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Bond stretching

 Morse potential

Viona = Dg{l —exp[-a(l - Ea)]};1

D, =Depth of potential energy
minimum

a =Width of the potential well

I, = Reference bond length

« Hooke's law

k
Viona = 2 ?R(Ii — lf 0)2
bonds ’
— (Does not allow bond

breaking/ forming therefore
cannot handle chemical

reactions; need to use other
method e.g. QM/MM, Morse
potential)

MM calculations typically do not go far from reference value
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Bond stretching parameters

2
(I =1 )

l,
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bonds
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* k, = obtained from
vibrational spectra

» [,_obtained from X-ray
crystallography

 Hard degree of freedom

If di= .2A for carbonyl
Vbond = 11.4 kcal/mol !l

Type | kp(kcal/mol/ A2) | L,(A)
CA-N 337 1.44
C=0 570 1.22




AThe disulfide (-S-S-) bond is strong, with a typical bond dissociation energy of 60
kcal/mole (251 kJ mol-1). However, being about 40% weaker than C-C and C-H
bonds, length ~205pm (cca 50pm longer than —C-C-).

Bond Length (pm) E(kJ/mol)

H-H 74 436
H-C 109 413
H-N 101 391
H-0 96 366
H-F 92 568
C-C 154 348
C=C 134 614
C-N 147 308
C-0 143 360
C-5 182 272
C-F 135 488
N-N 145 170
0-0 148 145
0=0 121 498

lkcal=4.184kJ; pm=1.10"%m
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F-H..:F (161.5 kJ/mol or 38.6 kcal/mol)
O—H..:N (29 kJ/mol or 6.9 kcal/mol)
O-H..:0 (21 kJ/mol or 5.0 kcal/mol)
N-H...:N (13 kJ/mol or 3.1 kcal/mol)
N-H...: O (8 kJ/mol or 1.9 kcal/mol)

HO-H...: OH"; (18 klJ/mol[10] or 4.3 kcal/mol; data obtained using molecular
dynamics as detailed in the reference and should be compared to 7.9 kJ/mol for bulk
water, obtained using the same molecular dynamics.)

Table 1. General characteristics of the three major types of H-bonds. The numerical information
shows the comparative trends only [13]

H-bond parameters Strong Moderate Weak

Interaction type Strongly covalent Mostly electrostatic  Electrostatic/dispersed
Bond lengths (H- - -Y[A]) 1.2-1.5 1.5-2.2 >2.2

Lengthening of X-H (z&) 0.08-0.25 0.02-0.08 <0.02
X-HVs.H---Y X-H~H--'Y X-H<H--Y X-H << H--Y
H-bond length (X-Y [A]) 2.2-2.5 2.5-3.2 >3.2

Directionality Strong Moderate Weak

H-bond angles (°) 170-180 >130 >90

H-bond strength (kcal/mol) 1540 4-15 <4

Relative Infrared shift (cm™') 25% 10-25% <10%
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Zakladni stavebni kameny nukleovych kyselin:

1) Baze
i) Purinové — mensi, Cislovani arom. kruhu protisméru hod. r., adenin (A),
guanin (G), obecné R
ii) Pyrimidinové — vétsi, Cislovani ve sméru hod. r., cytosin (C), uracil (U),
thymin (T), obecné Y
2) Cukr — 2’-deoxyrib6za (DNA), rib6za (RNA)
3) Fosfat

Baze:

1) Standardni

2) Modifikované: N6-methyl-dA, 5-methyl-dC, xanthin, hypoxanthin, uric acid, 7-
methylguanine, dimetylaminoadenin

i i
6 7 4
C. 5 C. s
N AN 3N CH
2(': g /N H(|3 gH
H/ §§/4\”9 2§N/6
1

Purin (R) Pyrimidin (Y)



NF ‘ N\> H\N ‘ N\>
i i

Adenine Guanine
(6-amino purine) (2-amino-6-oxy purine)

N7 |
Q™

H

Cytosine Uracil Thymine
(2-oxy-4-amino (2-oxy-4-oxy (2-oxy-4-oxy

pyrimidine) pyrimidine) 5-methyl pyrimidine)
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Vyménitelné a aromatické vodikové atomy

%> @ka/[N\>
AN T @SN

Adenine Guanine
(6-amino purine) (2-amino-6-oxy purine )

NP o @ CHg

Aﬂ N

H H H
Cytosine Uracil Thymine
(2-oxy-4-amino (2-oxy-4-oxy (2-oxy-4-oxy
pyrimidine) pyrimidine) 5-methyl pyrimidine)
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Hustoty ndbojd v nukleotidech rozdélené podle Del Reho ¢ naboji (Roman) a
Hiickelovych © naboju (kurziva)

Cy Gy monoanion dianion

Phosphodiester Phosphomonoester
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NH,
/N =N
<

2.2 debye 5.9 debye 6.1 debye 4.0 debye

o ¢
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Vazebné parametry bazi nukleovych kyselin
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Stimulanty obsazené v kavé , Caji a cokoladé
jsou metylované puriny

O
HC N
'i'l N

CHs theophylline*
* Obsazen v ¢aji, ale neni stimulantem
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\
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Me
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LA

theobromine
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0 stimulant purines

Me=CH,
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Tautomerie amino (amin<->imin) a keto (keto<->enol forma) skupin purinti a
pyrimidinQ, fyziologické podminky favorizuji amino a keto formy

NH, NH 0 OH



Nukleosidy a nukleotidy

Nukleotid vznika esterifikaci fosforylu na —OH skupinu NH, ™
nukleosidu. V riboze lze esterifikovat 3 skupiny (ve 2’- _ N _
deoxy-riboze pouze 2 —OH skupiny) , pfesto ma drtiva N | \> >~ Adenine
vétsina ribonukleotidl fosfat v poloze 5. kMN N )
CH, N
o o D . / 0
2 O g Base _ _ Ribose
il ] o 9 oy ;
0100 o easid HO—P—0—P—0—p
{ QIRy::usu:lc hond I | f HO OH
- [} —
{ H-Deoxirhose ) O O |\_ O v Y,
Ad ine 5'- hosphate (AMP
I enosine 5-monophosphate ( )
_ \ J
— Nucleotid e monophosphate . '
Nucleotide diphosphate | Adenosine 5’-diphosphate (ADP)
Nucleotide triphoshpate —— \ N J
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Adenosine 5'-triphosphate (ATP)
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Nazev baze, X=H | Nukleosid, X=(deoxy)ribéza | Nukleotid, X= fosfo.riboza

Adenosinmonofosfat
AMP

Guanosinmonofosfat
GMP

Cytidinmonofosfat
CMP

Uridinmonofosfat
UMP

Thymidinmonofosfat
TMP
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Cukr

}K\/O H O
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I . I -
H—C 1 H—C
|* : |*
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|3 I |3 H
H—C—OH ! H—C—OH
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Autumn Semester 2023 Nucleic Acids, Karel Kubicek 23



NZ N
s |-
N M
D\\P 0 0
_D/ \D_
OH [OH
AMP

Autumn Semester 2023

NH, 0
N
TS S
\RMN N UJ\N
Q%P)D 0 Q%PJJ 0
_D/ '\D_ AN
OH H OH OH
dAMP UMP

Nucleic Acids, Karel Kubicek

0
HN | CH,
DJ\N
D%P/D 0
_D/ \D_
OH H
dTMP

24



Vlivem stérického branéni baze se vyskytuji dvé konformaéni uspofadani baze-cukr: syn/anti
Oba zpUsoby usporadani se vyskytuji v pfirodé, pricemz ANTI prevazuje

O

N
HN
I

NS
H,N~ N N

HOCH,

H H
H H

OH OH

syn Guanosine
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N~ "NH, N7 To
-
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H H
H H
OH OH OH OH
anti Guanosine anti Uridine
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Konformace cukru - Sugar pucker 2 <
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Vazebné parametry cukernych zbytkd nukleovych kyselin
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Fosfat; pater nukleové kyseliny

(b)

Tetrahedralni usporadani fosfatové skupiny (a),

volnost rotace (b) | Base

| (cytosine)

phosphate <

Sugar
(2'-deoxyribose)
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Pater nukleové kyseliny

protinaboj negativné nabité
pateri: Na*, K*

0
\
35"\ ?
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i 0
linkage \\ 1- o}
\
\
\
7 7 Ve ’ \ 0
Baze v patefi nukleovych \ i
. v . ) \ P"“‘-O
kyselin ¢islujeme od 5’-konce A\ A 5
smérem ke 3’-konci: 5’-GCAT-3’ W1
\
\
\\  Ho >
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RNA DNA
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A PROPOSED STRUCTURE FOR THE NUCLEIC ACIDS

By LiNus PAULING AND ROBERT B. COREY ~—-Q1-----

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,* CALIFORNIA INSTITUTE OF e - _Tjﬂ R
TECHNOLOGY - A

Communicated December 31, 1952

FIGURE &

Plan of the nucleic acid structure, showing several nucleotide residues.
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Parovani bazi NK: Watson-Crick, NC za medicinu a fyziologii 1962 [Watson(*1928)]
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Vodikové vazby
Jednotlivé fetézce dvojité Sroubovice drzi diky complementarnimi vazbami Ne®e®H-N 3

=QeeeoH-N, které vznikaji mezi Cytosinem a Guaninem a Thyminem a Adeninem.

/S N W

ymine Adenine

Kazda vodikova vazba prispiva cca 20 kJ/mol ke stabilizaci dvojSroubovice
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e --I‘O ’
N— H
/
adenine : thymine guanine : cytosine

LF wm

rozloZeni naboje v nukleobazich + 0 -, Sipky oznacuji dipdlovy moment
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Watson-Crickovské parovani bazi }_I

Cytosine

1.11 nm
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5' end

0 “—"phosphodiester
bond

Y
3lend

0.34 nm
Buchstaben-
abstand

= 3,4 nm Ganghohe —

Nucleic Acids, Karel Kubicek

= 3.4 nanometers

1 turn = 10 base pairs

2 nanometers

minor groove

major groove
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a DNA origami
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b Molecular canvas

5384 | NATURE
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VOL
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NATURE Vel 44016 March 2006
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Geometrie paru bazi

T
z ;- % x 5 x
X X
y“‘% S p
‘ Shift (Dx) Tilt (7)
Shear (Sx) Buckle ()
Z Z
X X
Stretch (Sy) Propeller () Slide (Dy) Roll (p)
2 :
x Cox z
y- y X
‘ Yy
Stagger (Sz) Opening (o)
Rise (Dz) Twist (w)
Z
y X
z Z 5!
X
Yoo
|

Il ) x-displacement (dx) Inclination (n)
Coordinate frame .

1614
JQ{T

y-displacement (dy) Tip (A)
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Interkalace — vmezereni

1) Planarni molekuly (nejc¢astéji organické polycyklické aromatické kruhy) mohou
interagovat s molekulami nukleovych kyselin interkalaci, tzn. vmezerfenim se mezi
dvé po sobé jdouci baze n. pary bazi

2) Dusledkem je zména strukturnich parametr dvousroubovice => naruseni napf.
replikace DNA

3) Chemoterapie, znaceni nukleovych kyseliny (ethidium bromid) atp.

Ethidium bromide
Il Mutagenni !!!




Ethidium bromide

|
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Decamer DNA Sroubovice interkalovany dvéma

2-HYDROXY-3-(PYREN-1-YLMETHOXY)PROPYL DIHYDROGEN fosfatovymi bazemi (PDB ID: 1S88)




Hexamer DNA Sroubovice interkalovany bispphenazinem — protinadorovym |éCivem
(1-METHYL-9-[12-(9-METHYLPHENAZIN-10-IlUM-1-YL)-12-OX0-2,11-DIAZA-5,8-
DIAZONIADODEC-1-ANQOYL]PHENAZIN-10-1UM)
PDB ID: 1X95




Peptidova nukleové kyseliny (PNA)

- Nejsou kyselinami!!!

Jsou syntetické, nicméné se predpolada(lo), Zze mohli figurovat jako vyvojovy stupen
v pocatcich vzniku Zivota (naproti tomu stoji “RNA svét”)

Nemaji v pateri negativné nabity fosfat => silnéjsi vazba mezi bazemi

DNA Base PNA Base

5 O
. }OH
HN

N-aminoethyl glycin
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Interakce mezi PNA a DNA dvousroubovici

CONH,
NH, NH,
CONH,
] . ]
NH
3! 5! 2 5" NHE 5 ’
DNA PNA 3 CONH, 3 CONH,
(a) (b) (c)

a - triplexova struktura, b — triplexova struktura nahrazenim jednoho DNA fetézce, ¢ —
duplexova struktura nahrazenim jednoho DNA retézce
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Nejbéznéjsi typy DNA: B-DNA (a), A-DNA (b), Z-DNA (c)

DNA é' ,
konformace Q,%
Smér vinuti pravotoCiva  pravotociva levotociva

Pocet parll bazi 10.5 11.0 12.0

na otacku

Priameér ~2.0 nm ~2.6 nm ~1.8 nm
Sroubovice

Konformace C2’-endo C3’-endo C2’-endo (pyr)
cukru C3’-endo (pur)
Velky Zlabek Siroky, uzky, plochy
Major groove hluboky hluboky

Maly zlabek uzky, Siroky, mélky  uzky, hluboky
Minor groove hluboky
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Definice dihedralnich a torznich uhld

Figure 2-4. Definition of torsion and dihedral angles. (a) Torsion angle 8 (A-B-C

D) describing orientations of bonds A-B and C-D with respect to the central
bond B-C. (b) View along B—C. #is the torsion angle between the projected bonds
A-B and C-D; the complement ¢ is called the dihedral angle. If A-B and C-D
are cis-planar (coinciding in projection), angles @ and ¢ are 0°; they are counted
positive if the far bond C-D rotates clockwise with respect to the near bond A-B.
(¢) @ is defined as the angle between planes A—B-C and B-C-D. (d) The dihedral
angle ¢ represents the angle between normals to these planes.

Table 2-2. Definition of Torsion Angles in Nucleotides
[From (16).]*

Torsion angle Atoms involved
@ (n—1)03'*P—05'—C5'
B P-0,-Cy;-C,
vy 05-C5—Cy-Cy
) Cy—C,y—Cy-0Oy
€ Cy—C3-0y3-P
4 Cy—O03-P-Oya+n)
X 0,-C,;—-N,-C, (pyrimidines)
0,-C;—-Ny-C, (purines)
vy Cy-0,-C,-C,
vy 0,-C;-Cy-Cy
vy C=Cy—-Cy-Cy
Vs Cy—Cy—Cy—-0y
Vs Cy—Cy-0,-Cy

a Atoms designated (n — 1) and (n + 1) belong to adjacent units.
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Description N Clustered torsions Cluster
number
¥ 8 £ & e+l Ag+1 yp+1 &+1 x x+1
‘Canonical’ A-form, labeled Al 192 54 82 205 285 294 172 55 83 201 202 8
All, A-form with an « + 1/y + 1 switch 44 52 82 195 291 149 194 182 87 204 188 19
A with 8, § + 1 close to O4'-endo 9 4 101 192 281 297 182 44 99 210 211 25
AI-BI, with § C3-, § + 1 C2-endo 32 54 86 194 281 1301 179 55 142 214 251 41
AI-BI, with § O4'-, § + 1 C2'-endo 34 54 99 186 274 297 178 51 141 235 264 47
BI-AI, with §1 O4'-endo 100 51 130 183 267 297 171 51 106 250 239 32
BII-AI, with an « + 1/y + 1 switch, high g + 1 9 49 146 257 186 60 224 196 90 260 200 110
BI variation in complexes 412 45 137 178 255 304 187 45 139 252 256 58
‘Canonical’ B-form, labeled BI 1,531 47 136 184 262 302 179 45 138 251 260 54
BII variation in complexes 269 43 140 201 216 314 156 46 140 261 253 86
BII-form 340 46 143 245 172 297 142 46 141 269 259 96
BI, with an a + 1/y + 1 switch 109 46 139 195 245 32 196 296 150 252 253 116
BI, 3’-mismatches with an x + 1 syn, ¢ + 1/y + 1 switch 8 50 137 196 225 33 187 295 145 257 70 122
AI-BI, ¥-mismatches with x + 1 syn 14 58 91 214 280 295 176 56 139 238 67 121
Z-form, Y-R step 21 54 147 264 76 66 186 179 95 205 6l 123
Zl-form, R-Y step 40 177 96 242 292 210 233 54 144 63 205 124
Zll-form, R-Y step 18 179 95 187 63 169 162 44 144 58 213 126

‘Description’ is a short annotation of the conformation, ‘N’ is the number of dinucleotides which define the conformation, ‘Clustered Torsions’ are
the arithmetic means calculated for the torsions used in the clustering process, with the torsions being defined in Figure 1. Bold font is used merely to

indicate the three most important DNA forms.
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Stabilita DNA dvojsroubovice:

1) Vodikové mustky
2) Londonovy disperzni sily (LDF), dipdl-dipdlové

interakce
Nukleopar | Vodikové vazby - Celkova E
+1.0 -25.0
G:C -40 -16.3 -56.3

Energie v klJ/mol

A:T — opacné dipdly, G:C — plsobi atraktivné

5 3 B C 3,
3) Patrové interakce — stacking £ 7 il 7
PlGsobi mezi jednotlivymi patry nukleopard, stabi- I ><’ 1
lizuji dvojSoubovici diky elektronovym korelacim, A D v
y, — e -

van der Waalsovym a Coulombickym interakcim



Non-Watson-Crickovské (Hoogsteenovo — karsten Hoogsteen) parovani bazi

Triplexové struktury

dR
C+GC
dR
!
3 i
! G H—N. N X
H | - ~dR
0 :
QAL
[:\J N [}J/H
dR H
G-GC
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Triplexové struktury

T 1
[ J
N -2 p——
: " N N\ P /
T O
A} \R /N o N,
/ = M,<NT/H %\
/
H
TA*T CGHC*

o N\H \"\ y
.l.‘:_ ) H——N/ .'H\
b P N— %
A L ¢ y
N / N—H"" / N =N T
4 ¢ />* " A=A W
f "% \R N AN
N—H" o
A
CG*G TA*A
R R
N/ N/
e .
Al A\
\N) '
— — \
\H" CH, \N H
. LN . . 3 !
\ N, P
O i N4 A
A A 7/"\ /(; N
R = R / / N\
o R N% &
N—H"
J
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» 3' Parallel DNA

5 triplex

» 3' Antiparallel

5" » 3
5
3'-

3'« B
5
3«

5 DNA triplex
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(@) Groove

Quadruplexové struktury C1’--N/\\N_--_-~—H2N\|//N

\ i
HoN \ ! ' Groove
. .
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HC
MNa* solution
snlutlan
‘ 2-tetrad
Bﬂt;r':::hl hybrid-2 anti-parallel
basket
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Ve I '
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e
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o Y
e
N
anti-parallel parallel
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form n) form A
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\ “fmo )

Autumn Semester 2023 Nucleic Acids, Karel Kubicek ~ 57/




Polymorfie telomerickych opakovani in vitro

NMR
NMR ey T g andne zavisie
Na* K* K* K* K* K*/PEG

parallel
propeller

Wang et al. Structure (1993)
Parkinson et al. Nature (2002)
Ambrus et al. Nucleic Acids Res. (2006)
Dai et al. Nucleic Acids Res. (2007)

Lim et al. ] Am Chem Soc. (2009)

Heddi et al. ] Am Chem Soc. (2011)
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Polymorfie telomerickych opakovani in vivo

In-cell NMR

Sekvencne zavisle

Hansel et al. Nucl Acids Res (2011)
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DalSi vyznamné formy DNA:

1) Hollidayuv spoj (Holliday junction)

2) displacement loop (D-loop, D-smycka)
3) R-loop (R-smycka)

4) Krizova struktura DNA (cruciform)

5) i-motif DNA

6) DNA nanotechnologie — DNA origami

klicovy meziprodukt v mnoha typech genetické
rekombinace a také pri oprave dvouretézcovych

Hairpin Structure Formation A

A-»

-4
() o

I
|
>0

Cruciform Structure Formation

® 4o Yode
T
|

o »04@

Pictures credited to: wikipedia.org



DalSi vyznamné formy DNA:

1) Hollidayutv spoj (Holliday junction) klicovy meziprodukt v mnoha typech genetické
rekombinace a také pri opraveé dvouretézcovych
zlomu.

o P

2) displacement loop (D-loop, D-smycka) Or- _ A

3) R-loop (R-smycka)

4) Krizova struktura DNA (cruciform)

5) i-motif DNA / i-motif RNA

\
6) DNA nanotechnologie — DNA origam |
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Superhelikalni cirkularni DNA

L= Wr+ Tw

Lk -  linking () — topologicka vlastnost cirkuldrni DNA, udava, kolikrat je jeden Fetézec
DNA obtocen kolem druhého v pravotoCivém sméru (vzhledem k tomu, Ze referencni je B-

DNA). Lk zGstava pro danou cirkularni DNA konstantni (nebot “konce” jsou zafixované a

nem(ze dochézet k rozvinuti). Lk nabyva vidy celodiselnych hodnot (konce DNA
dvousroubovice na sebe musi “pasovat”, aby doslo k uzavreni kruhu).

Tw - twisting (otoceni) — v relaxovaném stavu se Tw=Lk. Tw uddava pocet 360° otocek,
které jsou na dvojsroubovici podél celé kruznice. Vzhledem k tomu, Ze pro B-DNA pripada

cca 10 parQ bazi na jednu otocku, Tw je pFiblizné rovno poctu para bazi / 10. Pro
pravotocivé otacky je Tw kladné.

Wr - writhing (sktizeni) — z dlivodu strukturnich “potfeb” DNA rtizné hodnoty Lk
kruZnice mohou zpUsobit nikoliv zménu v otackach (Tw), ale vznik superhelixu
(superdroubovice). Vznik superhelixu je definovan ¢islem Wr. Pro pravotodivé

supersroubovice je Wr zaporné!!!



TW:LQ

=
o
unstrained relaxed

unwind by six
right handed turns
Al =-6

Vzhledem k tomu, Ze ma DNA tendenci
udrzet B-DNA topologii, Tw se zvysi zpét
na 42. Lk je ovSsem topologické Cislo,
které MUSI zGstat konstantni, tedy 36 a
k zachovani rovnice Lk=Wr+Tw Wr
musi nabyt hodnoty Wr=-6.

partially unwound

relaxed
e f‘ x
1]
o ri? %
3
AR
N 2 K
supercoil
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Ielinition of writhing. Assume a rubber tube is, without strain, wound in
Sl fefr-handed turns around a cylinder. If, now, both ends of the tube are
Clomed and the eylinder is removed, the tube jumps into a right-handed heli-
vl form, with eight crossovers (only 6 in this illustration because of end
“llecin). Since we started out with a left-handed coil, the writhing number
W delined as W, = —8, both for the coil and for the closed helix although
e latter is right-handed. From (1362).
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Tw =20 Tw = +3 Tw = +2 Tw=+1 Tw=0
Wr=20 Wr =0 Wr = +1 Wr=+2 Wr=+3

Lk =0 Lk = +3
(a) (b) (©) (d) (e)
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