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PREHISTORIC TIMES PREHISTORIC TIMES PREHISTORIC TIMES PREHISTORIC TIMES 
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Early ModelingEarly ModelingEarly ModelingEarly Modeling
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1950: PAULING THE GREAT CHEMIST1950: PAULING THE GREAT CHEMIST1950: PAULING THE GREAT CHEMIST1950: PAULING THE GREAT CHEMIST

1951
The alpha-helix

1901190119011901----1994199419941994
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1111999955552222::::    WWWWAAAATTTTSSSSOOOONNNN    &&&&    CCCCRRRRIIIICCCCKKKK    MMMMOOOODDDDEEEELLLL    DDDDNNNNAAAA    

DNA: Fame to Modelers
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1953: DNA MODEL AND EXPERIMENT1953: DNA MODEL AND EXPERIMENT1953: DNA MODEL AND EXPERIMENT1953: DNA MODEL AND EXPERIMENT
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1959: KENDREW AND MYOGLOBIN1959: KENDREW AND MYOGLOBIN1959: KENDREW AND MYOGLOBIN1959: KENDREW AND MYOGLOBIN
Scientific American 1961

Painted by artist 
Irving Geis

1917191719171917----1997199719971997
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1962: PERUTZ AND HEMOGLOBIN1962: PERUTZ AND HEMOGLOBIN1962: PERUTZ AND HEMOGLOBIN1962: PERUTZ AND HEMOGLOBIN

The real hero of the 
structural biology.

1914191419141914----2002200220022002
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1965: PHILLIPS AND LYSOZYME1965: PHILLIPS AND LYSOZYME1965: PHILLIPS AND LYSOZYME1965: PHILLIPS AND LYSOZYME

Great supporter of 
Computational Biology

Kedumin 1985

1924192419241924----1999199919991999
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1943194319431943----1945: LOS ALAMOS1945: LOS ALAMOS1945: LOS ALAMOS1945: LOS ALAMOS
TTTThhhheeee    BBBBiiiirrrrtttthhhh    ooooffff    tttthhhheeee    MMMMoooonnnntttteeee    CCCCaaaarrrrlllloooo    MMMMeeeetttthhhhoooodddd....
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1966: 1966: 1966: 1966: LEVINTHALLEVINTHALLEVINTHALLEVINTHAL

Earliest 
molecular 
graphics.
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BIRTH OF COMPUTATIONAL BIRTH OF COMPUTATIONAL BIRTH OF COMPUTATIONAL BIRTH OF COMPUTATIONAL 
STRUCTURAL BIOLOGYSTRUCTURAL BIOLOGYSTRUCTURAL BIOLOGYSTRUCTURAL BIOLOGY

1967196719671967----1976197619761976
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KENDREW, ME & ISRAELKENDREW, ME & ISRAELKENDREW, ME & ISRAELKENDREW, ME & ISRAEL

Suzy Eban
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1996 in Israel
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YOM KIPPUR 1967YOM KIPPUR 1967YOM KIPPUR 1967YOM KIPPUR 1967

Arieh Warshel
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All AnglesAll AnglesAll AnglesAll Angles

All Torsion AnglesAll Torsion AnglesAll Torsion AnglesAll Torsion Angles

All nonbonded pairsAll nonbonded pairsAll nonbonded pairsAll nonbonded pairs

All partial chargesAll partial chargesAll partial chargesAll partial charges

All BondsAll BondsAll BondsAll Bonds
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PositionPositionPositionPosition

EnergyEnergyEnergyEnergy MinimizationMinimizationMinimizationMinimization dropsdropsdropsdrops
intointointointo locallocallocallocal minimum.minimum.minimum.minimum.

MolecularMolecularMolecularMolecular DynamicsDynamicsDynamicsDynamics uses uses uses uses 
thermalthermalthermalthermal energyenergyenergyenergy totototo move move move move 
smoothlysmoothlysmoothlysmoothly overoveroverover surface.surface.surface.surface.

MonteMonteMonteMonte CarloCarloCarloCarlo MovesMovesMovesMoves are are are are 
random.random.random.random. AcceptAcceptAcceptAccept with with with with 
probabilityprobabilityprobabilityprobability expexpexpexp ((((----∆∆∆∆UUUU////kkkkTTTT))))....
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MACROMOLECULAR ENERGY MINIMIZATIONMACROMOLECULAR ENERGY MINIMIZATIONMACROMOLECULAR ENERGY MINIMIZATIONMACROMOLECULAR ENERGY MINIMIZATION

Structure refinement
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MENTORS IN CAMBRIDGEMENTORS IN CAMBRIDGEMENTORS IN CAMBRIDGEMENTORS IN CAMBRIDGE

Bob Diamond

Aaron Klug

Francis Crick

Max Perutz
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DETAILED MODEL FOR tRNADETAILED MODEL FOR tRNADETAILED MODEL FOR tRNADETAILED MODEL FOR tRNA



Michael Levitt 10

1969: MY tRNA MODEL WAS WRONG1969: MY tRNA MODEL WAS WRONG1969: MY tRNA MODEL WAS WRONG1969: MY tRNA MODEL WAS WRONG

Lessons for future
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COMPUTER SIMULATION OF PROTEIN FOLDINGCOMPUTER SIMULATION OF PROTEIN FOLDINGCOMPUTER SIMULATION OF PROTEIN FOLDINGCOMPUTER SIMULATION OF PROTEIN FOLDING

Fold protein with 1000 
steps of minimization.

Escape from local minima 
with normal modes jumps. 

GLYGLYGLYGLY
ψψψψiiii

ASPASPASPASPVALVALVALVAL

ALAALAALAALA

φφφφiiii φφφφi+1i+1i+1i+1

Reduced models
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THEORETICAL STUDIES OF THEORETICAL STUDIES OF THEORETICAL STUDIES OF THEORETICAL STUDIES OF ENZYMICENZYMICENZYMICENZYMIC REACTIONSREACTIONSREACTIONSREACTIONS

Most cited by far
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STRUCTURAL PATTERNS IN PROTEINSSTRUCTURAL PATTERNS IN PROTEINSSTRUCTURAL PATTERNS IN PROTEINSSTRUCTURAL PATTERNS IN PROTEINS

Structure classification



THE GOLDEN YEARS THE GOLDEN YEARS THE GOLDEN YEARS THE GOLDEN YEARS 
1977197719771977----2007200720072007
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SIMULATING HYDROPHOBIC EFFECT SIMULATING HYDROPHOBIC EFFECT SIMULATING HYDROPHOBIC EFFECT SIMULATING HYDROPHOBIC EFFECT 
1 nanosecond MD 1 nanosecond MD 1 nanosecond MD 1 nanosecond MD 
simulations.simulations.simulations.simulations.

Periodic water boxes.Periodic water boxes.Periodic water boxes.Periodic water boxes.

30 mM to 3 Molar 30 mM to 3 Molar 30 mM to 3 Molar 30 mM to 3 Molar 
concentration solution.concentration solution.concentration solution.concentration solution.



4444    BBBBeeeennnnzzzzeeeennnneeeessss    iiiinnnn    aaaa    
ppppeeeerrrriiiiooooddddiiiicccc    bbbbooooxxxx    ooooffff    
water.  water.  water.  water.  

Simulate for 1 Simulate for 1 Simulate for 1 Simulate for 1 
ns at 298 K.ns at 298 K.ns at 298 K.ns at 298 K.

See clustering.See clustering.See clustering.See clustering.
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THE PRESENT & FUTURE THE PRESENT & FUTURE THE PRESENT & FUTURE THE PRESENT & FUTURE 
2008200820082008----2038203820382038
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A LARGE, DIVERSE GROUPA LARGE, DIVERSE GROUPA LARGE, DIVERSE GROUPA LARGE, DIVERSE GROUP
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ExperimentExperimentExperimentExperiment



Peter MinaryPeter MinaryPeter MinaryPeter Minary
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Sx : Shear

Sy : Stretch

Sz : Stagger

κ : Buckle

π : Propeller

σ : Opening

Dx : Shift

Dy : Slide

Dz : Rise

τ : Tilt

ρ : Roll

ω : Twist

NATURAL VARIABLES for DNA & PROTEINSNATURAL VARIABLES for DNA & PROTEINSNATURAL VARIABLES for DNA & PROTEINSNATURAL VARIABLES for DNA & PROTEINS
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NATURAL MOVES FOR RNA MODELING HARDNATURAL MOVES FOR RNA MODELING HARDNATURAL MOVES FOR RNA MODELING HARDNATURAL MOVES FOR RNA MODELING HARD
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Adelene SimAdelene SimAdelene SimAdelene Sim
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SYSTEMATIC SEARCH OF RNA STRUCTURESSYSTEMATIC SEARCH OF RNA STRUCTURESSYSTEMATIC SEARCH OF RNA STRUCTURESSYSTEMATIC SEARCH OF RNA STRUCTURES



Dahlia WeissDahlia WeissDahlia WeissDahlia Weiss
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MYOSIN MYOSIN MYOSIN MYOSIN 
MORPHINGMORPHINGMORPHINGMORPHING



Sergio MorenoSergio MorenoSergio MorenoSergio Moreno
Xia YuXia YuXia YuXia Yu
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TOY MODELS OF PROTEIN UNIVERSETOY MODELS OF PROTEIN UNIVERSETOY MODELS OF PROTEIN UNIVERSETOY MODELS OF PROTEIN UNIVERSE
Take one sequence and try each shape.

Calculate the energy of each sequence 
on each shape: EHH=-2, EHP=EPP=-1.

PPHPPPHPPHHPPHPHHPPHPHHH

Each sequence 
selects the 
shape or 
shapes that 
are most 
stable for it.
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3486       3486       3486       3486       2744       2744       2744       2744       2885       2885       2885       2885       2668       2668       2668       2668       2678       2678       2678       2678       

2279       2279       2279       2279       

WHAT IS SPECIAL ABOUT SELECTED SHAPES?WHAT IS SPECIAL ABOUT SELECTED SHAPES?WHAT IS SPECIAL ABOUT SELECTED SHAPES?WHAT IS SPECIAL ABOUT SELECTED SHAPES?

At least 2279 
sequences favor 
each of the folds 
shown here.

Folds used by 
many sequences 
have high 
designability.
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AN ISLAND OF FUNCTIONAN ISLAND OF FUNCTIONAN ISLAND OF FUNCTIONAN ISLAND OF FUNCTION

For our model, 
the biggest island 
is populated by 
3486 sequences.

Proteins with sequences on the island have the needed 
function.  They can multiply and evolve.
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EVOLVE BY MUTATIONEVOLVE BY MUTATIONEVOLVE BY MUTATIONEVOLVE BY MUTATION
Change any one amino acid at random

Clonal Clonal Clonal Clonal 
ReproductionReproductionReproductionReproduction

PPHPHPHPPHHPPHPHHPPHPHHH

PPHPPPHPPHHPPHPHHPPHPHHH
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MUTATION POPULATES EDGE OF ISLANDMUTATION POPULATES EDGE OF ISLANDMUTATION POPULATES EDGE OF ISLANDMUTATION POPULATES EDGE OF ISLAND
10        0        1010        0        1010        0        1010        0        10 With mutation 

sequences have many 
differences from 
central sequence.
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PHPHHPPHPHHH

PPHPPPHPPHHP

HPHHPPHPHHHPPHPPPHPPHHPP

PPHPPPHPPHHPPHPHHPPHPHHH

EVOLVE BY RECOMBINATIONEVOLVE BY RECOMBINATIONEVOLVE BY RECOMBINATIONEVOLVE BY RECOMBINATION
Choose two parents at random from population

HPHHPPHPHHHPPHPPPHPPHHPP

Choose a random cross-over point and merge

SexualSexualSexualSexual
ReReReRe----

productionproductionproductionproduction

and

Parent 1

Parent 2

PPHPPPHPPHHPPHPHHPPHPHHH

HPHHPPHPHHHP

PHPPPHPPHHPP
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RECOMBINATION POPULATES MIDDLE OF ISLANDRECOMBINATION POPULATES MIDDLE OF ISLANDRECOMBINATION POPULATES MIDDLE OF ISLANDRECOMBINATION POPULATES MIDDLE OF ISLAND
With dominant 
recombination sequences 
are much closer to the 
central sequence.

10        0        1010        0        1010        0        1010        0        10
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My own work...My own work...My own work...My own work...
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EXPONENTIAL MULTIEXPONENTIAL MULTIEXPONENTIAL MULTIEXPONENTIAL MULTI----DOMAIN GROWTH WITH TIMEDOMAIN GROWTH WITH TIMEDOMAIN GROWTH WITH TIMEDOMAIN GROWTH WITH TIME

MDAs are growing rapidly while SDAs hardly change.MDAs are growing rapidly while SDAs hardly change.MDAs are growing rapidly while SDAs hardly change.MDAs are growing rapidly while SDAs hardly change.
Sequence Coverage is high and increasing.Sequence Coverage is high and increasing.Sequence Coverage is high and increasing.Sequence Coverage is high and increasing. Michael Levitt 10



UNIQUE UNIVERSEUNIQUE UNIVERSEUNIQUE UNIVERSEUNIQUE UNIVERSE

no PDB
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PNAS, 2009



THE CORE MACHINERY OF LIFETHE CORE MACHINERY OF LIFETHE CORE MACHINERY OF LIFETHE CORE MACHINERY OF LIFE
RRRRNNNNAAAA    

PPPPoooollllyyyymmmmeeeerrrraaaasssseeee    

RibosomeRibosomeRibosomeRibosome

DNADNADNADNA

mRNAmRNAmRNAmRNA

NucleotidesNucleotidesNucleotidesNucleotides

RRRR NANANANA

RibosomeRibosomeRibosomeRibosome

ProteinProteinProteinProtein
AminoAminoAminoAmino
acidacidacidacid

PolymerasePolymerasePolymerasePolymerase
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Package DNAPackage DNAPackage DNAPackage DNA

Make ProteinMake ProteinMake ProteinMake Protein

Make RNAMake RNAMake RNAMake RNA

Fold ProteinFold ProteinFold ProteinFold Protein



NUCLEOSOME NORMAL MODE 2NUCLEOSOME NORMAL MODE 2NUCLEOSOME NORMAL MODE 2NUCLEOSOME NORMAL MODE 2
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70S RIBOSOME NORMAL MODE 270S RIBOSOME NORMAL MODE 270S RIBOSOME NORMAL MODE 270S RIBOSOME NORMAL MODE 2
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Chaperonin Eu NORMAL MODE 1Chaperonin Eu NORMAL MODE 1Chaperonin Eu NORMAL MODE 1Chaperonin Eu NORMAL MODE 1
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Novel Novel Novel Novel 
Computational Computational Computational Computational 
MachinaryMachinaryMachinaryMachinary
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PANDE FOLDING AT HOMEPANDE FOLDING AT HOMEPANDE FOLDING AT HOMEPANDE FOLDING AT HOME

Fold proteins on 100,000 Fold proteins on 100,000 Fold proteins on 100,000 Fold proteins on 100,000 
computers using the program computers using the program computers using the program computers using the program 
as a Screen Saver!  as a Screen Saver!  as a Screen Saver!  as a Screen Saver!  

http://www.stanford.edu/group/pandegroup/folding/education/

Most Powerful resource in the Most Powerful resource in the Most Powerful resource in the Most Powerful resource in the 
world  world  world  world  
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For small proteins can fully simulate folding.For small proteins can fully simulate folding.For small proteins can fully simulate folding.For small proteins can fully simulate folding.

MOLECULAR DYNAMICS CAN MOLECULAR DYNAMICS CAN MOLECULAR DYNAMICS CAN MOLECULAR DYNAMICS CAN 
SIMULATE PROTEIN FOLDINGSIMULATE PROTEIN FOLDINGSIMULATE PROTEIN FOLDINGSIMULATE PROTEIN FOLDING

VillinVillinVillinVillin
headpieceheadpieceheadpieceheadpiece
(36 amino (36 amino (36 amino (36 amino 
acids)acids)acids)acids)

Pande GroupPande GroupPande GroupPande Group
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FOLDING PROTEINS WITH ANTONFOLDING PROTEINS WITH ANTONFOLDING PROTEINS WITH ANTONFOLDING PROTEINS WITH ANTON
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GBWGBWGBWGBW UNFOLDS AND FOLDSUNFOLDS AND FOLDSUNFOLDS AND FOLDSUNFOLDS AND FOLDS
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Gaurav ChopraGaurav ChopraGaurav ChopraGaurav Chopra
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QUANTUM MECHANICSQUANTUM MECHANICSQUANTUM MECHANICSQUANTUM MECHANICS

Algodign PNAS 102:7829 (2005)
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WATER AROUND C60WATER AROUND C60WATER AROUND C60WATER AROUND C60
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O AND H DENSITY AT  R = 6.6 O AND H DENSITY AT  R = 6.6 O AND H DENSITY AT  R = 6.6 O AND H DENSITY AT  R = 6.6 öööö
Oxygen

Hydrogen

QMPFF

Classical

O(max/min)=1.97

H(max/min)=1.64

O(max/min)=1.37

H(max/min)=1.38



Final WordsFinal WordsFinal WordsFinal Words
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ExperimentExperimentExperimentExperiment



PERUTZ: MORE SCIENCE AFTER NOBEL PRIZEPERUTZ: MORE SCIENCE AFTER NOBEL PRIZEPERUTZ: MORE SCIENCE AFTER NOBEL PRIZEPERUTZ: MORE SCIENCE AFTER NOBEL PRIZE

Royal Medal August 1971

Klosters 1977
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1914191419141914----2002200220022002

66 Year Career66 Year Career66 Year Career66 Year Career

Nobel Prize in 1962



FAMILY SUPPORTFAMILY SUPPORTFAMILY SUPPORTFAMILY SUPPORT
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Rina Odile



Michael Levitt 04

THE ENDTHE ENDTHE ENDTHE END


