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Navigating chemical space
for biology and medicine

Christopher Lipinski' & Andrew Hopkins®

' Pfizer Global Re-D, Groton Laboraror
er Global ReD, Sandwich Laborator

Eastern Poi)
s, Ran

nt Road, Groton, Connecticut 06340, USA (e-mail: chris
e Road, Sandwich, Kent CT13 9NJ, UK (e-mail: andrew. hop}

Despite over a century of applying organic synthesis to the search for drugs, we are still far from even

a cursory examination of the vast number of pusswhle small molecules that could be created. Indeed, a
thorough examination of all ‘chemical space’ is practically impossible. Given this, what are the best stralegies
for identifying small molecules that modulate biological targets? And how might such strategies differ,
depending on whether the primary goal is to understand biological systems or to develop potential drugs?

he relationship between chemistry, biology and
medicine has been remarkably productive over
the past century, since Paul Ehrlich pioneered the
idea of systematically searching for drugs. By
screening just over 600 synthetic compounds,
Ehrlich discovered arsphenamine (Salvarsan)', which
greatlyimproved the treatment of syphilis. Researchers now
routinely screen millions of compounds in the search for
some that are biologically active. Yet even the compound
files of the largest pharmaceutical companies (which typically
containapproximately 10°compounds) offer onlyacursory

examination of all the possible organic compounds that
comprise ‘chemical space’ (Box 1). Chemical space is for all
practical purposes infinite and limited only by the chemist’s
imagination.

Not all biologically active compounds have the desired
physicochemical properties to be a drug. A biologically active
compound may be too lipophilic (greasy) to be orally
absorbed, too polar to cross the gastrointestinal wall or may
have too much vulnerable chemical functionality that can be
attacked by metabolizing systemsin theliver, and thereforenot
remain intact for long enough to have a useful in vivo effect.

0077 176 1080

3ox 1
Chemical space

Chemical space can be viewed as being analogous to the
cosmological universa in its vastness, with chemical
compounds populating space Instead of stars. For example,
there are more than 107 possible derivatives of n-hexane — if
we use alist of only 150 substituents and consider mono- to
14-substituied hexanes™. However, not all theoretically
postulated compounds fall within the limits of what is Protease| \
synthetically feasible to produce, even with our current, space
extensive knowledne of organic chemistry. To navigate the vast
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physicochemical or topological properties®*, Given the

proposed. This involves mapping compounds onto
ors of various
vastness of chemical space. the challenae for chemical

coordinates of chemical descrif

Box 1 Fioure The fiure denicts a cartoon representation of the

Lipinsky, Nature (2004), 432(16), 855
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 Country 1970s 1980s 1990-2002

U.S.A.
Japan
France
Germany
Italy
Switherland
U.K.
Others (in EV)
Others
Total

22.3 26.9% r====383--=-345%-, 31.4 53.3%
14.0 16.9% i 32.0 288% JHEDE 5.1 8.6%
9.0 10.8% '-==r==88=-===-8:0%-" 3.2 5.4%
8.0 9.6% ," 5.7 5.2% 1.6 2.7%
11.0 13.3% :' 6.0 5.4% 2.0 3.4%
6.0 7.2% ! 48 4.3% 2.6 4.3%
3.0 3.6% ," 3.3 2.9% 4.0 6.8%
5.0 6.0% :' 9.5 8.5% 2.7 4.5%
47 56% | 2.7 2.4% 6.5 11.0%
83 100% ," 111 100% 59 100%
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LBDD vs SBDD in Pfizer
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LBDD vs SBDD
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In silico screening
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Japanese governmental Supercomputer,
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aP LI E D MM(vdw) | -0.435 -0.502 -0.356 0.103 | e, -0.176
atom-based P-L GBVI(sol) 3.040 0.040 3.118 0.021 0.032
Interaction energy
descriptor ]
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True Positive Rate (%)

True Positive Rate (5)

100{E D E L EMZEET-
Support Vector Machine Model @ ROC curve

Cdk2

100
B0
50
40
20
OH (&) — [t I et Tyl (=] (=] (=]
s o - mNm g
False FPositive Rate (%, log scale)
Thrombin
100
20
60
40
20
I RS - T TR

—
False Positivie Rate (%, log scale)

True Fositive Rate (%)

True Fositive Rate (%)

Cathepsin K

100
B0
60
40
20
Oq—i &) — [ IRt s Py o oo (=]
False Positive Rate (%, log scale)
HIV-1 protease
100 :
B0
60
40
20
Oq—i &) — [ IRt s Py o oo (=]

False Positive Rate (%, log scale)

—

Carbonic Anhydrase 2

100

80

60

40

True Positive Rate (%)

20

0

— [t I et Tyl o

- 4 ==}
o o -

™ o

False FPositive Rate (%, log scale)

. Glide score

B aPLEED-SVM
| aPLIF-SVM
B PLIF-sVM

100

IRTORA—4 Y TMUSES

ETI)LHGlide scoreZ L[ A4

Bz#RrLT-,
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P ELYrOBRAESEIEE ML
AOV)—=2 T 5

FEEYOBRMFEEEEMHIY

R—AERD) == T E

(FyF U IR—XEJRBRIATOEVLDDAFIA)

aPLIED-5VM models for Carbonic Anhydrase 2
1

30 0.9
08 3
— 2':' (i
i =
. =]
____________________ Glide score [0.7 3
10
0.6
| et . Glide score _ |

0 . 5 10 20 50 100
number of positive samples in each training set

(BERIEMEE S MRILSICERE)

aPLIED-5VM models for Carbonic Anhydrase 2
1

20

.--""-'--F
___.f'
.-"f .
-~ Glide score

| _ _ T _____MOTdE aEVIE_

0 1 2 5 10

<
fus}

24035 0

o
=l

o
10

o
o]

0.5

number of docking poses for each poitive sample

B EF1 Mean .« EAMICEE YR OBEEE L SUBEROTIEERY
J—=—2 G $hEFEIEm LTS
B ROC score Mean | . 24t &4c1HEIZEFL, ROC scorehifl L. 50/ S MIRET
to_g‘:ig-d_éo
o ZIEMHILEYMDRYXU I R—XMEMYTIEITTIILHLERE
AT-ADREIOT-. SERRETE—VIET S,

RIKEN  CLST
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Qutline

A2)ARD)—=2 0 DB

AV)ARD) == ERET D EH

fa e HAET R FMODEIZEE A

L
2
EX.
|

4. RAFRE-FEDFAIICEAL T
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FHRAUV)ARD)—= T DR ;

Hck Dr. Ishikawa (RIKEN, IM%&L% :\dipOR Prof. Kadowaki (Univ. Tokyo)

The first AdipoR agonist with in vivo ~ 1 e
r' 1A /PR efficacy U Oy
.) LAILAPS | |’C5OZ 7.7 nM

Nature, 503, 493-499, (2013). WEAVMVEER ") i
Promising chemical series was

DHOD Prof. Kita (Univ. Tokyo)
Inhibitor design for “undruggable”
identified. Now we found a clinical ¢
candidate from the hit

‘1 Virtual 5-position focused library ta rget
Sci Trans Med, 5:181ra52, (2013).

PALLAS

o]

ICSO: 30"100 IJ.M HO™ NNy 0y, -OH

™= =

4 1 g w |\
> ) Design., |9 o |
\this moiety! we=e

] o/ R

ICso: 0.43 NM }

2170 virtul compounds

Dr. Tanaka (RIKEN CLST) & Prof. Nagano E

Piml (Univ. Tokyo)

Promising chemical 0
series was identified. ICs0: 0.15 pM o7

51| 1Csp: 0.15-0.4 pM

ICs,: 0.001 pM
J Med Chem, 55(11), 5151, (2012)
J Mol Bio, 417(3), 240, (2012)
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EEOADIA—TYRRAR—X :f@%

Human genes (~25,000)

J—— Disease genes with

Druggable genes
(~3,000)

Disease genes
(~3,000)

isease genes with

HEFDAETDDruggable genes B9 F TRIZERTgELR S —4
M IZ#EBLDDHB, AV AGEDFEEF->-T . HIEDSL
B—IYhADF LU ONEELLD,

Int.J.Biochem.Cell Biol., 39, 1156 (2007) P. ‘9
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FI—TIbDEREEEZTEDS M

20% il GPCR

10%

(1%
20%

Protein Kinase
(445)

10%

15%

15%

Oxidase /
Reductase (114)

d g 110 115 120 plcso

1 mM 1 uM 1nM IC50
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0-100
100-200
300-400
500-600
700-800

200-300
400-500
600-700
800-900
900-1000

Binding Site Volume (A3)

This figure is based on ca. 3,000 complex data with @5




Category 1

Is the following protein druggable ?

VA




arget: Pim1 3 N -
;er?ﬂt\r family kinase PI m 1 I n h I b I tO rS P

Acute Myelogenous Leukemia
16 hits / 236 cpds= 6 8%

15t round 1

Nl / gaRer 1Csp: <10 NM
N - ot - Lys67 ~
_: [ Sl ¢, ..-\i q Highly selective
N 4 9 RS vs other kinases

Pl

Compound Database ’ LRAC L. Promising drug
Preprocessed for in silico screening ™ :/4“ = i;lu.171 candidate
Univ Tokyo library: 200K cpds »

- ComAuvail, Literature: 4M cpds

1 2 Nakano, Nagano, J Med

Chem, 55(11), 5151, (2012)

Ogawa, Yuki, Expert Opin
Drug Discov, 7(11), 1177,

84 hits / 685 cpds= 12 ] 3% (2012)

Tsuganezawa, Yuki, Honma,
J Mol Bio, 417(3), 240, (2012)

2"d round

| mmslp Back up compounds

Py ICso: 140 NM .

T Honma CLST/RIKEN 36



/ Target: HCK

Src family kinase HCK Inhibitors

\Acute Myelogenous Leukemia

HCK known D @

36 inhibitors Substructure 2D/3D Similarity
'\ - wid 1H,
.. T;j- %“:\"ﬁ'"\ry ececee - ¥ N
e e Q13 2 ﬂ? “Q‘[f LY RK-9024466

S o ¥ T 1C: 7.7 nM

e .
2D/3DMachme Leammg FCK-ggggGQ“i
o G - 50° n
Src family known - [l | “~
141 inhibitors .l q{ }‘
12 0

=
:
i <8

Compound Database
Preprocessed for in silico screening RK-0020207 N

Univ Tokyo library: 200K cpd IC5: 395 nM "
ComAwvail, Literature: 100M cpds Vs
PALLAS L ~
Shael
72 docking conditions of 12 = & RK-9121352 -
N X-ray structures were N, / I1C5y: 3800 nM
validated. PDB IDs (2C01.B RK-9043895
and ?H;K.A) were selected IC,: 1100 nM
considering EF, ROC and X-
D |
ray reproducibility. . Other 11 hits (IC50 < ca 2000 nM) |
I'T"Honma CLST/RIKEN 3'/




Is the following protein drugaable ?

PN

\ J,

ophobic




e DOCK1/2 DOCK1/2 Inhibitors E )

Cancer/Autoimmune drug

. [RAC1
DOCK2EIDFEE A MRED 24T

Mean Docking Competitive w/

Site ID

score RAC1
1 -3.61 No
2 -3.92 No
3 -3.78 Partially yes
4 -5.25 No
5 41 Yes
6 -4.75 No p S

T Honma CLST/RIKEN 39



Target: DOCK]./Z
PPI
Cancer/Autoimmune drug

DOCK2 RAC1-pep4 Type

Vall1539 N or
Met1540 N

Asp38_O H-bond

Glyl541 N Val36 O H-bond

Phe1459 C VEEE @ | DelepEinsiE
| contact

2DDXIRIBELXW
HEL, RAC1ED

MEMERZBERTDS
L& M584EZTEA
1=

| 4 hits /584 cpds= O . 7PO/9

RIKEN  CLST
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Cancer/Autoimmune drug

[;a);get DOCK1/2 DOCK 1/2 Inhibitors %}F&

ICso: 5 pM

LAILAPSHEH T, SEDEFHRNDESIBRFRZR/-DT. RO
FELT. ENEDIEHREFIFALIZPALLAS/IMUSESH#XEIETE S, R .~

T Honma CLST/RIKEN 41



Target: DHOD

Oxidase/Reductase
AntiTripanosoma drug

DHOD Inhibitors

Design:
RIKEN

\he loop
ocked the ,
Orotate site.. ™

Orotate . : : ¢
ICsp: 360 deg surrounded !
33 uM N L

-

Closed form DHOD

Site volume : 178 A3

Synthesis :
Univ. Tokyo

Site analysis:
RIKEN

- : . > .
New cpd > N X-ray analysis: Space for extending R-
A : * A
. S Univ. Tokyo group was ap red ! .
. ] \ 2 %
Open form DHOD Site volume : 694 A3 e
A T Honma CLST/RIKEN 42



REILEMIA4TI)—DEEIZESD

r ., . . 1
5-position focused library

Clusters

cluster: orotate

NH: oH
0. OH

0. _OH 0. OH 0. _OH o on

= /NL ZNH 2 NH ZNH Z

07 NHT O o NH’&O o NH/&O o NH’&O o7 kT o

Virtual

\,Ib MFCDO0036235 MFCDO0033944 MFCDO000E 98 MFCDO0002312 MFCDO0005539
N Chiral
o N o oH
= ©._OH CH ©._OH
» Oy COH O OH B O
= = =
o= "NHT S o
o TNHT Yo o NHAD o NH/&O 0¥ "NHT Yo
DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
L]
°
L]

2170 virtul compounds

PALLAS / MUSES

Original Compound ICSO:"'30-100 Y Docking

\.




Synthesized Orotate-mimic inhibitor

ICs,: >400 puM Oy -OH
ﬁ\/f\:NH
o N/&O \

H

ICs0 (uM) ;

e / A

= ||
}NH -
o) N’J*o

10

Orotate
1Cp: 33-135 pM

MII-6-040 "N phthalene Library

Coo: 005uM | Ny~ Docking Score (kcal/mol)
0.1 ~—

0 g 11 -10 -9 -8

OO v S00fSEMOBMEEMAELAL:

0] N 0
H



Qutline

AR —=2 5 QTR F

D) ARD—=2 7 - ET D EH

=i

3.

E BB T H, FMOD A E FF

LA
2.4
|
|

4. NNENRE- SO FRIICELT
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AGONEREFBER EADBTEEE S

AG (kcal/mol) =-RT In Kd

- _ — - | AG| Enhancement
1.4 log Kd AH TAS example (kcal/mol)  of ICg, (-fold)
i Hydrogen bond 0.6-1.8 ~2-10
Electro- Coulombforce
static
d.9;
| AGeec” axDr  onicbond 24-48 ~10-1000
AH
enthalpy Van der
Waals
Hydro- (dispersion)

obic force
Orbital interaction -~ Sk phenyl-phenyl 3.4 ~100
~(CH-%t. n-7...)
AS _— | Entropy change of solvent

—

entrop Rotation of a single

rotatable bond is
Entropy change of protein restricted .

RIKEN  CLST

T Honma CLST/RIKEN 46
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MEADROT7 HEBEBR—XODOCK R

RIKZN

O
e @

ST

E#dDscoring function 1982
F(ZKuntzbIZk>TRRSN
=¥ dDauto docking
software T&HHDOCK®D
scoring function
DFHZOHFREEEERSE
B ETDFEFEFA

% \| Kuntz, IMB, 269 (1982)

Van der Waals force Electrostatic interaction
(Lenard-Joner approximation) (Coulomb’T equation)

[

[ \ \
DOCK score =XX(A/r?—B /r;°+332q,q;/Dr;)

100 1

r;: distance between g/em | |} Repulsive A2

atom i and atom | o %

A,B: constants determined ‘
by atom type

d;, g;: partial charge of 50 |

atom i and atom j ol FT——

D: dielectric constant 30 40 50 80 70 80
r/A

-




7 *& Fx B p O
X: F*ﬁj‘ @ -IL* ?IIF% o’l"T‘
MD [ OM T FF
Molecular Quantum Molecular mechanics
dynamics mechanics force field
1980s 1987 1982 Kuntz
DOCK score
FEP
FF + empirical terms
1993
1994 Boehm
Tl LUDI score
PLP »
>ore Focused on :
1990s FlexX score particular Special FF
S — protein/family | based on PDB
Karl , i 1998
plus, Levitt, and Warshel GOLD score 1999
LIE FF + solvent
M AutoDock score PMF score continuum model
— 2000
EXP 2000
Drug score ——
BAR AFMoC ) v \
2003 g
Jarzynski Eq. eHITS 2003 r
2000s EMO Kollman
2004 COMBINE MM-GBSA
GLIDE score
MP-CAFEE 2008- MM-GBVI
MUSES ]
2010s

FMO-PBSA




FIGAN—RADEERH AT DR @

RIKEN  CILST
- - - 0 12 ]
Empirical Force Field-based Docking .
Score (Glide, GOLD, ...)
g =
@
AH AS FQrce Co f o °
field Samplin z ,
Protein Fair air Fair / Bad l
2
Ligand air / Ba Bad a | : : : : : : |
Solvent i Bad / Not air Bad / Not 5 . e . - 1o = = g
Considered Considered Jlog(Kd)

&Ghind = Clipo—lipoz‘ftrlr) +
Chb-ond—ncut—ncut g('&r) b{ﬂ(l:l +
G g(AD) h(Ac) +

hbond—neut—charged
C

hbond—charged—charged g(&f) h(Aa) +
Cma.x—mcta]—ionzﬂrlmj + Crothroth +

C‘p'ol ar—phob Vpo] ar—phob + Ccoul'Ecoul +
Glide Score CawE,qw T solvation terms
0 AR=>06 A
1-AR=0Z gy A<Ar<06A
F(AR) = < 1 —02A<AR<02A
—-AR-0.2 e 3 :
Figure 2. Condition for the formation of interactions: a 1- 0.4 —06A<AR< -02ZA
h:vt'dmgenTZon_dlbelv:_een lhe[ c:lrbnnl): oxyggen :mdcI ::e
nitrogen. e interaction centers are the oxygen an e
i s g g o T e e AR< -06A

Judgement of forming a HB  Strength of HB (FlexX, distance)
(FlexX)

PDB bind4X &M 8001t & ¥ D XiRi& & +1C,,
(Kd/Ki) B’&p BT —RE&FEo>T-H&5E

Scoring function N Rp sD ME
eHiTS 2009 800 0.64 1.34 1.06
X-Score::HMScore 800 0.537 1.82 1.42
DrmugScore:: Pair 800 0.47 1.94 1.51
AlScore+XFurcate 799 0.46 1.96 1.54
Flex¥ Score{Opt) 799 0.43 1.99 1.55
GOLD:-:ChemScare 762 045 1.96 1.52
GOLD::GoldScore 772 037 2.06 1.63

R2 = 0.2-0.512 &
¥ TIC,MEIZLTLOEAS100ZEDRED @ .5

¥ ’
&

eHiTS 2009 Binding Affinity technical note.: RKK cir
http://www.simbiosys.ca/ehits/eHITS_2009 binding.pdf 49



http://www.simbiosys.ca/ehits/eHiTS_2009_binding.pdf

>,

R EWSA TS —DEEIZEHHEH L8

)P <351 el SVE 24
ICso (UM) SUERHTHE.
100 "ﬁid)’ﬂ—b"‘yh-ﬂ:
R2>0.8 - A U—XIZRY”
¥ BULMVEEABLNS
10 . MII-4-53 —EHBHD |
/. 1ICsy: 4 pM
COL,
1 0] N/&O
MII-6-040 ' Naphthalene Library
ICso: 0.15 uM Docking Score (kcal/mol)
HO OO O/ :: .
o N/J*o @2

H - 50



FUYRBEDZWLRITAHE(L) MM-PB/SAR

RIKEN  CLST

Empirical Force Field-based Docking
Score (Glide, GOLD, ...)

Conf.
Samplin

Force
field

AH AS

Protein Fair Fair/ Bad

Ligand Bad

r
Bad / Not
Considered

Bad / Not
Considered

Solvent

AG,ng = Clipo—lipoz‘f(rlr) +
Chbond—neut—ncut g('&r) h{ﬂ‘ﬂ-) +
Chbnnd—ncut—chargcd g(ﬂﬂ h(.&ll:l +
C

hbond—charged—charged g(&f) h(Aa) +
Cma.x—mcta]—ionzﬂrlm) + Crothroth +

Cpol ar—phob Vpo] ar—phob + Ccoul'Ecoul +
Glide Score CawE,qw T solvation terms
I 0 AR>06 A
1- 28202 02A<aR<06A
F(AR) = 4 1 —02A<AR<02A
1-ZAR-0Z 464 -aR<-02A
Figure 2. Condition for the formation of interactions: a 0.4
h:vt'dmgenTZon_dlbelv:_een lhel cnrbnnl)gl ny)ggen :mdcI ::e ",lR [] 6
nitrogen. i€ interaction centers are the oxygen an : + A _
e e o o ~0z AR< -06A

.

Judgement of forming a HB Strength of HB (distance)

Molecular Mechanics Poisson-
Boltzmann Surface Area (MM-PB/SA)

Force
field

Fair

AH AS :
ampling

Protein Fair Fair / Bad

Ligand Fair / Bad air / Ba FaiM@
SA : .
Solvent 5 air Fair / Bad

MD simulation

>

Representative Snapshots

Evaluate
EMM! Gsolw 'TSMM

solvent exclus surface (SES)

“mvym Most stable potion of 44Gbind

Poisson- M T T

solve}n accessible su;'l;oe (SAS)

Surface Area Energy 51

Boltzmann
Equation



MP-CAFEE & FMO f8 B ##SerIRg (%

R

RIKEN  CLST

Massively Parallel Computation of
Absolute binding Free energy with
well-Equilibrated states (MP-CAFEE)

AH AS Fgrce Co nf.
field Sampling
Protein Fair Fair Fair -
Ligand  Fair Fair Fair / Bad -
Solvent  Fair Fair Fair -

KAP-CAFEEW Zal— \
AV ER L= EE YIS
HIEFcEN(L, [FREAIZIE,
TARTOIRILX—IEED

HY@EYIZFEETES,

“Bd)jjiﬁ/\7>‘ BIZF

\zﬁ ARAY=WANY.7

Fujitani et al, JCP (2005)

(HEDEMON NERIBETES

" Jrﬁ“}?‘)w)1|:/-\f|:%ﬁilztﬂl’C\i

DL, [REMIZIEX, T>bOE—

VIEENR . YIHEEDERE
ANV Y- 1oy

WT. IhAE—OAEIIR
IR TES

STEXNRDIEEYMER T
EAWO)*EA{ZF’?\: g Eh iR

o

L ¥K® 52




MM(FF) EQM®MELY

Charge

MM(molecular QM(quantum
mechanics, called mechanics) TI&,
force field (FF)&H P Schrodinger 512 ©

ENhd) . &EREFD
PILDHZEREE
Y{FIFTULNS,

| RMENZEFHEI
\o | fEoT. BEOMEM
d EGHICRESN D,

Strain energy

MMTIZL., BEEEEDE
IRILF—IF Ty 7
0¥ :[VAES XDl
TREINS,

QMTIZE. Schrodinger A2 ICE DT,
MEDELRYICLH>T, FEENLEENTE
EMEREIND,

‘0
{3
RIKEN  CLST
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Interaction energy (kcal/mol)

Distance (normalized by the
most stable distance in QM)

0.9 1

1 kcal/mol = MM (MMFF94x)

< QM (CCSD(T)/CBS)

H

20%
20% of distance error and 1 Hobza, Accounts of Chemical Research, 663, 2012
kcal/mol of interaction energy nttp:/fwwwbegdp.com .
error were observed in MM P

T Honma CLST/RIKEN 54



R INDEIZXTT HQMETE X 2) FMO @

19994, dbimnlE, £<FHLLY REGTRITHT
ONEHBREFNETEETHS
FMO(fragment molecular orbital);Z &2 ZEL 1=,

FMOEIX. ANV B R FET7I/BEAMIZH
ZL. TN T7I/BEREREELE-T7I/ B
DHEDIRILF—FHAEHL TS EITLY.,

HERGIREIEZBIHTSES,
o o NN
() & oNe HzNJﬂO/NWSkH’%(NW

® E=>E,+> AE
* ®
I I>J

55



Cpd12 . | . ()" Cpdll .1 U cpd13 . |

c” HaC

IC;,=53nM ( IC50=92nM ™ IC;(=447nM

J. Med. Chem. 55 (2012) 5151-5164.

\

LEDIE. MEEY
(THR) DXIRFEE L,
[FEAERL !

—RFEGHI-ITT.
IC5ofEAY. 2-2001%
Bigd !

| T Honma CLST/RIKEN 56



MM-PBSATTFA|ITES?

MM+PB/SA
‘ r4
QM-MMopt )
= ) Cpd 6
§ 1 ‘ Cpd 10
_;cg . ‘Cpd 11
:{ ® ; “ Cpd 12
o
D —e . : 0 ‘ Cpd 13
g -8 /7 -6 -5 -4 < Cpd14
< ¢ R
= 5 ,
‘ —_— L
z R<=0.25
LL 2
3 log IC,,

MM-PBSATIZ. HETDER ZHHEDD . HHEIXIEEIZEL
B A2, SHEIZES1EEEL TMMoptEQM-MmoptZE{E - 1-15
BlE.R?=0.25&YE{HESIZELY
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FMOMSFMO-PB/SAAD BB

5

RIKEN  CLST

Massively Parallel Computation of
Absolute binding Free energy with
well-Equilibrated states (MP-CAFEE)

Force Conf.
A A ) .
H > field Sampling
Protein Fair Fair Fair
Ligand Fair Fair Fair / Bad
Solvent Fair Fair Fair

Alchemical methods for calculating absolute Kd values

full interaction no interaction
3 &
i\1 H Jh2 l "\3 ﬂ hn h
\ gl AN AR A
v g S
AG‘|2 + AGZ'J o+ &G'_M i = &G*n

Nonequilibrium equality (Jarzynski, 1997)

w AG
=— . Bk, = —
AG =-RT 1n<exp( RT J> d CXP( RT )

Fuijitani et al, JCP (2005)

QM/MM (Quantum Mechanics/
Molecular Mechanics), Fragment
Molecular Orbital (FMO) Method

Force Conf.
field Sampling

AH AS
Protein

Ligand

Good / Not
Considered

Solvent

U

Fragment Molecular Orbital Poisson-
Boltzmann Surface Area (FMO-
PB/SA)

Force Conf.

AH AS field Sampling

Ligand Fair / Bad - Fair / Bad
Solvent Good / Fair | Fair / Bad Good / Fair / Bad

Fair



New Technology: FMO+MM-PBSA

4 Fragment Molecular Orbital (FMO): A

Quantum Mechanics Method for Protein Protein-ligand complex
Kitaura, Chem. Phys. Lett. 523 (2012) 128. structure
|
Optimization by QM’j
monomer Protein-ligand Ligand structure
complex structure in solvent
Eou = ZE’ + Y AE, + Y AE (QM-opt) (QM-opt)
' 1>J . 150>K , | |
. ____FMO2 i FMO PiSA
K FMO3 / *
o Ligand solvation
Complex AE Protein Ligand P.I‘ Otem_“.gand enegy AGSOIVIigand
0 ~ Interaction Ligand deformation
— + in vacuo AEMt, enegy AEdef
;l, (;5211:1'1_}!“ i (_‘pfnlzt in ‘l,(;]?:}:nd
AGF_\IO
¥ AG O = AEIIZII]\;IO + AEdef +Cx (AngrIXplex —AG ;?:)\;em o AGﬁg;d)
00

or o®
RIKEN  CLST
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PBSAENE 5 &b

FMO3-IFIE g FMO3-IFIE+PB/SA
] 8 E 8
£| QM-MMopt > 6 = i
g * ) é QM MMopt N 3 . Cpd6
% 2 @ o ¢ Cpd 10
L —— - 0 > 4= 4 cpd 1l
§—8 ’ ° > 2—t 0 * 5 ¢ Cpd 12
LL Z
§>~ ¢ ’ 3 > Cpd 13
" 6 > —*; . : : 0
< ¢ Cpd 14
] R2=0.67+¢ 8+ 7  © R2=0.03 -
10 L 2
log 1C;, 3 log IC,
@ TEEIRRELEERIKRED B IEFIDE
WEEBETLHEITEE

IRTE. FMOT/aKIE (PB) ZET&EL
T3
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FMO+MM-PBSA®M FAlfE R

FMO3-IFIE+PB/SA

[NEY
(O]

Xray

R

(e»] (Y2} (en]

¢ Cpd 6

s Cpd 11 BEEREZIEOLAN)ILE
¢ Cpd 13 FIFTULNEESIZFERS
Comi REAHE |

}

o
<
&
w
B

|..\
D u

*

=

R?=0.57
log I1C5,

No
(@») Sy

AAE by FMO3-IFIE-SUM+PB/SA (kcal/mol)

FMO3-IFIE+PB/SA FMO3-IFIE+PB/SA

iy

MMopt é QM-MMopt

Cpd 6

Cpd 10
Cpd 11
Cpd 12
Cpd 13
Cpd 14

N9

D

B

N

o R2=0.95 -

e
®
RIKEN  CLST

AAE by FMO3-IFIE-SUM+PB/SA (kcal/mol)
"1
m —
U-l —
N
£
AAE by FMO3-IFIE-SUM+PB/SA (kcal/mol)
*
N S
¢ O ¢ ¢ ¢ o

109 ICs0 [ Honma CLST/RIKEN
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Automated search X-ray strucrtures
of activity values from PDB
» 1C50, Ki, Kd or docked ones

» PDB with activity data

3t 0 I
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§
Structm:e S’Eru.ctm:e 4 Parallel
| COHSthh_‘m optimization FMO an computation Results extraction
» Complementation of > MM method MM-PBSAllnput 5 FMO caleulati Jvisualization
missing atoms/residues >  QM/MM method generation calculation
> Modifying unfavorable > MM-PBSA
S calculation
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- Bl S Constructionof | Y CANA
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Validation of FMO-protocol data

Estrogen receptor o (38 structures with 22 types of compound)

Coefficient of determination between FMQO-protocol
and manual labor data [Anzaki’s data]
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FMO IFIE database
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