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DNA — RNA — proteins

(central dogma of molecular biology)



DNA
DNA — RNA
DNA — RNA — proteins

Bacteria

Worms Humans

W Untransc-ibed regions
B Transcribed non-coding regions
" Protein-coding ragions

http://ocw.mit.edu/courses/biology/
/-345-non-coding-rnas-junk-or-critical-regulators-in-health-and-disease-spring-2012/
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Coding RNAs: function depends mostly on | D*
Non-coding RNAs: function depends on 1D, 2D, and 3D”*
Dynamics is often fundamental’

*and at least partly on 2D, Faure et al, NAR (2016); Langdon et al, Science (2018)
#ribosomes, ribozymes, riboswitches,...
$binding with proteins/ligands/ions, catalysis, etc
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Empirical force field™:

* Chemically motivated interactions
* Atomistic details

* Explicit water and ions

* No polarization

* No chemical reactivity

Approx ~20-200 ns/day

*AMBER (ff99+parmbsc0+ChiOL3+TIP3P) gromacs.org + plumed.org
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In science, as in life, it is
very dangerous
to fall in love with




Repuckering Base-pair Mg?* Conformational

no? opening binding/unbinding  SWitching

Vibrations . Bond rotations

: 107" 10°° 10°
' Timescales (s)

Quantum mechanics
calculations

Molecular dynamics simulations ANTON |

Coarse-grained models

0 4 8 12 16
AG* (kcal/mol)

Sponer, Bussi, et al, Chem Rev (2018)



Repuckering Base-pair Mg?* Conformational

W opening binding/unbinding switching

Vibrations

Bond rotations

) A
’
’

4

i 10" 10°°
Quantum mechanics
calculations
|
Molecular dynamics simulations ~ANTON |
|
i Coarse-grained models
|
0 4 8 12 16

$
AG" (kcal/mol) *Mlynsky and Bussi, COSB (2018)
Sponer, Bussi, et al, Chem Rev (2018)
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NMR

* Proton distances, angles, etc
* Many different techniques
» Standard forward models™

Chemical probing

* [dentify reactive nucleotides
* Different probes (e.g. DMS/CMCT/SHAPE)
* Non-standard forward models™*

*i.e.“formula to compute experiment from structure” (e.g. Karplus formulas for J.)
**usually reactive nucleotides are interpreted as “non WC paired”
(pictures from Podbevsek et al, Sci Rep 2018)
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NMR

* Proton distances, angles, etc
* Many different techniques
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» Standard forward models™
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Chemical probing
* [dentify reactive nucleotides

* Different probes (e.g. DMS/CMCT/SHAPE)
* Non-standard forward models™*

*i.e.“formula to compute experiment from structure” (e.g. Karplus formulas for J.)
**usually reactive nucleotides are interpreted as “non WC paired”
(pictures from Podbevsek et al, Sci Rep 2018)



Combine experiment (NMR) and MD 5P| = — " P() log P(z)
* enforce averages™ .
* dynamics of a RNA hairpin* ¢he  olp 90

RNA (and DNA) unzipping dynamics¥
* Go model

* Helicase mediated unwinding

* Experimental validation
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*Cesari, Reisser, and Bussi, Computation (2018)
%*Podbevsek et al, Sci. Rep. (2018); Reisser et al, NAR (2020)
&Colizzi et al, PNAS (2019)



Enforce expected value B B
(underdetermined) f) = Z P(z)f(x) = faata



Enforce expected value
— P — Jdata
(underdetermined) f) Z () f(z) = fdat

P(QE) P=posterior
Q(g;) Q=prior

Entropy* S[P] ==Y P(x)log

Jaynes Proc |IEEE (1982)

Chodera and Pitera, JCTC (2014)

Cesari, Reisser, Bussi, Computation (2018)

*Entropy measures “how much extra information is needed” besides Q(x)



Enforce expected value
— P — Jdata
(underdetermined) ) Z () f(z) = fdat

P(QZ) P=posterior
Entropy* S|P = — Z P(z)log Q(r) Q=prior
5S P —Af(x)
MaxEnt =0 — ,(ZE) x Qe
0P (x) U =U++ \egT f(x)

Jaynes Proc |IEEE (1982)

Chodera and Pitera, JCTC (2014)

Cesari, Reisser, Bussi, Computation (2018)

*Entropy measures “how much extra information is needed” besides Q(x)



Enforce expected value
— P — Jdata
(underdetermined) ) Z () f(z) = fdat

P(ZU) P=posterior
Entropy* S|P| = — Z P(x)log O() Q=prior
5S P —Af(z)
MaxEnt =0 —> ,(a:) > Qle)e
0P (x) U' =U + MegTf(z)
A to be chosen such that >, Q) MW f () .
average on P agrees with exp. >, Qz)e M) o

Jaynes Proc |IEEE (1982)

Chodera and Pitera, JCTC (2014)

Cesari, Reisser, Bussi, Computation (2018)

*Entropy measures “how much extra information is needed” besides Q(x)



harmonic !

2
I Very good prior required
z (when compared with harmonic restraint)
=
5 maxent
: “THE DATA 16..." O
observed quantity OR "THE DATA Pie POINTe

ARE..."?

r
THEN YOU HAVE
OR PLURAL? BIGGER PROBLEMS

THAN GRAMMAR.

WWW.PHDCOMICS.COM

see Bonomi et al COSB (2017) for a review on “MaxEnt” and “Maximum Parsimony” methods



harmonic !
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& Very good prior required
z (when compared with harmonic restraint)
=
5 maxent
& WHAT 1€ | ONLY
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observed quantity OR A;‘ég ?:f‘TA Pie POINTe

r
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OR PLURAL? THAN GRAMMAR.

Equivalent to
multi-replica approaches
(e.g.Vendruscolo group)

average

VVVVYY

Closely related to VES*
(Valsson & Parrinello)

Equivalent to EDS*
(White, Hocky, and Voth) XIUE B EOMIEE. Fa

*see our review on Cesari, Reisser, and Bussi, Computation (2018) for a detailed comparison

see Bonomi et al COSB (2017) for a review on “MaxEnt” and “Maximum Parsimony” methods



Jrior required
th harmonic restraint)

WHAT £ | ONLY
HAVE ONE
DATA POINT?

r

THEN YOou HAVE
BIGGER PROBLEMS
THAN GRAMMAR,

1S (T SINGULAR

Equivalent to A

multi-replica approaches
(e.g.Vendruscolo group)

average

VVVVYY

Closely related to VES*
(Valsson & Parrinello)

JORGE CHAM © 2015

Equivalent to EDS*
(White, Hocky, and Voth) AT DD COMIES 0N

*see our review on Cesari, Reisser, and Bussi, Computation (2018) for a detailed comparison

see Bonomi et al COSB (2017) for a review on “MaxEnt” and “Maximum Parsimony” methods



CUUAAGCU

2.00 1

1.50 -

UchL1 fold induction
_(3 "
(@) o
o o

o
=)
o

AS Uchl1

Overlap

1st exon

A3’

SINEB2 Alu

46 kb
2nd 3rd \ [ 4th

3/

A%’

Inverted SINEB2 element
enhances protein translation™

Deletion studies identified the
29-nt terminal hairpin SL1 as
essential for protein synthesis
enhancing”

*Carrieri et al, Nature (2014)
#*Podbevsek, et al Sci. Rep. (2018)
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%Podbevsek, et al Sci. Rep. (2018)



Run a long MD from NMR structure
(just dynamics close to native)

Several NOEs are violated

Reweight to enforce NOE signals

water not shown

Podbevsek, et al Sci. Rep. (2018)



Run a long MD from NMR structure
(just dynamics close to native)

Several NOEs are violated

Reweight to enforce NOE signals

water not shown

Podbevsek, et al Sci. Rep. (2018)



Run a long MD from NMR structure
(just dynamics close to native)

Several NOEs are violated

Reweight to enforce NOE signals
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o Kish size ~ 0.002

Podbevsek, et al Sci. Rep. (2018)



8 Replicas (RECT)

Accelerated degrees of freedom:
X | 4-16 and coordination numbers 14-16

MaxEnt for 125 NOEs throughout the whole
hairpin

water not shown

Kish’s sample size ~ 0.7

*Gil-Ley and Bussi, JCTC (2015)
Reisser et al, NAR (2020)
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8 Replicas (RECT)

Accelerated degrees of freedom:
X | 4-16 and coordination numbers 14-16

MaxEnt for 125 NOEs throughout the whole
hairpin

water not shown

Kish’s sample size ~ 0.7

*Gil-Ley and Bussi, JCTC (2015)
Reisser et al, NAR (2020)
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8 Replicas (RECT)

Accelerated degrees of freedom:

X | 4-16 and coordination numbers 14-16

MaxEnt for 125 NOEs throughout the whole

hairpin
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water not shown

Kish’s sample size ~ 0.7

*Gil-Ley and Bussi, JCTC (2015)
Reisser et al, NAR (2020)
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Annotated and plotted with Barnaba, Bottaro et al, RNA (2019) (pip install barnaba)



Quality Threshold Daura

Annotated and plotted with Barnaba, Bottaro et al, RNA (2019) (pip install barnaba)



Select the smallest number of conformational clusters

that can explain exp data
Y

(fnoe(d))see = Y wi(fnvor(di))y

OCCAM'S RAZOR

“WHEN FACED WITH TWO POSSBLE
EXPLANATIONS, THE SIMPLER OF
THE TWO 1S THE ONE MOST
LIKELY TO BE TRUE.”

%Podbevsek, et al Sci. Rep. (2018)
Reisser et al, NAR (2020)



Select the smallest number of conformational clusters

that can explain exp data Dia=1.71
) 53% 27% 18% 2%
p 2 4 9 86
(fNOE(d'z')>set — Z wy(fNOE(di)}y
yEset
3w
D, (wy||Py) = w! In—-2
’ yeset ! By

OCCAM'S RAZOR

"WHEN FACED WITH TWO POSSEBLE
EXPLANATIONS, THE SIMPLER OF
THE TWO 1S THE ONE MOST Interaction edges: —
LIKELY TO BE TRUE.” ® Watson-Crick @ Hogsieen « sugar — CanoncalWCbp @ chi sy, (01307

%Podbevsek, et al Sci. Rep. (2018)
Reisser et al, NAR (2020)



Select the smallest number of conformational clusters

that can explain exp data Dia=1.71
) 53% 27% 18% 2%
, 2 4 9 86
(fNOE(d'z')>set — Z wy(fNOE(di))y
yEset
3w
DKL(’LU ||Py) = ’Lb, In—*
’ yeset ! By

Consistent i |
'DMS reactivity”
(validation)

Interaction edges: —
® Watson-Crick B Hogsteen < sugar —— Canonical WC bp @ chisn (01307

%Podbevsek, et al Sci. Rep. (2018)
Reisser et al, NAR (2020)




Select the smallest number of conformational clusters

that can explain exp data Di=1.71
Y 53% 27% 1 8% 2%
p 2 4 9 86
(f NOE (d'z‘»set — yezt 'wy (f;\ro E (d¢)>y @ @@;@ . .
se : : - _b

Consistent w " . -
'DMS reactivity” ' | |
(validation)

Interaction edges: —
® Watson-Crick B Hogsteen <« sugar — Canonical WC bp ® chism (01307

%Podbevsek, et al Sci. Rep. (2018)
Reisser et al, NAR (2020)




Zoom lectures with a limited
number of participants

Dedicated Slack workspace

Deadline Nov 18,2020

Class Topic Lecture | Lecture Il Instructor
21.VI Performance optimization April 26, 2021 May 3, 2021 M. Bonomi
21.VI Dimensionality reduction April 12, 2021 April 19, 2021 G. Tribello
21V Replica exchange methods March 15, 2021 March 22, 2021 G. Bussi

21.IV Metadynamics March 1, 2021 March 8, 2021 M. Bonomi
21.111 Umbrella sampling February 15,2021 February 22, 2021 G. Bussi

211 Statistical errors in MD February 1, 2021 February 8, 2021 G. Tribello
21.1 PLUMED syntax and analysis  January 18, 2021 January 25, 2021 M. Bonomi
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www.plumed-nest.org

PLUMED-NEST

The public repasitory of the PLUMED consortium

Home News PLUMED Consortium Contribute Cite Browse

Repository of the data needed to reproduce PLUMED-enhanced simulations
PLUMED input files tested for compatibility with current version of the code
Hyperlinks to PLUMED documentation to learn from real-life examples

Promote scientific reproducibility - create educational material

| 10 eggs in the nest as of today

Bonomi, Bussi, Camilloni, Tribello, et al, Nature Methods (2019)
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www.plumed-nest.org

PLUMED-NEST

The public repasitory of the PLUMED consortium

Home News PLUMED Consortium Contribute Cite Browse

Repository of the data needed to reproduce PLUMED-enhanced simulations
PLUMED input files tested for compatibility with current version of the code
Hyperlinks to PLUMED documentation to learn from real-life examples

Promote scientific reproducibility - create educational material

| 10 eggs in the nest as of today

Bonomi, Bussi, Camilloni, Tribello, et al, Nature Methods (2019)
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www.plumed-nest.org

Project ID: plumID:19.072

Name: SINE hairpin MD+NMR

Archive: https://github.com/bussilab/plumed-nest-
sine/archive/4c288794ee470cd694231ff2976607991df11649.zip (browse)
Checksum (md5): 67f64ac04c¢91977cfacfd1579c4539bf
Category: bio

Keywords: metadynamics, RNA, NMR

PLUMED version: 2.4

Contributor: Giovanni Bussi

Submitted on: 26 Sep 2019

Publication: unpublished

PLUMED input files

File Compatible with
e Repository of th 'S
POSTEOTY ST plumed.o.dat
e PLUMED input fi le
plumed.1.dat

o Hyperlinks to PLmﬁm
e Promote scientific reproducibility - create educational material

o |10 eggs in the nest as of today

Bonomi, Bussi, Camilloni, Tribello, et al, Nature Methods (2019)
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www.plumed-nest.org

Project ID: plumID:19.072
Source: plumed.0.dat
Originally used with PLUMED version: 2.4
Stable: raw zipped stdout - stderr

Master: raw zipped stdout - stderr

RESTART
INCLUDE FILE=cv.dat
INCLUDE FILE=plu_maxent_NOE_RECT.dat

R S A S S S S S iy
#### Metadynamics
R S A S S S S S iy

METAD ARG=c77 SIGMA=0.25 HEIGHT=0 PACE=500 BIASFACTOR=1.001 TEMP=300 GRID_MIN=-pi GRID_MAX=pi |
METAD ARG=c78 SIGMA=0.25 HEIGHT=0 PACE=500 BIASFACTOR=1.001 TEMP=300 GRID_MIN=-pi GRID_MAX=pi |
P RePOSitol METAD ARG=c79 SIGMA=0.25 HEIGHT=0 PACE=500 BIASFACTOR=1.001 TEMP=300 GRID_MIN=-pi GRID_MAX=pi |

METAD ARG=co77 SIGMA=0.05 HEIGHT=0 PACE=500 BIASFACTOR=1.001 TEMP=300 GRID_MIN=0 GRID_MAX=30 F.
P PLUMED METAD ARG=co78 SIGMA=0.05 HEIGHT=0 PACE=500 BIASFACTOR=1.001 TEMP=300 GRID_MIN=0 GRID_MAX=30 F.
METAD ARG=co79 SIGMA=0.05 HEIGHT=0 PACE=500 BIASFACTOR=1.001 TEMP=300 GRID_MIN=0 GRID_MAX=30 F.

o Hyperlinke—————

I
e Promote scientific reproducibility - create educational material

o |10 eggs in the nest as of today

Bonomi, Bussi, Camilloni, Tribello, et al, Nature Methods (2019)
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www.plumed-nest.org

Project ID: plumID:19.072

METAD

This is part of the bias module

Used to performed metadynamics on one or more collective variables.

In a metadynamics simulations a history dependent bias composed of intermittently added Gaussian functions is added to the potential
[64].

O
VG = Y Wk exp< > Gsi ;a z(kr)) )

kr<t

This potential forces the system away from the kinetic traps in the potential energy surface and out into the unexplored parts of the energy|
landscape. Informatlon on the Gaussuan functlons from Wthh thls potentlal is composed is output to a flle called HILLS Wthh is used both
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