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® Molecular Swiss Knife
® Different Tasks
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Protein: Sequence of Amino Acids ﬂ(".

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

@
o0
o0 ®
T
amino acids peptide protein
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in 3d SKIT
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® Alpha-helix (green)
® Beta-sheet (purple)
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Experiments for Structure Determination? ﬂ(".

g

® Xray

2 NMR

® Neutron Scattering
o ...

| I‘H’J
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HPC Simulations as ,,atomic Mikroscope* A\‘(IT

® 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"
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Molecular Dynamics A\‘(IT

V()= Y K,(x=x,)+ ¥ K, (0-6)+ Y V,(1-cos(np-g,))

bonds angles torsions QG
12 6
E. E. qq .
il _n| i ilj
¥ E i€ r 2 r ¥ E 4I1e €1,
atoms ij ij atoms R'ij
2
dv dr
F=ma,=m—=m——
dt dt
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Protein Folding ﬂ(“.
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® Amino acid sequence determines
folding
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Simulation protein folding 20 yrs back e e

® Limited size

® Simulated time (<= ps) 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)
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Supercomputer Anton A\‘(IT

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

w
1

RMSD to native (A)

0 10 20 30 4

0 70 80 90 100

0 50 6
Time (us)

D.E. Shaw et al., Science 2010
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BIG data?
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B Recorded growth

B Double every 7 months (Historical growth rate)
@ Double every 12 months (lllumina Estimate)
B Double every 18 months (Moore's Law)

Growth of DNA Sequencing

SKIT
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Worldwide Annual Sequencing Capacity

2020 2025

Z. Stephens et al.,Plos Biol (2015)




Big Data Analytics: Is there information in A‘(IT

Karlsruher Institut fir Technologie
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LIIV.EDSPLLMRLLQDELK

ILVA.DDDDVQRKILNNLLK

Data Analytics: Is there information in
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E.AGY..NNIA.SFENGKEAYEYIMNLAENETDLSKQIDMIITD
IFCI.DENPIVLNNIKNFLD.....D.QIF..AVIG.VTDSLKALMEIL....CTK......PDIILIN..........

K.FHY...NVT.LVPNGEIAWEYIN
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K.YGC...TVQ.VVSDGLSAISTL.
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L.LGY...DVD.EATDGVQALHKV.
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I.HAF...KVT.AVADSKQFNRVL.
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Co-Evolution of Amino Acids in Contacts

Co-Evolution
>

A X3 X X" & H X
H O O ™ < H BB H
Z 0 XN »pP O ™ =2 0
o n H 2 2310 @ m
WwoH H H O H DX
o< B < BBl B B
o HP» A3 QX" RN
O 2 2 2 U H O =2
N = I
O X" "R O X OO
tu e N o o N o e o R

|

Contact in 3D
Correlation
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Statistical Inference of Contacts?
-O-O-O0-O0- 0000000
RIDHRLIEKNTTDH
FLNGRLRDTTDH
_ HEROQETGETLTZKH
Co-Evolution
, KYRTRLTDLDH
«— RRAMEVGNTLZEKH
Statistical . KEELANL K H
Inference Q
KQOQSEVENA AT KH
RLNOQOQRADDILTDH
Contact in 3D N’
Correlation

Inverse question:

Are sequence correlations indicative for residue-residue contacts?
[GObel et al. 1994, Neher 1994, Ranganathan et al. 1999]
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Statistical Inference by Mutual Information? e s

Co-Evolution
>

<€
Statistical

Inference

A X3 X X" & H X
H O O ™ < H BB H
Z 0 XN »pP O ™ =2 0
o n H 2 2310 @ m
WwoH H H O H DX
o< B < BBl B B
o HP» A3 QX" RN
O 2 2 2 U H O =2
N = I
O X" "R O X OO
tu e N o o N o e o R

(

Contact in 3D

MI; =Y fi.(A,B)In
= 2 Sulh B N/

f?»J(A B)
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Strong Correlation is not a contact ﬂ(".

Trypsin inhibitor

30 strongest MI correlations
Red: contact

Green: no contact
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DCA(Direct Coupling Analysis) disentangles
direct and indirect correlations $‘(IT

CD

Residue 1 Residue / \Q:

®—> @

mMB)\\\\\

Ml = 2548 I 7 Gy B

AB !

Interaction

No Interaction

\@

Message Passing: M. Weigt et al., PNAS 2009 (A1,....AL) = 7 exp { 2 ij(Aiy Aj) + ZII;(A;)}
J 7

Mean Field: E. Morcos et al., PNAS 2011
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Direct Coupling Analysis =5 oot
Maximum entropy modeling P(A,...,...,A\)

i) Coherance with data
model generates empirical correlations

|
Pj(Ai, Aj)= Y P(A1,..,AL) = fij(Ai, A))
{Ar|k#i.5}
ii) Minimal constrained model P(A,,...,A.)
Maximum Entropy

— Y P(Ay,...,AL)InP(Ay, ..., AL) — max
{A:}

=> (inverse) Potts model

P(Asy s Ar) ~ oxp 4 3 e (Aiy )|+ 3 ho(d)

1< 1

20 07.09.16 Alexander Schug Steinbuch Centre for Computing (SCC)
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Strong improvement of contact prediction

® Trypsin inhibitor
B Red: contact
B Green: no contact

30 strongest MI correlations

07.09.16 Alexander Schug

Karlsruher Institut fir Technologie
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How do proteins talk to each other?
Protein complex prediction A\‘(IT

Unknown Complex of Proteins A and B

?

|
Analysis of
Mutational Patterns Structural
in Genomes Information of
identifies Surface Unbound Proteins

Residues

i 9 P L LAYV LGHDLKENEL Y LOMAAALLDD . .
POHR P ICYLCADLENP, VRLSSAALLA..
ATHS P AADYVSHELENPLINFVRSAVETLPL. .
AMADLLAVYSHDLKNPL OLGAALLLRGA
SHPELIATVAHELRSPLINSVKGFTATLLA. .

~

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

AS et al., PNAS 2009

23 07.09.16 Steinbuch Centre for Computing (SCC)
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Blind Prediction: Experimental Complex of Two \‘(IT
Component Signal Transduction System =\l

3.5A RMSD

Blind Prediction: AS et al., PNAS 2009
Independant X-Ray: P. Casino et al., Cell 2009
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How do proteins move? &(IT
Prediction of Conformational Transitions e el

® Interdomain contacts Domain 2 (HATPase_c)

Rank Res| Res2 d/A Domain Heli
388 392 46 22

1

2 268 272 32 Il
3 268 298 32 I
& 365 456 37 22
5 385 392 39 22
6 310 311 1.3 I
7 311 312 1.3 Il
8 303 307 3.0 I
9 261 372 14.5 12
10 420 421 1.3 22
11 272 298 6.9 Il
12 369 372 29 22
13 375 379 2.7 22
14 310 312 32 I
15 429 431 39 22
16 251 255 29 Il
17 257 272 20.5 I
18 379 383 28 22
19 420 429 37 22
20 431 432 1.3 22
21 385 388 6.4 22
22 251 252 1.3 Il
23 250 251 1.3 I
24 308 369 8.0 12
25 298 310 14.8 |
26 369 455 7.0 22
27 383 384 1.3 22
28 426 429 3.1 22
29 420 431 38 22
30 451 455 29 22
31 251 268 23.6 |
32 315 451 3.6 12
33 257 427 12.7 12
34 372 375 34 22 . .
35 369 456 47 22
36 311 372 33 12 Domaln 1 (HISKA)

Dago et al., PNAS (2012)
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Verification of active conformation by in-vivo

mutagenesis

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

26 07.09.16 Alexander Schug
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work by H. Szurmant, TSRI
Dago et al., PNAS (2012)

10
A 129 [ Cells [ Spores
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107 |
100 |
105 | | - L |
10¢ ||
108 |
102 ||
10} | — _— L |
1L | = | = | H=
KinAD  KinAD  KinAD ;’(Bg/?/ KinAD  KinAD KinAD
. . n, n, n, n n,
A KinA  KinAD  py75n 1476l  S479T 14761/ S438Q A413G iifgg’
S479T
B  kinA KinA-KinD KinA-KinD pqsc
PN A A
r N ~N 7 Y
5 10 20 40 5 10 20 40 5 10 20 40 min
m -—— — 5 -m Autoradiograph
- —Sml—b-4-4 -4 & L & R -4 Coomassie
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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)

B Casino et al., Nat Comm
(2014)

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

® Reminder: DNA (“storage”), RNA
(“blueprint”), Protein ("tool”)

B Riboswitches at start of mMRNA

B Sense specific chemicals to switch
between states

® Genetic regulation (inhibition of Terminator

translation, transcription Cm 52 |||||D
termination...) ~Pp1 |§|
uuuu

/ Antiterminator

28 07.09.16 Alexander Schug Steinbuch Centre for Computing (SCC)




RNA Structure Prediction? A\‘(IT

B 4+1-letter code vs. 20+1-letter code

® Dominance of 2-structure (“short range”)

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

® ncRNA: Riboswitches “hard case”
B Select “small gold-standard” for RS prediction

from RFAM Name of PDB | Resolution | Rfam Code | (effective) Number PDB Rfam

o h | g h num b er Riboswitch PDB () sequences in Rfam sc;gllllgllfe selgllllge:llfe

sequences Adenine 1y26 2.1 RF00167 2427 (588.88) 71 102

® high resolution

structure TPP 2gdi 2.05 RF00059 11197 (3347.90) 80 104

0o Sequence <100 SAM-I 2gis 29 RF00162 4757 (1165.56) 94 107

c-di-GMP | 3irw 2.7 RF01051 1990 (983.21) 98 87

Glycine 3owi 2.85 RF00504 6875 (1828.54) 88 90

Fluoride 3vrs 2.6 R01734 1267 (532.03) 52 64

De Leonardis et al., NAR 2015
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Contact Maps Q(IT

TPP Glycine SAM |

RF00059 - 2qgdi RF00504 — 3owi RF00162 - 2gis
100 T T T T T T T T T 90 L T T T T T T T 120 T T T T T
90 @, & . 80 [ T ; l & 3T
80 &&[@ a | 20 | - ) “ 4 @ | 100 "0 &= n‘ 1
| m o | #N8
. 10 A _ 60} : . 80 a =5 W
< 60 | i i 3 A . ] < < 0 . . &
Q ! Q 50 B ] Q gj::
Q 50 W 4 1 Q o ‘ . Q 60 |
& 4t 1 g 40p ¢ § 1 e 2
’ K ' % 3| & ] R T S h LI
<IN | - R
20 | o ] 20 0 B ‘ * =
s " . ; i n; 20 I~ - - n
10 | " % b - 10 | % - ol oY CREL
0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 *
0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90 0 20 40 60 80 100 120
site (M) . . . .
. contacts 8A - contacts 8A
Adenine rank 26-100 c-di GMP rank 26-100 Fluoride
RF00167 - 1y26 rank 1-25 RF01051 — 3irw rank 1-25 RF01734 — 3vrs
90 f T Ll T Ll T Al 90 l%“l T T T T T Ll T L} L} T T T T
80 | ?f*: 8 J | 80 o s WMo 2 i 60 : A & .
o » o'y I B e, 0 :
70 F e a® -8 . 701 = %j ] 50 f ;ﬁﬂ & .
< 601 oa e A" R z 9 9/ | < ! ] a
Q ki H O L O 50 | 3 %% o 40 = )
S 50 Mg B SN o500 S 8 =} 4
: ' : 40 o B & B W, L ‘
.g | [; P L .‘ .g = T i .E_J' 30 i 1“‘ ) 1 % )
@ - %.r Tk It @ 30 | . éx’?‘r ‘ - @ A ’ @ a{é ¥,
30 o 5 o g o 1% 20 | “:}rﬁ | 20 g 3 o0 1
| i) ) a3,
20 e 10 il - ¥ R 10 | HLBm : |
10 1 1 3 1 1 1 1 0 "ﬁ 1 1 1 1 1 1 L tﬂg 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 in 20 2an  An RN AN
site (Ml ) site (Ml ) De Leonardis et al., NAR 2015
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Precision of Contacts Q(IT

A All base pairs B Tertiary base pairs
1 - : - 1 : " Distances = 1
£ £ -
= = 0.8
@ @
208 *
g S 04 |
Lo} L]
= =
b= = 0.2 1
0 'l
10° 10" 10°  10°
rank
D Tertiary base pairs
1 | T Ml -~
£ £
B - 0.8
» @
2 208
& & 04 1
< L]
2 e
= =02 :
0 1 ' 4
10° 10" 102  10°
rank

De Leonardis et al., NAR 2015
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Prediction Workflow

07.09.16

GGUAUUCGGCAU...
target sequence

Rfam database:
sequence homologs

UUUCUAUCCAGAG..
ACCUUAUUUUGAG..
AACUUAUCAAGAG..
CUCUUAUCGAGAG...
CUCUUAUCGAGAG.
CUCUUAUCCCGAG.

DCA

statistical analysis
of nucleotide
coevolution

direct coevolution as
tertiary-contact predictor
GGUAUUCGGCAU...

secondary structure
prediction
generalized Nussinov
algorithm

Rosetta

|dealized secondary
structure elements

Adding loop regions

Adding predicted
tertiary contacts

!

Alexander Schug

3D structure models
scoring and clustering

SKIT

Karlsruher Institut fiir Technologie

De Leonardis et al., NAR 2015

Steinbuch Centre for Computing (SCC)



Prediction Results for 6 Riboswitches (best of 10) A\‘(IT

PDB Rfam Secondary + 100 +100 + All
only Mlapc DCA

1y26 RF00167 12.6 10.2 11.3 7.4
2gdi RFO0059 16.1 17.6 6.7 6.3
2gis RF00162 17.4 7.3 10.6 5.8
Sy MAEIER 10.2 7.6 7.8 6.5
3owi RF00504 13.5 14 .4 11.6 6.3
3vrs RF01734 12.5 13.4 8.8 12.0

TPP-RS (2gdi)
RMSD 6.7 A

-

De Leonardis et al., NAR 2015
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3d Predictions A\‘(IT

Karlsruher Institut fir Technologie

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

Infer of protein
mutational landscapes
to predict phenotypic
effect of mutations

B beta-lactamase TEM-1

® Providing resistance
against beta-lactam
antibiotics
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Beta-lactamase2 family (PFI3354)

TEM-|

~2,500 diverged sequences
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MIC changes of TEM-|
due to single-AA change
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Statistical landscape inference (DCA)
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!
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Score for mutant AA sequences

7 A¢d = ¢(mutant) — ¢(wildtype)

Evolutionary constraints
across diverged homologs/

N

M. Figliuzzi et al., MBE 2016
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New Directions: Function ﬂ(IT
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New directions: Large Scale (unpublished
results) mﬂ(".

interface
biological
assembly
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Large Scale (unpublished results) A\‘(IT

intra-protein / all contacts inter-protein contacts
A 1 T IIIIIIII T IIIIIIII T BO5 T T T T IIIII

a 0.8 — a 0.3 —
| | — d,,,<8A | | — d< 8Afd  >12A |
L | — min(d,,.d,.) <8A [ | — d, <12Aifd  >12A|
06 L1 1 nnl 1ol 1 01 1 1 11 1101
1 10 100 1 10
number of predicted contacts number of predicted contacts
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Protein & RNA Structure Prediction by Integrating &(IT

Genomic Information into Molecular Simulation

Evolutionary couplings

g -
)
§ %
b 04
n )
Complex Formation:

AS et al., PNAS (2009)
Opvchinnikov 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)
]
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Unknown Complex of Proteins A and B

2|

Analysis of
Mutational Patterns Structural
in Genomes Information of
identifies Surface Unbound Proteins
Residues
PLIAVRLSSAALLA. g . D
ATV FTATLLA. .

~N o

Docking and Relaxation in Molecular Dynamics

RNA:

De Leonardis et al. NAR (2015)
Weinreb et al., Cell (20106)
Landscape Inference:

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

Beta-lactamase2 family (PF13354)
TEM-1|

Statistical landscape inference (DCA)
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~2,500 diverged sequences l

Score for mutant AA sequences

A¢ = ¢(mutant) — ¢(wildtype)

MIC changes of TEM-|
due to single-AA changes

Evolutionary constraints
across diverged homologs
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