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B(8"*0 )(*'+,-"./(" 1(2"3%.(45/%"?

• )(*'+,-"./5& .5C.5<(-#5 3"#5.9-4

- DE/(# 5/-%<%(-%#(4 - $25.0 *%33%5.2(4 (Nature Biotechnology 2006), “Tufts Report“ 
'."2'(3575"-, 8-( 9-(%*(9-+ .5C.5<(-#% % (-#.E-%& /(4(7( 3"#5.9-45 2(9-%735 $800 
*%33%(/(4 23& #5F2(7( 3"#5.9-45, 2(4"2"//(7( 2( '.(25F

- ;7.(*/5& '(-."</(9-+ 4 /(4E: 3"#5.9-45:: G5 '(93"2/%" 40 3"- (-#.E-( 49"7( 3 '(3/(9-+, 
/(4E: 5/-%<%(-%#5 

- H."*& 4E:(25 /5 .E/(#

- B(/%*5/%" '.($"99(4

• 6%(:%*%8"9#%" '.($"99E, #(-(.E" /" 4%2/E 4 35<(.5-(./E: I#9'".%*"/-5:

- 1(F/( '(9*(-."-+ /5 ."2#%" 9(<E-%&

- J-(*5./E" 2"-53%

- K(32%/7 <"3#(4

- 6"3(#-<"3(# % <3(#-3%75/2 4C5%*(2"?9-4%&

• @"L"43" 35<(.5-(./E: I#9'".%*"/-(4

-  B35-"/9%*%$%/:  '.(-"9-%.(45/( 250,000 #5/2%25-(4

• M5/(-2"C5?/

- M5/( .E/(#: $1 -.%33%(/ # 2015 7(20 (NSF report 2001)



)3599%8"9#%" '.%*".E

• *(3"#03&./5& *(2"3+ 24(?/(? 9'%.53% @M) (Watson and Crick, 1953) 





)3599%8"9#%" '.%*".E

• *(2"3% '(3%'"'-%2/E: 53+N5-9'%.53% % <"-5-3%9-5, '."23(F"//E" !%/09(* 
B(3%/7(* (Pauling et al., 1951) 



1"*<.5//E" 6"3#% – B(8"*0?
•  O(//E" #5/53E, -.5/9'(.-".E, /59(9E, I/C%*E

•   A.54/%-"3+/( *53( I#9'".%*"/-53+/(? %/N(.*5$%% 5-(*5./(7( 0.(4/&

•   P#9'."99%&

•   ).%9-533%C5$%&

•  M( #3,8"4E" *%L"/% 23& 3"#5.9-4:-

From Terstappen & Reggiani, TIPS. 2001 



GPCR 
OC H%#%'"2%%:

If a receptor in an active state encounters a G 
protein, it may activate it (blue protein in part B). 
Some evidence suggests that receptors and G 
proteins are actually pre-coupled. For example, 
binding of G proteins to receptors affects the 
receptor's affinity for ligands. Activated G proteins 
are bound to GTP. Further signal transduction 
depends on the type of G protein. The enzyme 
adenylate cyclase (green protein in panel C) is an 
example of a cellular protein that can be regulated by 
a G protein, in this case the G protein Gs.  Adenylate 
cyclase activity is activated when it binds to a subunit 
of the activated G protein (Panel D). Activation of 
adenylate cyclase ends when the G protein returns 
to the GDP-bound state (panels E and A). Adenylate 
cyclases (of which 9 membrane bound and one 
cytosolic forms are known in humans) may also be 
activated or inhibited in other ways (e.g. Ca2+/
Calmodulin binding) and that this can modify the 
activity of these enzymes in an additive or synergistic 
fashion along with the G proteins.



P#9'".%*"/-53+/E" 
1"-(2E



P3"#-.(//5& 1%#.(9#('%&

• 23& #5F2(7( 9/%*#5 ('."2"3%-+ 5 '5.5*"-.(4 - 3 0735 % 2-D '(3(F"/%" $"/-.5 
*599

• ('."2"3%-+ 3-D *(2"3+ '( 2-D '.("#$%&*

• ('."2"3%-+ '.(9-.5/9-4"//0, 9-.0#-0.0 <"3#5 '( "7( 3-D *(2"3% I3"#-.(//(? 
'3(-/(9-%

EM image of GroEL
GroEL-GroES complex, Kanno et. al., 

Structure 2009, 17, 287.
GroEL reconstruction. Ranson et. al., Cell 2001, 107, 

869.



http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Myoglobin
http://en.wikipedia.org/wiki/Myoglobin


B.(<3"*5 K5C

• 94".:0: N(-(7.5N%% R".(*5 
)5.3" (Jerome Karle) (93"45) % 
S".<5 S50'-*5/5 (Herb 
Hauptman) (9'.545), #(-(.E" 
'(308%3% M(<"3"49#0, '."*%, 
'( N%C%#" C5 .5<(-E '( ."L"/%, 
N5C(4(? '.(<3"*E 23& *53"/+#%: 
*(3"#03&./E: #.%9-533(4

- '(98%-5"* 5*'3%-02E % N5CE 
'( N(-(7.5N%%, #5# "93% <E 
(/5 <E35 #5.-(? '3(-/(9-"? 
'.% '(*(T% K0.+"--.5/9N(.*

• 9/%C0: (<*"/&3% N(-(7.5N%% 
N5C5*%



http://www.pnas.org/search?author1=Melissa+A.+Starovasnik&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Melissa+A.+Starovasnik&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Melissa+A.+Starovasnik&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Melissa+A.+Starovasnik&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Melissa+A.+Starovasnik&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Melissa+A.+Starovasnik&sortspec=date&submit=Submit


153(073(4(" .599"&/%" (SANS)

• *(2"3%.(45/%" -4".2E: -"3 '( 
#.%4E* .599"&/%&

• ('."2"3"/%" N(.*E

• /"2(9-5,T%" N.57*"/-E

• (3%7(*"./E" #(*'3"#9E

• I359-%8/E" 9%9-"*E

 1(2"3%.(45/%" '.% '(*(T% -4".2E: -"3, 
M. Petoukhov and D. Svergun, Biophisical J 

2005, 89, 1237 



1(2"3%.(45/%" '( >(*(3(7%%

• ;9/(45/( /5 /5<3,2"/%%, 8-( 9:(F%" '"'-%2/E" 
'(93"2(45-"3+/(9-% N(.*%.0,- 9:(F%" 9-.0#-0.E

• OC4"9-/5& 9-.0#-0.5 %9'(3+C0"-9& #5# L5<3(/ 23& 
*(2"3%.(45/%& /"%C4"9-/(? (/( 4".(&-/( '(:(F"?) 
9-.0#-0.E 9 %C4"9-/(? '(93"2(45-"3+/(9-+,

• H'".4E" '.%*"/"/( 4 1970’ '.% '(*(T% .5//%: 
*"-(2(4 #(*'+,-"./(7( .59'(C/545/%& (Tom Blundell)

ACDEFGHIKLMNPQRST--FGHQWERT-----TYREWYEGHADS

ASDEYAHLRILDPQRSTVAYAYE--KSFAPPGSFKWEYEAHADS

MCDEYAHIRLMNPERSTVAGGHQWERT----GSFKEWYAAHADD



1(2"3%.(45/%" '( >(*(3(7%%

• B."23575"- 9'(9(< '."29#5C5/%& 3D 9-.0#-0.E 
<"3#(4, 23& #(-(.E: /"4(C*(F/( '(308%-+ 
."/-7"/(49#%" %3% U1D 25//E"

• 1(F"- <E-+ %9'(3+C(45/( 23& '(/%*5/%& 
N0/#$%%, 5#-%4/(9-%, 9'"$%N%8/(9-%, % -.'.

• O/-"."9/( N5.*5-#(*'5/%&*, #(-(.E" 
C5/%*5,-9& 9(C25/%"* 3"#5.9-4 /5 9-.0#-0./(* 
0.(4/"

• U43&"-9& $"/-.53+/E* C4"/(* 4 9-.0#-0./(? 
'.(-"(*%#"



1(2"3%.(45/%" '( >(*(3(7%%

• M5:(2%* L5<3(/

• HE.54/%45"* 
'(93"2(45-"3+/(9-+ 
*%L"/% 9 L5<3(/(*

• A(<%.5"* *(2"3+: 

- 2(<543&"* '"-3%

- 2(<543&"* 
<(#(4E" $"'%

• V308L5"* #58"9-4( 
*(2"3%



;<359-% '.%*"/"/%& *(2"3%.(45/%& '( 7(*(3(7%%

 ;<359-% '.%*"/"/%& 
*(2"3%.(45/%& '( 
7(*(3(7%%. OC Sánchez et. al. 
Nature, 2000.







Top7: B(3/(9-+, %9#099-4"//E? <"3(# 

• Top7 - I-( 93-5*%/(#%93(-/E? !/" <"3(#, 8+& -('(3(7%& % '(93"2(45-"3+/(9-+ 
/" 49-."85,-9& 4 <5C5: 25//E: PDB %3% SCOP

- P-( (C/585"-, 8-( N(32%/7 Top7 /5:(2%-9& 4 -(? (<359-% 
#(/N(.*5$%(//(7( '.(9-.5/9-45, #(-(.5& "T" /" %993"2(45/5 ."L"//E*% 
<%(3(7%8"9#%*% 9-.0#-0.5*%

• #.%9-533%8"9#5& 9-.0#-0.5 Top7 %*""- RMSD (9/(4/(? $"'% 1.7Å '( 9.54/"/%, 
9 '."29#5C5//(? *(2"3+,

- @3& 9.54/"/%&: <3 - I-( '."#.59/E? ."C03+-5- 23& 7(*(3(7%8/E: *(2"3"? 
*53"/+#%: % 9."2/%: <"3#(4 9 (8"/+ 4E9(#%* '.($"/-(* 9(4'52"/%& 
'(93"2(45-"3+/(9-% 9 L5<3(/(* 

#(*'+,-"./5& *(2"3+: 
9'%.53% = -"*/(-9%/%", /%-% = #.59/E"

#.%9-533(7.5N%8"9#5& 9-.0#-0.5: 
9'%.53% = 94"-3(-9%/%", /%-% = F"3-E" 

Kuhlman B., G. Dantas, G. C.Ireton, G. Varani, B. 
L.Stoddard, and D. Baker. "Design of a novel globular 
protein fold with atomic-level accuracy." Science 302, 
no. 5649 (Nov 21, 2003): 1364-8.



>%<.%2/E" *"-(2E ('."2"3"/%& '.(9-.5/9-4"//(? 
9-.0#-0.E <%(3(7%8"9#%: (<="#-(4

• I359-%8/E? 2(#%/7 *(2"3"? #(*'(/"/- <"3#5 4 #5.-0 
I3"#-.(//E: '3(-/(9-"? %: #(*'3"#9(4, ('."2"3&"*E: '.% 
'(*(T% I3"#-.(//(? *%#.(9#('%% (Rossmann et al., 2005 and 
Topf et al., 2008)

• ;'."2"3"/%" #(/N%70.5$%? 456 <"3#(4 #(*'3"#95 &2"./(? 
'(.E (NPC) %C 2.(FF"? (Alber et al., 2008). 

• ;<="2%/"/%" ."/-7"/(49#(? #.%9-533(7.5N%% % I3"#-.(//(? 
*%#.(9#('%%



>%<.%2/E" *"-(2E ('."2"3"/%& '.(9-.5/9-4"//(? 9-.0#-0.E 
<%(3(7%8"9#%: (<="#-(4

• M5%308L"" /53(F"/%" 09."2/"//(? '( %#(95I2.0 EM-I3"#-.(//(? '3(-/(9-% 
4%.095 3%:(.52#% 2"/7" .5C."L"/%& 9 Å 9 (9/(4/(? $"'+, %C 
#.%9-533(7.5N%8"9#(? 9-.0#-0.E



;'."2"3"/%" 5-(*5./(? 9-.0#-0.E

• H #.%9-533(7.5N%%, “de novo”-'."29#5C5/%& 9-.0#-0.E <"3#5 
*(70- %/(725 ."L%-+ N5C(40, '.(<3"*0 '.% '(*(T% *(2"3"? 
*(3"#03&./(7( C5*"T"/%&  23& <"3#(4 9 2(9-5-(8/( 935<(? 
7(*(3(7%"? %3% 25F" <"C 7(*(3(7%% '( 9.54/"/%, 9 0F" 
."L"//E*% 9-.0#-0.5*% (Qian et al., 2007).

• ;'."2"3"/%" 9-.0#-0.E '.% '(*(T% 9(<3,2"/%& 
7"(*"-.%8"9#%: (7.5/%8"/%? %C U1D; 0308L"/%" *(2"3% '.% 
'(*(T% 5-(*5./(7( '(-"/$%535 *(F"- (8"/+ 9%3+/( 0308L%-+ 
#58"9-4( U1D 5/95*<3& #(/"8/E: 9-.0#-0. (Bhattacharya et al., 
2008) 

• V9#(."//E?, (9/(45//E? /5 U1D 9-.0#-0./E? 4E4(2; 
(<="2%/&& /"2(9-5,T%" 25//E" :%*%8"9#%: 924%7(4 % 
537(.%-*E *(2"3%.(45/%&, *(F/( '(308%-+ 9-.0#-0.E 
'.5#-%8"9#% 5-(*5./(7( .5C."L"/%& (Cavalli et al., 2007)



;'."2"3"/%" 5-(*5./(? 9-.0#-0.E, Rosetta

a, Rosetta protocol: Schematic diagram of the rebuilding-and-refinement method applied to structures from 
NMR, from comparative modelling (CM) and from de novo (DN) modelling approaches.

c, Superposition of the native structure of CASP6 target T0199 with 50 low-energy all-atom refined models. 

d, Iterative rebuilding and refinement yields low-energy native-like models.



;'."2"3"/%" 5-(*5./(? 9-.0#-0.E, Rosetta

Rosetta Refinement:

(a, b) NMR structure of acyl CoA binding 
protein 2abd  

 (c, d) CASP7 comparative modelling target 
T0385 (c and d). 



HC5%*(2"?9-4%& <"3(#-<"3(# % <"3(#-3%75/2

• '."29#5C5/%& CAPRI 23& *%L"/"? 
T20-T28



HC5%*(2"?9-4%& <"3(#-<"3(# % <"3(#-3%75/2

• '."29#5C5/%& CAPRI 23& *%L"/"? T20-T28 (%C Lensink et. al. 2007)

Target T20 Target T21 Target T24 Target T25 Target T26 Target T27.1 Target T27.2 Target T28

Predictor groups 29 37 37 37 37 38 38 38

Evaluated predictions 266 337 335 336 351 343 348 357

High accuracy(***) 0 0 0 1 0 0 0 0

Medium Accuracy(**) 0 4 0 13 22 0 2 0

Acceptable(*) 3 7 4 20 20 0 55 0

Incorrect 246 307 298 289 291 327 270 322

Predictions with clashes 17 19 33 13 18 16 21 35

Average no. of clashes (SD) 35.30 (39.15) 29.32 (38.17) 22 (29) 19 (24) 25 (29) 21 (26) 20 (26) 41 (51)



1(/-"-)5.3( % 
1(3"#03&./5& @%/5*%#5



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

! *+,-$./0 1+)+, 

!  %$23,-%3$4'& )+5%&6$)-$# 
(741%/.+$4'& — "+1%/.+$4'&)

! 87($%6-4 S3b-S4 '5-%+,-, 
93.'4.-4$,:)/$ 1 )+5%&6$)-;

! *+1 #/ #76$# $27 -"39-4: 
#7($,-%7.+)-$#?

! <76$# 57#$%$4: !"#$%&& '-,3 . 
741%/470 '4%3143%$

! =47 4+17$ !"#$%'' '-,+?







D+)(C+A4 ?)$%2--

! @%7'4%+)'4.7 %+"#$%)7'4- 
3N

! E+4-.)+& '4%3143%+ — 4+, 947 
'774.$4'4.3$4 #-)-#3#3 
'.7B7()70 ?)$%2--

! > -($+,$ )+# )36)7 '($,+4: 
57,)/0 5$%$B7% .'$F 
17)A7%#+G-0

! > ($0'4.-4$,:)7'4- #/ 
#76$# ?47 '($,+4: 47,:17 ' 
)+-B7,$$ "+'$,$))/#- 
17)A7%#+G-&#-



H+74-9)/$ '-'4$#/

! !)72(+ (+6$ )$.7"#76)7 57,39-4: 947-47 57,$")7$ 
57',$ #7($,-%7.+)-&

! E+5%-#$%, 5%7',$(-# "+ 4%+$147%-$0 9+'4-G/ . 
.7"(3F$

! I9$): #+,$):17$ 741,7)$)-$ . )+9+,:)70 
17)A-23%+G-- 5%-.$($4 1 B7,:C-# -"#$)$)-&#

! E$3'4709-.7'4: D&53)7.+



8%$()-$ '.70'4.+

! @7?47#3 #/ '17)G$)4%-%3$# '.7- 3'-,-& )+ '%$()-F 
'.70'4.+F, 3'%$()$))/F 57 +)'+#B,; — 
4$%#7(-)+#-1+!

! !'',$(3$# 4-5-9)/$ 17)A-23%+G-- A+"7.727 
5%7'4%+)'4.+, 17)1%$4)+& 4%+$147%-& )$ .+6)+!



<7($,-%7.+)-$

! <7)4$-*+%,7

! E$4 .%$#$)-

! E$ 4%$B3$4 ./9-',$)-& '-,

! J%$B3$4'& 79$): F7%7C7 "+(+4: 
',$(3;K3; 17)A-23%+G-;

! <7,$13,&%)+& L-)+#-1+

! > 3%+.)$)-&F $'4: .%$#&

! 847F+'4-9$'1-$ 5%7G$''/

! L7B+.,&$# C3#



1(/-"-)5.3(



#$%&'($: )*+ )+,-.-/0, (1'120+ /$% %134' 

51/$617-'8*& - *2+6/++ ) 9$:1)1% 521*'2$/*')+

• ;/'+32$, 51 -%54,8*4 %1<+' 70'8 51*.-'$/ 

$/$,-'-.+*(- 

• =,1</$& :$6$.$ - >'1 )0.-*,+/-+ *2+6/+31 6,&

• ?'1 %0 %1<+%? ?-*,+//1+ -/'+32-21)$/-+? 

1(/-"-)5.3(

F (rN )

〈F 〉 =

∫
drNdpNF (rN , pN )e−βH(rN ,pN )

phase spaceaverage microscopic value probability

/Z







H('.(9

B('E-5?-"9+ ($"/%-+
∫ a

0

sin x

x
dx

∫
∞

0

sin x

x
dx -<"."-9& 5/53%-%8"9#%



1(/-"-)5.3(

B.%*". F"9-#%: 9N".:

• 100 F"9-#%: 9N".

• /"/03"4(? 6(3+$*5/(49#%? 
N5#-(. -(3+#( 23& 1 %C            
#(/N%70.5$%?

10
260

〈F 〉 =

∫
drNdpNF (rN , pN )e−βH(rN ,pN )

phase spaceaverage microscopic value probability

/Z



HE<(.#5 '( C/58%*(9-%

B.(9-"?L%? 1(/-"-)5.3( - 

9."2/"" 98%-5"-9& ('."2"3"/%"* C/58"/%& N0/#$%% 4 <(3+L(* 
#(3%8"9-4" 93085?/( .59'."2"3"//E: -(8"#

)5# 2(3F/E <E-+ .59'."2"3"/E -(8#%?

- I-( '.(%C4(2/5& ,

,



HE<(.#5 '( C/58%*(9-%
@%9'".9%&:

• H"3%8%/5 2%9'".9%% *(F"- <E-+ 0*"/+L"/5 4E<(.(* 
9((-4"-9-40,T"7( 

• !08L" 49"7(:                   '(9-(&//( - /03"45& 2%9'".9%&

• S0F" 49"7(: '(9-(&//(" 

• @3& '.%*".5 F"9-#%: 9N". (-/(9%-"3+/5& (L%<#5 
1

L
10

260



1"-(2 1"-.('(3%95

• 1"-.('(3%9:

• *".&"* 730<%/0

• /" *(F"* %C*".%-+ '3(T52+

• W%93"//(" %/-"7.%.(45/%":

• %C*".&"- (<" 4"3%8%/E, /( *"23"//(

ni = LP (rN

i
)/Z = L exp[−βH(rN

i
)]/Z

〈F 〉 =

∫
drNdpNF (rN , pN )e−βH(rN ,pN )

phase spaceaverage microscopic value probability

/Z

〈F 〉 ≈
1

L

L∑

i=1

niF (rN

i
)



1"-(2 1"-.('(3%95

OC*".&& 730<%/0 M%35, 8%93"//(" %/-"7.%.(45/%" 
(93"45) * 1"-.('(3%9 (9'.545)



HE<(.#5

B(9*(-.%* /5 '".":(2:

J37(.%-*: 

• >"/".%.0"* /(4(" 9(9-(&/%" B 9 4".(&-/(9-+,
• B.%/%*5"* %3% (-4".75"* 9 4".(&-/(9-+, 

A B

point A point BA→ B

B → A

 with probability PA→B

gen

Accept or reject with probability P
A→B

acc

〈F 〉 =

∫
drNdpNF (rN , pN )e−βH(rN ,pN )

phase spaceaverage microscopic value probability

/Z



HE<(.#5

X(, 8-( 49"725 .5<(-5"- (2"-53+/(" .54/(4"9%"):

H /5L"* 93085":

O *E '(3575"*

A B

point A point BA→ B

B → A

PA→BPA
= PB→APB

PA→B

gen
PA→B

acc
PA

= PB→A

gen
PB→A

acc
PB

P
A→B

gen
= P

B→A

gen

〈F 〉 =

∫
drNdpNF (rN , pN )e−βH(rN ,pN )

phase spaceaverage microscopic value probability

/Z



HE<(.#5

'$(, /$52-%+2

2$71'$+'

A B

point A point BA→ B

B → A

P
A→B
acc

PB→A
acc

=

P
B

PA
= e

−β∆H

PA→B

acc = min

(

1, e−β∆H
A→B

)

〈F 〉 =

∫
drNdpNF (rN , pN )e−βH(rN ,pN )

phase spaceaverage microscopic value probability

/Z



HE<(.#5

@,312-'%: 

•A+/+2-24+% /1)1+ *1*'1&/-+ B

-B+,$+% >'1 '$(, .'170 521C+** 70, 172$'-%:

•#2-/-%$+% -,- 1')+23$+% * )+21&'/1*'8D 

A B

point A point BA→ B

B → A

PA→B

acc = min

(

1, e−β∆H
A→B

)

P
A→B

gen
= P

B→A

gen

〈F 〉 =

∫
drNdpNF (rN , pN )e−βH(rN ,pN )

phase spaceaverage microscopic value probability

/Z



H('.(9

D5C/E" -"*'".5-0.E:

P
A(T1),B(T2)→B(T1),A(T2)
acc =?



;-4"-: Parallel Tempering

A B

point A point BA→ B

B → A

P
A(T1),B(T2)→B(T1),A(T2)
gen × P

A(T1),B(T2)→B(T1),A(T2)
acc × P

A(T1)P
B(T2)

= P
A(T2),B(T1)→B(T2),A(T1)
gen × P

A(T2),B(T1)→B(T2),A(T1)
acc × P

A(T2)P
B(T1)

P
A(T1),B(T2)→B(T1),A(T2)
acc

P
A(T2),B(T1)→B(T2),A(T1)
acc

=
P

A(T2)
P

B(T1)

P A(T1)P B(T2) =
exp

−β2HA
−β1HB

exp−β1HA
−β2HB

PA(T1),B(T2)→B(T1),A(T2)
acc = min

(

1, exp−(β1−β2)∆HA→B
)

〈F 〉 =

∫
drNdpNF (rN , pN )e−βH(rN ,pN )

phase spaceaverage microscopic value probability

/Z



MC J37(.%-*

1. A3085?/( 4E<%.5"* 859-%$0 (A) % 4E8%93&"* "" I/".7%,

2. A*"T5"* "" /5 93085?/(" .599-(&/%" % 4E8%93&"* /(40, 
I/".7%, (B)

3. B.%/%*5"* /(4(" '(3(F"/%" 9 4".(&-/(9-+,

PA→B

acc = min

(

1, e−β∆H
A→B

)

H
B(r + δr)

HA(r)



MC

• ;8"/+ '.(9-(!
• M0F/E -(3+#( I/".7%%, <"C 9%3!

• H(C*(F/E /"N%C%8"9#%" 9*"T"/%& 5-(*(4!



@"-53+/(" .54/(4"9%"

• 4(C*(F/E <(3"" 935<E" 093(4%& .54/(4"9%&:

• /5'.%*".,  "93%

• 9*"T5"* 5-(*E (2%/ C5 (2/%* - .5<(-5"-!!!

• /( 4E'(3/"/%" 2"-53+/(7( .54/(4"9%& /5*/(7( '.(T" 
'.(4".%-+

P
A→B

P
A

=

∑

i

P
Bi→A

P
Bi

PA→B
gen != PB→A

gen

PA→BPA
= PB→APB

6+'$,8/1+ 2$)/1)+*-+:



MC: B.(</E" 9*"T"/%&

• )5#(4 .5C*". 9*"T"/%&?

• A3"20"- 3% /5* 24%75-+ 859-%$E 49" 4*"9-" %3% (2/0 C5 (2/(??

- "93% 24%75"* '((2%/(8#" - 2(3F/E 4E<%.5-+9& 93085?/(!

- 23& #(/2"/9%.(45//E: N5C(4E: 9(9-(&/%? 

."#(*"/20"*( (2/( 9*"T"/%" C5 L57! 

• (<.5-/(" '.(</(" 9*"T"/%" .54/(4".(&-/(!
• -5#F" 4(C*(F/E 9*"T"/%& 4 9N"." (5 /" #0<")

• A%9-"*5 %C N 9N".%8"9#%: 859-%$ 9 I/".7%"?

• *E (F%25"*, 8-( 9*"T"/%" <02"- (-4".7/0-( '.% 
I/".7%% <(3+L"

• *E :(-%* 92"35-+ 9*"T"/%& #5# *(F/( <(3+L"

• "93% 24%75"* '((2%/(8#": 

U(rN )

kBT

x′

i → xi + ∆(Ranf − 0.5)

y′

i → yi + ∆(Ranf − 0.5)

z′i → zi + ∆(Ranf − 0.5)



MC: B.(</E" 9*"T"/%&

• A%9-"*5 %C N 9N".%8"9#%: 859-%$ 9 I/".7%"?

• 24%75"* 859-%$E '((2%/(8#":

• 24%75"* N 859-%$ (2/0 C5 2.07(?, 0 #5F2(? '( n 9(9"2"?

• MSD /5 "2%/%$0 CPU: 

• H9" 859-%$E .5C(*:

• 2"34"* N /"C54%9%*E: '.(</E: 9*"T"/%?:

• MSD /5 "2%/%$0 CPU : 

• <(3+L%/9-4( MC 537(.%-*(4 %9'(3+C0,- (2%/(8/E" 9*"T"/%&

• /( -5#F" 4(C*(F/E INN"#-%4/E" #(33"#-%4/E" 9*"T"/%&!

U(rN )

CPU ≈ nN

< ∆U >=<

N∑

i

∆Ui >= 0 + N × f(U)∆r2
i + O(∆4)

/N



MC: B.(</E" 9*"T"/%&

• )5#(? .5C*". 9*"T"/%& 4E<.5-+???
• /"'.".E4/E" '(-"/$%53E: C5-.5-E CPU /" C54%9&- (- .5C*".5 L575

• F"9-#(" &2.(: '.% (-#3(/"/%% '.(</(7( L575 C5-.5-E *"/+L"

• F"9-#(" &2.(: ('-%*53+/(" C/58"/%" #(INN%$%"/-5 '.%/&-%& '.(</(7( L575 <02"- 
*"/+L"



MC: A4&C5//E" 9:"*E

• 15-.%$5 '".":(25 <(3+L" /" 9%**"-.%8/5

• @3& 02(43"-4(."/%& 093(4%&* 2"-53+/(7( .54/(4"9%& /0F/( %C*"/%-+ '.54%35 
'.%"*5 '.(</(7( L575

• ;<T5& %2"&:

• % (<.5-/(:

• M5#352E45& 2"-53+/(" .54/(4"9%" '(3085"*:

• D5<(-5"-:

PA→B

gen
PA→B

acc
PA

= PB→A

gen
PB→A

acc
PB

6+'$,8/1+ 2$)/1)+*-+:

PA→B
gen = f(HB)

PB→A
gen = f(HA)

P A→B

acc

P B→A
acc

= f(HA)
f(HB)

exp[−β∆H
A→B ]

PA→B
acc = min

(

1, f(HA)
f(HB)

exp[−β∆HA→B ]
)



B.%*".E: 94&CE45/%" '( (.%"/-5$%%

• A3085?/( 4E<.5//E" 859-%$E '".":(2&- %C “o” 4 “n” % *"/&,- (.%"/-5$%,:

1. A24%75"* $"/-. *599 % 4E8%93&"* 

2. >"/".%.0"* k '.(</E: (.%"/-5$%?                               % 23& #5F2(? 4E8%93&"*

3. HE8%93&"* N5#-(. D(C"/<3,-5:

%C k (.%"/-5$%? 4E<%.5"* (2/0, n-, 9 4".(&-/(9-+,

4. @3& 9-5.(? #(/N%70.5$%% '(C%$%(//5& 859-+ I/".7%%

9-5.5& (.%"/-5$%&      % *E 7"/".%.0"* k-1 '.(</E" (.%"/-5$%%

C5-"* 4E8%93&"*

5. Y57 '.%/%*5"-9& "93%:



B.%*".E: ."L"-(8/5& *(2"3+
• 1(3"#03E 4 ."L"-#" %*",- k (.%"/-5$%?

• B(-"/$%53 

• V93(4%" 2"-53+/(7( .54/(4"9%&:

• H".(&-/(9-+ 4E<.5-+ B:

• B.54%35 4E<(.5:

PA→B

gen
PA→B

acc
PA

= PB→A

gen
PB→A

acc
PB

P
A→B
gen =

exp[−βu
or(B)]

W (B)

P A→B

acc

P B→A
acc

= exp[−β∆UA→B ]

×
exp[−βuor(A)]

W (A) ×
W (B)

exp[−βuor(B)]

= W (B)
W (A) exp{−β[upos(B) − upos(A)]}

."L"-(8/5& *(2"3+ 9 k=4 (.%"/-5$%&*%



B.%*".E: /"'.".E4/5& *(2"3+

• k '.(</E: (.%"/-5$%?
• /5<(. 49":         4 #(-(.E: "9-+ #(/N(.*5$%& n <02"-
• #5F2E? I3"*"/-        *(F"- <E-+ C5'%95/ #5#                 72" 4-(.(? I3"*"/- - I-( 
/5<(. k-1 2('(3/%-"3+/E: (.%"/-5$%?  
• '(-(# #(/N%70.5$%? ('.%/%*5& 4( 4/%*5/%" 49" /5<(.E 4         ):

• (<.5-/E? L57: 
#5F2E? I3"*"/- - I-(
• (<.5-/E? '(-(#: 



B.%*".E: /"'.".E4/5& *(2"3+

• V93(4%", <(3"" 9%3+/(" 8"* 2"-53+/(" .54/(4"9%":

•



>%<.%2/E? 1(/-"-)5.3(

• A(C25"* /(40, #(/N%70.5$%, '.% '(*(T% MD (%9'(3+C0, 
<(3+L%" L57% % 9%*'3"#-%8"9#%? %/-"7.5-(.)

- '.% #5F2(* L57" 9#(.(9-% 859-%$ 4E<%.5,-9& 93085?/E* 
(<.5C(*

- #5F2E? L57 *(F"- <E-+ /5<(.(* %C /"9#(3+#%: MD L57(4

• Y57 '( 4."*"/% /" *(F"- <E-+ 93%L#(* <(3+L%* - %/58" 
#(/N%70.5$%& <02"- (-#3(/"/5

• MD L57% *(70- <E-+ 4E'(3/"/E %9'(3+C0& 0'.(T"//E? 
'(-"/$%53 (#(-(.E? /5*/(7( <E9-."" '(98%-5-+). B(93", *E 
'.%/%*5"* %3% (-4".75"* /(40, #(/N%70.5$%, %9'(3+C0& 
/59-(&T%? '(-"/$%53.



1(3"#03&./5& 
@%/5*%#5



<7,$13,&%)+& L-)+#-1+

! >/9-',&$# 4%+$147%-- 74($,:)/F 
9+'4-G

! *7)$9)7, 7)- B3(34 ' 7C-B1+#-

! 8%$()&& )+B,;(+$#+& .$,-9-)+ )$ 
(7,6)+ B/4: 93.'4.-4$,:)+ 1 7C-B1+# 
-)4$2%-%7.+)-&

! *+1 #/ -)4$2%-%3$#?



M%+.)$)-& E:;47)+

! E+9-)+$# ' )+B7%+ 177%(-)+4

! >/9-',&$# 574$)G-+, - '-,/ )+ 
1+6(/0 +47#

! !" '-,/ )+ 1+6(/0 +47# ./9-',&$# 
3'17%$)-$



M%+.)$)-& E:;47)+

• OC 09#(."/%? *(F/( C5'%95-+ 
%C*"/"/%" 9#(.(9-%:

• OC 9#(.(9-"? – %C*"/"/%" #((.2%/5-: 
vi(t + ∆t) = vi(t) + ai∆t

xi(t + ∆t) = xi(t) + vi∆t



M%+.)$)-& E:;47)+

• D"L5"* 0.54/"/%& 24%F"/%& M+,-(/5

• Y57 2(3F"/ <E-+ *53"/+#%* (N"*-(9"#0/2E)

• A%3E C54%9&- (- 49": #((.2%/5- 4 9%9-"*" 
(-.02("*#( 23& 4E8%93"/%?)

• B(3085"* -.5"#-(.%, #5# N0/#$%, 4."*"/%

mi

∂2ri

∂t2
= Fi, i = 1..N

Fi = −

∂V (r)

∂r

∣

∣

∣

∣

r=ri



W-( -5#(" -.5"#-(.%&?

• MZ -(8/(" '."29#5C5/%" '(4"2"/%& 
(2/(? 859-%$E 

• 1(3"#03&./5& @%/5*%#5 – '.($"99 
:5(-%8/E?, .5C/%$5 4 #(/N%70.5$%% 
.59-"- I#9'(/"/$%53+/( 

• M( (/% 4"2+ /" 93085?/E? 

• «Shadow trajectory»: #(.(-#5& 
-.5"#-(.%&, %20T5& 42(3+ /59-(&T"? 
#(.(-#(" 4."*&



1@ /" 2(3F/5 <E-+ %9'(3+C(45/5 
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NPASelectivity Filter

• J#45'(.%/ 

• PMF 23& '.(-(/5



O/-"7.5-(.E

!x(t + ∆t) = !x(t) + !v(t)∆t +
!a(t)∆t2

2
+

!b(t)∆t3

6
+O(∆t4)

!x(t − ∆t) = !x(t) − !v(t)∆t +
!a(t)∆t

2

2
−

!b(t)∆t
3

6
+ O(∆t

4)

!x(t + ∆t) = 2!x(t) − !x(t − ∆t) + !a(t)∆t
2 +O(∆t

4)

H".3":

• ;L%<#5
• A%*'3"#-%8"/
• M"- &4/E: 9#(.(9-"? 

O(∆t
4)



O/-"7.5-(.E

A#(.(9-/(? H".3":

• ;L%<#5 4 #((.2%/5-5:
• ;L%<#5 4 9#(.(9-&: 
• A%*'3"#-%8"/

O(∆t
4)

!x(t + ∆t) = 2!x(t) − !x(t − ∆t) + !a(t)∆t
2 +O(∆t

4)

!v(t + ∆t) = !v(t) +
!a(t) + !a(t + ∆t)

2
∆t + O(∆t

2)

O(∆t
2)

J37(.%-*:

2. v(t + ∆t/2) = v(t) + (1/2)a(t)∆t
1. r(t + ∆t) = r(t) + v(t)∆t + (1/2)a(t)∆t2

3. a(t + ∆t) = −(1/m)∇V (r(t + ∆t))

4. v(t + ∆t) = v(t + ∆t/2) + (1/2)a(t + ∆t)∆t



O/-"7.5-(.E
A#(.."#-%.(45//E? A#(.(9-/(? H".3":

• 1E *(F"* '(98%-5-+ 9#(.(9-% -(3+#( '(93" 
93"20,T"7( L575



B(8"*0 I-( .5<(-5"-?

Ȧ =

∑

i

ṙi ·

∂A

∂ri

+ ṗ
i

·

∂A

∂p
i

≡ iLA

A(rN , pN )

A(t) = e
iLt

A(0)

e
iLt =

(

e
iLδt

)

nstep

approx

+ O(nstepδt
3)where δt = t/nstep

(-AA$%$)G-%3$#

J$7%$#+ J%744$%+

@7',$ A7%#+,:)727 
-)4$2%-%7.+)-&

iL = iLp + iLr



B(8"*0 I-( .5<(-5"-?

e
iLrδt

A
(

r, p
)

= A
(

r + m−1
pδt, p

)

e
iLpδt

A
(

r, p
)

= A
(

r, p + fδt
)

exp

(

a
∂

∂x

)

f (x) ≡ 1+ a
∂f

∂x
+

a2

2!

∂
2f

∂x2
+ · · · = f (x + a)

e
iLδt

= e
(iLp+iLr)δt

≈ e
iLpδt/2

e
iLrδt

e
iLpδt/2

limit δt → 0

iLp =

∑

i

ṗi ·

∂

∂pi

=

∑

i

f i ·

∂

∂pi

iLr =

∑

i

ṙi ·

∂

∂ri

=

∑

i

m
−1

i
p

i
·

∂

∂ri

N+'1,+(/.+$# 75$%+47%

• J9%*'-(-%8"9#% -(8"/ '.%
• B(3085"* «Velocity- Verlet algorithm»
• B( 5/53(7%% 4(C*(F/E 9:"*E <(3"" 4E9(#%: 
'(.&2#(4



B(8"*0 I-( .5<(-5"-?
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• “Velocity Verlet” 
23& '.(9-(7( 
75.*(/%8"9#(7( 
(9$%33&-(.5

• H/"L/%? #.07 - 
/59-(&T%? H

• H/0-."//%? 
I33%'9 – 
«shadow» H



)5# *E C5'09#5"* 1@?

• B(3085"* 9-.0#-0.0 <"3#5 
(#((.2%/5-E 5-(*(4)

• H9-543&"* 4 *"*<.5/0

• @(<543&"* .59-4(.%-"3+ 4/" 
*"*<.5/E

• @(<543&"* '.(-%4(%(/E (23& 
'.54%3+/(? #(/$"/-.5$%% %3% 23& 
(<T"7( /03"4(7( C5.&25)

• G5'09#5"* 4E8%93"/%&!







K(.*E '".%(2%8"9#%: &8""#
• )0<%8"9#5& 
- A5*5& L%.(#( 
%9'(3+C0"*5&! 

• V9"8"//E? (#-5I2. 
('(:(F /5 9N".0) 

• D(*<%8"9#%? 2(2"#5I2. 
(23& <(3+L%/9-45 
9N".%8"9#%: 9%9-"*) 

• ;<="* (#-5I2.5 77% (- 
(<="*5 #0<5, 2(2"#5I2. 
71% '.% (2%/5#(4(* 
'".%(2"!

y far most common!

M'$9$))/0 
714+?(%

N7#B-9$'1-0 
(7($1+?(%



M"453"/-/E" 4C5%*(2"?9-4%&

• ;7.(*/(" #(3%8"9-4( 
4C5%*(2"?9-4%? '(93" 2(<543"/%& 
.59-4(.%-"3& 

• W-( '.(%9:(2%- /5 7.5/%$"? 
•HC5%*(2"?9-4%& 9 5-(*5*% 9 2.07(? 9-(.(/E! 

• M"4(C*(F/( '(98%-5-+ 
4C5%*(2"?9-4%& 9( 49"*% #('%&*% 

• H4(2%* (<."C5/%" '(-"/$%535 % 
9'%9#% 4C5%*(2"?9-4%?











;7.5/%8%45,T%" ;<="*E
Input: AABB - root axis-aligned bounding box

if AABB diameter < cutoff
    add all rigid body pairs of AABB 

into interaction list
    return
else
    if AABB has children
        restart algorithm with AABB.leftChild as input
        restart algorithm with AABB.rightChild as input 
        compare AABB.leftChild and AABB.rightChild

comparison loop (AABBa, AABBb):
if distance between AABBa and AABBb < cutoff
    if AABBa and AABBb have no children
        add corresponding rigid body pair 

into interaction list
    else if diameter of AABBa + AABBb < cutoff
        add all corresponding rigid body pairs into 

interaction list
    else
        subdivide boxes further and restart the loop









QSAR 2"9#.%'-(.E

• 2D

- #(*'(/"/-/E"

- I3"#-.(9-5-%8"9#%" % #45/-(-:%*%8"9#%"

- -('(3(7%8"9#%"

- 7"(*"-.%8"9#%"

- N.57*"/-5./E" 2"9#.%'-(.E % “*(3"#03&./E" (-'"85-#%”

• 3D

- C54%9&T%" (- (.%"/-5$%%

- /" C54%9&T%" (- (.%"/-5$%%

• A.54/"/%" '.(%C4(2%-"3+/(9-% 2D- % 3D-QSAR 2"9#.%'-(.(4

- (<E8/( 3D .5<(-5,- /5*/(7( 308L" 8"* 2D







!%-".5-0.5
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