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COMPUTATIONAL STRUCTURAL BIOLOGY
STRUCTURE , STMULATTION , FUNCTTION £
PREDICTION

Lecture 5

Michael Levitt
Structural Biology, Stanford

http:/csb stanford edu/class
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Normal Mode Tkeortd .

Protein Normal Modes.
uv\l:olding Alpha—Helix .

UnFololing Proteins .

Folding Simple Models .

Fololing Simulations.
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Normal Mode 'ﬂ\eorﬂ
Concept 5.1
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NORMAL MODE DYNAMICS

*In regular Molecular ])l.f\mics, we solve the
exact eguations of motions approximately.

°In Normal Mode Dynamics, we solve the
approximate eguations of motion exactly.

*We male a guadratic approximation to the
potential energy function.
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BASIC THEORY

| Wht: are nomal |

@A string attached at both

k=
Get a standing wave of freguency v = 26 ;E I
Amplctude @ proportional to . ——— R
Each mode can be excited s

@ Discrete point Cis the
force comstanl:

u(x) e 1/1(11- Now F = ma = (& or mdlx/oh:l - {x = \/
Solution is x{t) = acos (@t +J7), with @ =

Get amplitude, a, by the eguipartition

X i
n—r 1 D s the C
o> = V1€ <D= V1 ke *rle, :1~w.

Thus, a = sgrt (NaT/C) as <> =476l for a cosine uave.
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NORMAL MODES IN HIGH DIMENSIONS

[Focus on deepest: eneray ]

@ bxpand eneray function about

™Mo

@ Approximate as a guadratic function
F(x ,3) z= A11 + Bxﬂ 1 Cﬂ ,

g il el 1t 32 Gl
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NORMAL MODES IN HIGH DIMENSIONS

@ Release a marble on this swface and
watch the motion.

- Onlﬂ o
will the motion be in a sl;rnigl\t line .

L, o
JEiE

. w0
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NORMAL MODES IN HIGH DIMENSIONS

@ [he nomal mode directions are
tl\emnljorm\o\nﬁmrnxesolftke

-
) dlipse
1 > ol -
! e
g
g

,,,”"L‘i @ All other motion is a linear
LA Eﬁ_ combination of these basic
mokions _

@ Solving for the modes reguires a
R matrix that s N X N, adhere N
be veny big) J in number of degyees of freedom .
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MOLECULAR POTENTIAL ENERGY

+ 2. K‘, L1 -cos(n+J)]

All Torsion

+ 3 e[ () =2(%)]

All nonbonded

+ Z 3329¢tq,d /\"’

All partial

-
e

" Eliminate the _.;_ls
sl:rmgesl:

¥
—
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POTENTIAL ENERGY IN TORSION SPACE

L
; ¢
- ‘?

U= 2 K{,[‘I-Cos(h#-t:)]

. U—

All Torsion
¢
+ 2 e] (%) -2 r'76 = \ ¢
Al mol;\a(@t r) ( r)] \fv:'f e ;g
+ 3 3329i9; /v |
All partial R
® A protein with N residues has about 4N ‘

((pjl']: x) single bond torsion angles _
® The same protein has about SON

Cartesian coordinates (x M ,))g

N T IR R
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THEORY O+ NORMAL MODES I

¢ Assume Potentiol energy, V, is guadratic function of .

v--Z Vi (44544 é\/
¢ This means that Vij = dN/ J(PEJ(P >‘

E— (P CN—E.
® Assume Uinetic energy, T, ts,,udratchu\ctmnoFJ(p/Jt
Note He summe E:W
T= 12 T, (Had(dh/dl) |t broud
‘Ii \ /

®This means that Tij = &'T/d(dep /dt) d(dep /dt)
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THEORY OF NORMAL MODES II

*Solve for ((t) using Lagrangion approach.
2T (all(Pj/Jtl) 2V qu:o‘i [ A““‘“ﬁm L ]

@ —

® Try a periodic function for ot):
A(Pj(i:) = z Aij cos (mii:)
Jl(l)j(t)/ at! = z Aij ®" cos (mii:)

\

@ In Makrix notakion the Lagrmg.m eguakion is:
This is Eagmwim

TA m o VA eguation that is

easily solved .
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Protein Normal Modes
Concept 5.2
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RATES OF VIBRATION

30
.:g: For Bovine Fancreahe Tﬂ:,:sih Tnhibik
£ 208 5% residues, 208 tomion anglen. '“ﬁ'{ s a l:raaf,‘
uf range of torsion
‘g 10 angle mode
> freguencies .
0 T 00 150 200 Yo 200
Fﬂ.tyu.hcs (')
@ Peak near 20 em !, which is a period of 1 ps. (&or IR T ste?
A Lewitt et al. 5 Mol.
®Louest freguency is at 3 em™ or 10 ps. Biol. (195).
N P

@ There are 17 modes below 10 em™1.

e b I i (i
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AMALITUDES OF VIBRATION

e ] *Almost all the
$1-. motion of the CA
akoms comes
from the lowest

freguency modes.

@ The (A Amplitude is the RMS movement of all (A atoms as a
result of activating the particular mode.

®The Torsion Angle Amplitude is the RMS movement of all torsion
angles as a result of activating the particular mode.

N T IR R
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TRYPSIN INHIBITOR MODES
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BPTT NORMAL MODES

AT HIGH
TEMPERATURE
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LYSOZYME MODES

Active Site

8
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LYSOZYME NORMAL
MODES
AT HIGH
TEMPERATURE
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RIBONUCLEASE MODES

An inhibitor, which is colored in green, is bound in the active site.
The inhibitor is not included in the normal mode calculations.
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RIBONUCLEASE
NORMAL MODES
AT HIGH
TEMPERATURE
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Unfolding Alpha Helix
Concept 5.3
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ALPHA-HELIX UNFOL DING
Why Simulate Unfolding?
Unfold Alpha—Helix .

Effect of Temperature.
Effect of Environment.
Hydrogen Bond Breaking .
(phi,psi) Distributions .
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WHY SIMULATE UNFOL DING

Unfolded
State Molten Globule
Expanded , Disordered State

Compact , Digordered

N ative

State
Compeact , Ordered

o

Rate of motion

Velocity o mepeml:m

Rate of panping

Time = 10 Bexp[ AG/RT 1
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e At 200° C, move 25%
faster than at 25° C.

® At 2007 C, can get over
a barrier 1,000,000 to
1,000,000 ,000 times
faster than at 75° C.
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UNFOLD ALPHA-HELIX

12 Alanine residues

® Start as an ideal A-telix. In a box

ol uater.

@ Run 200 ps (100,000 time steps) Lmj i
of molecular duynamics at six different j | 7C
temperatures o @]

I

9 Record percentage A-helix formed for g *

last 50 ps. & *
‘ o

300

8

@ See temperature--induced melting on

picosecond. time--scale. — Tenperature (K) —

i e e el 1 g (el

http://localhost/SB228_Lec_5_2004/Slide25.JPG [2/5/2004 10:54:12 PM]



http://localhost/SB228 Lec 5 2004/Slide26.JPG

A~ ' | "y >
o 1\ W U’J"Jﬂ"i off IV
i : | _ @ At higher temperature,
i 1 TR - - TR - t!\E ‘\d(I l‘-'fEd(S otOHh
e T more rﬂplou[.]

% ck—Helix
——

(For more details see:
Dagaett £ Levitt, J.
| Mol. Bial. 273, 1121

il.l,!,]m;. W 1“ (fﬁ‘D
50 00 150 200 N -/

1 L
Q 50 L#is)

a0 200 4
Til'n.t (ih ps) > sl 1 e 0l
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HELIX LESS STABLE IN WATER

@ In vacuo the helix is very stable

y T even at high temperature.

=&

% O @ In uater the helix is unstable

g at high temperature.

3

g & @ The rate of melting depends on
temperature.

@ This happens because water
molecules stabilize the transition
state,
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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.

| Eeae i 0]
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HELIX UNFOLDING

IN WATER AT
HIGH TEMPERATURE
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(o ,M) 'DISTRIBUTIOI\\S IN SOLUTION
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MD dictrd @ Distribution of Ala

residues in globular
proteins is similar to
the distribution found
for Alag in water at
high temperature.

@ [ Lere are differences
shoun in oranae ..
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Unfolding Proteins
Concept 5.4

e IR e
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PROTEIN UNFOL DING:

What Happens to Secondary
What Happens to Aromatic Core.
The Molten Gldbule?

Connection to Experiment.
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WHAT HAPPENS TO SECONDARY STRUCTURE

Seca\o\arﬂ
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PROTEIN UNFOLDING.

IN WATER AT
HIGH TEMPERATURE
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WHAT HAPPENS TO AROMATIC SIDECHAINS

Native ?
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PROTEIN UNFOLDING,

IN WATER AT
HIGH TEMPERATURE
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UNFOL])ING PATHWAY

&L

! ”'ri-}\ i ]'{l{fm f*fléx
States

1

[ Int {)ﬁﬂhn}ﬁmlu ke
\

S4Sps

SE—— “'I"M —
Unl:ol&ng occurs in tuo
®Loosen packing, keep second
@] ose Sﬁ:d\o‘ﬁhj structure M“"ﬂ A
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CONNECTION TO EXPERIMENT,

'(PTS -
(G, -G /CAG -G,
'AGTS - Aﬁu MeGNS
that TS is lde U
Q=0
'AGTS = AGN MeaNs
| thet TS is lie N
(PTS =1

P measures the relative effect of changing a particular residue to Ala.

Fersht et al, Nature 342, 122 (1989)
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CONNECTION TO EXPERIMENT

gond et al, PNAS 94, 13409 (1997)

¢ values: §<0.3, 0.358<0.7,0.7< 5

D il Il -_— TS -—————f N
Ram. # | 22 42 &3 P2 103
Sag. EVINTFDOVADYLOTYHNLP HDYITESEAQALOWVASEGHN LADVAPSRSICODIFENRED ELFOESORTWREADINYITSY TRNSDRILYSSDWLIYETTD HY{JTTTEIR
o az 3 B B2 p3 i) s
by — —] O —— —i — —
TS
L BER 0 NOEEREN T 8 ) | I Ema 1 i I mHm i1 | I
)
¢l. R 0 N Bl AR ] B . ] nid 1 HE 1 | I |

@ (P measures the relative effect on the folding rate of changing a particular
resﬁuz to Ala. (P =0 implies a denatured-lie transition state structure
and (P =1 implies a native-lie transition state structure at that position.

® Residues found experimentally to have high (P values are found to interact
in the simulated transition state.

N T IR R
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CONNECTION TO EXPERIMENT

qR Crucial residues Crucial residues
from simulation from experiment

5

distal hairpin

9 Residues marked in red remain native-lie in SHS unfolding simulations
Experiment implicates residues from the same region of the structure.

Tsai et al. J Mol Biol 291, 215 (1999)

Exparimentalists and Hheoreticions are ]
interecting to study protein unfolding.
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Folding Simplified Chains
Concept 5.5
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FOLD SIMALIFIED PROTEINS

Folca\ing With Minimization .
\Au\ﬂ Folo\ing (S So
_attice Model Folo\ing .
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WHY IS FOLDING SO DIFFICULT

Barvigr crossing time ~ exp(AGAT), 4
/\ Barier crossing time
W@%;f:bm(ﬁ;%@w&w

Barrier
Height Native

State
Expanded, State

Compact , Disordered
* Must oet over high barriers.

sMany degrees of freedom: kugesd:ofpossﬂcsl:ructures

Al el s
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SIMALIFIED MODELS FOR FOL DING.
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Ny i {E%.: minimization fold chain.
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5 il { from local minimum .
\- i
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VIRTUAL BONDS

o OLisdefined by CA_-CA. -CA -
* OL is approximately W + ¢+ 180
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SIMALIFIED MODELS FOR FOLDING

This seomed significant

Neative in 19755.
Xy
Chamros The ovevell chein path
is similar.
It wes nol veally
Folded sigpificenl. .
JRMS=5 SA
cRMS=8 1A
@ Samplify the obomic structure Lo one center per residue (CA). Glmlﬁ%mh:lm-d?
@ Use effective hudrophobic Forces with one degree of freedom per residue . {Yoben - Notare,

152: £U-6B (1755).
@ Fold hj energy minimizolion.

@ Use Normol mode thermalizakion to escape locol minima.

(l’""f’ energy inko Io"‘"l:“;"m‘“_‘l modes). el b el D el
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CARTOON FOLDING
AND

UNFOLDING OF
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3x3x3 CUBE PROTEIN FOLDING

@ Model protein as 27 centers of 3 by
Sbydcube This is a lattice.

@ Have @ simple pair--uise energy.
@ Have a simple move set.

@ bold with Monte Carlo:
accept new arrangement if
exp(--AUATY > Ran(1),

where Ran{1) is a random number
between O and 1.

@ Repeat about 1,000,000 times
to get native cube state.

Sah et a. LMol Biol. 235, 1614 (1994)
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LATTICE MODEL OF FOLDING

e ) 94
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Fololir\g Simulations
Concept 5.6
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FOLDING SIMULATIONS

Need Moassive Computational

Villin Folding (A Small Proteins) .
Blue Gene Project .

Folding@Home .

Other Simulations.
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NEED MASSIVE COMAUTATIONAL RESOURCES

Empty Supercomputers.
Blue Gene (IBM).

Folding@home (Vijaﬂ Pande ) .
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T1B
16 1

—Radius of gyration
—RMSD

i

12 i ]I‘.I.|r
VA ) A,

L W

r.

Il

e RM S

4

0 50 100 150

@ Use explicit water molecules with

36-—residue villin headpiece

@ Have betueen 2 000 and ¢ ,500

waker molecules

@ Run for 200 ns (tour de force).

@ Get to within 4.7 A RMS.

http://localhost/SB228_Lec_5_2004/Slide53.JPG [2/5/2004 10:54:36 PM]

Duan, et al. PNAS, 95, 9897 (1998)

g il el 1t 32 Gl




http://localhost/SB228 L ec 5 2004/Slide54.JPG

IBM BLUE GENE PROJECT

hitp-/fwww._research.ibm_com/blucgenc/bincpene  presentation pdf
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IBM BLUE GENE DESIGN

Building Blue Gene

A possible design system
(324 racks, 36x36x36)

(with current CMOS 7SF technology) rack
Wil (4 boards, 2x2x36)

nas changed!

board
(36 chips, 2x2x9)

chip
L oo
Leniaeng T 1.1 PFls
K ' ‘ Y W 5
OGS e AT A e 373 GB 0#100 d
864 GF/s 1.1GB

288 MB 18 M threads

46K chips

2 MW/
A VAo B hitp:/fwww research ibm_com/bluegene/bluepene presentation. pdf
T™VB
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FOLDING AT HOME

hitp:/fwww_stanford_edu/proup/pandegroup/oldmg/education/

| Lile
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FOLDING AT HOME HELIX FOLDING

| | | | | | | |

=
oan

10 15 co k] 30 35
time (ns)

000821 pA20AH FRAME 150

Folding@home: http://foldingathome.stanford.edu

® Run with effective solvent (pseudo vacusm ) using linker, Jay Ponder’s

molecular duynamics simulation program.

® Reproducibly fold helix in 10’s of nanoseconds (10,000,000 At steps).
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HELIX FOLDING IN

IMALICIT WATER
AT ROOM
TEMPERATURE
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VILLIN FOLDING IN
IMALICIT WATER
AT ROOM
TEMPERATURE
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FOLDING AT HOME RATES

e ' eCan look ot rates from 1 to
el ““' 50,000 naoseconds (50
- V. b
B o Y h:a 4 )E? mu:rosmads)
£ 1000 H \'g
. 9Get good fit to experiment
.ﬁ 100 - " alpha helix over the entire ranoe.
PN
& o
10 { PPA ¢
1 11|J 1[30 1 E'"JU 101000 10'..3000

Experimental time (ns)
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