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COMPUTATIONAL STRUCTURAL BIOLOGY
STRUCTURE , SIMULATION , FUNCTION £
PREDICTION

Lecture &

Michael Levitt
Structural Biology, Stanford

http:/csb stanford edu/class

S e sl s g i




http://localhost/SB228 L ec_4 2004/Slide02.JPG

LECTURE & CONTENTS

Underlying Frinciples.
Simulation Methods.
Molecular Dynamics.
Simulating Solutions.
Simulating Alpha—Helix .
Simulating Folded Protein.
History of Simulation.
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Underlying Principles
Concept 4.1
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UNDERLYING PRINCIAES

Boltsmann’s Distribution .
Entropy £ Free Energy.
Dynamic Properties.
Crossing Energy Barriers.

Rates of Motion.
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BOLTZM ANN ’S _DISTRIBUTION

Prea gives pr @&Mﬁ'ﬁ
of state A or E

to stales ﬁ m& %

...........

—P () —

—uz) —

® Probability of system being at position x is
P (x) =exp( U(x)AT) /7 Q.
U(x) is Potential Energy at position x.

°Find Q, the "Partition Function”, so total probability is 1.

Q=Y. exp( —UC)AT)
sl inga el | 0 g (17
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ENTROPY & FREE ENERGY

® At each position x, potential ]
oy , u(x) M F&Mﬂ:ﬂ, f;
9(5‘1, ore well defined -4

® The Free—Energy and Entropy are
only defined for stoates A and B.

* Enthalpy of state A, U, is the mean value of the potential
Mﬁﬂ- uh=z P(I) u(IS- _— M@mmﬁ; Constomk:

® Entropy of State A, Sy, is Sy = kY P(x) log. P(x),
where sum is over points in State A.

® Free energy of State A is 63 = U~ TSy, T s temperature.

o The probability of State A is exp (61 /&T). At some
temperature Jtates A and B are egually ldely.
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DYNAMIC PROPERTTIES

Inog:nc a(t) is some value that changes with time.

Time
This time—course is characterijed by:
® Amplitude calculated as (just lle Standard Deviation)
Amp = sgrt {1/n ), a ()~ M/AnY o)1 2

® Rate or time constant, T (this is a “typical time").

o
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— Coses .,

TYPES OF MOTION

Distribution of Value

A/ cos Distribution

— Value
Distribution of Value

Pklnal Distribution
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CROSSING ENERGY BARRIERS

—U(x) —

p o

Tame ;
*The actual transition from State A to B is vay guick
(a fen picoseconds).
*What tales time is the waiting. The average wait before
going from A to B is:
Trse = (L/Iq,T)u:p [+AG/AT 1, where AG = (6.—6,)
(MT) ~ 0.01C picoseconds ot T = 200°K (27°C).

b is Aanck’s constant, le is Bolbymen’s const.ant T
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RATES OF MOTION

PROCESS

TIME (ps)

FREQUENCY (em)

Bond Strebching
Angle Bending

Methyl Rotation

0.01

01

1

20
20,000
10° to 10’
10! to 10"

3000
300
30
15
0.0015
10° to 10°*
10* to 10
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Simulation Methods
Concept 4.2
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SIMULATION METHODS

Moving Over Energtj Surface.

Different Energg Surfaces .
Levinthal’s Paradox .
Energtj Minimiz ation .

Monte Carlo Method .
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MOVING OVER ENERGY SURFACE

¢ Energy Minimization drops
into local minimum .
g’% ¢ Molecular Dynamics uses
5 thermal energy to move

smool:l.lﬂ over surface

@ Monte Carlo Moves are
random . Accept with
probability exp (~ AU/T).

o
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REACTION COORDINATES

*Simple chemical reactions.

*Height of barrier betueen
the reactant state and
the product state males
the reaction slower (high
barrier) or faster (loa
barrier ).

Products

*Just lke jumping a fence.

i B - F ]
| B it B oeanir il g
ackion (oordinale R —
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PROTEIN FOLDING LANDSCAPE

¢ [he native state is
believed to have the
louest I:ru—mcrgﬂ
Run doun to it.

*Run doun to it.

*Sounds Eas-d.

il el |1 e
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LEVINTHALS PARADOX

*If the eneray swiace is flat
(goll?—cwse)lmdscape,ﬂ.m
proteins would never fold.

Too vy pcssiut statkes.

oIf each of 100 amino acids
has 5 states, then the entire
chain has 5'C ctates.

Too big}

il el |1 e
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RESOLVE PARADOX

* Why should the free—energy
swface be flat? The same
energy terms that stabilize the
native state should stabilise
progressively near—native
states.

On\isisalfoloh\gl:umd-

oWith it, it does not matter

how [arae the space of possible
states is.
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SIMALE ENERGY MINIMIZATION

; ®The total potential energy,
‘/ r U, fully defines the system.

| I - ®Energy minima are stoble as
| the net forces are zero.
=g j

@ [le forces are the
ogrodients of the eneroy .

\ F() = -dU/dx

SMove dounhill to reacl a
minimum . Ax =—Cdll/dx

Steepest Descent Minimiyation.

Energy, U ——

N T IR R
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CONVERGENT ENERGY MINIMIZATION

®When gradient gets small we
do not lnou uhich woy 9o.

oWe can never find the exact

minimum ¢

®Assume shape is guadratic

NeAr Minimiim

= act + bx + ¢

i
Fit curve by guadratic *dil/dx = Lax +b

i : = O ot minimum
Go to minimum of suadratic. < )
Repeat till no more change = “-

S e sl s g i
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MONTE CARLO METHODS

/ ﬁ R ® Normal Monte Carlo: Male
- NI an { \ randam moves and accept:
IS \\l l \j a special criterion discovered

W) by Metropolis et ol 1955.

At cwrent position, attempt many moves.

Accept the first move that obeys:
Random number, Ry < exp (~AU/T)
Aluays accepts if move it to lower energy

Accept. if move is to higher energy with probability exp (- AUAT).

N T IR R
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SIMULATED ANNEALING

[ < ® Normal Monte Carlo:
\} | accept same of them .

At low tempereture
move dosnhill. @ Simulated Annealing:

Reduce T, temperature,
as the run proceeds.
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Molecular Dunamics

Concept 4.3
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MOLECULAR DYNAMICS

Molecular Potential Energﬂ .

Molecular 'Dnjnmnics “eortd .

Molecular 'Dljnmnics Procedure .
Units in Force Fields.
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MOLECULAR POTENTIAL ENERGY
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MOLECULAR DYNAMICS THEORY

------------- @ All atoms move together
g . . _ o Forces betueen atoms change with time.

1 o Analytical solution to aive x(t)
; amfl;l(t) is impossible .

® Numerical solution is trivial

x (t+at)= x(b) + V@) ot +[l|a.(k)-a(&-49 I A‘l:‘/c
New position Ol position Ol velocity Acceleralion

v(t+ .nl:){_;l V() + [ 2a(t+at) EES&L‘ a(t-at)] at/y

m— whosts Tame step,
= & . 7 Aot o ol Temperature AL, m;lil; :
kinebie =~ 2 M: Vi(t) = Jin kB T m?ﬁm
Kinekic eneragy Abomic masses | velocilies Bl i A0 !
ek or 0.001 ps..

[ Total eneray (uf.mual 4 Uit ) masst: nok: dmhy_ with time ]

e e e IR R R
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MOLECULAR DYNAMICS PROCEDURE

(1) Starting values for the atomic positions.

(2) Starting values for the atomic velocities.

(2) Tterate: position === forces ===} new position.
(4) Eguiddbration.

(5) Running the simulation.

s sl gl L0 g 0
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MOLECULAR DYNAMICS PROCEDURE 1
(1) St arting values for the atomic positions.

°Take atomic positions from the pdb coordinates or
from a model or just from random positions.

*Add uater molecules to fill a rectangular box.
Relax the entire structure Lﬂ energy minimijation.

(2) st arting values for the atomic velocities.
°Set all initial velocities to jero, corresponding to O K.

Nou heat slouly by choosing a random pair of atoms and
given them egual but opposite momentum impulses.

N T IR R
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MOLECULAR DYNAMICS PROCEDURE 2

(2) Tterate: position forces new position.

°Get forces from the total potential energy function.

olUse molecular dipamics theory to get new positions and
new velocities for each atom.

°Calculate the total kinetic energy ot each step and checlc
the conservation of the totadl energy .

sl il sl L1 i g2 (T
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MOLECULAR DYNAMICS PROCEDURE 3

(lr) E;udilaratim i

o Ueep on increasing the temperature until it reaches the
desired value (saﬂ room temperature).
This should tae tens of ps.

(5) Running the simulation.
*Continne for as many time steps as you can afford.

® Save coordinates OS5 ps or so for further analusi
(Leep every 750—:::\“55!{: of coordinates ga\cmted).,«hf‘s

N T IR R
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UNITS IN FORCE FIELDS

QUANTITY UNIT

El\ergﬂ keal/mol
Moass A.M U (H atom is 1 AMU)

Time 05X10% gecs.

v -

Grorge e (electronisie)

[ This is olelr‘initdﬂ a strange combination!

e e e R R )51
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Simul ating Solutions

Concept 4.4

N T RE S R
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SIMULATING LIQUIDS.

Simulating Pure Liguid Water.
Simulate Solutions.

Simulate the Hydrophobic Effect.

L ook at Distribution Details.

bl el e g (0]
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NATER IS A VERY SIMALE MOLECULE

¢ [he water molecule is
one of the simplest.

° The properties of liguid
uater are not simple.

°Water and solutions
have emeraent properties.

*Many simple objects lead
to complexity.

Simple electrostakics

------ el bl geagilis (0]
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SIMULATING LIQUIDS

¢ Periodic box with 216 water
100 ps.

N =N
K._E,‘\.—t \.-_f {r’ i”l-‘dv t.

Rebmen £ Stillinger 1770
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¢ Calculake key experimental
properties:
Heat of voporiakion

Structure.
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LIQUIDS: ARGON AND WATER

Argon is like a collection of Water has an open structure.
hard spheres. Etach Argon hes Due to tetrahedral geometny,
12 to b neighbors. each water has & to 5 neighbors.

N T IR R




http://localhost/SB228 L ec_4 2004/Slide36.JPG

AURE WATER
DYNAMICS
IN WATER AT
ROOM TEMPERATURE
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PROPERTIES OF LIQUID WATER

® Very simple model:
*2 interaction centers. +0 4%
*(ompletely flexible. O /O
> Smooth cutoff at € A '
M 0%
® Get good fit to experiment:
PROPERTY EXPERIMENT SIMULATION
Potential eneroy (cal/mol) -112 -15
Pressure (atmospheres) 1 61
Specific heat (cal/W) 77 26
Diffusion Constant (AY/ ps) 013 on

Rotational Relaxation (ps) 10 16

il 1

lf g (el
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HYDROPHOBIC EFFECT

* Hydrophobic molecules claster

in water (not soluble) .

o Tle energy is pmfnrtioml to
the surface area buried in
cluster.

® This is not a pairuise additive

N T IR R
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SIMULATING HYDROPHOBIC EFFECT

¢4 nanosecond MD

¢Periodic water boxes

2230 mM to 3 Molar
concentration solution .
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VORONOI DECOMPOSITION

*Male a fence betueen A and
B so that all points closer
to A are on left, dl points
closer to B on right . Easy.

°*Nou add third point C.

%Hou dbout adding points
D ad E?

s sl gl L0 g 0
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VORONOI ANALYSIS OF CONTACTS

@ Measure cluster formation
IIJ Voraonoi construction.

http://localhost/SB228_Lec_4_2004/Slide41.JPG [1/29/2004 9:41:12 AM]

*Contact measured I:ﬂ area

of face common to A

and B.

distance (BC), but only
A and B touch though a

shared face.
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HYDROPHOBIC (LUSTERS CROSS BOX

8 Lec 4 2004/Slided2.JPG

http://localhost/SB22

ion, the

kigk concentrat

°At

' g, P

x-% 3 1

.w....... Yy

nstl.ta ore not isolated

clusters.

* Excluded from the makysis
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METHANE SOLUTION
DYNAMICS
IN WATER AT
ROOM TEMPERATURE
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BUTANE SOLUTION
DYNAMICS
IN WATER AT
ROOM TEMPERATURE
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BENZENE SOLUTTION
DYNAMICS
IN WATER AT
ROOM TEMPERATURE
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HYDROPHOBIC ENERGY AND CONTACT SURFACE

“@ Methane

S B,
+ Isobutvlene||
N Benzeﬁ:"le Slm OF IM

—lp
o
4
|

. y =0.033 x + 0.700, R = 0.851 - . CIOSC to t‘\t
8] 1.0 5:0 ?.In d:ﬂ F.ID sln

—— Tncrease in Contact Area (A

I
90 100

3 experiment al

i
B

Change in Free Ener%
(lecal /mole)
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HYDROPHOBIC SOLUTES PERTURB WATER DENSITY

------------------------------

Radial Distribution Functio

Potential of Mean Force

-10

Radial Distance

-10 0 10 el vl s 0]
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LARGE DENSITY CHANGES

Benzene Cyclohexane

Water densi

Z axis (A)

-10

Y axis (A)

0 5 0 5 R T
X axis (A) X axis (A) ‘ el el i 0]
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Simulating Alpha—Helix
Concept 4.5
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DYNAMICS OF THE ALPHA-HELIX

ﬁt‘

*Put oA—-helix in a box or water.
*Run molecular
*Focus attention on kgolrogm bonds.

2004/Slide50.JPG [1/29/2004

9:41:20 AM]

dinamics .
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ALPHA-HELIX
DYNAMICS

IN WATER AT
ROOM TEMPERATURE

e icsl el

------

i3 (il
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WATER ALLOWS HYDROGEN BONDS TO BREAK

Intact

" Free Enmﬁ barvier |

kaolr en bond "
in helix |
&5
( < between states
i much lower in uﬁlze_ry

Water cat«lwes the breaage of kadrogm
bonds Lﬂ s*l:dach)mg the transition state.

| it s 04
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Simulating Folded
Protein
Concept 4.6
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DYNAMICS OF FOLDED PROTEIN

Movie Visualizing Motion.
RMS Deviation from X-ray.
Hydrogen Bond Stability.
Density of Surface Water.

Orientation of Surface Water.
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PROTEIN IN WATER

£ o g . -
-
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PROTEIN DYNAMICS

IN WATER AT
ROOM TEMPERATURE
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RMS DEVIATION FROM X-RAY

3'0 T | 1
Previous BPTL
[ Simulabions ] L Jed:
ra;
rmainsolrnﬁuck

€ Averages — ¥ closer to the
native X—raj
structure thon
in vacao.

[ BPTT invawo ? In solution 2

¢— Avcrngtf x|

[BFTT in Solution ]_ @ Much better
than other
TUnRs .

o 1 | A
0 50 |00 IS0 200

Tame (in ps)
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HYDROGEN BOND STABILITY

Sﬁcﬂhdnrtj 0. H Sta'bililzﬂ (%) - Stﬁ.litﬂ s
Structuve Pair in vacuo in soln. mt of time
= 35. 18 12 57 bond is formed.
8., 35 35 63
3. 20 I 76
20. 33 26 ° bonds in
321 53 3 ution are as
22. 3) 27
29., 24 12 67 strong as those
2 . 29 37 34 in vaciuo.
4S . 2 63 %
2145 Iy 42
¢ The relative
k7. 51 = e stru\gtk depends
48 52 § 0 the position of
4953 i
50. 51 — T tLe hydrogen bond
51 w55 13 93 in the 9ecd\ol¢r5
S i 42 structure
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FOUR C(LASSES OF NATER MOLECULES
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DENSITY OF SURFACE WATER

30 g 2 polar ® Nonpolar atom

20 __/H
£ o E}\H
10\
s| ! T is distance
‘; to closest

25

T

10
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ORIENTATION OF SURFACE WATER

Bulk waler i .Na\rolﬂr altom
Class TV

Class 1L

.‘/Bf hlow Polinr mme,:‘

I--__..l

’ M\ H

)
o~

Po'lur' tm{m l;;

H
°r Class I
Iw

o

0 | 30 € 90 120 150 116 oTle aater next to tle
——— Orientation Angle —— polar surface is oriented to
male throam bonds .
Proke
neat:: ijr::m o o *Tle aater next to the
O L nonpolar swrface is also
m oriented .
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PROPERTIES OF WATER MOLECULES

WATER SHELL CLASS
PROPERTY | II III IV

Number of Waters 107 124 107 1368

Diffusion Constant (Aps) 010 015 019 ON

Tuambling Time (T; in ps) 14 A 4 2
Mean Time to leave (ps) 4 1 3 19
Mean Residence (ps) n 47 >100 >100

(Lime for 62% to leave)

o
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Hisl:orﬂ of Simulation
Concept 4.7

N T RE S R
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LOS ALAMOS 19L3-45

http://troce ntu.oc ue/Framel/ articles/borg/JuN himl

The Barth of the Monte Carlo Method.

When any sufficiently large nuclear explosion occurs within a container, unless the radioactive
material is properly contained and the timing of triggering explosions perfect, neutrons stream out of
one side of the container. This leak causes an asymmetrical, much weaker, and more unpredictable
blast. In order to make the most potent blast possible, a series of complex events must be modeled
so that the radioactive material explodes symmetrically. This research appears under the hygienic
guise of solving the "neutron diffusion problem." Until 1943, when von Neumann and Stanley Ulam
worked on the neutron diffusion problem, there were essentially only two sorts of modeling
emploved by scientists and mathematicians to describe complex events: deterministic methods
(which are essentially applied mathematics) and vaniations on stochastic techniques (which were
known smmply as sumulation).

To get around the apparently inevitable incorporation of the random, von Neumann devised a third
kind of simulation called the "[JiBIl8 Carlo" in homage to the games of luck he enjoved in the
gambling capital of Europe. He held that random elements in simulations were unacceptable, a form
of contamination tantamount to cheating at cards. Indeed, his aversion to stochastic modeling and
his appreciation of rule-based games is at the heart of his epistemology. In the Jiill8 Carlo
simulation, Von Neumann devised a non-stochastic formula for approximating the stochastic
operators in non-trivial simulations. Essentially, he had found a deterministic way to model random
events. At the same time, he had rigged the game in the house's favor. When the NS Carlo
smlation worked, it suggested not only that we could describe nature without relying on
randommess or chance, but that nature itself was deterministic.
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SO YEARS OF SIMULATION

* We have 10,000,000 times more resources .
* Systems have become larger (100 times).

* Runs have become lonaer (100,000 times).
* bnergy functions have become simpler
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