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Molecular Machines

Alexander Schug
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Proteins

Molecular Swiss Knife
Different Tasks
Muscles
Structural Proteins
Oxygen
Enzymes
...

Alexander Schug
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Protein: Sequence of Amino Acids

Type of protein determines by number of order of amino acids (only 20)
Folding into unique 3d structures

Alexander Schug
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In 3d

Alpha-helix (green)
Beta-sheet (purple)

Alexander Schug
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Experiments for Structure Determination?

Xray
NMR
Neutron Scattering
…

Alexander Schug
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HPC Simulations as „atomic Mikroscope“

Simulations as „3rd column“
Experiment
Theory
Simulation

Molecular Level:
Ab-initio, i.e. quantum-mechanic 
Calculation very expensive
Classical Force fields

NP Chemistry 2013 "for the 
development of multiscale models 
for complex chemical systems"

Alexander Schug
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Molecular Dynamics

Dr. Alexander Schug
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Protein Folding
Amino acid sequence determines
folding

Alexander Schug
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Simulation protein folding 20 yrs back
Limited size
Simulated time (<= μs)  relevant 
times (ms-s)
Limited accuracy of force fields

256 nodes CRAY T3E = 85 CPU Years

1vii, 36 AS, explicit solvent, T = 300 K

Y. Duan, P Kollman: Science 23, 740 (1998)

Alexander Schug
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Supercomputer Anton

fs -> ms ?
GPU’s, Cell’s etc.
ANTON,  0.1-1 ms Simulation

D.E. Shaw et al., Science 2010

Alexander Schug
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BIG data?

Dr. Alexander Schug

Z. Stephens et al.,Plos Biol (2015)
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Big Data Analytics: Is there information in
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Data Analytics: Is there information in

?
Alexander Schug
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Co-Evolution of Amino Acids in Contacts

R I D H R L K N T D H
F L N G R L R D T D H
H E R Q E T G E L K H
K Y R T R L T D L D H
R R A M E V G N L K H
T Q K E E L A N L K H
K Q Q S E V E N A K H
R L N Q R A D D L D H

Contact in 3D
Correlation

Alexander Schug

Co-Evolution
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Statistical Inference of Contacts?

R I D H R L K N T D H
F L N G R L R D T D H
H E R Q E T G E L K H
K Y R T R L T D L D H
R R A M E V G N L K H
T Q K E E L A N L K H
K Q Q S E V E N A K H
R L N Q R A D D L D H

Contact in 3D
Correlation

Alexander Schug

Statistical 
Inference

Inverse question:
Are sequence correlations indicative for residue-residue contacts?

[Göbel et al. 1994, Neher 1994, Ranganathan et al. 1999]

Co-Evolution
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Statistical Inference by Mutual Information?

R I D H R L K N T D H
F L N G R L R D T D H
H E R Q E T G E L K H
K Y R T R L T D L D H
R R A M E V G N L K H
T Q K E E L A N L K H
K Q Q S E V E N A K H
R L N Q R A D D L D H

Contact in 3D

Alexander Schug

Statistical 
Inference

Co-Evolution

MIij =
�

A,B

fij(A,B) ln
fij(A,B)

fi(A) fj(B)
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Strong Correlation is not a contact
Trypsin inhibitor
30 strongest MI correlations
Red: contact
Green: no contact

Alexander Schug
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Residue 1         Residue 2MI
Interaction

No Interaction

DI

DCA(Direct Coupling Analysis) disentangles 
direct and indirect correlations

Message Passing: M. Weigt et al., PNAS 2009

Mean Field: F. Morcos et al., PNAS 2011

Alexander Schug
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Direct Coupling Analysis

Maximum entropy modeling P(A1…,...,AL)

i) Coherance with data
model generates empirical correlations

ii) Minimal constrained model P(A1,...,AL)
Maximum Entropy

=> (inverse) Potts model

�
�

{Ai}

P (A1, ..., AL) ln P (A1, ..., AL)⇥ max

Alexander Schug
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Strong improvement of contact prediction

Trypsin inhibitor
Red: contact
Green: no contact

30 strongest MI correlations 30 strongest DCA couplings

Alexander Schug
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How do proteins talk to each other?
Protein complex prediction

Alexander Schug

AS et al., PNAS 2009
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Docking via predicted Interface Contacts

AS et al., PNAS 2009
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Blind Prediction: Experimental Complex of Two 
Component Signal Transduction System

Independant X-Ray: P. Casino et al., Cell 2009

3.5 Å RMSD

Alexander Schug

Blind Prediction: AS et al., PNAS 2009
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How do proteins move?
Prediction of Conformational Transitions

Interdomain contacts

Dr. Alexander Schug

Domain 2 (HATPase_c)

Domain 1 (HisKA)

Dago et al., PNAS (2012)



Steinbuch Centre for Computing (SCC)26 07.09.16

Verification of active conformation by in-vivo 
mutagenesis

Biochemical data on hybrid 
kinases: mutations in helix 3 can 
fully destroy/restore function

!

work by H. Szurmant, TSRI

Alexander Schug

Dago et al., PNAS (2012)
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Active Conformation 

Our blind prediction 2012:
Contacts from statistical 
analysis
Molecular dynamics
Biochemical mutagenesis

Confirmed
Wang et al., Plos Biol 
(2013)
Casino et al., Nat Comm 
(2014)

Dago et al., PNAS (2012)
Alexander Schug
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Ok- it works for proteins. What else?
Riboswitches as Example for structured ncRNA

Reminder: DNA (“storage”), RNA 
(“blueprint”), Protein (”tool”)
Riboswitches at start of mRNA

Sense specific chemicals to switch 
between states
Genetic regulation (inhibition of 
translation, transcription 
termination…)

2gis

P3

P4P2
SAM

P1
UUUU

Terminator

Antiterminator

5' 3'

Alexander Schug
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RNA Structure Prediction?

4+1-letter code vs. 20+1-letter code
Dominance of 2-structure (“short range”)

3-structure contacts (“long range”) for reliable 
prediction
important

ncRNA: Riboswitches “hard case”
Select “small gold-standard” for RS prediction 
from RFAM

high number
sequences
high resolution
structure
Sequence < 100

Alexander Schug

De Leonardis et al., NAR 2015
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Contact Maps

De Leonardis et al., NAR 2015

Adenine

TPP SAM I

c-di GMP

Glycine

Fluoride

Alexander Schug
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Precision of Contacts

Alexander Schug

De Leonardis et al., NAR 2015
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Prediction Workflow

Alexander Schug

GGUAUUCGGCAU… 
target sequence

Rfam database: 
sequence homologs 

DCA 
statistical analysis 

of nucleotide 
coevolution

Rosetta 
Idealized secondary  
structure elements 

Adding loop regions 

Adding predicted  
tertiary contacts

UUUCUAUCCAGAG… 
ACCUUAUUUUGAG… 
AACUUAUCAAGAG… 
CUCUUAUCGAGAG… 
CUCUUAUCGAGAG… 
CUCUUAUCCCGAG…

direct coevolution as  
tertiary-contact predictor 

GGUAUUCGGCAU… 

3D structure models 
scoring and clustering

secondary structure 
prediction 

generalized Nussinov 
algorithm

De Leonardis et al., NAR 2015
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Prediction Results for 6 Riboswitches (best of 10)

TPP-RS (2gdi)
RMSD 6.7 Å 

Alexander Schug

De Leonardis et al., NAR 2015
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3d Predictions

Alexander Schug

De Leonardis et al., NAR 2015
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New Directions: Function

Infer of protein 
mutational landscapes 
to predict phenotypic 
effect of mutations
beta-lactamase TEM-1
Providing resistance 
against beta-lactam 
antibiotics

Dr. Alexander Schug

M. Figliuzzi et al., MBE 2016
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New Directions: Function

Dr. Alexander Schug
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New directions: Large Scale (unpublished 
results)

Dr. Alexander Schug
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Large Scale (unpublished results)

Dr. Alexander Schug
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Large Scale (unpublished results)

Dr. Alexander Schug
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Protein & RNA Structure Prediction by Integrating 
Genomic Information into Molecular Simulation

Complex Formation:

AS et al., PNAS (2009)

Ovchinnikov et al., eLife (2014)

Hopf  et al., eLife (2014)

Active Conformation:

Dago et al., PNAS (2012)

Morcos et al., PNAS (2013)

Protein Structure Prediction:

Sulkowska et al., PNAS (2012) 

Transmembrane Regions:

Hopf  et al., Cell (2012)

[...]

Alexander Schug

RNA:

De Leonardis et al. NAR (2015)

Weinreb et al., Cell (2016)

Landscape Inference:

Figliuzzi et al., Mol. Biol. Evol. (2016)
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