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F$#: ,"%-).2

• G @#&E2$ A(-H#-I$)-' “I$@0%-4 0$#” & )2@ 6 @0$A$)$+ @<"H"3*

• ,#' H"#:J-4 H$#%"< )29 A"0($H&$0@' "%"#" 1000 0"E$% A" %2I3"9& 
)2A(2<#$)-K

• =#"I)"@0: A('9"." <*E-@#$)-' @"@02<-0           02%-4 -)0$.(2#"<

• ="<($9$))*$ 2#."(-09* "H*E)" @&99-(&K0 )$@%"#:%" 02%-4 E#$)"<

82+0- 9-)-9&9 B&)%1-- A"0$)1-2#:)"+ C)$(.-- %2% 
9"I)" H*@0($$

E =

∫
φ(r)ρ(r)dV

,#' 3<&4 H$#%"<
φ(r) =φA(r) + φB(r)

ρ(r) =ρA(r) + ρB(r)

; @#$3"<20$#:)",

E =

∫
(φA(r)ρB(r) + φB(r)ρA(r))dV

∼ 109



!$0"3* ,"%-).2
• Ab-Initio

- H*@0(*$ 5&(:$-0(2)@B"(9* - FFT,  Polar Fourier Correlations 
(~ 9-)&0* - E2@*)

- MC/MD - A"3<-I)*$ H"%"<*$ 1$A- - "@)"<)2' 1$A: (~ 3)-)

- HEX, AutoDock, ZDock, RosettaDock...

• L#&EJ$)-$ %2E$@0<2 A($3@%272)-+

- A"0$)1-2#* @ &E$0"9 A($3*3&M-4 ($J$))*4 @0(&%0&(

- ItScore

• G4"3)*$ 32))*$

- H-"4-9-' - 9&021-- "@)"<2)-+ )2 A"<$(4)"@0- (273$#2

- N!D, 9$0%-, ...

- 2)2#-7 A"@#$3"<20$#:)"@0- - “correlated mutations”

- @0(&%0&()*$ H27* 32))*4 (3"%-). A" ."9"#".--)

- HadDock



/"E$9& FFT?

• 9".&0 H*0: "3)"<($9$))" A"@E-02)* @(27& 
)$@%"#:%" E#$)"< B&)%1-- A"0$)1-2#:)"+ C)$(.--

• A"-@% @ )-7%-9 (27($J$)-$9 -#- A"-@% @ 
A$($9$))"+ (27($J2KM$+ @A"@"H)"@0:K 
<*A"#)'$0@' &9$):J$)-$9 %"#-E$@0<2 
%"CBB-1-$)0"< < (27#"I$)--

http://www.multitran.ru/c/m.exe?t=2833878_2_1
http://www.multitran.ru/c/m.exe?t=2833878_2_1


FFT < ,$%2(0"<"+ @-@0$9$
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-7 Henry A. Gabb, Richard M. Jackson and Michael J. E. Sternberg, J. Mol. Biol. (1997) 272, 106-120

)*$!&!'
!

0 ! "#$%&'( )% *)+('#+(

" ! ')$( )% *)+('#+(

e ! ),(- ",&'(

!

"

#

)+$!&!'
!

0

e

!

!

.-"./( *)+('#+(

),(- ",&'(

$

• 3#' %2I3"+ "(-$)021-- B 0($H&$0@' 
O(N6) <*E-@#$)-+ B&)%1-- %"(($#'1-- 
A('9*9 9$0"3"9

• -#- O(N3logN3) A(- A"9"M- FFT

!8 "8 #  - <$%0"(2 @9$M$)-' B "0)"@-0$#:)" A

N - %"#-E$@0<" &7#"< @$0%- A" %2I3"9& )2A(2<#$)-K



/"E$9& )$ FFT < ,$%2(0"<"+ @-@0$9$?

• "E$): H"#:J2' @$0%2 A(- @9$M$)-- "3)"+ 
9"#$%&#* "0)"@-0$#:)" 3(&."+

• @$0%2 %"CBB-1-$)0"< 3"#I)2 H*0: A$($@E-02)2 
A(- A"<"("0$ "3)"+ -7 9"#$%&#

• %2% A(2<-#", 3"@020"E)" )$<*@"%"$ (27($J$)-$ 
A"-@%2 ~ 1A





L(2<)$)-' A"<$(4)"@0- < 2D

• A"34"3-0 3#' A"-@%2 @""0<$0@0<-+ < A"4"I-4 A"<$(4)"@0'4

• )$ A"34"3-0 3#' 3"%-).2

r(θ, φ) =
15∑

l=0

l∑

m=−l

almylm(θ, φ)

/(-9$(: 2D (23-2#:)*$ B&)%1-- (256 %"CBB-1-$)0"<)

A(-9$( -7 A($7$)021-+ ,C<-32 D-0E- http://www.loria.fr/~ritchied/

http://www.loria.fr/~ritchied/
http://www.loria.fr/~ritchied/


L(2<)$)-' B"(9* < 3D

• A("$1-(&$9 A"<$(4)"@0: H$#%2 )2 @$0%& @ J2."9 0.75 6 (~       C#$9$)0"<)

• 3$#2$9 C0" 0"#:%" "3-) (27 3#' %2I3"." H$#%2

-7 Ritchie & Kemp, Proteins 2000, 39, 178

Molecular Surface

Solvent Accessible Surface Surface Skin

Protein Interior

Sampling

Spheres

Surface 
Normals

A"<$(4)"@0:: σ(r) =

{

1; r ∈ surface skin

0; otherwise
<)&0($))"@0:: τ (r) =

{

1; r ∈ protein atom

0; otherwise

A2(29$0(-7&$0@' %2%: σ(r) =

N∑

nlm

aσ
nlmRnl(r) ylm(θ, φ),

106

%"CBB-1-$)0* <*E-@#'K0@' %2%: aσ
nlm ≃

∑

c

Rnl(rc) ylm(θc, φc)∆V

A"@#$ -)0$.(-("<2)-' "H$-4 E2@0$+:



D23-2#:)*$ H27-@)*$ B&)%1--

GTO: B"(92

ETO: C#$%0("@020-%2

Rnl(r) = N
(q)
nl e−ρ/2ρl/2L

(l+1/2)
n−l−1 (ρ)

Rnl(r) = N
(Λ)
nl e−ρ/2ρlL

(2l+2)
n−l−1(ρ)

O(0".")2#:)"@0::
∫

∞

0

Rnl(r)Rn′l(r)r2dr = δnn′

ρ = r2/q, q = 20

ρ = 2Λr, Λ = 1/2

30

R15,0(r)

30

R20,0(r)

30

R25,0(r)

30

R30,0(r)

(-@&)"% -7 A($7$)021-+ ,C<-32 D-0E- http://www.loria.fr/~ritchied/

http://www.loria.fr/~ritchied/
http://www.loria.fr/~ritchied/




3D D$%")@0(&%1-' 5"(9* – CAPRI T21: 
Orc1/Sir1

-7 DW Ritchie (2008) Curr. Prot. Pep. Sci. 9(1) 1-15





P"(($#'1--
-7 DW Ritchie (2005) J. Appl. Cryst. 38 808–818

/"<"("0:

/"<$()&0*$ %"CBB-1-$)0*:

=3<-.:

=3<-)&0*$ %"CBB-1-$)0*:

;0".":

/("@0(2)@0<" A"-@%2:

R̂(α, β, γ)σA(r) =
N∑

nlm

aσ′

nlmRnl(r)ylm(θ, φ)

aσ′

nlm =
l

∑

m′=−l

R
(l)
mm′(α, β, γ)aσ

nlm′

T̂z(R)σA(r) =
N∑

nlm

aσ′′

nlmRnl(r)ylm(θ, φ)

aσ′′

nlm =

N
∑

n′l′

T
(|m|)
nl,n′l′

(R)aσ
n′l′m

∫
σ′

A(r)τ ′′

B(r)dV =
N∑

nlm

aσ′

nlmbτ ′′

nlm etc.

∼ 109 "(-$)021-+ (          "(-$)021-+/@$%)(∼ 106

O(N7)



,"%-). A(- A"9"M- 3D A"#'()*4 B&)%1-+ 5&(:$

!
"(r)

(r)

-7 Ritchie & Kemp, Proteins 2000, 39, 178

A#"0)"@0-:

<*."3)*$:

($7&#:020:

)$<*."3)*$:

σ(r) =
N∑

nlm

aσ
nlmRnl(r)ylm(θ, φ) τ (r) =

N∑
nlm

aτ
nlmRnl(r)ylm(θ, φ)

∫

(σA(rA)τB(rB) + τA(rA)σB(rB))dV

∫

τA(rA)τB(rB)dV

SAB =

∫
(σAτB + τAσB − QτAτB)dV Penalty Factor: Q = 11



!20(-1* @3<-.2

• !"I)" <*<$@0- @3<-. 2)2#-0-E$@%- 3#' GTO - ETO H27-@)*4 
B&)%1-+

• Q($H&$0 920$920-E$@%-$ H-H#-"0$%- <*@"%"+ 0"E)"@0-

• G*E-@#'$0@' "3-) (27 3#'                            - A"0"9 4(2)-0@' 
)2 3-@%$ (~ 200 Mb)

A(- A"9"M- @B$(-E$@%-4 0(2)@B"(9 R$@@$#':

9"I)" A"%2720:, E0":

.3$:

R̃nl(β) =

√

2

π

∫

∞

0

Rnl(r)jl(βr)r2dr; Rnl(r) =

√

2

π

∫

∞

0

R̃nl(β)jl(βr)β2dβ

T
(|m|)
n′l′,nl

(R) =
l+l′∑

k=|l−l′|

A
(ll′|m|)
k

∫
∞

0

R̃nl(β)R̃n′l′(β)jk(βR)β2dβ

A
(ll′|m|)
k = (−1)

k+l′−l
2

+m(2k + 1)
[

(2l + 1)(2l′ + 1)
]1/2

(

l l′ k

0 0 0

)(

l l′ k

m m 0

)

R = 1, 2, 3, ...50Å





FFT %"(($#'1-'

A

(β2,γ2)
(β1,γ1)

z

α2

R

βΑ B

O(N3) ! O(N) =

A("%(&E-<2$9 G (S64 @ 5.6°): b
#2!2"2
nlm ¼

X

m0

R
ðlÞ
mm0 ð#2; 0; 0Þb

!2"2
nlm0

¼

X

m0

b
!2"2
nlm0 cosm

0#
2
þ b

!2"2
nl !mm

0 sin !mm
0#

2
:

O(N)×O(N2)

O(N)×O(N2)

O(M log M)

O(NM)

@"H-(2$9 %"CBB-1-$)0*: 

)2A('9&K: SAB(α2) =
N−1∑

m=1−N

Pm cos mα2 + Qm sin mα2

1D FFT:

P
!1"1R!2"2
m

¼

X

nl

a
R!1"1
nlm

b
!2"2
nlm

Q!1"1R!2"2
m ¼

X

nl

a
R!1"1
nlm b

!2"2
nlm

3#' M "H(271"<:

$@#- A"@E-020: %"(($#'1-K: O(N3)



A(-9$( 3#' HEX

• 851 %"9A#$%@ -7 PDB

• (27($J$)-$ #&EJ$ E$9 2.5 Å 

• )2 .(2)-1$ (273$#2 0"#:%" @02)32(0)*$ "@)"<2)-'

• %2I32' 1$A: A" %(2+)$+ 9$($ 10 "@020%"<

• ."9"#".-' 9$):J$ 70 %

• J2. A"-@%2 2.5 Å 

0.62

0.65

0.68

0.71

0.74

top1 top2 top3 top4 top5 top6 top7 top8 top9 top10

851 !"#$%&!' () pdb

!"#!$%"&'(#!& )!'%*&$"+! ,-./.##01 $"2,)",2



$M$ A(-9$( 3#' HEX
N = 16 N = 20 N = 25

Case Top RMS Top RMS Top RMS

SIC 3,407 0.00 2 0.22 1 0.82

KAI 17 0.41 3 0.69 7 0.81

PTC 132 0.52 2 0.48 1 0.48

CGI 1 0.38 1 0.38 1 0.38

CHO 1 0.45 1 0.55 1 0.55

BGS 1 0.82 1 0.82 1 0.88

GGI 1 2.47 1 0.90 1 0.90

TET 5 1.48 1 1.16 1 1.03

FPT 102 1.04 1 0.42 1 0.42

IGF 3 0.71 1 0.77 1 0.77

JEL 4,867 0.81 1,060 0.81 2 0.81

BQL 524 1.85 12 0.96 1 0.39

HFL 318 1.01 5 1.00 1 1.00

HFM 7 2.19 27 1.09 10 1.09

VFB 8,344 1.49 216 0.20 9 0.20

MLC 1,401 0.00 116 0.00 187 0.84

MEL 9,898 1.03 27 1.03 3 1.03

JHL 385 0.62 8 0.38 1 1.08

FBI 14 1.09 1 1.09 1 0.38

NCA 68 1.53 1 0.32 1 0.32

NMB 160 2.43 1,630 1.39 1,009 1.39

NSN 19,992 1.11 716 0.75 1,130 2.29

IAI 1,381 1.48 111 0.37 20 1.39

DVF 11,145 0.00 88 1.38 49 0.44

KB5 140 0.34 1 0.34 78 1.38

IGC 1,328 1.74 269 0.81 1 0.34



D$7&#:020 %"(($#'1-- B"(9* %2% B&)%1-' &.#2 <(2M$)-'        
%"9A#$%@ HyHel-5/Lysozyme

α2



!2%("-,"%-).

• ," @-4 A"( )$0& CBB$%0-<)"." 9$0"32, A(-9$)-9"." %" <@$9 H"#:J-9 
@0(&%0&(29

• OH*E)", H"#:J2' @0(&%0&(2 (27H-<2$0@' )2 9)"." 92#$):%-4, %"0"(*$ 
"H@E-0*<2K0@' "03$#:)"





CAPRI – Critical Assessment of Predicted Interactions 

• )2E20 < 2001 ."3& <@#$3 72 CASP c 19K .(&AA29- - 7K 
9-J$)'9-

• A" %(2+)$+ 9$($ "3-) H$#"% < %"9A#$%@$ 32) < )$@<'72))"+ 
B"(9$

• (27($J$) #KH"+ 9$0"3 A($3@%272)-' (."9"#".-', #-0$(20&(2, ..)

• @$+E2@ H"#:J$ 60 .(&AA ()- "3)"+ -7 D"@@--), (2&)3 21

• 3<2 A"@#$3)-4 (2&)32 "(.2)-7"<2)* ,C<-3"9 R$+%$("9 
(Rosetta) 3#' -@@#$3"<2)-' 9$42)-79"< A($3@%272)-'

• 3 @$%1-- - A($3@%272)-', @$(<$(* - 0$, %0" &#&EJ2K0 
A($3@%272)-'

Target Receptor Ligand Type Complex Lab

1 HPr Kinase HPr U/U Fieulaine et al. Janin

2 Rotavirus VP6 MCV U/B Vaney et al. Rey

3 Hemagglutinin HC63 U/B Barbey-Martin et al. Knossow

4 α -Amylase AMD10 U/B Desmyter et al. Cambillau

5 α -Amylase AMB7 U/B Desmyter et al. Cambillau

6 α -Amylase AMD9 U/B Desmyter et al. Cambillau

7 SpeA TCR 14.3.D U/U Sundberg et al. Mariuzza

-7 J Janin et al. (2003) Proteins Struct. Funct. Bioinf. 52 2–9



($7&#:020* CAPRI (1-7 9-J$)-)

Predictor Software Algorithm T1 T2 T3 T4 T5 T6 T7

Abagyan ICM FF ** *** **

Camacho CHARMM FF * *** ***

Eisenstein MolFit FFT * * ***

Sternberg FTDOCK FFT * ** *

Ten Eyck DOT FFT * * **

Gray MC ** ***

Ritchie Hex SPF ** ***

Weng ZDOCK FFT ** **

Wolfson BUDDA/PPD GH * ***

Bates Guided Docking FF - - - ***

Palma BIGGER GF - - ** *

Gardiner GAPDOCK GA * * - - - - -

Olson Surfdock SH * - - - -

Valencia ANN * - - - - - -

Vakser GRAMM FFT * - - - -

∗ low, ∗∗ medium, ∗ ∗ ∗ high accuracy prediction; − no prediction

-7 R Mendez et al. (2003) Proteins Struct. Funct. Bionf. 52 51–67



($7&#:020* CAPRI (8-19 9-J$)-)

CAPRI Results: Targets 8–19

Predictor Software T8 T9 T10 T11 T12 T13 T14 T18 T19

Abagyan ICM ** * ** *** * *** ** **

Wolfson PatchDock ** * * * * - ** ** *

Weng ZDOCK/RDOCK ** * *** *** *** ** **

Bates FTDOCK * * ** * ** ** *

Baker RosettaDock - ** *** ** *** ***

Camacho SmoothDock ** *** *** ** ** *

Gray RosettaDock *** - - ** *** **

Bonvin Haddock - - ** ** *** ***

Comeau ClusPro ** *** * *

Sternberg 3D-DOCK ** * * ** *

Eisenstein MolFit *** * *** **

Ritchie Hex ** *** * *

Zhou - - - *** ** * *

Ten Eyck DOT *** *** **

Zacharias ATTRACT ** - - - - *** **

Valencia * * * - -

Vakser GRAMM - - - - - ** **

Umeyama ** *

Kaznessis - - ***

Fano Grid-Hex - - *

-7 R Mendez et al. (2005) Proteins Struct. Funct. Bionf. 60 150-169



CAPRI: ($7&#:020* (2&)3"< 13-19

• #$.%-$ 9$J$)- 4"("J" &.23*<2K0@' -7-72 92#$):%-4 
%")B"(921-"))*4 -79$)$)-+, 02%-$ %2% %"9A#$%@* B$(9$)0-
-).-H-0"(

• -$(2(4-'

- &A("M$))*+ A"-@% -/-#- A"-@% @ 0<$(3*9- 0$#29-

- <*H"( -)0$($@)*4 9$@0

- 3"<"3%2 A($3@%272)-+

- <*H"( #&EJ-4 9"3$#$+

• 6)2#-7 8"(92#:)*4 !"3 3#' A"3<-I)"@0- "@)"<)"+ 1$A-

• H-"#".-E$@%2' -)B"(921-' -)".32 A"9".2$0

• 3"%-). D8P - )-%0" )$ A($3@%272# )$@<'72))&K @0(&%0&(&, 
)$@%"#:%" .(&AA A($3@%272#- @<'72))&K @0(&%0&(&



/"0$)1-2#* 3#' 9"#$%&#'()*4 
3"%-).2 - B"#3-).2



/"0$)1-2# DOPE (MODELLER)

Gð~x1;~x2; . . . ;~xNÞ % $kBT+
N

i6¼j
ln g

ð2Þ
i;j ðrÞ

¼ +N

i 6¼j
!ui;jðrÞ

!ui;jðrÞ ¼ $kBT lnð
pm;nðrÞ

pREFm;n ðrÞ
Þ % $kBT lnð

NOBS
m;n ðrÞ

NREF
m;n ðrÞ

Þ

DFIRE Rosetta ModPipe-Pair ModPipe-Surf ModPipe-Comb DOPE

4state-reduced NR NR NR NR NR NR

1ctf 1 1 1 1 1 1

1r69 1 2 1 17 1 1

1sn3 1 1 1 7 1 1

2cro 1 5 1 103 1 1

3icb 4 6 15 33 8 1

4pti 1 1 1 71 1 1

4rxn 1 1 1 18 1 1

Correct 6 4 6 1 6 7

fisa

1fc2 254 158 491 1 453 375

1hdd-C 1 90 293 18 135 1

2cro 1 26 11 146 19 1

4icb 1 1 196 2 167 1

Correct 3 1 0 1 0 3

fisa_casp3

1bg8-A 1 1068 1 1180 282 1

1bl0 1 960 4 912 86 1



/(-9$( 3#' )$%"0"(*4 A2()*4 A"0$)1-2#"<

-7 M. Shen and A. Sali,  Protein Sci 2006 15: 2507-2524. 



/"0$)1-2# EMPIRE

E " ! 0.143 # Scontact $ 0.724 # Voverlap $ 1.72 # Ehbond

$ 28.6 # Eelec ! 0.0467 # +Spho $ 0.0042 # +Sphi

! 1.14 " !"Fphi#
30

! 7.95 " Vexclusion # 0.919

" ln"f1 " f2# # 4.3 " Nssbond # !Gref

2.3 Å ) R )3.5 Å

+ ! 100°

!'#109.5°! ) 71.5°, !(#109.5°!)71.5° for sp3 acceptor

'*80°, (*80° for sp2 acceptor

H-bond

¥¥,qi " qj-/r
2

r # Rij if 0.8 " ,ri $ rj- % Rij % 12

r # 0.8 " ,ri $ rj- if Rij & 0.8 " ,ri $ rj-

Electrostatic

,Sburied/Stotal-
30

Solvation

!
i

!
j

2CiVj exp! ! !rij/"#2#

4$"$"rij
2

Solvent-exclusion



/"0$)1-2# AutoDock

Edock ) Evdw + EH-bond + Eelectrostatic + Einternal

) !
protein

!
ligand (

Aij

dij
12

-

Bij

dij
6) + !

protein

!
ligand

E(t) ×

( Cij

dij
12

-

Dij

dij
10) + !

protein

!
ligand

332.0
qiqj

ǫ(dij) dij

+

{ !ligand (
Aij

dij
12

-

Bij

dij
6) + !

ligand

E(t)( Cij

dij
12

-

Dij

dij
10) +

!
ligand

332.0
qiqj

4dijdij
}



/"0$)1-2# SCWRL4

EvdwðdÞ ¼

10 if
d

rij

' 0:8254

57:273 1#
d

rij

" #

if 0:8254 '
d

rij

' 1

Eij 10# 9
d

rij

" #57:273

9Eij

#Eij if 1 <
d

rij
<

10

9

Eij

4
9
d

rij

# 10

" #2

#Eij if
10

9
'

d

rij

<
4

3

0 if
d

rij

(
4

3

8

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

:

EðrÞ ¼
XN

i¼1

Eself ðriÞ þ
XN#1

i¼1

XN

j¼iþ1

Epairðri; rjÞ Eself ðriÞ ¼ #kilog
pðriÞ

pðrmaxÞ
þ EframeðriÞ

w ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðr2

d
# ðd # d0Þ

2Þðcosa# cosamaxÞðcosb# cosb
max

Þ
q

rd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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E½O;H' ¼ ð1# wÞEvdw þ wBqHqO

H-bond

VDW:
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Score ¼ wvdW aEvdW a þwvdW rEvdW r þwelec sraEelec sra

þwelec srrEelec srr þwelec lraEelec lra

þwelec lrrEelec lrr þwdsEds

EvdWð i; jÞ ¼ eij

rij

rij

8

>

>

:

9

>

>

;

12

%2
rij

rij

8

>

>

:

9

>

>

;

6
8

>

>

>

:

9

>

>

>

;

Eelecði; jÞ ¼ 332
qiqj

r2ij

Edsði; jÞ ¼ aij

! van der Waals attractive: 1.0

! van der Waals repulsive: 0.009

! Electrostatics short range attractive: 0.31

! Electrostatics short range repulsive: 0.34

! Electrostatics long range attractive: 0.44

! Electrostatics long range repulsive: 0.50

! Desolvation: 1.02

VDW:
distance rij < 8.0 Å:
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