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X-ray cristallography

The golden standard for 3D structure determination
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Molecular mechanics: the fou

Representing molecules with a ball-and-spring approximation
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Biomolecular simulations: the founda -:

Integrating the Newton’s equation of movement: the machinery
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Models, sampling, time vs cos

Biomolecular Simulations: A matter of size... (1/2)

Macromolecular complexes
~50.000 to ~ 1.000.000 atoms
(B p D S\

4 PO - N J
T YA S~

Small peptides
~ 1.000 atoms

Bacteria/cells?
7e+9 carbon atoms

several millions of atoms
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Models, sampling, time vs cost

Biomolecular Simulations: And a matter of time! (2/2)

fs 100 fs - ps us ms
Electronic exitations | Vibrations Rotations Conformational Transitions

ps
e-tranfer reactions | Enzymatic reactions
ns us - S
Peptide folding Protein folding
us
DNA melting
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Models, sampling, time vs cost

Molecular Dynamics: limitations

How long should | simulate? = What do | want to see?

How much should | wait if | expect
to see:

* Avrainy day in March? One week
* Ahurricane? One year
* Aglaciation? Hundreds of years

In the atomic world:
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Werner et al. Adv Drug Deliv Rev. 2012, 64: 323.
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Models, sampling, time vs cost

Molecular Dynamics: limitations

e AP el

 University of Bad Guys, Evil Island,
{.a’ ’ . | Somewhere in the Pacific

Catching up with experiments is a matter of “time”...
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Computational power anc

Catching up with experiments is a matter of “time”...

MD limits: Moore's law in molecular biology !

- - ] T , How Fast-Folding Proteins Fold ¥
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104 Longest 2F21 12A 21 ps 2HBA 05A 29us 2ZWXC 48A 29us  1PRB 33A 39us
Homeodomain 327 s Protein G 1154 s a3D 707 us  A-repressor 643 us
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= MD m Exp

Mature HIV-1 capsid &

64 millien atoms x 200ns ¢/ 3EK CPU

I1Vendruscelo . Curr Biol. 2011 21:RE2-70.
21 Zhac G ... Schulten K_... Mature. 2013 £87:642-64E.
3] Perilla JR. Schulten K. Mat. Comm. 2017
] ....Shaw DE. Science. 2011 .334:E17-E20.
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State-of-the-art simulation

prABC: a systematic microsecond molecular
dvnamics study of tetranucleotide sequence effects

in B-DNA 3 2014

Marco Pasi, John H. Maddocks 2, David Beveridge, Thomas C. Bishop, David A. Case,
Thomas Cheatham, lll, Pablo D. Dans, B. Jayaram, Filip Lankas, Charles Laughton ...
Show maore

~ / ~
Nucleic Acids Research, Volume 42, Issue 18, 29 October 2014, Pages 12272-12283, 50 u's 50K atoms

https://doi.org/10.1093/nar/gku85s5
Published: 26 September 2014  Article history

Long-timescale dynamics of the Drew-Dickerson

2016  godecamer 3

Pablo D. Dans, Linda Danilane, Ivan lvani, Tomas Drsata, Filip Lankas, Adam Hospital,
Jirgen Walther, Ricard Illa Pujagut, Federica Battistini, Josep Lluis Gelpi ... Show more

Nucleic Acids Research, Volume 44, Issue 9, 19 May 2016, Pages 4052-4066,

~100 IJ.S / ~30K atoms https://doi.org/10.1093/nar/gkw264

Published: 15 April2016  Article history

Assessing the Current State of Amber Force Field Modifications for DNA 2016
Rodrigo Galindo-Murillot, James C. Robertsont, Marie Zgarbovat, Jiti Sponerts, Michal Otyepka®, Petr
Jureékat, and Thomas E. Cheatham III't

United States 100 X 10 IJ-S /

¥ Regional Centre of Advancad Technologies and Materials, Department of Physical Chemistry, Faculty of Science.
Palacky University, 17 Listopadu 12, 771 46 Olomouc, Czech Republic ~
& Institute of Biophysics, Academy of Sciences of the Czech Republic, Kralovopolska 135, 612 65 Brno, Czech Republic 3OK atoms
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The latest and more complete

Contents lists available at Sciencelaect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.comflocate/bbagen

1D23 (10 bp)

2 s/
192K atoms

All-atom crystal simulations of DNA and RNA duplexes™ @;—.mm, .

Chunmei Liu . Pawel A. Janowski ® David A. Case 5*

* The Codlege of Chemisry snd Makerslor Eng Mgzt Uniersiny, Phengzho, Hesm Provice 450001, FE it
® Depr of Chesstaryy and (hemical Biskyy, Rungers Dlaiversizy, Piosmoway, N 05854, LS4

ARTICLE INFO ABSTRACT 2-6
Artiche bistery: Bockgrouma: Maolecular dynamics simulations can complement experimental measures
Reveived 30 Jene 2014 dynamics of biomoleules. The quality of such simulations can be tested by comparisons 2 4 - P
Received in revised form 12 Sepiember T014 against experimental crystallographic data. . Y
Accepied 13 Sepaember 2014 Methods: We report simulations of ONA and RMA duplexes in their crystalline environment. oy @ b g ’-
vail bl onlite: 25 Sepreaber 2014 ‘mimsic the conditions for POS entries 1023 [d{ COATERATOS ) | and 1RNA [[ULALALLALALIA LA ney Wy P .
R & umit cells, each with 4 copies of the Watson=Crick duplex: this yields in aggregate 64 ps of du| 2.2 " F "y ‘“
Keywords: Wl [ fofy o
Maltmtar dynamics DA and 16 ps far KNA .*'fw#: %5{, o
Meclelc acids Ersuits: The duplex structures conform much more dosely to the average stnacture seen in th ™ b L .'ﬁ
Cryszal stnsctures extracted from a sohution simulation with the same force Geld. Sequencesdepend 2,0
helical parameters, and in groove widthe, are largsly maintained in the crystal structure, bt 2
in solution. However, the integrity of the crystal lattice is slowly degraded in both simulation ___
that the inberfaces between chains become heterogeneous. This problem is more severe for Q{r 1.8
which has fewer inter=chain hydrogen bond contacts than does the RNA crystal. —
Comohrsions: Crystal simulations using current force fiekds reproduce many features of observeds
bt susffer from a gradual degradation of the integrity of the crystal lattice. D 1 6
Cenensl signdficance: The results offer insights into forcesfield simulatons that best their abiliny | u "
interactions between chains, which will beof importance also in non=crystalli ne applications tha E
and recognition.
This article i part of 2 Special lssue entitled Recent developments of moleodar dynamics. m 1'4
© 2004 Elsevier BN, Al
- - x - - m o =
1 . r %thaﬁgﬁwﬁﬁM\Wﬁh b e ] ‘ﬁ'@"
== DNA lattice
1.0 i DNA best-fit
1. Introduction e closely resembles the experimental erystal stro .
sitnulations in a solution enviranment Sub sequent studie 0.8 v'o RMNA lattice
RRA amd DA molecules play an important role in many biobogical Lutrice emphoyed bmger Dirme scale< and dillenent fonoe ' —_—  RMNA hest-fit
procedses, and an understanding of their sructure and dynamics is broadly similer concusion [B=13] Advinoes n eomgisl
indispernsable for a complete understanding of their lunction. Moleoular spurred 4 new round of Bomalecular erystal Simulati O 6 i i i
dynamics sirmulations can offer & deLailed complEment 0 experiment, proteins | 14=21 | that use larger simubition cells and ' 0 500 1 DUU 1500 2000
and mueleie acid simulations in a erystal environment have long been  artention (o e propenties of the erystal lantios, a5 well 15|

el b et simulstion methods 11210 A “modern™ era beean in the cluracterartics of individusl chaim.

Time (ns)

Conclusions: Crystal simulations using current force fields reproduce many features of observed crystal structures,
but suffer from a gradual degradation of the integrity of the crystal lattice.
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Refining the classical force field fo

From BSCO (2007) to BSC1 (2016)
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nature

Techniques for life scientists and chemists

Home = Cument issue ' Comment | Research = Archive v | Authors & refecees v | About the joumal v

home » archive » issue » brief communication » full text

Parmbsc1: a refined force field for DNA simulations

Ivan Ivani, Pablo D Dans, Agnes Noy, Alberto Pérez, Ignacio Faustino, Adam Hospital,
Jurgen Walther, Pau Andrio, Ramon Gonl, Alexandra Balaceanu, Gulllem Portella, Federica
Battistini, Josep Lluis Gelpi, Carlos Gonzilez, Michele Vendruscolo, Charies A Laughton,

Sarah A Harris, David A Case & Modesto Orozco

Affiliations ' Contributions | Corresponding author

Nature Methods 13, 55-58 (2016) | doi10.1038/nmeth 3658

Folding DNA hairpin
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The paradigmatic Drew Dickerson Dode

Three different space groups of the same sequence: CGCGAATTCGCG
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Crystal simulation of DNA

Extensive unbiased molecular dynamics simulations in the millisecond timescale

81 copies of DDD
Ne . o o
Systemname PDE  Envionment Pot  uyf T Water +ions” dsDitato  Equilibration  Simulatio
group cel 1 ."_ Spm ratio time (ps) time (ps)
1EAVssl  1EAV  solution = million atoms 7 §00 1
15mM  1EHV  crystal P3.12  3x3 / / 500 1
200mM  1EHV  crystal P3:12  3x3x3 Na/KCl 200 / 600 1
400mM  1EHV  crystal P3:12  3x3x3 Na/KCl 400 / 600 4
600mM  1EHV  crystal P3:12  3x3x3 1 Na/KCl 600 / 600 1
800mM  1EHV  crystal P3:12  3x3x3 81 Na/KCl 800 / 600 1
1EHV
1EHV stal P3.12  3x3xl 27 Na/KCl 400 600 4
Na/Kcl .y : we 3/ /
1IEHVMg  1EHV crystal P3.12  3x3xl 27 MgCl: 400 / 600 1
1EHV Mg MgCl.-6H.0
1EHV stal P3.12  3x3xl 27 100 600 4
CUFIX ey : I CUFIX /
1EHV1:6  1EHV  crystal P3.12  3x3xl 27 Spmel, 1:6 6000 1
1IEHV1:9  1EHV  crystal P3.12  3x3xl 27 spmcl, 1:9 6000 1
1EHV1:12  1EHV  crystal P3.12  3x3xl 27 spmcl, 1:12 6000 1
1FQ2sol  1FQZ  solution 1 NajKCl 400 7 600 1
1FQ2 1:6s0l  1FQ2  solution 1 spmCL 1:6 600 1
1FQ2Na/KCl 1FQ2  crystal  P2,2.2, 3x2xl 24 Na/KCl 400 / 600 1
1FQ2
1FQ2 stal  P2,2.2, 3x2xl 24 Na/KCl 400 6000 1
Na/KClequ Q ey Sisn IRER 3/ /
1FQ2 1:3  1FQZ  crystal  P2,2.2, 3x2xl 24 spmCl, 1:3 6000 1
1FQ2 1:6  1FQZ  ocrystal  P2,2.2, 3x2xl 24 spmCl, 1:6 6000 1
1FQ21:9  1FQZ  ocrystal  P2,2.2, 3x2xl 24 spmCl, 1:9 6000 1
1FQ2 1:9 spmCl,
coe | 1FQ2 aystal  P22.2, 3xaxl 24 i 1:9 6000 1
cl
1FQ21:9Mg 1FQ2  orystal  P2.2.2, 3x2xl 24 Msé]; o 4 + 40 us
g Ire o8 m
763D sal )H 1 NajKCl 40
"1 s30 | 28 different fz= =2 s wexka 0 Milisecond duplex
H3 - 2x2x1 cells systems \_ dynamics
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Models, sampling, ti

Molecular Dynamics: limitations

About PRACE
T Project: DNA crystal simulations: a step towards the understanding of the
crowded cellular environment.
PRACE Projects and
Outcomes Prace Call: 12th
ID:2015133068, Leader: Prof Modesto Orozco
Training and Affiliation:Institute for Research in Biomedicine (IRB-Barcelona), ES
Documentation Research Field:BiochemistryBioinformatics and Life sciences
Collaborators: Pablo Dans, Institute for Research in Biomedicine (IRB-Barcelona), SPAIN; Antonija Kuzmanic, Institute for
Events Research in Biomedicine (IRB-Barcelona), SPAIN;

Resource Awarded: 22000000 core hours on MareNostrum

1EHV (81 copies of
DDD): 512 cores, 7

runs, 72 h each
= 260,000 hs for 1 ps

1FQ2 (24 copies of
DDD): 480 cores, 9

runs, 72 h each

= 300,000 hs for 4 ps
H3 - 2x2x1 cells MareNostrum
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Biomolecular simulation of DNA crystals

Results: Center of mass displacement

10
e, —_~ 8- ~
L 6- L
< 9 @0 4 4 K2}
| 3 = &
3 27 N
g 0] g
® 27 ©
= 4+ = -
o (@]
(.43 -6 = % -
8 - 3
_10- L L L] L] L] L 1 L] L] L] L i L —1 ] L L 3 -' - 3 T
108 64202 46 810 -1086-4-202 46 810 10864202 46 810
ACOM along x-axis (. u) ACOM along x-axis (,3\) ACOM along y-axis (/?\)
10 - 10 - : 10 - 5
os 6- os 6_ os 6-
L2 4+ 2 4+ 9 44
2 0 2 0 2 0
§ 24 § 24 £ 2-
2 47 347 2 47
% -6 = % -6 - % -6 =
8- 8- 8-
-10 -10 4 : -10
T | | ] ] ] T L] 1 T T I T | | | T T T ] ] ] T I T I ] ] T T ] ] T ] |
-10-8-6-4-202 46 810 -10-8 6-4-202 46 810 -10-8-6-4-202 46 810
AGCOM along x-axis (. u) ACOM along x-axis (5\) AGOM along y-axis ( u)
10 10 10
~ 87 —~ 8- . 8-
SR < 6- SR
2 4+ 2 4~ @2 44
2 0+ @ 0- o 0-
£ 2 § 21 ° £ 2
Z 41 0138 | 2 41 0.161 | 2 47 0.185
8 -6 0.103 8 -6 = 0.121 8 -6 = 0.139
< g 0069 | < g. 0080 | < g 0.092
034 .04 .04
40 - 0.03: 40 - 0.040 40 - 0.046
L L L] L] L] L 1 L] L] L] L L L L] L] L L 1 L] L] L] L L L L] L] L] L 1 L] L] L T
H3 - 2x2x1 cells 108 6420 2 4 6u 8 10 -1086-4-202 4 6., 8 10 1086420 2 4 6u 8 10
ACOM along x-axis (A) ACOM along x-axis (A) ACOM along y-axis (A)

11th RES Users' Meeting & 6th HPC Advisory Council Conference 17



Biomolecular simulation of DNA crystals |

Results: Center of mass displacement along time

X-axis y-axis Z-axis
15 =
m
10 - I
<
=
5 %
—~ @)
< et RSEARES o scenesactaRdiia
R —
c 0+
Q
= 15 -
w
o —
% 10 B
S R
= zZ
2 ;. B
£ @)
S B O R G o
o 0-
=
QO 154
(&)
<]
10 = N
»
S
5-
—— _— B
0- 1
0.0 0.8 1.6 2.4 3.2 4.0 0.0 0.8 1.6 2.4 3.2 4.0 0.0 0.8 1.6 2.4 3.2 4.0

Time (us)

I 11tH RES UsersI Meeting g GtH HPC A!visory Council Con!erence | 2017 I



Biomolecular simulation of D

Results: Helical parameters of failed systems 1FQ2
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Biomolecular simu

Learning from failure

VII.
VIII.

Is this due to a specific space group not properly handled by MD
simulations?

Is this due to the size (number of DNA copies) of the unit cell?

Is this due to internal pressure issues?

Is this due to equilibration issues?

Is this due to the salt concentration?

Is this an effect of the type of salt used?

Is this due to distortions in the internal structure of the DNA molecules?
Is this due to ends artifacts (fraying, opening, stacking between DNA
molecules)?

Is this an effect of specific 3D orientations between DNA copies (packing,
effect of unbalanced DNA-DNA interactions, etc)?

Is this fixed by adding small organic compounds present in the
experimental buffer to the crystal simulations?
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Biomolecular simulation of DNA crystals

Results: Center of mass displacement using SPM for 1FQ2

P242424 - 3x2x1 cells
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Biomolecular simulation of DNA crystals

......... -+ Outside
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Biomolecular simulation

Average helical parameters along the sequence of 1FQ2

Inside major groove Outside major groove

GA (4-5 . GA (4-5 .
“a) Molarity “e) Molarity
125 125

AA (5-6) AA (5-6)
10.0 10.0
AT (6-7) 75
5.0

2.5

AT (6-7) 7.5
5.0
25

C (8-9) 0.0 TC @9) 00

TT(7-8)

Base pair step
Base pair step

TT (7-8)

CG (8-10) CG (9-10)

GC (10-11) GC (10-11)

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Duplex Duplex

Inside minor groove Outside minor groove

GA (4-5 . GA (45
@9 Molarity @

12.5
10.0

Molarity
125

AA (5-6) AA (5-6)

10.0
AT (6-7) 7.5
5.0 5.0
25 25

TC (89) 00 TG (8:9) 0o

AT (6-7) 7.5

Base pair step
Base pair step

TT (7-8) TT (7-8)

CG (9-10) CG (9-10)

GC (10-11) GC (10-11)

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Duplex Duplex
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Average helical parameters along the sequence of 1FQ2

GC CG GA AA AT TT TC CG GC

3.5 =

T
GC CG GA AA AT TT TC CG GC

GC CG GA AA AT TT TC CG GC

Base pair step

Base pair step

Base pair step

|
GC CG GA AA AT TT TC CG GC

|
GC CG GA AA AT TT TC CG GC

|
GC CG GA AA AT TT TC CG GC

Base pair step

Base pair step

Base pair step
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Biomolecular simulation of DNA

Global and local descriptors

* Backbone
torsional space
* Global and local

463D sol --.-
1ra2 16 so [N
1FQ2 sol ....
1env sol [
ss30 [

1raz 1:9 curix | I FleXIblllty
raz 1tovg NI

1,:0_219.... WC hbonds
; . . .
s BEEEEE Diffusion

o

[ J
Major groove depth (A)

-
o
Q
(]
—
o

[ ]

1FQ2 KINaH ====. * Effective Temp.
1EHV 1:12 .
1env 10 [N * Fraylng 7
rervre BN * Essential dynamics
1env mgc! [}
. . .
Twist Groove dimensions .
0.10 -
ﬂq; 0.08 -
% 35_
‘60.06- — *7| 7777777 1 7777777777777r 777777 T I77
E 3 30— [ETEIN N A T [ BN R R | |
7 £ |
= 0.04 - £ _
0.02 -
GC CG GA AA AT TT TC GG GC 204 )
Base pair step 0.0 0.2 o4 (HS)O.E% 0.8 1.0

| 11th RES Users' Meeting & 6th HPC Advisory Council Conference | 2017 |



Biomolecula

Conclusions

= For the first time, we obtained stable simulations of DNA crystals in
various symmetry groups and under different solvent environments
allowing us to understand with unprecedented level of detail the nature
of the intermolecular interactions that guarantee the stability of crystals.

= Qur results are a proof of concept that expand the actual limits of the
field, opening the door to anticipate the specific need or effect of an
additive prior to the wet lab, and enabling, with a high probability of
success, the all-atom simulation of crowded cellular environments, where
one-meter-long DNA has to pack into a nucleus of 5 um in diameter.

= Through extensive unbiased MD simulations on the millisecond
timescale, here we demonstrate how the stability of DNA crystals depends
on subtle interactions between the packed DNA molecules and the
components of the buffer used to reach crystallization conditions.

Submitted to Nature Chemistry, in revision
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