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Talk 01 - Introduction + Overview

Protein dynamics and markov modeling



Before we start…

installing for the first time? 
conda config --add channels conda-forge 

install / upgrade PyEMMA 
conda install pyemma 

test your installation: 
import pyemma 
print pyemma.__version__



Cell



Proteins

McGufee and Elcock, PloS Comput Biol 2010



Protein-Protein binding



Protein-Protein binding

0.1 microsecondsPlattner, Doerr, De Fabritiis, Noé



50 K atom system (all atom, explicit solvent)

350 ns / day / GPU* 
e.g. Amber, AceMD, OpenMM on Titan X

70 µs / day / Anton IIRate



50 K atom system (all atom, explicit solvent)

350 ns / day / GPU* 
e.g. Amber, AceMD, OpenMM on Titan X

70 µs / day / Anton II

200 GPUs 1 Anton II

Throughput 70 µs / day 70 µs / day

Rate

100 traj. of 350 ns / day 1 traj. of 10 µs / day



50 K atom system (all atom, explicit solvent)

350 ns / day / GPU* 
e.g. Amber, AceMD, OpenMM on Titan X

70 µs / day / Anton II

200 GPUs 1 Anton II

Throughput 70 µs / day 70 µs / day

Rate

100 traj. of 350 ns / day 1 traj. of 10 µs / day

Cost 200.000 USD 20.000.000 USD ???



Conformation Dynamics / Markov models

ms - s 

ns - µs 

Sampling Problem Reconciliation with 
Experiment 

Analysis Problem 

hugedata sets 
huge, complex datasets 



All atom MD

Analysis 

Markov models

1000 x 1000 ns  
in 1 month



So what do we do?



Conformation dynamics



Boltzmann statistics



Expectation values / sampling problems



The Markov model trick



Conformation dynamics



Conformation Dynamics / Markov models

see also works by:  
Andersen, Caflisch, Chodera, Deuflhard, Dill, Hummer, Pande, Schütte, Stock, Huisinga, Rao, 
Roux, Levy





Generation 1 : focus on metastable states



Generation 2: understanding spectral properties of MSMs

timescales

Propagator

processes:

Prinz et al.: J. Chem. Phys. 134, p174105 (2011)

Spectral decomposition



Generation 2: focus on discretizing transfer operator

* No systematic error in the equilibrium distribution 
* Systematic (discretization) error of MSM kinetics depends on 
   eigenfunction approximation quality and lagtime. 
* Timescales are always underestimated

Sarich, Noé, Schütte: On the approximation quality of Markov state models 
Multiscale Model. Simul. (2010)

Prinz et al.: Markov models of molecular kinetics: generation and validation.  
J. Chem. Phys. 134, p174105 (2011)



Generation 3: newer developments - HMMs



Generation 3: newer developments - VAMPnets



Optimal reaction coordinates?

Eigenvalues / timescales κi-1

Backward propagator

Processes:

Spectral decomposition

Noé and Nüske, Multiscale Model. Simul. 11, 635-655 (2013)    /    ArXiv (2012) 
Nüske et al, JCTC 2014



How to find the slow coordinates?

www.pyemma.org

VAC

Noé and Nüske, Multiscale Model. Simul. 11, 635-655 (2013)    /    ArXiv (2012) 
Nüske et al, JCTC 2014

Variational approach of conformation dynamics (VAC)

Time-lagged independent component analysis (TICA)

Molgedey and Schuster, PRL 1994   
Perez-Hernandez et al, JCP, 139, 1502 (2013)       Schwantes and Pande, JCTC 2013



Input



Input PCA



Input PCA Variational Approach

Noé and Nüske, MMS 11, 635-655 (2013) 
Nüske et al, JCTC 10, 1739-1752 (2014)

Variational Approach Perez-Hernandez et al, JCP, 139, 1502 (2013) 
Identification of slow molecular order 
parameters for Markov model construction



Input PCA Variational Approach

Noé and Nüske, MMS 11, 635-655 (2013) 
Nüske et al, JCTC 10, 1739-1752 (2014)

Variational Approach



Input PCA kinetic map

Noé and Nüske, MMS 11, 635-655 (2013) 
Nüske et al, JCTC 10, 1739-1752 (2014)

Variational Approach Kinetic map: 
Noé and Clementi, JCTC 11, 5002-5011 (2015)



1FME peptide - Simulation data from DESRES, Lindorff-Larsen et al, Science 2011



Step 2: MSM estimation

Estimation of transition matrix

Statistical Error
Linear Error Perturbation: 
Sinhal, Pande, JCP 2006 
Prinz, Smith, Noé, Multiscale Model. Simul 2011

Monte Carlo 
Noé, J Chem Phys 128, 244103 (2008) 
Chodera, Noé, J Chem Phys (2010)

Si
Sj

Estimation: 
Prinz et al.: J. Chem Phys. 134, 174105 (2011) 
Bowman et al.: J. Chem Phys. 131, 124101 (2009) 
Noé, J Chem Phys 128, 244103 (2008)



Step 3: Analysis

Stationary probability

Committor

Flux
Noé et al, PNAS (2009)

Metzner, Vanden-Eijnden, Schütte, MMS (2009)

Bereszkovskii, Hummer, Szabo, JCP (2009)

Metastable states (PCCA) 

Experimental observables

Deuflhard, Weber.: Linear Alg. Appl. 398C, 161 (2005)

Noé et al, PNAS 108, p 4822 (2011) 
Lindner et al, JCP 139, 175102 (2013)

Transition path theory



Step 4: Coarse-graining

Scherer et al. JCTC 11, 5525–5542 (2015). 



Markov State Models

Review book



PyEMMA software

code:  www.github.com/markovmodel 

docs:  www.pyemma.org

M. K. Scherer, B. Trendelkamp-Schroer, F. Paul, G. Pérez-Hernández, M. Hoffmann, N. Plattner, C. 
Wehmeyer, J.-H. Prinz, and F. Noé, “PyEMMA 2: A software package for estimation, validation, and 
analysis of Markov models,” J. Chem. Theory Comput. 11, 5525–5542 (2015)



PyEMMA github site



Application to protein-protein association



Protein-Protein binding



Protein-Protein binding

0.1 microsecondsPlattner, Doerr, De Fabritiis, Noé 
Nature Chemistry (2017)



1) Adaptive molecular dynamics

2 ms simulation time total

Plattner, Doerr, De Fabritiis, Noé 
Nature Chemistry (2017)

Prototype: github.com/markovmodel/adaptivemd



4) Hidden Markov model based on microstates
Noé et al, JCP 139, 184114 (2013)

A B

2) Dimension reduction (10000 => 10) using variational approach

3) Discretization using k-means

Plattner, Doerr, De Fabritiis, Noé 
Nature Chemistry (2017)



• Binding free energy  14.8 kcal / mol     (12.3 … 19.3)                     16.8 kcal/mol 

• Association rate        0.74 108 s-1M-1    (0.72 … 0.75)                     1·108 s-1M-1  

• Dissociation rate       2.7 10-3 s-1           (2.8·10-6 … 1.8·10-1s-1)      (4.8·10-5 s-1 … 5.0·10-4 s-1)

Validation of the model

• crystal structure 1BRS predicted by the  
most stable HMM state (95% population)  
 
average heavy-atom RMSD 2.1 A

Model 95% confidence interval Experiment

Plattner, Doerr, De Fabritiis, Noé 
Nature Chemistry (2017)



Mutants by first-order perturbation theory

Plattner, Doerr, De Fabritiis, Noé 
Nature Chemistry (2017)



Estimation (Reversible Markov state model)

Plattner, Doerr, De Fabritiis, Noé 
Nature Chemistry (2017)



Plattner, Doerr, De Fabritiis, Noé 
Nature Chemistry (2017)



Coarse-grained model

Plattner, Doerr, De Fabritiis, Noé 
Nature Chemistry (2017)



Geminate rebinding

Plattner, Doerr, De Fabritiis, Noé 
Nature Chemistry (2017)



Plattner, Doerr, De Fabritiis, Noé 
Nature Chemistry (2017)



Protein-Protein binding

0.1 millisecondsPlattner, Doerr, De Fabritiis, Noé 
Nature Chemistry (in press)
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