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Molecular Modeling As a Central Technique
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Molecular Modeling As a Central Technigue
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Andrew R. Leach, Molecular Modeling: Principles
and Applications, 2nd Ed., Prentice Hall, 2001.
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|. Computational Organic Chemistry
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An Example: Claisen Rearrangement

J. Am. Chem. Soc. 2011, 133, 5062-5075.

Transition-State Charge Stabilization through Multiple Non-covalent
Interactions in the Guanidinium-Catalyzed Enantioselective

Claisen Rearrangement
Christopher Uyeda and Eric N. Jacobsen®

Department of Chemistry & Chemical Biology, Harvard University, Cambridge, Massachusetts 02138, United States

20 mol% catalyst

[#]
O Me 40°C, 24 h

5
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Guanidinium as Catalyst

Simple guanidinium ion derivatives were identified
as effective catalysts for O-allyl a-ketoesters
rearrangement in non-polar organic solvents.

entry

[

6

catalyst

(R,R)-2
(R,R)-3
(R,R)-2
(R,R)-2
(R,R)-2
(R,R)-2

solvent

hexanes
hexanes
toluene
CH,Cl,
CDCl,
TBME

conversion (%)“

85
59
82
83
79
16

“ Conversions were determined from crude reaction mixtures by 'y
NMR signal integration. All rearrangements afforded product 6 with a

>20:1 dr. ? Enantiomeric excesses of puriﬁed products were determined

by GC analysis using commercial chiral columns.
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Reaction Diagram

o Uncatalyzed transition states

Oy, -OMe
Near-attack T\r ) Meoﬂ
. (s -:' e
conformations (NAC) °"ﬁ’r L ve
Me

§-Cis-TS5 s-trans-TS-5

N-H
"HN=(
N=H==--- (o)
Catalyzed M 1.88 A
transition states

Mé 1.8.5-:&“ l 1\
7+s-cis-5
Me' |
7+s-cis-6
Energy diagram for the uncatalyzed and N, N’ -dimethylguanidinium (7)-catalyzed rearrangements of 5
to 6. All stationary points are fully optimized at the B3LYP/6-31G(d) level of theory and verified by

frequency analysis. Uncorrected electronic energies in kcal/mol are relative to the lowest-energy structure
of the substrate or catalyst-substrate complex.




Stabilization of the Transition State

TS in the uncatalyzed arrangement TS in the catalyzed arrangement

(+0.904)

T ) S

_ [+0.700] e - f(
+0.232 i 4+0.352
< Yy, (+0.239) (+0.373)
[+0.219] [+0.324]

5-cis-T1S-56 7-5-cis-TS-5
AEY = 27 4 keal/mol AE* = 23.0 keal/mol

Calculated transition structures at the B3LYP/6-31G(d) level of theory for the rearrangement
of 5. Distances for the breaking C-O and forming C-C bonds as well as hydrogen bonds are
in angstroms. Mulliken charges, NBO charges in parentheses, and CHelpG charges in square
brackets for the oxallyl and allyl fragments as well as the guanidinium ion are shown in red.
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A Secondary Factor in TS Stabilization

For rearrangements catalyzed by 2, different substitutions on the
arene moiety exhibited noticeable difference in enantiomeric ratios.

catalyst catalyst substituent exptl er®  exptl AAG" (kcal/mol)”

2 — 6.33 4 0.05 1.1540.01
9a R = 4-fluoro 5.05+0.12 1.01 £0.01
9b R = 4-dimethylamino 8.01x=0.20 1.29+0.02
9¢ R = 3,4,5-trifluoro 2.61+0.01 0.597 £0.002
9d R = 2,3,4,5,6-pentafluoro  3.80 = 0.01 0.830 4 0.001
10a R’ = methyl 7.03 £ 0.03 1.214+0.01
10b R’ = trifluoromethyl 440+ 0.05 0.92 4 0.01

il . . . . .
Enantiomeric ratios are averages of two experiments, with the error

bars representing the range of results. ” Relative activation free energies
were estimated according to classical transition-state theory (AAG™ =

—RT In([(S,9)-6]/[(RR)-6]), T = 313.15 K).
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A Secondary Factor in TS Stabilization

H
H + 0.61 kcal/mol
Hjél—H F
H H i

pro-(S,S) Transition structures for (A) catalyst 2 and for the pentafluoro-substituted catalyst 9d
highlighting interactions of the cationic allyl fragment with the = -face of the aromatic moiety.
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A Secondary Factor in TS Stabilization

Electrostatic potential maps for fully
optimized structures (B3LYP/6-31G(d))

of (A) the rearrangement transition state =

for 5 and N-methyl (B) 2-phenylpyrrole, N-pe
(C) 2-(4-dimethylamino)phenyl)pyrrole,

(D) 2-(4-fluorophenyl)pyrrole, and (E)
2-pentafluoro-phenylpyrrole. Negative
potentials are shown in red and positive
potentials in blue.
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Claisen Rearrangement: Conclusions

“The phenylpyrrole-substituted guanidinium catalyst 2 induces a 3.6 kcal/mol
lowering of the activation free energy for the rearrangement of 5, as compared
to the thermal rearrangement in hexanes, corresponding to a rate acceleration
of approximately 250-fold. ”

“In computational models, guanidinium catalysts are seen to interact with the
allyl vinyl ether substrate through hydrogen bonds with both the ether oxygen
atom and the pendant ester group. This interaction allows stabilization of the
developing negative charge in the transition state. ”

“For rearrangements catalyzed by 2, a secondary interaction is evident in the
major diastereomeric transition state between the = -system of the catalyst
phenyl substituent and the cationic allyl fragment of the substrate. Furthermore,
the strength of this interaction is rationally tunable through substitution of the
arene.”

J. Am. Chem. Soc. 2011, 133, 5062-5075.
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1. Molecular Dynamics

»F # 4 % (molecular dynamics, MD) {& B % i 42 # 2 % % 42
srFh4 O EH, AdorTARERARKEN ARG 4% PHhRHELA,
IAdmtAEARL ATy, FUAE A AL ORI FTFL
BB, AR RARL GHR AR 6 T AR

GBI RO THELATF 47 HEGLEF 42T 2 F
AER DGR AL EEMAEH R GES
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A Brief History of Molecular Dynamics

M 1957 %, AlderfeWainwright§# 4 # 17 T A FRIKHgoF 52
$ # Mo 1964 %, Rahman % A lLennard-Jones# & # # . T & & &
@ 5 H A . 1971 %Rahman #eStillingerfg & T & A K& o F #
AERMERF. TURTMAAEFREL G2 T A FHMT

B 1977 %, Karplus$ £ .7 £ — 1% 4 K 9T (458 atoms) & »~F
HAFRME R REMARAG T B, #6809 RE 4
&4 (~10ps), AR X~ T BAKETAMNECR&EH
Hikit, PR RAXRRZRZDAAMG LT, A HETHAEZAE
G RGP T IR F| £4k 4k A

B aifo2F#H 05 TUEMRGERLBII00FTNETF, ThEMe
st BRERETZE #|1ms,
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Nature Vol 267 16 June 1977

articles

Dynamics of folded proteins
J. Andrew McCammon, Bruce R. Gelin & Martin Karplus

Department of Chemistry, Harvard University, Cambridge, Massachusetts 02138

The dynamics of a folded globular protein (bovine pancreatic
trypsin inhibitor) have been stwdied by solving the equations
of motion for the atoms witl an empirical potential energy
Sunction. The results provide the magnitude, correlations and
decay of fuctuations abowt the average struciure. These
suggest that the protein inerior is fluid-like in that the local
atem motivas have a diffusional characier.

Resurts of X-ray crystallography provide a picture of a
globular protein in its native conformation as a well defined,
densely-packed structure. Other experimental data' " and
theoretical considerations ' indicate that there is consider-
able local motion inside a protein at ordinary temperatures,
Moreover. the structural data themselves show that significant
residue or subunit displacements have an important role in the
activity of proteins (for example, enzyme catalysis'', haemo-
globin cooperativity’, immunoglobulin action’). To obtain a
more complete understanding of proteins, it is essential to have
a detailed knowledge of their dynamics. In spite of the con-
siderable effort directed toward protein folding”, very little has
been done to investigate the motions of a protein in the
neighbourhood of its cyuilibrium configuration. For certain
cases in which the displacements along a suitably chosen co-
ordinate can be isolated (for example, aromatic side chain
rotations in the pancreatic trypsin inhibitor'®, the opening and
closing of the active site cleft in lysozyme'®), it has been
demonstrated that empirical energy functions can be used to
analyse the motion invoelved. Here we underiake a more general
examination of the internal dynamics of a folded globular
protein. The approach used is of the molecular dynamics type’™.
In such a study the classical equations of motion for all the
atoms of an assembly are solved simultancously for a suitable
time period and derailed information is extracted by analysing
the resulting atomic trajectories. The full interatomic potential
can be used to obtain the forces on the atoms, so that the
method is applicable even when the system is highly anhar-
monic. The molecular dynamics approach has been wvery
successful in revealing structural and dynamical characteristics
of fluids'"., As we demonstrate in what follows, molecular
dynamics can have a corresponding role for the internal motions.
of proteins.

Bovine pancreatic trypsin inhibitor (PTI) (see Fig. la) was
selected for study because of its small size (58 amino acid
residues), high stability and accurately determined X-ray
structure Four water molecules, which are strongly bound
in the interior, were included in the dynamical simulation. The
potential energy was represented by an empi I function'®
composed of a sum of terms associared with bond lengths, bond
angles, dibedral angles. hydrogen bonds, and non-bonded (van
der Waals and electrostatic) interactions. Hydrogen atoms are
not explicitly considered, but are combined with the heavy
atoms to which they are bonded by a suitable adjustment of
atomic parameters. This use of ‘extended atoms® reduces the

number of interactions which must be calculated and also
permits larger steps in the trajectory calculation since the high
frequency hydrogen vibrations have been eliminated. Integra-
tion of the equations of motion was performed by means of the
Gear algorithm® with time steps of 9.78x107% 5 X-ray
coordinates® were used for the initial positions and the initial
velocities were set equal to zero. After 100 equilibration steps,
the stresses in the initial structure had partly relaxed and the
system had an internal kinelic energy corresponding to a
temperature of 140 K. At this point, all velocities were multi-
plied by a factor of 1.5 and 250 more equilibration steps were
taken. The added kinetic emergy (250.6 kcal mol™") parti-
tioned itself between kinetic and potential terms during this
interval, and an average kinetic temperawre of 285 K was
reached. The actual simulation consisted of 9,000 additional
steps, corresponding to 8.8 ps. Some equilibration of the bond
lengths, bond angles and electrostatic interactions continues
during the first 3 ps of the simulation. producing & small rise in
temperature, Over the whole simulation, the average tempera-
ture is 295 K and the total energy is well conserved. changing
by only 0.7 kcal mol ™',

In what follows we first describe resulis concerned with the
relation between the time-averaged and X-ray structures and
with the magnitudes of structural fluctuations. We then examine
the details of the dynamics, the correlation and damping of
fluctuations, and some examples of the larger changes that
occur. Of primary importance are the conclusions reached
concerning the fluid-like nature of the internal motions, which
will clearly have to be considered in developing dynamical
models for biological proces:

Time-averaged structure and fluctuations

The time-averaged structure obtained in the dynamics run is
near the X-ray structure but not identical with it; the root
imean square (r.m.s.) deviation of the a carbons is 1.2 A and
that for all the atoms is 1.7 A, The largest deviations come from
the two ends of the molecule, the external loop (residues 25-28)
and exposed sidechains. The two parts of the [§ sheet (residues
18-24, 29-35) and the a helix {residues 47-56) have significantly
smaller deviations,

Use of the X-ray structure as the starting configuration
corresponds to 0.4 keal mol =! of c energy per atom after
equilibration (140 K); for the main dynamics run (295 K}, the
mean kinetic energy per atom is about 0.9 kcal mol 1. Although
there is no tendency to unfold, the dynamic development with
this kinetic energy permits the molecule to make small
rearrangements throughout; a picture of the structure after
32ps is shown in Fig. 1b. Apparently the PTI maolecule
samples a series of neighbouring conformations, the average
of which is not identical with the X-ray structure. It is not
clear how much of the difference is a real effect (in the sense
that the structure in the crystal is constrained) and how much
is due to inaccuracies in the potential function and the absence
of solvent. In lysozyme, comparison of the X-ray structures for
the triclinic and tetragonal crystal forms*®® shows an r.m.s.

©1977 Nature Publishing Group

The First MD Simulation of Protein

Nature Vol. 267 16 June 1977

Fig. 1 The peptide backbone (x carbons) and disulphide bonds of PTL 4, Xeray structure®, b, Time evolved structure afier 3.2 ps of
dynamical simulation.

deviation of backbone atoms equal to 0.5 A, with the largest
changes at the surface of the protein. Also, a variety of other
studies®~*" support the picture of a protein accommodating
its structure to different environments. In any case, the X-ray
and dynamic average structures are sufficiently similar that the
present results should give a meaningful approximation to the
shori-time dynamics of PTL

Figure 2 shows the r.m.s. displacements of the a carbons,
relative to the dynamical average structure. The three residues
at the carboxyl end of the chain have particularly large fluctua-
tions; these are due to the presence of excess kinetic energy
resulting from local strain in the initial structure. Some of this
kinetic emergy was transferred to the nearby amino end of the
chain, which also exhibits relatively large r.m.s. displacements,
The important fluctuations in residues 25-28 of the loop
connecting the two strands of [} sheet seem 1o reflect an intrinsic
softness in this part of the molecule. The smaller fluctuations
of the B sheet and a helical regions are also evident. The side-
chain atom displacements are somewhat larger than those of
the o carbons, but generally show a similar pattern of variation.
The average r.m.s. fluctuation of all atoms is 0.9 A, Particu-
larly large r.m.s. displacements (1.8-3.1 A) occur in the side-
chains of Lys 26, Arg 39, Arg 42, Lys 46 and Met 52; all of
these are at the surface of the protein. Overall, the large
fluctuation regions correspond to those deviating most from
the X-ray structure. In principle, the temperature factors from
the X-ray analysis can be compared with the calculated
fluctuations. The r.m.s. atomic fluctuation for the @ carbons

obtained from the experimental temperature factor s 0.4 A,
Also, some of the more mobile regions correspond to groups
of atoms which were not located or had unusually high
temperature factors (J. Deisenhofer, personal communication).

The range of variation of the internal coordinates in the static
structure can be compared with the dynamical averages and
fluctuations. Since the X-ray results for bond lengths and
angles correspond to standard values for the different amino
acids®, we use for comparison the energy-refined geometry
(ERG)', which reflects the effect of the environment on the
coordinates. Selected examples for backbone coordinates are
listed in Table I, It can be seen that the ERG and dynamical
averages and r.m.s. variations are in close correspondence. It
should also be noted that the average r.m.s, dynamical fluctua-
tion of any given coordinate is two to five times larger than the
variation in the coordinate throughout the molecule. The
results for the side chains are similar. For the dihedral angle o,
neither the ERG refinement nor the dynamic results show any
significant distortions or unusual fluctuations for residues
14-17; this differs from the X-ray results®.

The dynamic averages for individual ¢ and vy dihedral angles
differ from the corresponding ERG results by less than 15° for
70 of the 115 backbone angles and by somewhat larger values
for the rest (up 10 30°), The behaviour of the sidechain dihedral
angles is similar to @ and

The r.ms. dynamic fluctuations of the bond lengths, the
bond angles, and the o angles are essentially constant along
the backbone except for slightly (~ 20%7) larger fluctuations in

©1977 Nature Publishing Group
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Basic Principles of Molecular Dynamics

NFH S RMBETEALF IS T EARLGE T, BEeiht P
HANBRFHER NG GEF T FTFR. 3L ambdizHE A
oo® /s, HITAR 9 S0THINAZATFHEHITE, $MmFLALGE
Ao

Fx. =m. L = ok

dt> ~ ox

d°y.
Fy. =m. L=
Y ' dt?

_%k

Deterministic
Markov chain

WA F 4G ARARL GBI QR EGH N
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MD Simulation: The Overall Process

Give atoms initial positions =%  choose short Af

Getforces F=-V V(r?) and a = F/m

k 4

Move atoms: r"*" =) +vD At + 1/, @ AP + __.

k J

Move time forward: t=t+ At

L

Repeat as long as you need

hERI ¥R _ S EHNAEMRET Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences



MD Simulation: The Finite Difference

H B £ 47 o (finite difference techniques): 4 4 € 4= &
B & A F ATk A Taylor&g # & #

The Taylor expansion of f (x) when x — X,

( ) Brook Taylor
07 53 +-.. (1685-1731)

F(x) = f(x)+ f'i!xo)(m f"2(!><0)5xz T

1

B rt+a)= r(t)+é’[-v(t)+%é’[2 -a(t) +gé’[3-b(t) +...

A y(t+a)=v(t)+-a(t) +%é’[2 -b(t) +%é)’[3 -c(t) +...

R ER R LEEHAFEMSET Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences
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MD Simulation: The Finite Difference

Verlet 42 o5 ik . T — 8t 2| 6942 & T 3K & 47 H 2| A 47 — a2 69 4%
AKdo
rit+at) = r(t)+é’[-v(t)+%é’[2 a(t)+...

r(t—ot) = r(t)—ét-v(t)+%é’[2 at)—...

Ut @aRdate. | rt+)=2rt)—rt-a)+a*-a(t)

ATzl gk R TIAAL 4745 E KE

V(t) =[r(t + &) — r(t— )]/ 26
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MD Simulation: The Initial State

Bt=0R44H: HEELFTEUFALH NI EZRT EF L GH
A4,

B i=0 4% £ 4%t x8E TRMaxwell-Boltzmann o~ .

2
P (Vix ) = \/ mi e)(p(_ i mivix ) 4 Average I‘rnlocular speed

27K, T 2 kT

w

99% of all molecules

Bt=00r R A Thih 46l

Number (arbitrary units)
n

—

o

06 10 156 20 25 30
Molecular speed
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MD Simulation: The Parameters

RIT TR FHRMEZRET G ERASL
B A2 4t ie) BE (total length): 100 ps — 1000 ns
B 5i& ¢y % K (stepsize): 1-2fs

B k%) F #7108 A (T)F & 2 (P)

B # 842 6942 4]: from O K to 300K
B iAot
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MD Simulation: The Length

ST AR 4 ABAE 3 Fr 2t & 6 A a ROE
Time scale Amplitude Description

short: femto~pico-second
10-15-1012s 0.001-0.1 A - bond stretching, angle bending

- constraint dihedral tep si
medium: pico~nano second Step Size

10-12-107°s 0.1-10A - unhindered surface side chain motion ior MD
- loop region motion, collective motion ~/ ~ 1fs

long: nano~micro-second

10°-10°%s 1-100A - folding in small peptides ) _
- helix coil transition step size

really long: > micro-second for MD

>106s 10 - 100 A - protein folding =2fs
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MD Simulation: The Outputs

>F @A F RS LKL G 4 F Bk (trajectory), B £ ANk
4G EHE AR R GEHMNER, ATFTTURARAL GEFHRR

E{i&é’%ﬂd‘l‘a} éﬁi‘b% a~ o

Current View: time = 0 ps

max_time = 23377.00 ps temp = 298K

| Phi-Psi SASA Contacts RMSD DSSP Congeneal & |

Co RMSD (A)

Time (ns)

E display min/max " Advanced
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Applications of MD Simulation

u ﬂi rF R4 AT E RO ERA 4T ATHEZLAR. XHL
141 Ao @ik 7 kN = G 4t K 9T LA AT A 4L A

BN TFRELAFHRKEGRA, bl B T2 e
M., tE R4 a9a R EMT

B A soFARE4LMAMEEMGZETFE, 4o
BafhkTiu., Ba R Efot
A2, SRk — BAZ 9 G 9 F 18 5] A
#Ao kR4 PHET TR EIEF,

thE R ESEHNLEMRAT Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences



MD Simulation for Conformational Analysis

EAfk: At RnGAR 4L A iT0T a0 FHEM, & KREGH
Bt FB—EaR A BER,THE, FEHHERELSARITR AL
o ATHMAERARITALI>FAN, AFTEELATETAFITH L
%’—‘ﬂﬂ?&é’XO

An Example: Folding simulations of a
three-stranded beta-sheet peptide
(20 runs, each run produced 2 x 10°
conformations, > 2 micro-second)

M Karplus, JA McCammon, “Molecular
dynamics simulations of biomolecules” ,
Nature Structural Biology, 2002, 9, 646-
652.
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MD Simulation for Mechanism Study

Emad Tajkhorshid et al, “Control of the selectivity of the aquaporin water
channel family by global orientational tuning” , Science, 2002, 296, 525-530.
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Quantum Molecular Dynamics!

ST FEPMAETUETTF 2% 6 Aot bt /7
(QM-MD), 8 # f ##1# £ 69 /% A& . ik Aa X A & 4o
SRRV R R - P

Computed with ab initio or DFT

methods \

The cyclization of phosphoramide mustard in solution. (left) As the new carbon-nitrogen bond is formed,
a chloride ion (circled) leaves the mustard and (right) is solvated by the surrounding water molecules.
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I11. Structure-Based Drug Design

LAt GHG T AN HHoFEiEtroF 2 A HK
T4, EFH RAamde, =%t A AN REME A A &4
A B EAELY, AaTathetzroT Ot Ffetb A, &

AR At — 47 tanitHRAE, AOaEPtrERGB40
M o

Structure of 3-hydroxy-3-methyl-glutaryl-CoA
reductase (HMG-CoA reductase)
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Structure-Based Drug Design

EF etz s G HoTait: %Rt itz oFeg=tshitzihe
bo, MIT g AATFLE&MHGETTE, FHIBATHER LT HL
B3R 45 Z AR K B AP L B ALF A @ B Bk 2~ F o

ATtz thoT AR oTmsl0RR2FfeT it
FEAR KT G LA E A
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IR ARASE: GUMHFERRE

1944 L £ttt A& TRAKAANSE, #HETLE
IR Rk B Kok, 124%F %4 Mt A A H 5 A
X% EMRETEFIANRE 2 P RIE WA AL

/ Coniine s Aspirin

F RSB F-ANELMBARGRE . 1826F# 48 & %,
1870 # Schiff#f = # 4 4 ; 1889 #Ladenburg4- &, T % 4% o
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http://upload.wikimedia.org/wikipedia/commons/0/01/Coniin_-_Coniine.svg
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http://a3.att.hoodong.com/67/41/01100000000019119770416340160.jpg

2015 Nobel Medicine Prize!

i

NEBTEE A& g% (1930 --)

HO H

“ ... for her discoveries concerning a novel therapy against Malaria"
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R ARIASE: AL FRIEE

194 42 T F of A% i & ILA L A A, 1
WE AT ABA G T % AGHWH
(chemotherapy), #Aa#it £ T #HWiEAT
#Ew ‘2R Kb, HiF AT
%44 &

Paul Ehrlich (1854-1915)

. Winner of the Nobel Prize in
Arsphenamine (Salvarsan, also known as “606") Physiology/ Medicine in 1908

The first “magic bullet” for treating diseases
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S AIR A R B R E

Early-stage Research Pre-clinical Trials Clinical Trials Registration

Phase I: Phase II: Phase llI:
Lead ADMET . safety study efficacy & efficacy & FDA
. efficacy .
Discovery & in animal 50-80 safety safety reviewing
Optimization healthy 100-300 1000-3000 & approval
models L . .
individuals patients patients

Target
Identification

4-6 years 1-2 years 4-6 years 1-2 years

O% it 23 25 5 Fe o £ 4741 2 69 510000444t P, F 39 H 54N
A TIUANE @ ERE, RATEAINGCAYG A LT

O# ZAL G ENAEARFHEZIOEU L, #4548 10/0LA, &
Biz# 32 2R 5BELP
e Zambrowicz, B. P. & Sands, A. T., Nature Rev. Drug Discov. 2003, 2, 38-51.

e Lipinski, C.; Hopkins, A. Nature 2004, 432, 855-861.
e Ashburn, T. T. et al. Nat. Rev. Drug Discov. 2004, 3, 673-683.
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RGN AH A T AP FHERER

B 2 3oL IE ZREBE LI, 5T H0 k& Fih
fu £ B4 % trial-and-error. 2R XM EEZ LG LN FHET 244,
SR LEENPBAHERT, RAZ RO LR S

O % &44#(lead Compound) R A — 2 S EHeg. THESLH
Rt RN A LR BERTRIFESWEANGHEHRNS Y

O 42322 HAARKEEAHPHRAR. BHELN. M., £
RS

B¢+ FAmeAguasibFfogs@TghtdTFgardrk,
FERAELPNAMNTANGHE, REEAMNEHGEEHR,

B ARKGEHWENT G T ERARMFE, A EHEHERE G R
41 ARR ARG e AR et b, BITH Q65 st
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fra= i BB 241 i ?

1+ & A4 80 & #+% 1+ (Computer-Aided Drug Design, CADD) s
HRARALE, RESTFHH. LFELFPLNELFEHRT
B, stéihoTasdh-thit4. 2RrOLhersrTalr s s
Tt H. afrfeBiom, AaFHMELEHGLN, BRbTaH, &
E SRS R XX &

%4 M iuF I 32 AL F

O R R
%%i%?
eﬁiﬁ?/
F12 %

tHhH G2 TR R-T1FERIGFH
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WAL ER 4R ch B B R 73

RS —

Structure-based design B B AV A MIEIARAL, Ligand-based design
ETHIFHS Tt = ETREAHA TR

ADMETH: R
DA R B2 PPAG

- i QSARAHT g

s E R S EH L FBR  Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences



BT ARG A0 TR E A

EF otz Lo Fibit: etttz o F O thitth
B4k, MITEAATFEMHaitsE, FHXETER4FELTF G
4k A B 4% 2 ARAS K B AP A B AL B @ 86 SR F o

ATt Poliisin.

B 5T 2t # (molecular docking) : Find the proper ones
among the known molecules!

B /A k48 1t (de novo design) : Build up whateveris @,
proper from the scratch! f :
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Molecular Docking

o F =t # (molecular docking) ix # 32 b4+ 4 = & A L &t
R—NERALT H Z—~NRAKST 208 R A L4 H Ko
XA N T AR FM AN T 20 6 4a B AR AL
AR EFoMRaBHLTHA
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Docking: The Lock-and-Key Model

The lock-and-key model: rigid docking

“The specificity of an enzyme (the lock) for its
substrate (the key) arises from their geometrically
complementary shapes”

(E. Fischer, Ber Dtsch. Chem. Ges., 1894, 27, 2985)

Hermann E. Fischer (1852-1919)
Winner of the Nobel Chemistry
Prize in 1902
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S FX#EERFDOCK

# R EF BRI o Tt Bt A
& & UCSF x % Kuntz#42 J- 4 £ £ ¢§DOCK %2 5
(http://dock.compbio.ucsf.edu/) o

Protein active site

Prof. Irwin Kuntz

@ & 67K gt 4T € K

Kuntz, 1.D.; Blaney, J.M.; Oatley, S.J.; Langridge, R.; Ferrin, T.E. “A geometric approach
to macromolecule-ligand interactions” , J. Mol. Biol. 1982, 161(2), 269-288.
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Docking: The Induced-Fit Model

B Induced Fit: flexible docking

O Flexible ligand + rigid protein
O Flexible ligand + protein with flexible side chains
O Flexible ligand + fully flexible protein

O Flexible ligand docked into several representative
conformations of the target protein

B Popular molecular docking programs today

O DOCK (University of California San Francisco)

O AutoDock (Scripps Institute)

O GOLD (Cambridge Crystallographic Data Center)
O GLIDE (Schrodinger Inc.)
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Essential Problems in Molecular Docking

# % 19 A4 (sampling problem):. & # & % 4k o~ F £ 431
e RRAGHERLT, bk rFTRAEARGHEHITE
#, A>T HEOTETREARE FEEFTE. K
RHELB T2 FFF ko

g o <
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Essential Problems in Molecular Docking

AT 4~19] #4 (scoring problem): ++ 4 @a ik o~ F &5 24k 0o F €9 £ 4145,
TUERA LTI, ESFAFTERNEGEHRFT &, ‘%’%%‘)‘E‘é}‘%r‘ﬂ#ﬂ
T A(E T, fu4e. SB-GE. BRI EAS). BF K
E% A%

Adeg
IP-L] O O

gas

K, =
[PI[L]

AG’

binding

= —RT InK,

B - e E BRI 2B
+ (AG G AG solv, ])

solv,p

AG

bind ,aq

— AGbind ,gas olv,c
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BT 07 XA EUIGE

do R H Wik Al¥edr 0 F 6 = £ H# S 4, £ Tk (virtual
screening) @it o F BB KER—PLS W ERiz o T EL-GR D,
o 42 AL~ 6 £ IR F Mo

Compound library

Molecular Docking

EmE b e ARG MR P ENHER LTS5 4E A6
H#Fk, Hbe4aFaFitah Tk k85 A2%

thE R ESEHNLEMRAT Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences




A Successful Example

HIV-1% @ K% 8 40 & 29 4] 7 69 & 44 55 4

#] ADOCK3.042 &, A4 4 & 4k £ 44 # #% & (Cambridge Structural Database)
F 410,0004 2~ F F 4 & — /4N & 2% 4 69 /L4 #bromperidol. # £ 42 #5haloperidol

R Bt FEd £ G Mo

(1) Bromperidol (R=Br); Haloperidol (R=CI). (2) A derivative of haloperidol
/G 3t ALt B 4T T AUF oAy, s 8540 4 # 08 M Ao fm A0 08 1 KB E
AL A FA(K)HAI00 uM, SRS BAHGERARS, 2% &
DOCK#2 5 fa & 44 96 b F 64 7 4l s & Ao

R L Desjarlais, et al. Structure-based design of nonpeptide inhibitors specific for the human immunodeficiency
virus 1 protease, Proc. Natl. Acad. Sci. 1990, 87, 6644- 6648.
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29915 FRIM L3t (de novo design)

? 0
WN\/MNHZ ‘ WN

(0] (0)

LN “Fp1” B 2.“AER” M — B

oY V4
4. XpE AT R R _

ST, PR BT SN L3 Ak K T
I BC AR SE 4 o 0 Lk A

FERZFERE_ EEEHEMREr Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

52



EEBRESU SR AT

H £ ’ﬁi W A Bk A Aot P F K

- b ATHAZRFEBAUAL WO I HITAHERNY 2
~$p b ZRTFELAGiR,; MFLANMEHWEPALQELA
& At ir LA ST AL HRIHEGLTF, 2~F st
BRALEL—~2RBli125 + £

B LS+ 42 oT

~hE: RERAALRGAR; BT ERTATLALE S
#, LT AT 2 55040 6 44 & ITHE A
& Bt E RG99 TF T RAR G HATA AU Ao
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Flowchart of Structure-Based Drug Design

o 1% g H#
Target
Structure

o~ F 8t gy X
Molecular SZ e Biological
Design Assay

A AL A
Organic
Synthesis
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Drugs by Rational Design

boFatRe g AR THARGENTRY, #£57
L LR, Bt TEHEH 2Tt RKG S 2 A, ¥ 4
L AN %ETO00%F, AHEAL KN ARBKTISMLEA. RARKRF
EG A RAENG AT RALAHEHIOAN, #ALFAY L
Rk P

v B A B 4 st A Bl F

& 4 Yo, 4z AN 4]

Dorzolamide % ® BF & Merck

Saquinavir HIV& &« Kk# & Roche

Relenza 42 K B 8 GlaxoSmithKline HaCo
AG85/337/331 HMAi# 6 A8  Agouron Dorzolamide: The first
Ro466240 #E o B Roche marketed drug by
Gleevec Abl-84 &, % % & Novartis structure-based design
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http://upload.wikimedia.org/wikipedia/commons/e/e2/Dorzolamide_Structural_Formulae.png
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