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THE PROBLEMTHE PROBLEMTHE PROBLEMTHE PROBLEM

Michael Levitt 10

The ribosome is a 
molecular machine. 

It has 56 chains  
50 protein
6 RNA 

It has 10559 
residues 
6065 protein
4494 RNA

Venki Ramakrishnan Picture of Year 2008Venki Ramakrishnan Picture of Year 2008Venki Ramakrishnan Picture of Year 2008Venki Ramakrishnan Picture of Year 2008



OUTLINEOUTLINEOUTLINEOUTLINE
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Few normal modes simulate suggestive motion.

Knowledge-based potentials work for refinement.

Simplified models are same as all-atom models.

Simulate suggestive motion of cellular machinery.

Knowledge-based potentials give stability & modes.

The chain order paradox.

Special solution of generalized eigenvalue equation.



Molecular Motion
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TWO ESSESTIAL REQUIREMENTSTWO ESSESTIAL REQUIREMENTSTWO ESSESTIAL REQUIREMENTSTWO ESSESTIAL REQUIREMENTS
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Potential Energy Surfaces.

Methods to Move Over Surface.



MOVING OVER ENERGY SURFACEMOVING OVER ENERGY SURFACEMOVING OVER ENERGY SURFACEMOVING OVER ENERGY SURFACExxxx
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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 ((((----∆∆∆∆U/kT).U/kT).U/kT).U/kT).
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Molecular Dynamics
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Simple sumSimple sumSimple sumSimple sum
over manyover manyover manyover many
termstermstermsterms
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All AnglesAll AnglesAll AnglesAll Angles

MOLECULAR POTENTIAL ENERGY MOLECULAR POTENTIAL ENERGY MOLECULAR POTENTIAL ENERGY MOLECULAR POTENTIAL ENERGY 
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All partial chargesAll partial chargesAll partial chargesAll partial charges
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All nonbonded pairsAll nonbonded pairsAll nonbonded pairsAll nonbonded pairs
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All Torsion AnglesAll Torsion AnglesAll Torsion AnglesAll Torsion Angles

All BondsAll BondsAll BondsAll Bonds
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MOLECULAR DYNAMICS THEORY MOLECULAR DYNAMICS THEORY MOLECULAR DYNAMICS THEORY MOLECULAR DYNAMICS THEORY 

New positionNew positionNew positionNew position Old positionOld positionOld positionOld position AccelerationAccelerationAccelerationAcceleration

New velocityNew velocityNew velocityNew velocity Old velocityOld velocityOld velocityOld velocity

Old velocityOld velocityOld velocityOld velocity

AccelerationAccelerationAccelerationAcceleration

Total energy (UTotal energy (UTotal energy (UTotal energy (Upotentialpotentialpotentialpotential + U+ U+ U+ Ukinetickinetickinetickinetic) must not change with time.) must not change with time.) must not change with time.) must not change with time.

Kinetic energyKinetic energyKinetic energyKinetic energy Atomic masses, velocitiesAtomic masses, velocitiesAtomic masses, velocitiesAtomic masses, velocities

Number of coordinates Number of coordinates Number of coordinates Number of coordinates 
(not atoms)(not atoms)(not atoms)(not atoms)

BoltzmannBoltzmannBoltzmannBoltzmann’’’’ssss
ConstantConstantConstantConstant

TemperatureTemperatureTemperatureTemperature

Time step, Time step, Time step, Time step, 
∆∆∆∆t, must be t, must be t, must be t, must be 
very small at very small at very small at very small at 
10101010----15151515 seconds seconds seconds seconds 
orororor 0.0010.0010.0010.001 ps.ps.ps.ps.

All atoms move together.All atoms move together.All atoms move together.All atoms move together.
Forces between atoms change with time.Forces between atoms change with time.Forces between atoms change with time.Forces between atoms change with time.
Analytical solution to give x(t) Analytical solution to give x(t) Analytical solution to give x(t) Analytical solution to give x(t) 
and v(t) is impossible.and v(t) is impossible.and v(t) is impossible.and v(t) is impossible.
Numerical solution is trivial.Numerical solution is trivial.Numerical solution is trivial.Numerical solution is trivial.
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Normal Modes
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In Normal Mode Dynamics, we solve the 
approximate equations of motion exactly.

NORMAL MODE DYNAMICSNORMAL MODE DYNAMICSNORMAL MODE DYNAMICSNORMAL MODE DYNAMICS

In regular Molecular Dynamics, we solve the 
exact equations of motions approximately.
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Get amplitude, a, by the equipartition theorem:Get amplitude, a, by the equipartition theorem:Get amplitude, a, by the equipartition theorem:Get amplitude, a, by the equipartition theorem:

BASIC THEORYBASIC THEORYBASIC THEORYBASIC THEORY
What are normal modes?What are normal modes?What are normal modes?What are normal modes?

A string attached at both ends:A string attached at both ends:A string attached at both ends:A string attached at both ends:

UU UU

xxxx

Discrete point masses:Discrete point masses:Discrete point masses:Discrete point masses: C is the springC is the springC is the springC is the spring
force constantforce constantforce constantforce constant

Get a standing wave of frequency Get a standing wave of frequency Get a standing wave of frequency Get a standing wave of frequency νννν = k= k= k= kννννοοοο
Amplitude is proportional to 1/Amplitude is proportional to 1/Amplitude is proportional to 1/Amplitude is proportional to 1/νννν
Each mode can be excited independently.Each mode can be excited independently.Each mode can be excited independently.Each mode can be excited independently.

U(x) = U(x) = U(x) = U(x) = 1/21/21/21/2 CxCxCxCx2222. Now F = ma = . Now F = ma = . Now F = ma = . Now F = ma = ----Cx or mCx or mCx or mCx or m dddd2222 x/dtx/dtx/dtx/dt2222 = = = = ----CxCxCxCx
Solution is x(t)Solution is x(t)Solution is x(t)Solution is x(t) ==== aaaa coscoscoscos ((((ωωωωtttt ++++ ô), with ô), with ô), with ô), with ω==== sqrt(C/m)sqrt(C/m)sqrt(C/m)sqrt(C/m)

Thus, aThus, aThus, aThus, a ==== sqrtsqrtsqrtsqrt (2k(2k(2k(2kbbbbT/C) as <xT/C) as <xT/C) as <xT/C) as <x2222> => => => = 1/21/21/21/2 aaaa2222 for a cosine wave. for a cosine wave. for a cosine wave. for a cosine wave. 

<E<E<E<Epotentialpotentialpotentialpotential> = > = > = > = 1/21/21/21/2 CCCC <x<x<x<x2222> = > = > = > = 1/21/21/21/2 kkkkbbbb TTTT <x<x<x<x2222> is the mean> is the mean> is the mean> is the mean
value of xvalue of xvalue of xvalue of x2222....
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Focus on deepest energy minimum.

NORMAL MODES IN HIGH DIMENSIONNORMAL MODES IN HIGH DIMENSIONNORMAL MODES IN HIGH DIMENSIONNORMAL MODES IN HIGH DIMENSION

Expand energy function 
about minimum.
Approximate as a quadratic functionApproximate as a quadratic functionApproximate as a quadratic functionApproximate as a quadratic function
F(x,y) = Ax + Bxy + CyF(x,y) = Ax + Bxy + CyF(x,y) = Ax + Bxy + CyF(x,y) = Ax + Bxy + Cy2   2   2   2   2222
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NORMAL MODES IN HIGH DIMENSIONSNORMAL MODES IN HIGH DIMENSIONSNORMAL MODES IN HIGH DIMENSIONSNORMAL MODES IN HIGH DIMENSIONS3333

For n atoms, N = 3n so it can For n atoms, N = 3n so it can For n atoms, N = 3n so it can For n atoms, N = 3n so it can 
be very big!be very big!be very big!be very big!

The normal mode directions are The normal mode directions are The normal mode directions are The normal mode directions are 
the major and minor axes of the the major and minor axes of the the major and minor axes of the the major and minor axes of the 
ellipse. ellipse. ellipse. ellipse. 

All other motion is a linear All other motion is a linear All other motion is a linear All other motion is a linear 
combination of these basic combination of these basic combination of these basic combination of these basic 
motions.motions.motions.motions.

Solving for the modes requires a Solving for the modes requires a Solving for the modes requires a Solving for the modes requires a 
matrix that is N matrix that is N matrix that is N matrix that is N x N, where N N, where N N, where N N, where N 
in number of degrees of freedom.in number of degrees of freedom.in number of degrees of freedom.in number of degrees of freedom.
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All BondsAll BondsAll BondsAll Bonds

UU UU

All AnglesAll AnglesAll AnglesAll Angles

MOLECULAR POTENTIAL ENERGYMOLECULAR POTENTIAL ENERGYMOLECULAR POTENTIAL ENERGYMOLECULAR POTENTIAL ENERGY

UU UU
UU UU

rrrr
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All partial chargesAll partial chargesAll partial chargesAll partial charges

Eliminate the Eliminate the Eliminate the Eliminate the 
strongest strongest strongest strongest 
springs.springs.springs.springs.
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rrrr
All nonbonded pairsAll nonbonded pairsAll nonbonded pairsAll nonbonded pairs
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All Torsion AnglesAll Torsion AnglesAll Torsion AnglesAll Torsion Angles
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POTENTIAL ENERGY IN TORSION SPACE POTENTIAL ENERGY IN TORSION SPACE POTENTIAL ENERGY IN TORSION SPACE POTENTIAL ENERGY IN TORSION SPACE 

UU UU
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rrrr
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rrrr

rrrr
+ -All partial chargesAll partial chargesAll partial chargesAll partial charges

All nonbonded pairsAll nonbonded pairsAll nonbonded pairsAll nonbonded pairs

All Torsion AnglesAll Torsion AnglesAll Torsion AnglesAll Torsion Angles

A protein with N residues has about 4A protein with N residues has about 4A protein with N residues has about 4A protein with N residues has about 4N N N N 
((((φ,ψ, χ) single bond torsion angles.  ) single bond torsion angles.  ) single bond torsion angles.  ) single bond torsion angles.  
The same protein has about 50The same protein has about 50The same protein has about 50The same protein has about 50N N N N 
Cartesian coordinates (x,y,z).Cartesian coordinates (x,y,z).Cartesian coordinates (x,y,z).Cartesian coordinates (x,y,z).
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THEORY OF NORMAL MODES I THEORY OF NORMAL MODES I THEORY OF NORMAL MODES I THEORY OF NORMAL MODES I 
Assume Potential energy, V, is quadratic function of Assume Potential energy, V, is quadratic function of Assume Potential energy, V, is quadratic function of Assume Potential energy, V, is quadratic function of φ....

Assume Kinetic energy, T, is quadratic function of dAssume Kinetic energy, T, is quadratic function of dAssume Kinetic energy, T, is quadratic function of dAssume Kinetic energy, T, is quadratic function of dφ/dt.dt.dt.dt.

φ

VV VV (( ((
φ
)) ))

Note the symmetry Note the symmetry Note the symmetry Note the symmetry 
between Potential and between Potential and between Potential and between Potential and 

Kinetic energyKinetic energyKinetic energyKinetic energy

This means that Tij = dThis means that Tij = dThis means that Tij = dThis means that Tij = d2222T/d(dT/d(dT/d(dT/d(dφiiii/dt)/dt)/dt)/dt) d(dd(dd(dd(dφjjjj/dt)/dt)/dt)/dt)

This means that Vij = dThis means that Vij = dThis means that Vij = dThis means that Vij = d2222V/dV/dV/dV/dφiiiiddddφjjjj
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This is EigenvalueThis is EigenvalueThis is EigenvalueThis is Eigenvalue
equation that isequation that isequation that isequation that is
easily solved.easily solved.easily solved.easily solved.

THEORY OF NORMAL MODES II THEORY OF NORMAL MODES II THEORY OF NORMAL MODES II THEORY OF NORMAL MODES II 
Solve for  Solve for  Solve for  Solve for  φ(t) using Lagrangian approach.(t) using Lagrangian approach.(t) using Lagrangian approach.(t) using Lagrangian approach.

In Matrix notation the Lagrangian equation is:In Matrix notation the Lagrangian equation is:In Matrix notation the Lagrangian equation is:In Matrix notation the Lagrangian equation is:

Try a periodic function for Try a periodic function for Try a periodic function for Try a periodic function for φ(t):(t):(t):(t):

ΣΣΣΣTijTijTijTij (d(d(d(d2222φjjjj/dt/dt/dt/dt2222)))) = = = = ΣΣΣΣVVVVijijijij∆∆∆∆φjjjj

TATATATAωωωω2 2 2 2 ==== VAVAVAVA

∆∆∆∆φ
jjjj(t) = (t) = (t) = (t) = ΣΣΣΣ AAAAijijijij cos ((((ωωωωiiiit)  t)  t)  t)  

dddd2222φjjjj(t)/dt(t)/dt(t)/dt(t)/dt2222 = = = = ΣΣΣΣ AAAAijijijij
ωωωω
iiii
2222 cos ((((ωωωωiiiit) t) t) t) 

Analogous toAnalogous toAnalogous toAnalogous to
ma = Fma = Fma = Fma = F
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Suggestive Motion
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RATES OF VIBRATIONRATES OF VIBRATIONRATES OF VIBRATIONRATES OF VIBRATION

There is a broad There is a broad There is a broad There is a broad 
range of torsion range of torsion range of torsion range of torsion 
angle mode angle mode angle mode angle mode 
frequencies.frequencies.frequencies.frequencies.

Peak near 30 cmPeak near 30 cmPeak near 30 cmPeak near 30 cm----1111, which is a period of 1 ps., which is a period of 1 ps., which is a period of 1 ps., which is a period of 1 ps.

Lowest frequency is at 3 cmLowest frequency is at 3 cmLowest frequency is at 3 cmLowest frequency is at 3 cm----1111 or 10 ps.or 10 ps.or 10 ps.or 10 ps.

There are 12 modes below 10 cmThere are 12 modes below 10 cmThere are 12 modes below 10 cmThere are 12 modes below 10 cm----1111....
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Levitt et al. J. Levitt et al. J. Levitt et al. J. Levitt et al. J. 
Mol. Biol. (1985)Mol. Biol. (1985)Mol. Biol. (1985)Mol. Biol. (1985)



There is highThere is highThere is highThere is high----
frequency motion frequency motion frequency motion frequency motion 
of the torsion of the torsion of the torsion of the torsion 
angles.angles.angles.angles.

AMPLITUDES OF VIBRATIONAMPLITUDES OF VIBRATIONAMPLITUDES OF VIBRATIONAMPLITUDES OF VIBRATION
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CA AtomsCA AtomsCA AtomsCA Atoms

Torsion AnglesTorsion AnglesTorsion AnglesTorsion Angles

Frequency in cmFrequency in cmFrequency in cmFrequency in cm----1111

Almost all the Almost all the Almost all the Almost all the 
motion of the motion of the motion of the motion of the 
CA atoms comes CA atoms comes CA atoms comes CA atoms comes 
from the lowest from the lowest from the lowest from the lowest 
frequency modes.frequency modes.frequency modes.frequency modes.

The CA Amplitude is the RMS movement of all CA atoms as a The CA Amplitude is the RMS movement of all CA atoms as a The CA Amplitude is the RMS movement of all CA atoms as a The CA Amplitude is the RMS movement of all CA atoms as a 
result of activating the particular mode.result of activating the particular mode.result of activating the particular mode.result of activating the particular mode.
The Torsion Angle Amplitude is the RMS movement of all torsion The Torsion Angle Amplitude is the RMS movement of all torsion The Torsion Angle Amplitude is the RMS movement of all torsion The Torsion Angle Amplitude is the RMS movement of all torsion 
angles as a result of activating the particular mode.angles as a result of activating the particular mode.angles as a result of activating the particular mode.angles as a result of activating the particular mode.
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AT HIGH AT HIGH AT HIGH AT HIGH 
TEMPERATURETEMPERATURETEMPERATURETEMPERATURE

BPTI NORMAL MODES BPTI NORMAL MODES BPTI NORMAL MODES BPTI NORMAL MODES 

Michael Levitt 10



Michael Levitt 10



LYSOZYME MODESLYSOZYME MODESLYSOZYME MODESLYSOZYME MODES

Active SiteActive SiteActive SiteActive Site

An inhibitor, which is colored in green, is bound in the active An inhibitor, which is colored in green, is bound in the active An inhibitor, which is colored in green, is bound in the active An inhibitor, which is colored in green, is bound in the active site.site.site.site.
The inhibitor is not included in the normal mode calculations.The inhibitor is not included in the normal mode calculations.The inhibitor is not included in the normal mode calculations.The inhibitor is not included in the normal mode calculations.
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LYSOZYME NORMAL LYSOZYME NORMAL LYSOZYME NORMAL LYSOZYME NORMAL 
MODES AT HIGH MODES AT HIGH MODES AT HIGH MODES AT HIGH 
TEMPERATURETEMPERATURETEMPERATURETEMPERATURE
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Knowledge-Based 
Potentials
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1976 Tanaka & Scheraga Contacts

1985 Miyazawa & Jernigan Contacts

1990 Sippl Distance-Dependent (DD)

1998 Samudrala & Moult DD, 167 types

2007 Summa & Levitt DD, 167, Continuous

Contacts, 20 types

LONG HISTORYLONG HISTORYLONG HISTORYLONG HISTORY
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Contacts, 20 types
20 types20 types20 types20 types
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PDB Files
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Dickerson Equation

POWERED BY PDB GROWTHPOWERED BY PDB GROWTHPOWERED BY PDB GROWTHPOWERED BY PDB GROWTH
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1976:Tanaka & Scheraga  (10) 1985:Miyazawa & Jernigan (100)
1990:Sippl (120) 1998:Samudrala & Moult  (1200)
2007:Summa & Levitt (10000)



Normalize and take log
to get Energy score:

Eij(r)=log(N(rij)/M(rij))

BASIC IDEABASIC IDEABASIC IDEABASIC IDEA
Get distribution of 

distances between pairs 
of atom centers of a 
particular type, e.g.

D-OD1...F-CD2.

AspAspAspAsp PhePhePhePhe
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Refine Proteins
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All AnglesAll AnglesAll AnglesAll Angles

KNOWLEDGEKNOWLEDGEKNOWLEDGEKNOWLEDGE----BASED POTENTIAL ENERGY BASED POTENTIAL ENERGY BASED POTENTIAL ENERGY BASED POTENTIAL ENERGY 
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TTTT
All Torsion AnglesAll Torsion AnglesAll Torsion AnglesAll Torsion Angles

All BondsAll BondsAll BondsAll Bonds
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All nonbonded pairsAll nonbonded pairsAll nonbonded pairsAll nonbonded pairs

+ Quintic Splines+ Quintic Splines+ Quintic Splines+ Quintic Splines UU UU

Replace with lookup tablesand
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CARTOON OF REFINEMENT TESTCARTOON OF REFINEMENT TESTCARTOON OF REFINEMENT TESTCARTOON OF REFINEMENT TEST
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SUMMA & LEVITT SUMMA & LEVITT SUMMA & LEVITT SUMMA & LEVITT 

PNAS 2007PNAS 2007PNAS 2007PNAS 2007



Michael Levitt 10Mean % Change in Ca-rmsd

SUCCEEDS IN REFINING PROTEINSSUCCEEDS IN REFINING PROTEINSSUCCEEDS IN REFINING PROTEINSSUCCEEDS IN REFINING PROTEINS



SHIFTS MAP ENERGY SURFACESHIFTS MAP ENERGY SURFACESHIFTS MAP ENERGY SURFACESHIFTS MAP ENERGY SURFACE
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Reduced Models
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NEEDED THEN, MORE USEFUL NOW NEEDED THEN, MORE USEFUL NOW NEEDED THEN, MORE USEFUL NOW NEEDED THEN, MORE USEFUL NOW 

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 ΩΩΩΩiiii

1 atom/residue, 1 DOF/residue 
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Levitt & Warshel Levitt & Warshel Levitt & Warshel Levitt & Warshel 
Nature, 1975Nature, 1975Nature, 1975Nature, 1975



KNOWLEDGEKNOWLEDGEKNOWLEDGEKNOWLEDGE----BASED ENERGY IN TORSION SPACE BASED ENERGY IN TORSION SPACE BASED ENERGY IN TORSION SPACE BASED ENERGY IN TORSION SPACE 
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All nonbonded pairsAll nonbonded pairsAll nonbonded pairsAll nonbonded pairs

All Torsion AnglesAll Torsion AnglesAll Torsion AnglesAll Torsion Angles
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+ Quintic Splines+ Quintic Splines+ Quintic Splines+ Quintic Splines

Replace with lookup tables

UU UU
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Myosin Motor
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regulatory 

light chain

essential 

light chain

cleft

ATP 

binding 

site

upper 

50kDa

lower 

50kDa

N terminal

converter actin 

binding 

site

neck

MYOSIN STRUCTUREMYOSIN STRUCTUREMYOSIN STRUCTUREMYOSIN STRUCTURE
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Random forces

MORPHING MYOSINMORPHING MYOSINMORPHING MYOSINMORPHING MYOSIN
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DahliaDahliaDahliaDahlia WeissWeissWeissWeiss



MYOSIN ALLMYOSIN ALLMYOSIN ALLMYOSIN ALL----ATOM NORMAL MODE 1ATOM NORMAL MODE 1ATOM NORMAL MODE 1ATOM NORMAL MODE 1
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MYOSIN 3PT NORMAL MODE 1MYOSIN 3PT NORMAL MODE 1MYOSIN 3PT NORMAL MODE 1MYOSIN 3PT NORMAL MODE 1
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MYOSIN 1PT NORMAL MODE 1MYOSIN 1PT NORMAL MODE 1MYOSIN 1PT NORMAL MODE 1MYOSIN 1PT NORMAL MODE 1
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Cellular Machinery
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THE CORE MACHINERY OF LIFETHE CORE MACHINERY OF LIFETHE CORE MACHINERY OF LIFETHE CORE MACHINERY OF LIFE
RNA RNA RNA RNA 

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 Bac NORMAL MODE 2Chaperonin Bac NORMAL MODE 2Chaperonin Bac NORMAL MODE 2Chaperonin Bac 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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2.4058.01051770SR

2.21100.087681Q3S

2.4899.441971SFO

3.98100.011491KK7

1.9474.111281AOI

2.5147.24241M5K

3.8265.13641MFQ

1.7953.62501QA6

1.0756.81761VBX

1.08100.0741CTF

RMS(Ǻ)%ProtNRESPDB_ID

ALL 1PT NORMAL MODE RUNS SO FAR
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LINEAR CPU REQUIREMENTSLINEAR CPU REQUIREMENTSLINEAR CPU REQUIREMENTSLINEAR CPU REQUIREMENTS
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Problems
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RNA POLYMERASE NORMAL MODE 1RNA POLYMERASE NORMAL MODE 1RNA POLYMERASE NORMAL MODE 1RNA POLYMERASE NORMAL MODE 1
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USE GAPS TO MAKE ONE CHAINUSE GAPS TO MAKE ONE CHAINUSE GAPS TO MAKE ONE CHAINUSE GAPS TO MAKE ONE CHAIN

1111

3333
2222

4444
StartStartStartStart

EndEndEndEnd



ty
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θz

θx

tx
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8

910
7

611
tx    1 - 2

θx   5 – 6 – 7 - 8 

θy   8 – 9 – 10 - 11 

θz   6 – 7 – 8 - 9 

tz    3 - 4

ty    2 - 3
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USE ARM TO LINK TO FIXED POINTUSE ARM TO LINK TO FIXED POINTUSE ARM TO LINK TO FIXED POINTUSE ARM TO LINK TO FIXED POINT
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EACH CHAIN HAS ITS OWN ARMEACH CHAIN HAS ITS OWN ARMEACH CHAIN HAS ITS OWN ARMEACH CHAIN HAS ITS OWN ARM



Vx = λTx
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V (Potential Energy) matrix is singular.

T (Kinetic Energy) matrix is singular.

GENERALIZED EIGENVALUE PROBLEMGENERALIZED EIGENVALUE PROBLEMGENERALIZED EIGENVALUE PROBLEMGENERALIZED EIGENVALUE PROBLEM



Different recommended methods give different 
eigenvectors.

RGG (QZVEC) from EISPACK
DDGEVX from LAPACK
F02AEF from Harwell (NAG)
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EIGENVECTORS LOOK WRONGEIGENVECTORS LOOK WRONGEIGENVECTORS LOOK WRONGEIGENVECTORS LOOK WRONG

What is correct?

Non
e!



Solution
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SOLVE TWO NORMAL EIGENVALUE PROBLEMSSOLVE TWO NORMAL EIGENVALUE PROBLEMSSOLVE TWO NORMAL EIGENVALUE PROBLEMSSOLVE TWO NORMAL EIGENVALUE PROBLEMS

1/ 2

    and  are real, symmetric but singular.

First solve  to give .

Now calculate the square root of the generalized inverse of .

 where 0 if   is 0.

Transform t

ii ii

− − −Ω = Ω

T

1/2 1/2 T

VX = TXΛ V T

TZ = ZΩ T = ZΩZ

T

T = ZΩ Z

he original eigenvalue equation as follows:

 or  

as  and  (  is real and symmetric).

Multiply both sides by  to get 

( )( ) ( )

=

-1/2 1/2 1/2 1/2

-1/2 1/2 1/2 1/2

-1/2

-1/2 -1/2 1/2 -1/2 1/2

VX = TXΛ VT T X = T T XΛ

T T = 1 T T T T

T

T VT T X = T T ( )  or 

where .  Solve for  and , calculate 

,  and test by  and .−

1/2

-1/2 -1/2

1/2 T T

T X Λ HZ = ZΛ

H = T VT Z Λ

X = T Z X VX = Λ X TX = 1
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NOW ALL WORKSNOW ALL WORKSNOW ALL WORKSNOW ALL WORKS

The eigenvectors are always real.

Solutions are always obtained.

Insensitive to singularities.

Insensitive to round-off error in V or T. 



1CTF A VERY EASY TEST1CTF A VERY EASY TEST1CTF A VERY EASY TEST1CTF A VERY EASY TEST
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One chain with 54 residues



ARM HAS NO EFFECT ON MONOMERARM HAS NO EFFECT ON MONOMERARM HAS NO EFFECT ON MONOMERARM HAS NO EFFECT ON MONOMER
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Rank iRank iRank iRank i
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)
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0.500.500.500.50



MODEL SYSTEM: TETRAMER 1A68MODEL SYSTEM: TETRAMER 1A68MODEL SYSTEM: TETRAMER 1A68MODEL SYSTEM: TETRAMER 1A68

Four chains in small tetramer (87 each)
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MODE 01 IS SYMMETRICMODE 01 IS SYMMETRICMODE 01 IS SYMMETRICMODE 01 IS SYMMETRIC
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MODEL SYSTEM: 6MODEL SYSTEM: 6MODEL SYSTEM: 6MODEL SYSTEM: 6xAAAATTTTAAAAAAAATTTTAAAAAAAATTTTAAAAAAAATTTTAAAA

Twelve chains in 6 independent molecules
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6666xAAAATTTTAAAA ARMSAAAATTTTAAAA ARMSAAAATTTTAAAA ARMSAAAATTTTAAAA ARMS

MODE RANK

M
O

D
E

 F
R

E
Q

U
E

N
C

Y
 (

C
M

-1
)

Expect groups of 6 as 6 independent rigid bodies
Only see this for ARMs not GAPs
36 zero eigenvalues

GAP

ARM



RNA POLYMERASE NORMAL MODE 1RNA POLYMERASE NORMAL MODE 1RNA POLYMERASE NORMAL MODE 1RNA POLYMERASE NORMAL MODE 1
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Future
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METHODOLOGICAL TESTSMETHODOLOGICAL TESTSMETHODOLOGICAL TESTSMETHODOLOGICAL TESTS
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A unique part of the present work is the calculation of real 
normal modes of large complexes in torsion angle space. Others 
have used quasi elastic modes (Tirion modes) in Cartesian 
space to look at similar systems.

Test done to establish the advantages of our method include:

Do Tirion modes with torsion angle differ from normal modes?
Is energy more harmonic with torsion angle variables?

How important is damping?
Are results better with 3pt and all-atom KB functions?
Does number of degrees of freedom matter?



Chaperonin MnChaperonin MnChaperonin MnChaperonin Mn----cpn NORMAL MODE 1cpn NORMAL MODE 1cpn NORMAL MODE 1cpn NORMAL MODE 1
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Chaperonin MnChaperonin MnChaperonin MnChaperonin Mn----cpn NORMAL MODE 4cpn NORMAL MODE 4cpn NORMAL MODE 4cpn NORMAL MODE 4
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Few normal modes simulate suggestive motion.

Knowledge-based potentials work for refinement.

Simplified models are same as all-atom models.

Simulate suggestive motion of cellular machinery.

Knowledge-based potentials give stability & modes.

The chain order paradox.

Solution in solution of generalized eigenvalue equation.

OUTLINEOUTLINEOUTLINEOUTLINE
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The End


