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Cil prednasky

Ukazat pocitaCove techniky jako
moderni metodiku strukturni
biologie.




Hlavni techniky

1. Presné kvantove-chemicke vypocty ab initio .
Schroedingerova rovnice, MO=LCAO

2. Nanosekundové simulace
klasicka molekulova dynamika s explictnim
zahrnutim vody a iontd.

Tyto metody jsou dostupné od r. 1995.




Cil

prispet ke kvalitativnimu pochopeni molekulovych
interakci

doplnit experimenty

provadét predpovédi jdouci za ramec experimentd




Vztah mez1 strukturou a funkci
biopolymeru

Jak biomolekuly fungu;ji?

Biomolekuly se vyznacuji nesmirnou variabilitou
svého prostorovéeho sporadani. Digitalni
informace kddovana v sekvenci bazi nukleovych
kyselin nebo aminokyselin vede ke konkrétni
trojrozmerné architekture a ta vstupuje do procesu
molekulového rozpoznavani, viastné ve forme
informace analogove.




Sekvence (digitalni informace)
9
struktura (energie)

9
funkce

Nalezeni vztahu mezi primarni sekvenci
bazi/aminokyselin a trojrozmérnou strukturou biomolekul
patri mezi klicove ukoly soudobé molekularni biologie a
biofyziky.




Molekulova dynamika

jednoduchy analyticky force field
explicitni zahrnuti vody
dnes 100 a vice nukleotidll
simulacni ¢asy 100+ nanosekund (krok dvé
femtosekundy).
e modelovani realné dynamiky za pokojove teploty
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minor groove
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Backbone torsion angles
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Struktura a funkce ribosomalni RNA

Primarni geneticka informace se
prepisuje do mRNA. tRNA (adaptor)
prifadi spravnému kodonu mRNA
spravnou aminokyselinu.

Syntézu proteinu dle sekvence
mRNA zabezpecuji obii molekularni
tovarny zvane ribosomy.




Adaptors

Polypeptide .
,_V

Nucleic acid

Codon 1 Codon 2 Codon 3

Figure 26-3. The adaptor hypothesis. This
hypothesis postulates that the genetic code is read
by molecules that recognize a particular codon
and carry the corresponding amino acid.




Ribosome:
Small (30S) + large (50S) subunit = 70S




Folyvpeptide




Figure 26-23. The ribosomal peptidyl trans-
ferase reaction forming a peptide bond. The
amino group of the aminoacyl-tRNA in the A site
nucleophilically displaces the tRNA of the pep-
tidyl—tRNA ester in the P site, thereby forming a
new peptide bond and transferring the nascent
polypeptide to the A-site tRNA.
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{a) Initial Selection (b) Proofreading
L, o

pt

Peptide bond
EF-Tu activation ch:rmaticm i

Codon and EF-Tu 5 3 mRNA
recognition GTP hydrolysis release Accommodation — 308
o)
e . / } Peptidyl-tRNA
e — % 5
= BoA \ €D [60F] EF-Tu

Rejection

A Aminoacyl-tRNA

Fig. 2. The aminoacy-tRMNA (aa-tRNA) selection pathway. Ternary complexes of aa-tRNA, EF-Tu and GTP bind reversibly to the ribosome. The anticodon can access mRNA
codon in the 305 A site, and if the codon is recognized as correct, the EF-Tu GTPase is activated. After GTP hydrolysis, the GDP form of EF-Tu dissociates, whereupon the
aminoacyl end of cognate aa-tRNA moves into the peptidy!| transferase site on the 505 laccommodation). Red arrows indicate steps at which non- or near-cognate aa-tRNA
are rejected, either during initial selection before GTP hydrolysis or in a proofreading step thereafter. With near-cognate temary complex, steps represented by green
arrows are slower than in the cognate case, but are accelerated by paromomycin or streptomycin [7,8,11].
















50S Ribosomal Subunit — X-ray

iz MW ~1.7x106 daltons
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Computations on ribosome

Ribosome . 50 S large subunit .23 S rRNA . select
rRNA segments for computations.

30 S - small subunit 50 S - large subunit




— K-turn motifs




23S rRNA Domains.
Pro¢ neni WC az tak moc zajimavé??
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Priklady ne-Watson-Crickovych paru. Kli¢ k pochopeni
funkcni RNA.




Nomenklatura RNA paru basi, 150 — 200 principidlné moznych
kombinaci.

Hoogsteen Edge
NH,

WC/WC AU
trans SE/SE rA/rU

cis SE/SE rA/rU




Ribosomalni RNA je kombinaci kratkych
Watson-Crick helixu a kratkych
nekanonickych segmentit zvanych RNA
motifs, propojenych terciarnimi interakcemi,
proteiny.....

Je to jako LEGO, opakujici se universalni
stavebni jednotky a rozsahla dynamika.

Studujeme systematicky vSechny zakladni
komponenty a terciarni interakce v ribososmu.




Studium ribosomalniho lega pomoci MD
Kink-turn jako molekularni kloub




Consensus of K-turn

asymetricka smycCka se 3 nesparovanymi nukleotidy v
jednom retezci




Consensus of K-turn

ostry zlom patere o 120°
,V" shaped structure




Consensus of K-turn

C-stem - Watson-Crickovy pary




Consensus of K-turn

NC-stem - A/G trans Hoogsteen/Sugar edge pary




Consensus of K-turn

konservovany adenin tvori trans Sugar edge par s
prvnim nesparovanym nukleotidem
na druhe strane interni smycky. A-minor motif.




Consensus of K-turn

A druha takova interakce (A-minor motif)
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Fig.1. (a) The smooth minor groove face of the adenosine nucleotide allows the base to pack tightly into the minor groove of an RNA helix. its N1, N3, and
2'-OH atoms are available for hydrogen-bonding interactions. (b) Ribbon drawing of the overall structure of the 505 ribosomal subunit from H. marismortui
highlighting the 186 adenosines (shown in red spheres) that make A-minor interactions based on distance and geometric criteria (see text). (c) Examples of the
four major types of A-minor interactions found in H. marismortui 505 shown in surface representation. Each type is defined by the position of the 2'-OH group
of the interacting adenosine relative to the positions of the two 2'-OH groups of the receptor base pair. Whereas type | and type Il interactions are A-specific,
type 0 and type Ill also are observed for other bases even though As are still preferred when the base packs against the ribose backbone.










Chova se to v simulacich jako bezprecedentni flexibilni kloub.




Local geometrical changes
and global motion

Inter-helical distance

L4
Inter-helical angle  *

Motion of unpaired nucleotides ( Kt-58 - permanent change)

Dynamics of A-minor submotif ( Kt-38, Kt-42 - oscillatory changes)




Dynamics of A-minor submotif — key
role of water insertion

O

C-stem (C=G) A-minor Type |

water mediated

NC-stem (A/G)

A-minor type | submotif mediates the interaction between the rigid
C- and NC-stems of Kt-38 and Kt-42




A-minor Type |

water mediated

NC-stem (A/G)

Insertion of water molecules into this A/C pair regulates the global
motion of Kt-38 and Kt-42




A-minor Type |

water mediated

NC-stem (A/G)

Insertion of water molecules into this A/C pair regulates the global
motion of Kt-38 and Kt-42




A-minor Type |

water mediated

NC-stem (A/G)

Insertion of water molecules into this A/C pair regulates the global
motion of Kt-38 and Kt-42




Dynamics of A-minor type |

Closed

Closed substate: direct H-bonds between A/C (Kt-42 in crystal)
Open substate: water molecule inserted between A/C (Kt-38 in crystal)




Dynamics of A-minor type |

Closed substate: direct H-bonds between A/C (Kt-42 in crystal)
Open substate: water molecule inserted between A/C (Kt-38 in crystal




K-turny jsou flexibilni klouby, které mohou

umoznit dynamické pohyby v ribosomu
béhem proteosyntezy.




-turns In r of the large subunit
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MD simulation of the factor binding site

Kt-42 dynamics propagates to large-scale motions
of the whole factor-binding site

Factor-binding site Factor-binding site

Inter-helical distance

' ’
+ Infer-helicalangle
4

Element NC

Sharp bend of RNA helix
Kink
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A] Initial reposition of head B]

0-5ns

Factor binding site

Open/closed dynamics pivoting
at Kt-42 (Hinge17) - EDA mode 1

i Ha3/44
4 Head

Factor binding site Factor binding site

Factor binding site

C)

Internal breathing
of FBS - EDA mode 2

H43/44
Head

Factor binding site

D) E)

Bending pivoting
at Hinge2 - EDA mode 3

Twisting
of FBS - EDA mode 4

Ki-42

Factor binding site

Factor binding site

Factor binding site
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Princip 1sostericity — diktatura 3D struktury nad sekvenci

Pokud dojde k takove 1sosterické mutaci, ktera umozni
vytvorit par bazi stejne¢ho tvaru jako byl par puvodni, tak tato
mutace veétSinou zachovava funkci a je dovolena.




P-interaction

The precedence of molecular interaction and 3D
shape over the sequence

GU wobble is the third most frequent RNA base
pair.




P — interaction — ribose zipper type of
interaction that brings together a GU wobble
from one helix and GC canonical pair from
another helix.




Shallow groove pocket interactions (or potential interactions) in
Thermus thermophilus 16S rRNA (numbers are based on Escherichia coli)
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P-interaction, a unique ribosomal quartet interaction that causes an
unprecedented simultaneous covariation of four bases in the genom:

-GU-...-CG- mutates to -GC-...-UG-

Detail




Motif swap — helix v jednom ribosomu je evoluci
zameénen za smycCku, ale lokalni kontakt se
nezmeni.




E coli loop E/Helix IV RNA - protein L25 complex.
Loop E is a rigid RNA docking segment with unique metal
binding capability. 7 consecutive non-WC pairs!




Bacterial Loop E
X-ray structure

3 5
106 G — C 70
106 G — C71
104A > Goo

Spinach Chloroplast
Hypothetical structure - isosteric pairing

3 5
106G — C70
106 G — C71
104 A 0> G 7o

103U OO A~ 103U oOA 73

102G @ U7s

101 A O 75

99 A O U 77
97C — G79

6 (G @ Uso
5‘ 3‘

Circles - Watson-Crick edges, squares - Hoogsteen edges,
triangles — Sugar edges. Open symbols represent
trans and filled symbols CIs base pairs.

B indicates cis bifurcated pairs and W water-inserted pairs




Sacterial Loop oroplast




Average geometries new base pairs in chloroplast Loop E

that differ from the consensus bacterial Loop E. (a)
Bifurcated A102/C74, (b) A98/A’/8 and (c¢) A100/A’76.




Pokrocilé kvantove-chemické metody

Cil — presné vypocty malych systémd, referencni,
fyzikalné kompletni metoda. Primy vztah mezi
strukturou a energii.
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O fyzikalnim plvodu vertikalnich interakci
bazi

Base stacking je prekvapivé jednoduchou
kombinaci Londonovy dispersni energie,
kratkodosahové repulse, a bézné
elektrostatiky. Nic jiného podstatného tam
neni.

Specifické “aromaticke" prispévky byly
vylouceny.




7U-70 MODEL - tak takhle nastésti ne

Out-of-plane - interactions exist!




Deamination of cytosine to uracil

In N3-platinated cytosines the deamination is the decisive scenario
(73%)

Competing reaction — 1,4-metal migration (27%)




Potreba hybridnich kvantove-
chemickych molekularné

mechanickych metod — katalyza
RNA.




Hepatitis Delta Virus ribozyme
Surface electrostatic potential




HDYV ribozyme
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Secondary structure

The HDV ribozyme folds into a
compact structure comprising five
helical segments joined by five strand-
crossovers connected as a nested,
double pseudoknot. Right -overlay of
product (grey) and precursor (colour) x-
ray structures.

o OH ~
e ﬁB aH N
0—P=0 (o o
cl —
0
ﬁ/m Kﬁz/m
RO OH . o

The self-cleavage reaction catalyzed
by HDV ribozyme is a transesterification
reaction. Based on experimental data,
general acid-base catalysis is suggested
with either Mg?* or C75 being general
base or acid.

N 0 H,0
OHz . E L/ HZO
‘ C75 ‘) N I\/.Ig/
. ° /” [ ~
OH;” | “H,0

/ N:
- H,0

acid



MD simulations are consistent with C75
acting as the general base

TS Nz i e )
&
M.
‘\.m“

Schematic reaction mechanism (above)
and corresponding stick models (below)

el

Precursor Product
crystal structure simulation snapshot crystal structure

Blue spheres represent Na* cation, yellow sphere represents Mg?2* cation




The Active Site of Precursor Ribozyme: Dynamics
and Permanent Cation Binding

C75 simulation:

dynamical binding of C75
at the active site with a
temporary formation of
“trasition-state” C75(N3)-
U-1(HO2") H-bond.

C75+ simulation:

strong product-like
binding of C75+ in the
active site, inconsistent
with C75+ acting as
general acid.

U75 simulation:

directly corresponds to the
precursor x-ray structure.
Very good agreement with
the x-ray structure.

Overlay of the precursor crystal structure (grey) and three simulated precursor
structures (colour). Blue sphere represents Na* cation.




Priklad - Modelovani guaninoveho
kvadruplexu




Guanine quadruplex — G-DNA

d(GGGG),

guanine quartet guanine quadruplex with a
with cation fully occupied central channel




G-DNA loops




Guanine quadruplexes — a unique combination of
mechanical rigidity (stem) and flexibility (loops)

thymidine loops

guanine

high flexibility




Sekvence schopne tvorit
kvadruplexy jsou v genomu bézne,

telomerni DNA na uplném konci
chromozomu — d(GGGTAA),




Shoda mezi X-ray (modra) a MD (rtizova)




A tohle udéla kvadruplex, kdyz mu na pocitaci vytahneme z
kanalu jeho ionty




Prazdny kvadruplex ulovil iont béhem
stochastickeé simulace




Jak takovy kvadruplex vlibec mtize vzniknout

e Stepwise strand addition:

e o Duplex dimerization:




Navrhli jsme si alternativni topologie d(GGGG), a
podivali se, jak se budou chovat.




Spiral stem: (a) startovaci model, (b) primérna struktura
7-9 ns a (c) vysledek.




Alternativni konformace stemu kvadruplexu
studované MD.

AAG=0kcal/mol AAG=+10kcal/mol AAG=+22kcal/mol
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