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Okimoto N et al., High-performance drug discovery: computational screening by combining
docking and molecular dynamics simulations, PLoS Comput Biol. 2009 Oct;5(10):e1000528.
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Okimoto N et al., High-performance drug discovery: computational screening by combining
docking and molecular dynamics simulations, PLoS Comput Biol. 2009 Oct;5(10):e1000528.
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Dabbadin, D. et al., Bridging Molecular Docking to Membrane Molecular Dynamics To Investigate GPCR-Ligand
Recognition: The Human A2A Adenosine Receptor as a Key Study, JCIM 2014, 54, 169-183
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- Comp. R: IC50(umol/I) Mol Mod2
1 cyclohexylmethyl 0.030 -75.71 -66.54
2 n-propyl 0.905 -79.02 -73.26
3 n-butyl 0.020 -82.23 -74.26
4 n-pentyl 0.007 -83.61 -74.47
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MDpocket: open-source cavity detection and characterization on molecular
dynamics trajectories.
Schmidtke P, Bidon-Chanal A, Luque FJ, Barril X. IR T IEWeb TE
Bioinformatics. 2011 Dec 1;27(23):3276-85.
Alpha Grid Calculate
spheres superpos%(:n density grid
A
9+ — cCe_. C0 _¢eo
® O i
Schematie LqJJ.n'wllt;l:irJu of the MD[JUCR::{ worktlow: _-\]pll;l h]JIl('l&.'!i are detected on different pm-;:fi;:ncd
conformations of the protein (datk grey 1 conformation, light grey another conformation). A 1A spaced grid is
superimposed to the alpha spheres and on each gnd point the density of sourounding alpha spheres and
frequency are tracked.
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MDpocket: open-source cavity detection and characterization on molecular dynamics

trajectories.
Schmidtke P, Bidon-Chanal A, Luque FJ, Barril

Bioinformatics. 2011 Dec 1;27(23):3276-85.

Fig. 1. HSP90 binding site derived from 88 X-ray crystallographic struc-
tures. (A) MDpocket pocket frequency map at 50% (blue iso-surface) and
30% (mesh). The red structure corresponds to a crystal structure where the
sub-pocket is closed. The green structure has the sub-pocket open. The
main pocket (black ellipse) is found in all snapshots. The subpocket (red
arrow) is open in 35.2% of all X-ray structures, and the isosurface deter-
mined from MDpocket (mesh) appears at 35% of pocket appearance fre-
quency. (B) MDpocket pocket density map (for clarity only the green
structure is shown) at two levels of pocket density. The main pocket is
found at low (3, yellow mesh) and high (10, blue surface) densities. The
subpocket is also found at low (3) densities and a spot (blue surface) can
also be seen at high densities despite the fact that the pocket does not open
frequently.

X Y IRH T [EWebTHA

Fig. 4. Xenon atoms (orange spheres) from PDB structure 1J52 superim-
posed with MDpocket results on the myoglobin MD trajectory. Blue iso-
surface: The pocket frequency map at 60%, which exhibits a close corre-
spondence with all Xe binding sites. Orange iso-mesh: The pocket density
map at 2 allows to discern putative migration channels from one Xe bind-
ing site to the other.
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Raval A et al., Refinement of protein structure homology models via long, all-atom molecular dynamics
S|mulat|ons Proteins. 2012 Aug 80(8):2071-9.
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(a) Lock and key model (b) Induced-fit model (KNF model)
Myosin-Actin, Ga subunit-RGS14,

Flis-FIiC

v, V 4

N/
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<« <«

(c) Pre-existing equilibrium model (MWC model)
Antibody Spe7-TrxShear3, Gplb-I1X-V-Thrombin, NtrC-P

C.-S. Goh et al., Curr. Opin. Struct. Biol. 14, 2004.
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atom of ILE56) of 9 was conducted. This “focused™ docking enables
a more extensive search for binding modes of 9 that are within a
possible linker distance to 2. while automatically excluding any
unproductive binding modes. The final docked ternary complex is
in very good agreement with experimental structure 2 The relative
binding free enerey (AAG = AGy — AGh) 1s 2.10 kcal/mol. which
1s also very close to the experimental value of 2.33 kcal/mol.

Lin JH et al., JAm Chem Soc. 2002 May 22;124(20):5632-3.

2015%12H2H © 2015 Takatsugu Hirokawa 40




EEEEAEESBHRIRILE—ETE

« BAREERHBEAERICED5E
EHEEERIRIILE—EETHE
- ggj(;tgzni et al., J.Chem.Phys.128,

— BAR:Bennett acceptance ratio
— BioServer: 1920 FR-V processors

. FKBP’;“J/\°7§L‘8’JO)U AR

[ OL\—C \?E)jjj%n'l-ﬁtg A 3 : Léajff
I;?‘)l/# Salb— VE/E%IIE e _ﬁj; Ls, &

C UAVEEEBEDRFEDREM ¢ © el
RAER/B/NTA—F—ATELSE . § © ~wets
CONDEEIESHEDR TN L
b7k *D E EE I*)[/# %%}EE‘I’ E"] '“0;1 1 10 100 1000 10000
( = | Experimental Inhibition constant (nM)

. B2 0.4 kealimol e s K

Fujitani et al., J.Chem.Phys.128, 2005k

20155128 2H © 2015 Takatsugu Hirokawa 41

EEEEASEHIRILE—EHE (HE)

1

BUNOE- AR EERRE N

Works at each

0.1ps
w
AG,, + AG,, +  AGg +......... = AG,,
Ineraction strength Trajectories Total
32A points X 12 = 384

REAXFBRAEEDEENBTESEITER

2015512828 © 2015 Takatsugu Hirokawa 42




T D MP-CAFEE R FIES5 1

Okada, O. et al., Prediction of the binding affinity of compounds with diverse scaffolds by MP-
CAFEE. Biophys Chem. 2013 Oct-Nov;180-181:119-26.
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Dror RO et al., Structural basis for modulation of a G-protein-coupled receptor by allosteric drugs., Nature. 2013, 503(7475):295-9.
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a, C,/3-phth diffuses freely before binding stably in the M2 receptor extracellular vestibule. The C,/3-phth position at various times is represented by a stick connecting its two
ammonium groups. (Top: C,/3-phth structure.) b, Typical bound pose of C,/3-phth (purple). Residues known to reduce binding greater than fivefold upon mutation (cyan) all
contact C,/3-phth more than 90% of the time after it binds. ¢, Typical bound poses for dimethyl-W84, gallamine, strychnine and alcuronium. Ammonium groups are highlighted
(blue disks). d, Schematic representation of the ammonium binding centres. e, Bound locations of modulator ammonium groups (spheres). C,/3-phth, dimethyl-W84 and
gallamine each occupy centres 1 and 2 (grey ellipsoids); strychnine occupies only centre 1, and alcuronium only centre 2. The position of each centre varies slightly depending
on the bound modulator because the surrounding residues reposition to accommodate the modulator. The third gallamine ammonium and the second of alcuronium lie outside
the two centres (alcuronium cannot occupy both simultaneously owing to its geometry).
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Dror RO et al., Structural basis for modulation of a G-protein-coupled receptor by allosteric drugs., Nature. 2013, 503(7475):295-9.
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Hamelberg D, Mongan J, McCammon JA. “Accelerated molecular dynamics: a promising
and efficient simulation method for biomolecules”, J Chem Phys. 2004 Jun
22;120(24):11919-29. ) ALA £ 41 300K
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low value of the threshold boost energy, £. indicate potential energy wells and are heavily sampled.
2015%12H2H © 2015 Takatsugu Hirokawa 51

aMDIZ&ADFG flipdD & & 2= L 247

Insights into MAPK p38alpha DFG flip mechanisr
by accelerated molecular dynamics. N8 (
Filomia F, De Rienzo F, Menziani MC. g e - = \DFG-in
. 90 iy ke ]
Bioorg Med Chem. 2010 Sep 15;18(18):6805-12 (
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Figure 3. Ramachandran plot for the ¢ and y angles of D™ in the experimental
" | L | L | (yellow; PDB ID: 1WBT, IWBN, 1W82 1W83, 1WBS and computed (red) p38x DFG-
DFG-in 0 2000 4000 6000 out conformation; in the experimental p38o DFG-in conformation (green; PDB ID:
Time (ps) 1P38, 3D77, 3DS6, 2ZAZ, 1BMK, 1BL6); in the X-ray structures of a representative
crystal complex (orange; PDBID: 3IW6) and in the DFG mutants F169G and F169R
Figure 2. RMSD value evolution: RMSD value of all the DFG motif atoms (red curve, (pink; PDBID: 2PV8 and 2PT]), which present DFG intermediate conformations,
RMSD-in) and backbone DFG motif atoms (blue curve) calculated with respect to named DFG-'in between' and =z-DFG-out, respectively; and in the computed
the corresponding atoms in the initial DFG-in conformation (PDB ID: 1P38), during pseudo-DFG-out conformation (blue). The inner contours (cyan) enclose preferred
the AMD simulation. conformational regions, and the outer contours (pink) enclose allowed regions for

all amino acids but prolines and glycines.

2015512828 © 2015 Takatsugu Hirokawa 52




aMDIZ&BDFG flipD1&1& 25 L 247

Insights into MAPK p38alpha DFG flip mechanism by accelerated molecular dynamics.

Filomia F, De Rienzo F, Menziani MC.

Bioorg Med Chem. 2010 Sep 15;18(18):6805-12 HMET A ENBHSHIRIESIZHED
Steering vectors# & %z fzMD
(Gromacs T TE A RE)

Figure 6. Mechanism propased for from the DG 1o the DIG i through the meudo-DFG-out conformations. Figure 7. Type-Il inhibitor BIRB796 docked into three MD trajectory snapshots
(btoe) Th ioa of the highli id referred 0 Fig. 1. The DFG-loop and the active site residues arc in sticks with colour code: C atoms: green; N atoms:  illustrating the first steps of the DFG flip. The final DFG-out conformation is not
Blues € atames: reu; W atoms vhite. -bone are indicated with red dotted lines; cation- = interactions are indicated with blue dotted lines. The arange arrows in (4] poit Ut ¢ peen

the directions of the applied vectors.
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The longest single atomistic MD (30us) Accelerated MD (~400ns)

Rosepbaum DM et al., Structure and function of an irreversible Tikhonova IG et al., Simulations of Biased Agonists in the
agf)nlst-B(Z) a!drenoceptor complex. Nature. 2011 Jan 2 Adrenergic Receptor with Accelerated Molecular
13:469(7329):236-40. Dynamics. Biochemistry. 2013 Aug 20;52(33):5593-603
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D Discovery Today

FIGURE 2

Snapshots from molecular dynamics simulations of inhibitor-bound and free protease, and from simulations following the manual docking of
the inhibitor into the binding site. The ‘closed’ conformation (a) is represented by an ensemble of dosed structures with high similarity (f). By contrast, the
‘semi-open’ conformation (b) represents a much more flexible ensemble (g) with larger fluctuations of the flaps. These eventually lead to full opening of flaps
(c.d); the ‘open’ form is transient and retums to the semi-open conformation (e). When the inhibitor is manually placed into a binding site (h), it induces an
asymmetric flap closure with initial closing of one of the flaps (i), finally converting to the fully dosed form (j) with flaps pulled into the binding site and flap
handedness appropriate for the closed state.

Targeting Structural Flexibility in HIV-1 protease inhibitor
binding (Hornak and Simmerling, DDT 12, 2007)
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Fig. 4  Flaps RMSD and flap tips distance for free HWV-PR simulation started from a semiopen crystal structure. Snapshots (cartoon diagrams, side view) along
the trajectory (cyan) are shown overlapped on the semiopen crystal structure {gray). Surface representations (top view) depict flap handedness and access to the
active site, with the two flaps in green/orange and the catalytic Asp-25/25" in yellow. The semiopen conformation is prevalent (low RMSDs for red line). Note
that the transiently sampled closed structure (structure b) has the flap handedness characteristic of bound (dosed) crystal structures, even though flaps do not
become fully pulled into the active site in this simulations. Large flap openings are sampled (structures c-e), with flap tip distances reaching ~30 A and
subsequentiy returning to the semiopen form (structures e—f).
HIV-1 protease flaps spontaneously open and reclose
in molecular dynamics simulations PNAS | January 24,2006 | vol.103 | no.4 | 915020
Viktor Hornak*, Asim Okurf, Robert C. Rizzo*5, and Carlos Simmerling**s7
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GBSA/IM model (Spassov et al., 2002)
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+ Approximate membrane as a planar dielectric slab
+ Assume membrane has same dielectric constant as protein o
+ Approximate effective atomic Born radii (a) for the membrane as

a simple empirical function
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Supervised Molecular Dynamics (SuMD) : 42 L \it & Ff i TGPCR-Ligand##
B2l —1arvHEITIAE

Sabbadin D1, Moro S. “Supervised Molecular Dynamics (SuMD) as a Helpful Tool To Depict GPCR-Ligand Recognition Pathway in a
Nanosecond Time Scale., J Chem Inf Model. 2014 Feb 24;54(2):372-6
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Sabbadin D1, Moro S. “Supervised Molecular Dynamics (SuMD) as a Helpful Tool To Depict GPCR-Ligand Recognition Pathway in a
Nanosecond Time Scale., J Chem Inf Model. 2014 Feb 24;54(2):372-6
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Meta-binding site (allosteric bindingERILZ&38H5)

~DHEEERNBE ST

D
e e

(O Transient Hydrophobic interaction

(Bulge) (O Persistent Hydrophobic Interaction (Bulge)

Electrostatic (A, B) and hydrophobic (C, D) contributions to the interaction energy of each receptor residue
involved in the binding with the high affinity hA2A AR antagonists ZM241385 and T4G during the
metabinding sites recognition process. Contributions to ligand binding were calculated during the first 15 ns
of SUMD simulations. Ribbon representation is viewed from the extracellular side, and hydrogen atoms are

not displayed.
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RAMD Steered MD% L \f=Unbindingf&#T

Unbinding of retinoic acid from the retinoic acid
receptor by random expulsion molecular
dynamics.

Carlsson P, Burendahl S, Nilsson L.

Biophys J. 2006 Nov 1;91(9):3151-61.

Random Acceleration MD (RAMD)%
Retinoic Acid Receptor&ligand®
Unbinding Ah =X L2471 Z5E R

protein ligandbinding
| pocket

* Retinoic acid ligand can unbind the receptor
without causing major conformational changes.
* None of the pathways exit close to helix 12
» Abinding/unbinding mechanism, different to
the previously suggested mechanism
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Kondo HX et al., Free-energy landscapes of protein domain movements upon
ligand binding. J Phys Chem B. 2011 Jun 16;115(23):7629-36.
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Figure 1. Two representative models for protein conformational o

change, the induced-fit and preexisting equilibrium dynamics models. :agt:sre %a}cg:f: ;?W“Ct“’uf“tgiﬂ;:;;:ldfﬁgsg ‘&?;i‘;?;ﬂ?::?

The horizontal and vertical axes represent conformational change and ornithine-binding protein (LAOBP) in the presence and absence of

ligand binding, respectively. The pathways 1—2—3 and 1—3—4 repre-  the ligand (right and left, respectively). (b) Front view of the X-ray

sent the induced-fit and preexisting equilibrium dynamics models,  structures of maltose/maltodextrin-binding protein (MBP) in the pre-

respectively, sence and absence of the ligand (right and left, respectively). The
residues from 170 to 175 (loop region) and those from 95 to 101 are
colored blue. These are the important residues for domain movement
for MBP, and the details are explained in Figure 10.
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Kondo HX et al.,

Free-energy landscapes of protein domain movements upon

ligand binding. J Phys Chem B. 2011 Jun 16;115(23):7629-36.
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Kondo HX et al., Free-energy landscapes of protein domain movements upon
ligand binding. J Phys Chem B. 2011 Jun 16;115(23):7629-36.
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Figure 5. Free-energy landscapes of LAOBP. Free-energy landscape
of the apo (upper) and holo (lower) states. As the first PC value
increases, the degree of domain closure increases. X, and Xyygp
represent the open (apo) and closed (holo) crystal structures, respec-
tively, and the region around the circle drawn with a broken line
represents the semiclosed conformation. Contour lines are drawn at
every 2 kcal/mol. O, S, and SC indicate the open, saddle, and semiclosed
conformations, respectively.
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Cloud-based simulations on Google
Exacycle reveal ligand modulation of
GPCR activation pathways.

Kohlhoff K.J. et al., Nat Chem. 2014; 6:15-21

B Google Exacylce7 5 FIRIE CRERKEIMDZE 2 $1 %
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Markov State models and high flux activation pathways for agonist and inverse agonist bound simulations(a)
Network representation of the 3000 state MSM built from the simulations of agonist bound GPCR with each circle
representing an individual conformational state. (b) 10 State MSMs build from the 3000 state MSMs using spectral
clustering methods to identify kinetically relevant states. The circles in the 3000 state MSM are colored according to
their membership in the coarse-grained 10 state MSM. The weight of arrow indicates the transition probability between
states. (c) Pathways are shown as states (circles) connected along the 3-D reaction coordinate used, in part, to build
the MSM. Pathway connections are scaled by the path flux relative to the highest flux in black; for inverse agonist
pathways, red is 61% and orange is 51% of the max; for agonist red: 48% and orange: 35%. (d) Mutual information
networks of dynamically correlated residues. Black lines indicate connected residue pairs, and only helices 3-7 are
shown in the image for clarity. Agonist bound simulations reveal a network of residues that connect the extra and intra-
cellular parts of the receptor to stabilize active states, whereas inverse agonist eliminates these connections and blocks
activation.
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Fig. 3. Log-linear plot of fragment rank averages and standard deviations of ranks in the ensemble docking approach for A) the D3 receptor and B) for the H4 receptor. Rank
standard deviation is plotted against rank average calculated from the ranks obtained in the representative receptor structures for the 12,905 fragments. Markers are size and color
coded by the number of receptor frames in which the fragment fell within the top 1% of the ranked library. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this artide.)
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Table 1

Hit rate statistics for the two receptors considered in this study. Hits are defined as
showing higher than 20% inhibition in the D3 and H4 radioligand binding assays.

D3 H4
Combined hit rate 25/92 (27%) 15/85 (18%)
Single structure hit rate 9/50 (18%) 11/50 (22%)
Ensemble docking hit rate 18/56 (32%) 8/50 (16%)
Overlap between hit sets 2/25 (8%) 4/15 (27%)

-Vass M et al., Eur J Med Chem. 2014 Apr 22;77:38-46
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Deng J et al., Dynamic pharmacophore model optimization: identification of novel HIV-1 integrase inhibitors.
J Med Chem. 2006 Mar 9;49(5):1684-92.
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