH
(Continued)
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TABLE 1 | Continued

Compound R1 R2 R3, R4 R5 NIK ADP-FP Ki (nM) pKi
24 F Me H, H % F 75 63 8.125
Me
% “OH
25 F Me H, H % 99 26 8.004
Me Me
% OH /A
_N
260 H Me Me, H H 547 105 6.262
Me
% OH
270 H Me Me, H H 1,164 169 5.934
Me
% SOH
Compound R3, R4 NIK ADP-FP Ki (nM) pKi
5 H, H 28 7 7.553
28 H, OH C= ) 101 11 6.996
29 FF 40 25 7.398
NH,
Rs— IN P R,
N =
R4
Compound R1 R2 R5 NIK ADP-FP Ki (nM) pKi
30 H Me H 20 9.8 7.699
Me
% OH
31 F Me H 29 22 8.538
Me
% SOH
(Continued)
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TABLE 1 | Continued

Compound R1 R2 R5 NIK ADP-FP Ki (nM) pKi
32 F Me H 04 04 9.398
Me P o,
Ao
OH
33 H Me g NHMe 047 027 9.328
Me \\\b 0] 0]
Ao
OH

aMixture of enantiomers.
bSingle enantiomers of unknown absolute stereochemistry.

cycles of steepest descent and 500 cycles of conjugatergradief the above docking protocols were set with no tuning of the
minimization) with a 50.0 kcal/(moR?) restraint on all heavy optional parameters, unless otherwise noted as followed.
atoms; (2) 1,000 cycles (500 cycles of steepest descent @nd 50

cycles of conjugate gradient minimization) with the cordétr Glide

2.
reduced to 10.0 keal/(mdk?); (3) 5,000 cycles (1,000 cyclesg_rwo scoring modes, namely standard precision (SP) and extra

(r:wf'ns'rt’r?'eg?f); deiﬁimt aar?dcéﬁ%(t)?a'r?sd?rie?\f ggz:}ugaﬁe gradlprecision (XP), were adopted. The binding box was de ned
inimization) without any nts. ’ YSIEBSW itk the centroid of the co-crystallized ligand, and its esiz

slowly heated from 0 to 300K over 50 ps in tN& T ensemble was set to 10 10 10 A. Then, based on the generated

with a 5.0 kcal/((molA?) restraint placed on all heavy atoms, . . - - . .
followed by 50 ps MD simulations at 300K with the Samegrld, the Glide docking calculations with the SP or XP scgrin

restraint used for the equilibrium of the system. The Larigev were performed.

dynamics temperature scheme was adopted to control the

temperature, and the isotropic position-scaling algorithmswa Autodock Vina

employed for pressure regulation. Finally, 10T (T D 300K Proteins and ligands were rstly converted into thebgtformats
andP D 1 atm) MD simulations were conducted. All the aboveby AutoDockTools forris et al., 200§ along with the addition
MD simulations were performed by using thEnemdmodule  of hydrogen atoms, assignment of Gasteiger charges andugean
in AMBER16. A cut-o of 8.0 A was utilized to handle the of unwanted elements. The binding site was determined wih t
short-range electrostatic and van der Waals interactiovisje ~ center of co-crystallized ligand, and the size of searchespas
the long-range electrostatic interactions were calcdldtg the setto30 30 30A.

particle-mesh Ewald (PME) algorithml ¢ukmaji et al., 2000

The SHAKE algorithm Ryckaert et al., 19]#as applied to goLp

constrain all bonds involving the hydrogen atoms and thedim pqieins were prepared by the built-in protein preparation
stepwas setto 2 fs. The coordln-ates were saved every 10 s, a’ﬁ%ction, and the binding site was de ned by all the atoms
total of 10,000 frames were got in the end. ~ within 6 A around the co-crystalized ligand. The genetic
Eventually, all the ex_tracted 10,090 frames of confornmatio algorithm (GA) method with “automatic” settings, and all
were clustered by using thepptraj (Roe and Cheatham, he four scoring functions implemented in GOLD, including
2013 module in AMBER16 with the hierarchical agglomerativepieceyise Linear Potential (CHEMPLP), GoldScore, ChemScore

(bottom-up) algorithm. The RMSD of the pocket, which wasyng astex Statistical Potential (ASP), were utilized for stimg
determined by 5 A within the ligand, was used as a clustering,q scoring, respectively.

standard, and 10 representative conformations were nally

generated from each cluster. ) .
Induced-Fit Docking (IFD)

In this protocol, an initial Glide docking was rstly condued,

followed by minimization of the residues within 5 A of
Molecule Docking Calculations any ligand pose with Prime to incorporate the conformation
Three RRD programs, including Glidé-i{esner et al., 2004  exibility of the protein. Then, a Glide redocking was cautie
Autodock Vina (Trott and Olson, 201)) and GOLD (Jones et al., out to dock the ligand into the induced- t receptor structure
1997, were used to predict the binding mode of each ligandfrom which the nal docking score was obtained to estimate
Another docking method implemented in Schrédinger, namedhe binding energy. Both the SP and XP scoring modes
IFD (Sherman et al., 20)6was also used. All the parameterswere used.
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Ensemble Docking into individual residue-ligand contributions to further glore
Based on the 30 representative conformations produced by Mihe interactions between NIK inhibitors and each residue.
simulations, all above three RRD methods were used to get &ach ligand-residue contribution can be divided into four

ensemble result. components: van der Waals contributioth Ggq,), €lectrostatic
. contribution (1 Ggig, polar solvation contribution 1 Ggp=rp),
MM/PB(GB)SA Binding Free Energy and non-polar solvation contribution  Gsa). All the above
Calculations and Free binding free energy calculations and free energy decomipasit
Energy Decomposition were performed by using thenm_pbsamodule implemented

The docking results with the best prediction accuracy, wher#) AMBER16.
all obtained ligand poses must have a similar orientatiorhwit

the co-crystallized ligand, were utilized as the initialstures
for this section. Then, 20 ns MD simulations for each protein-RESULTS AND DISCUSSION

ligand complex with the procedure similar to the section . .
named “Generation of representative protein conformatiogs bAS’S’essment of Different Docking Protocols

MD simulations? were carried out. Hundred snapshots wereloward 21 Tricyclic Type | Y2 NIK Inhibitors
extracted from the nal stable 4 ns MD trajectory to calculateAS indicated in the previous studies, docking accuracy may be
the MM/PBSA or MM/GBSA binding free energy. The formulaedeeply rely on the docking methods or the initial conformaiso
were described as followed [(1)-(4)Jéng et al., 2006; Hou and of crystal structures §ross et al., 2009; Tian et al., 2013a,b,
Yu, 2007; Hou et al., 2008, 2009, 2011a,b,c, 2012; Shen et#]14; Shen et al., 2015; Wang Z. et al., 2016; Tian S. et al,
2013a; Xu et al., 2013; Sun et al., 2014a,b, 2018; Wang Q. et2)19. So in this study, three RRD tools (Glide, Autodock
2016; Zheng et al., 2017; Shi et al., 2018; Wang and Zherg}, o0Yina, and GOLD) and three crystal structures (4G3E, 5T80,

Xue etal., 2018 and 4IDV) were rstly assessed. The scatter plots and docking
accuracy (Pearson correlation coe cient R) of the experinant
1 Gyind D Geom  (GrecC Giig) (1)  binding a nities (pIC 50) vs. docking scores predicted by di erent

1Gyg D 1H T1S 1EwC1Gsy T1S (2) RRD tools based on di erent crystal structures are illustrated
in Figures 2A-F Unfortunately, except several combinations

1Bum D 1Ent C1EeeC 1 Bvaw (3 such as Goldscore based on the all three crystal structies (
1Gsoi D 1GeppsC 1 Gsp (4) 0.611, 0.410, and 0.433 for 4G3E, 5T80, and 4IDV, respadtivel
1Gsa D SASACD (5) or CHEMPLP and ASP based on 4G3E (0.431 and 0.445,

respectively), it seems to be no signi cant linear correlatio

where 1 Gying refers to the total free energy upon protein- between the prediction and experimental activities in mosesa
ligand binding, and it can be decomposed into three energys far as we know, the fact that some docking methods (or
terms, including the gas-phase interaction enert)¥s(v ), the  scoring functions) cannot successfully sample the corriectibg
solvation energy I Gso), and the change in the conformation poses of the selected compounds may primarily account for
entropy upon binding (1 9. 1 Guym is made up of intra- this situation. Taking 5T80 as an examplBigure 3), when
molecular interactions I Gum), electrostatic interactions Glide_SP is adopted, the binding poses of 21 NIK inhibitors vary
(1 Ge9 and van der Waals interactionsl Geqy), Whereas a lot, and some of them even locate outside of the ATP-binding
1 Ggo contains the polar I Geppg) and the nopolar { Gsp)  pocket. However, when Goldscore is used, each pose possesses a
contributions. In this study, the modi ed GB model proposed similar orientation with the co-crystallized ligand, thabviously
by Onufriev (ighD 2) (Onufriev et al., 200dand the PB model enhancing the chance to get a better docking accuracy. As for
using the pbsaprogram (uo et al., 2002; Tan et al.,, 2006 the unsatisfactory sampling power, one important explanation
of AMBER16, were employed to estimate the polar solvatiois the steric conicts caused by the conformational chande o
energy. As interior dielectric constant may exert a deeuénce the surrounding residues, which in turn impedes the dockirig o
on prediction accuracyHou et al., 2011b,c; Xu et al., 2013;the derivatives.
Sun et al., 2014a,b, 20Q1&n interior dielectric constant of 1, Then, the IFD implemented in Schrédinger, which considered
2, or 4 was tried for both the polar solvation energyGsg the conformation exibility of the residues within a given
and 1 Gpg) calculations. The exterior dielectric constant was setlistance of the ligand, was tried. As shown Rigures 2G—|
to 80. The non-polar component was calculated with a lineaalthough IFD seems to perform a little better than the
function of solvent-accessible surface area (SASA) bygukim corresponding RRD methods (Glide_SP or XP), its results still
LCPO algorithm (Veiser et al., 1999which was shown as (5), cannot correctly rank the experimental a nities well. As fdris,
where thel and b were set to 0.0072, 0, and 0.00542, 0.92 ile major reason may be the bad performance of Glide in our
MM/GBSA and MM/PBSA calculations, respectively. Due to thesystem. When conducting the IFD, an initial Glide docking is
expensive computational cost and low prediction accuracy undeneeded to roughly determine the initial location of the dedk
most circumstances, entropy contributions were ignoredeherligand. If the pose of the docked ligand cannot be sampled
(Sunetal., 2018 correctly, evidently the following “induced- t” procedurdoes

The free energies obtained above with the best predictionot make any sense. Therefore, when we carry out a molecule
accuracy (Pearson correlation coe cient) were then decosgmd  docking toward type ¥2 inhibitors or even other systems, a
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FIGURE 2 | Scatter plots of experimental binding af nities (plGp) vs. docking scores predicted by several docking tools base on different crystal structures,
including (A,D,G) 4G3E, (B,E,H) 5T80, (C,F|) 4IDV.

PIC50

FIGURE 3 | The superimposition of the docking poses of 21 typelI:2 NIK Inhibitors predicted by(A) Glide_SP and(B) GOLD_Goldscore based on 5T80. The
co-crystallized ligand is depicted in green.
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correct sampling orientation must be ensured rstly to getarmo on MRCs generated from MD simulations surely has its own
convincing result. superiority over conventional molecule docking based omglsi
X-ray structure in our system. So when conventional virtual
. . screening does not work well for the discovery of novel type
Incorporating Receptor Flexibility by 12 NIK inhibitors, introducing ensemble docking into virtual
Ensemble Docking screening might be an appropriate option.
As IFD only allows local movements of some selected residues  As far as we know, no universal docking programs (or score
the active site and its accuracy largely depends on the ppe@$i  functions) can be adaptable for all protein-inhibitor system
Glide, using an ensemble of protein structures that can actcou (Tuccinardi et al., 2014 Indeed, in this system, Glide (whether
for the full receptor exibility during docking seems to be an SP or XP), which is considered as one of the most widely-used
e ective approach to capture the overall in uences of liganddocking protocols, does not suit well for the prediction of the
binding on the conformations of a proteinBpwman et al., binding of type £ NIK inhibitors, and the linear correlation
2007; Totrov and Abagyan, 2008; Campbell et al., 2014; Ganeszan hardly be observed in most cases even though the ensemble
etal., 201). Thus, based on three X-ray crystal structures (4G3Eocking is taken. That is to say, when we conduct a molecule
5T80, and 4IDV), 100 ns MD simulations were carried outdocking and especially a docking-based virtual screenintyfe
and 10 representative protein conformations for each crystdf™ NIK inhibitors, more meticulous assessment needs to be
structure were extracted by using the agglomerative (lotto taken. Then, as for the scoring functions implemented in GOLD
up) clustering algorithm. The RMSDs of the heavy atoms of5oldscore outperforms the others in terms of the overall e gcts
the pockets de ned by 5 A within the ligand as a function ofand especially when the original crystal structure is useds Thi
simulation time, and the RMSD maps for the 500 representativenay be mainly due to the fact that the e ects of poor H-bond
conformations extracted from the MD trajectories of theseeth geometry and close non-bonded contacts are arti cially dew
systems are presented fRigure 4 Then, 21 type 2 NIK  weighted in Goldscore, thus weakening the in uence of theste
inhibitors were docked into all the 30 generated conformasi  con icts generated from the incorrect residues and inciegs
with the method of Glide, GOLD, or Autodock Vina. The the chance to get a correct docking pose. Therefore, Goldscore
absolute values of the Pearson correlation coe cients leetw is probably a good choice to predict derivative binding posision
experimental binding a nities and docking scores are depitte when protein exibility has a conspicuous in uence on docking
as Figure 5. Overall, the docking results based on the proteinaccuracy in some specic systems. Finally, as for Autodock
conformations produced by MD simulations perform better thanVina, one interesting thing is that compared with initial stgl
those obtained based on the original crystal structureseMvh structures, Pearson correlation coe cients can be improeddt
the original crystal structure is used, the b&eéquals to 0.611 if the conformations extracted from MD simulations are wutéd,
(Goldscore based on 4G3E), but when the 1,385th conformatiowhich veri es the importance of the incorporation of protein
of 4G3E is adopted, thBs of CHEMPLP, Goldscore, and ASP exibility in our system as well.
can even reach up to 0.719, 0.700, and 0.757, respectively,. The
in terms of 5T80 and 4IDV, using the conformations from . . L
the MD simulations in molecule docking is more e cient. To MD Simulations and Binding Free
be speci c, based on the native conformations, most dockindg=nergy Calculations
methods show relatively poor correlations (the best are ®.4IMD is a widely-used computational technique that can provide
and 0.433, respectively), but when it comes to the generatetiditional insights into time-dependent con gurational ahges
conformations, the bed®s can be up to 0.720 (Goldscore basedf the structures, which is crucial for correct prediction of
on the 7,539th conformation of 5T80) and 0.707 (Goldscordigand binding and related thermodynamic and kinetic propgert
based on the 301th conformation of 41DV). calculations in biological systemsl¢rtier et al., 2015; De Vivo
However, as for the above 30 representative conformationst al., 2016; Ganesan et al., 201Herein, to better explore
not all of them display satisfactory performance (such as ththe binding mechanism of typel®? NIK inhibitors, 20 ns
103th and the 3636th conformations of 5T80). As for this,MD simulations were carried out for each molecule, in which
some bad steric conicts between the docked ligand and théhe initial conformation was determined by the docking pose
surrounding residues, which result from the stochastic MDbased on 5T80. The RMSDs of the heavy atoms of the six
simulations, may mainly account for it. Therefore, considg representative protein-ligand complexds{, 10,21, 22,and31),
the di culty to select the best conformation to use in the tea the binding pockets de ned by 5 A within the ligand and the
scenario, two most common ensemble-based strategies,icfiwh bound ligands among the whole 20 ns are depicteEigsre 6A.
the average value and the best value of 10 docking scores wé&® we can see, all of them verge on stability afted2.5 ns
used as the nal result, were tried. Just as demonstrated iMD simulations, therefor the nal 4 ns trajectories are chose
Figure 5, no matter which crystal structure is chosen as the initiafor further analysis so that all of the systems are guaranteed
conformation, a remarkable improvement can be seen with theeach the equilibrium states. The root-mean-square uctoas
“average” or “best” strategy in most of the docking methods(RMSFs) vs. per residue of the selected systems are illustrated
where the besRs of the two above strategies can reach up ton Figures 6B—D in which all of the curves show the similar
0.662 (ASP based on 4G3E) and 0.721 (ASP based on 4G3Hgtuation trend, suggesting that the protein is stable egbu
respectively. Thus, as we can see, the ensemble docking bafedurther exploration. As for the RMSFs, the regions with grea
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FIGURE 4 | (A) RMSDs of the heavy atoms of the pockets de ned by 5 A within theiand as a function of simulation time(B—D) RMSD maps for the 500
representative conformations extracted from the MD trajeories based on the 4G3E, 5T80, and 4IDV, respectively.

uctuation always refer to the residues located in the €erib also calculated and exhibited iRigures 7A,C On the whole,
loops, while the residues close to the bound ligand, which art®IM/GBSA and MM/PBSA work considerably well in this
supposed to have strong interactions with the ligand, alwagwis ~ system, and MM/GBSA performs relatively a little better. Then,
low uctuation. compared with the corresponding docking result (Goldscore
As most scoring functions used in molecule docking dobased on 5T80), MM/GB(PB)SA rescoring can surely improve
not have much physical signi cance, more valid free energyhe prediction accuracy, suggesting that it is most likelyaie
calculation approaches that can better account for the bigdinto use it as a rescoring tool to further guide the discovenyafel
anity are also needed in this study. Although the absolute molecules. The results calculated after MD simulations apfmear
total energies predicted by MM/GB(PB)SA cannot reproduce th&e signi cantly better than the ones obtained from minimize
actual experimental values at all due to the calculation rerrostructures, which highlights the enormous impact of protein
of the entropy contribution, they can still be shown to well exibility on ligand binding toward type 1 NIK inhibitors as
re ect the relative dierence in some target§ian Y. et al., well. Finally, just as previous evidence shows, dielectristemt
2017; Tang et al., 20).8Besides, compared with the theoreticallyindeed have a great in uence on the prediction accuracy in
rigorous methods such as thermodynamic integration (Tlgan this system, and the results are the best in our hands when
free energy perturbation (FEP), MM/GB(PB)SA is much mordnterior dielectric constant is set to two, with best Rs reéagh
time-saving and comparatively e ective, thereby leadinghit  up to 0.735 and 0.724 by using the method of MM/GBSA and
frequent use in a number of previous studieBaf et al., MM/PBSA, respectively.
2013; Shen et al., 2013b; Sun et al., 2013; Wang et al., 2014Another advantage of MM/PB(GB)SA is that they allow for
Kong et al., 2015, 2016, 2017, 2018; Xu et al., 2016; Tian the decomposition into identi able interaction terms, wihic
et al., 201). Hence, based on above 20 ns MD simulations¢an be further explored separately to get insights into dgvin
MM/GBSA and MM/PBSA were performed in our system. Theforces for novel and potent binders. The binding free enexrgie
scatter plots of experimental binding a nities vs. bindingeke ~ predicted by MM/GBSA £ D 2) and the individual energy
energies are shown Figures 7B,D respectively. As comparison, terms are enumerated iflable 2 As we can see, van der Waals
the free energies only based on the minimized structures aigteractions ( G,qy) dominate the binding of the inhibitors,
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but the total polar contributions, which are composed ofGlu442" located in theaC-helix, and the Phe537 belonging
electrostatic interactionsl(Ggl9 and the polar contribution of to DFG motif have the largest H-bond occupancy, suggesting
solvation e ect (L Ggp), are perhaps also responsible for thethat these residues may be vitally important in the binding of
discrepancy of the binding a nities of this series of analogs.this series of analogs. However, one interesting thing is éha
Then, one interesting thing is that the total polar contrimris  series of analogs with alkyne substitutiods T, and 10), have
are found to be unfavorable for the binding with all the vaue a signi cant discrepancy in activities but much similargian H-
displaying positive. As for this, the fact that the strong Hads  bond distribution. To account for it, our preliminary spectifan
interactions between the ligands and the receptors stilhoan is that H-bond interactions may not play a decisive role in
compensate the large desolvation penalties during the badinstructure-activity relationship (SAR). In terms of individl
may mainly account for it. When it comes to the total binding compound, as we can see, structural modi cations in di erent
free energiesl(Giota)), Most of the alkyne substitutiongl(6, 7,  positions may produce a large distinction in H-bond distributio
10, 14, and 15), imidazole 5-substitutions18-25) and [4.1.1] For example, the molecules with no imidazole 5-substitugi@h
bicyclic replacements30-33) indeed have a great e ect on the 7, 10, and 31) tend to form H-bonds with both the Glu47?2
predicted activities, which is roughly consistent with trettml and Leu47% in the hinge region, whereas the othefl(and

experimental results. 22) are more likely to form H-bonds only with the Leud74
As for this, the major explanation is the fact that imidazole 5

Further Analysis of the Interactions substitutions can cause the slight conformation changehef t

Between NIK and Inhibitors optimal binding mode, thus making the pose away from the

As shown in above sections, protein exibility may produce aLeu472' (Figure 8B). Besides above ubiquitous H-bonds, the 5-
signi cant e ect on the binding of NIK and inhibitors, and Substitutions of the imidazole ring can also yield some patént
conventional static structural analysis may not fully retee  Strong H-bond interactions, such as GIn48{21) and Ser478
real binding characteristics, so a deeper analysis based on MB2), which may provide some novel ideas for further structural
simulations toward six representative inhibitor-NIK compésx Optimization. In addition, one intriguing nding occurred ith

(4, 7, 10, 21, 22, and 31) are conducted in this section. Firstly, imidazole 5-substitution is that intramolecular H-bondarcbe
the hydrogen bonds from the nal stable 4 ns MD trajectoriesobserved between two amide groups both2b and 22, and
of each system were searched for by usingdpgtrajmodule  their occupancies can be up to 17_.05 and 97.70%, respec_tlvely.
implemented in AMBER17 with the distance and angle cuto Although the formation of the intramolecular H-bond is
set to 3.0 A and 135 respectively. Just as listed Table 3 ~ bene cial to the maintenance of amide conformation in some
overall, the Leud7® and Glu472 in the hinge region, the Ways, residue-ligand interactions can be accordingly weske
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owing to the occupancy of H-bond donor or acceptor in themay contribute the most to the total binding free energies

molecule. Therefore, considering the longstanding occupani
intramolecular H-bond in22, it is easy to explain for the poorer
experimental activity 022,

with most of the values less than1.0 kcal/mol. As far as
we know, the understanding of the distribution and types of
key residues among the binding pocket could provide valuable

Although the prediction accuracy of above mentionedinformation for the structure-based drug design (SBDD)lse
MM/GB(PB)SA cannot completely satisfy our expectation (inproperties of above key residues in terms of the overall e ect
generalR > 0.8 is considered as a good linear correlation), ifare explored rst. Respecting the locations of above residues,

can still distinguish tight-binding and loose-binding iiditors
to some extent. Thus, to better elaborate the key residudzeof
binding of type 2 NIK inhibitors, the binding free energies
of above six representative molecules 7, 10, 21, 22, and
31) predicted by MM/GBSA € D 2) were decomposed into
the contribution of per residue. Just as shownHigures 8-10,
on the whole, Arg419, Val416", Lys43T, GIn442", Metd71",
Leud78, Leud7q', Leu524, Cys538, Arg536", and Phe537

Arg410", Val41é", Leud78', Leud7d, Leu524, and Cys538
make up the ATP-binding pocket, whereas LysB3GIn442",
Met471", Asp538', and Phe537 embrace around the back
cavity, which means that both the ATP-binding and the back
pocket play an essential role in the binding of these analogs.
Then, as we have seen, di erent residues may produce di erent
contributions to the binding modes. Hydrophobic residuesds

as Val41®, Met471", and Leu52%), or some hydrophilic
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residues with their hydrophobic regions located toward theof them has a hydroxyl group that can form H-bonds with
ligand (such as Lys431 Cys53%, and Asp536), account for  both the aC-helix (Glu442") and the DFG motif (Phe537)
the largest proportion of the total energies, suggesting thatFigure 114), implying that this hydroxyl group may play a
non-polar interactions may be vitally crucial. Neverthelems crucial role in the stabilization of these analogs in the kbac
for some residues such as Glu#42and Leu47?, the polar pocket. The binding anities of these three molecules are
interactions dominate their total contributions, implyinthat predicted to 46.27, 42.83, and 55.67 kcal/mol, respectively,
polar contributions such as H-bond interactions can also mak which have a similar trend with their experimental values. As
some sense, which is roughly consistent with above H-bonilustrated in Figure 8 although compound7 has no weaker
analysis. In addition, due to the stereo conicts and thegkr non-polar interactions with the residues around the back pick
desolvation e ects, some hydrophilic residues such as Afg§410 (Lys431", GIn442", Metd71", Asp538', and Phe537) than
Lys431", and Asp53®, are inclined to yield unfavorable polar 4 and 10, its polar contributions caused by the back cavity
contributions, which can in turnimpede the binding of thedigd  decrease a lot, especially those of the GIA44253 kcal/mol
in a way. Therefore, to design novel typE?INIK inhibitors vs. 1.13 and 0.46 kcal/mol), Asp538 (0.69 kcal/mol vs.
with better binding a nities, these advantageous residsksuld  0.15 and 0.16 kcal/mol) and Phe%370.08 kcal/mol vs. 0.57
be paid more attention to, and the residues that can causend 0.61 kcal/mol). Combined with above H-bond analysis,
adverse e ects, need to be avoided as far as possible. Next,vie speculate that compouriimust undergo a hard process to
order to probe the in uence of di erent substitutions, a deeper overcome large solvation energy upon binding. Then, comgarin
comparison is made among the selected systems, and thesdetdlile structures o#t and 7, we nd that the oxetane o appears
are listed as follow. more hydrophilic than the isopropyl ot due to the existing
of an oxygen atom, which can account for the more notable
Comparison of Compounds 4, 7, and 10 desolvation e ects of7 to some extent. As for the best a nity
The only discrepancy in compound€, 7, and 10 is of 10, the enhancement of the non-polar contributions caused
the alkyne substitution, in which a propargyl alcohol, aby the back pocket may play the most important role. On
3-alkynyl-3-hydroxyoxetane and a (R)-3-alkynyl-3-hydrexy account of the addition of 5-methylisoxazole ring, not only
5-methylisoxazole exist i, 7, and 10, respectively. Each above key residues around the back pocket, but also some
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TABLE 2 | Binding free energies predicted by MM/GBSAKD 2).

Compound 1G3, 1GBy, 1GS, 168, 1GEq pICso
3 1542 0.26 4286 031 407 002 19.64 0.23 4271 026 6.509
4 13.18 0.29 46.94 0.28 424 001 18.08 0.18 4627 0.24 7.447
5 17.49 0.30 4583 032 424 001 21.82 022 4573 027 7.553
6 12.93 0.26 45.48 0.26 421 001 17.27 0.18 4536 0.22 7.695
7 12.45 0.26 4835 0.28 4.48 0.02 2245 0.23 4283 0.29 5.368
10 16.74 0.25 56.63 0.30 506 0.01 2275 0.5 55.67 0.26 9.523
14 19.36 033 52.69 0.34 462 0.01 2382 022 52.84 0.29 9.097
15 1420 041 53.17 0.35 472 0.02 21.95 0.27 50.14 0.33 6.393
18 17.93 039 49.79  0.28 447 001 26.30 0.30 4589 0.26 7.450
19 20.13  0.25 53.49 0.24 472 0.01 28.18 0.18 50.16 0.23 6.697
20 872 027 49.09 0.26 428 002 21.78  0.29 4031 0.25 7.387
21 18.81 0.40 55.95 0.31 501 001 25.87 0.24 53.90 0.24 8.699
22 9.61 024 49.16 0.34 452 002 20.35 0.20 42.94 0.30 5.602
23 2227 0.33 54.19 0.35 506 0.02 27.49 0.25 54.04 0.29 8.155
24 1051 0.29 58.38  0.29 530 001 18.92 0.20 55.27 0.29 8.125
25 12.18 0.24 55.17 0.30 492 0.02 21.06 0.21 51.21 0.26 8.004
29 1991 025 46.18 0.34 427 0.02 2403 0.16 46.34  0.30 7.398
30 1577 022 47.00 0.27 416 0.01 21.24 017 4568 0.25 7.699
31 13.13 030 48.94 0.27 436 0.01 18.90 0.19 4753 0.21 8.538
32 1659 031 56.01 0.34 4.99 0.01 2312 0.9 54.47 0.29 9.398
33 12.97 025 63.69 0.24 544 001 27.04 0.19 55.07 0.23 9.328

aElectrostatic interaction.

bVan der Waals interaction.

¢Non-polar contribution of the solvation effect.

dPolar contribution of the solvation effect.

€Binding free energy. All above values are shown as mean standard error of mean.

other adjacent residues (such as Cy$44@md Val455'), show
an increasing trend in the non-polar contributions, thereby
facilitating the high activity ofl0. Besides, protein exibility
and conformational change can never be ignored in biologicéponor Acceptor Occupancy (%) 2
systems. Indeed, the contributions of some residues falyawa

TABLE 3 | Hydrogen bonds analysis of the six representative systemsased on
nal 4 ns of the MD trajectories.

4 7 10 21 22 31
from the back pocket (such as Arg41,0Asp521", and Asn527")
can also be found to contribute a bit to the activity di erence Lewd7TANH  Ligand-O 5780 5780 2200 2295 095 3420
these molecules.

Ligand-NH  Leu474-O £ / /7790 3955  /
Comparison of Compounds 4, 21, and 22 Ligand-NH Glu472-0 91.50 91.35 90.25  / /  89.85
The comparison of compoundd, 21 and 22 mainly focuSes |Ligand-OH  Glu442-OE 9895 9950 98.60 97.80 97.95 91.90
on the In uence of ATP-binding p_oc_ke_t, and the stru_ctu_ral Phe537-NH  Ligand-O 2230 3240 39.05 855 850 37.75
modi cation can only be observed in imidazole 5-substiturtj

Lys431-NH  Ligand-F 235 060 060 190 215 1.40

where the hydrogen atom of4 is replaced by an N-
methylformamide and an N, N-dimethylformamide i#1 and ~ Asp536-NH  Ligand-O(Nf 010 005 1295 045 025 /
22, respectively. Because of the addition of a more hydrophobicin4si-NE-H  Ligand-0O / / / 71.8 / /
group at imidazole 5-substitution21 and 22 show stronger sq47g.nH Ligand-0 / / /090 2145  J
non-polar interactions with the corresponding residues ireth
ATP-binding pocket, including Gly477, Ser478, GIn481",
ASpSZP: and Asn522'. As for the polar contributions, althoth 20nly occupancy larger than 5% in at least one systems is shown.

compound4 can get strong polar contributions from Glu472  Pbifferent ligands have different groups at the same position.

21 can interact with Leu47 and GIn481" more frequenﬂy, ¢This H-bond cannot be observed over the all trajectories.

which is roughly in accord with above H-bond analysis. Based

on the above reasons, it is not too surprising to see compounH-bond directly reduces the polar contributions from the e
21displays a slightly better activity thah When it comes t®2,  region (such as Glu472and Leu47%). On the other hand, the
its intramolecular H-bond should be responsible forits telely ~ tendency to form an intramolecular H-bond also leads to the
poorer a nity. On one hand, the formation of the intramolecat  conformational ip of the amide group (seigure 11B, which

Ligand-NH Ligand-N / / / 17.05 97.70 /
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loses some important interactions with GIn48&nd Leu47®  of isosteric replacement of a seven-member ring with a bridged

as well. bicyclic 4.1.1 system in the context of drug design. Withsthi
creation, 10 fold increase can be observed in experimental NIK
Comparison of Compounds 4 and 31 inhibition (K;). As can be seen ifrigure 11G compound31

The most innovative modi cation of this series of analogscan go through a distinct conformational shift compared with
must be the benzoxepin core being replaced with a bridgedsompound 4, thus increasing the interactions with the ATP-
bicyclic core, which can be considered as the rst applicatiobinding pocket, especially Serd78sp521", and Asn522. Of
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FIGURE 10 | Comparison of the (A) binding free energies,(B) non-polar contributions, and(C) polar contributions of some key residues of compoundst and 31.

and 31 are colored in green, salmon, lightblue, palecyan, orangend pink, respectively.

FIGURE 11 | Comparison of the averaged structures of A) compounds 4, 7, and 10, (B) compounds 4, 17, and 18, and (C) compounds 4 and 31. 4, 7, 10, 17, 18,

course, the interactions with the residues in the back pocket
(such as Lys431and Glu442") accordingly decreases, but they
can still not compensate the increment of those around the
ATP-binding pocket, which may mainly account for the actyvit

di erence betweert and31. (2)

Suggestions for the Design of Novel Type

12 NIK Inhibitors

Based on all above computational methods, we would like to
provide some suggestions for the design of novel typeNIK
inhibitors. The details are summarized below.

(1) The selection of docking protocols and crystal strucsuras
a great impact on the docking accuracy toward typé NIK
inhibitors, thereby a ecting the prediction of their binding
modes and relative binding a nities even if the docked

molecule is an analog of the co-crystallized ligand. Theegfo

it is better to conduct a systematical assessment before the
SBDD, no matter whether a docking-based virtual screening
or just a docking-based structural optimization.

Protein exibility can never be ignored in biological
systems and especially those involving allosteric e ects
(such as the binding of type'® kinase inhibitors).
Then, using the method of ensemble docking based
on the structures extracted from MD simulations, may
account for the full receptor exibility during docking
and improve the docking accuracy to some extent. Hence,
virtual screening based on ensemble docking can be
used as a bene cial attempt to discover novel inhibitors.
Also, the static structural analysis should be replaced
with the integration of MRCs, to better illustrate the
binding characteristics.
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(3) MM/GBSA and MM/PBSA that consider both the prediction re ect the relative activity, ensemble docking by using MREs i
accuracy and computational e ciency simultaneously surelyadopted and the docking result is largely improved, suggesting
have their own superiority over other methods to predict thethat protein exibility is vitally important in type £ inhibitors
ranking of a series of molecules. So it should be a good iddanding. Then, MD simulations combined with MM/GB(PB)SA
to using them as a rescoring tool for virtual screening, orbinding free energy calculations are used to further explore
a relatively more reliable approach for the guidance of leadlIK-ligand interactions. It is found that a remarkably impred
compound optimization. linear correlation can be observed between prediction and
As for the binding of type 2 NIK inhibitors, some experimental activities, implying that MM/GB(PB)SA is
distinct characteristics can be universally observed irstmo adaptable for the prediction of the binding of NIK and its
of them. Firstly, the ligands tend to form H-bonds with inhibitors. Further analysis shows that hydrophobic intdiaics
some speci ¢ regions, including the hinge region [Leu#74 play the most essential role in ligand binding, whereas thapol
and (or) Glu472"], the aC-helix (Glu442"), and the DFG contributions consisting of the electrostatic interactso and
motif (Phe53™ or Asp538'). So some H-bond acceptors the polar contribution of solvation e ect, also take some e ect.
or donors should be designed to occur at the appropriatdNext, H-bond analysis as well as MM/GBSA decomposition is
positions, and intramolecular H-bonds that may in turn carried out and several key residues are specially revealed. A
hinder the interactions with surrounding residues shoukl b deeper comparison of several pairs of representative inhibitor
avoided if possible. Then, hydrophobic interactions showedlerivatives illustrates that the activity di erence of a seriof
most contribute to the binding of type'# NIK inhibitors  analogs also greatly depends on the non-polar contributions.
in our study, especially the contributions from the residued.ikewise, the H-bond interactions with some key residued an
such as Val41B, Lys43T, Met471", Leu524", Cys535', the large desolvation e ect in the back pocket contribute a lot
and Asp538'. Thus, increasing the hydrophobic interactionsto the overall a nities as well. These ndings are expected to
of these key residues is probably helpful for the increase gfrovide valuable insights into the discovery of novel typ5e |
the binding a nities. Next, the unfavorable contributions NIK inhibitors.

caused by the desolvation e ects (especially those in the back

pocket) should also not be ignored. Accordingly, afunctionaAUTHOR CONTRIBUTIONS

group with suitable hydrophobicity should be designed to
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