Understanding hydrogen bonding
with Kohn-Sham MO theory and
Energy Decomposition Analysis.
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1. B-DNA: Hydrogen bonds in Watson Crick base pairs
2. G-DNA: Cooperativity in Guanine Quartets

3. Importance of aromaticity for hydrogen bonds




KCohn-Sham DFT Approach

DFT with ADF:

* Level — BP86/TZ2P &BLYP-D3(BJ)/TZ2P

- Accuracy — ca. kcal/mol, trends better




Adenine - Thymine

Né‘H"'O4 Nl"'H‘N3 AH298
(A) (A) (kcal/mol)

HF/6-316** 3.09
HF/cc-pVTZ(-f)  3.06
B3LYP/6-316**  2.94
BP86/TZ2P 2.85

experiment Z2. 99"




Guanine - Cytosine

Method N2-H---02
(A)

" NI-H:+-N3
(A)

06-+-H-N4
(A)

AHj9g
(kcal/mol)

HF/6-316**
HF/cc-pVTZ(-f)
B3LYP/6-316**
BP86/TZ2P

experiment




Adenine-Thymine with H,O and Na*

L 2.85
Q
N

Experimental values: 2.95 A
2.82 A




Adenine-Thymine with H,O and Na*
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Guanine-Cytosine with H,O and Na*

2.73
: : 52.88 »
}%587
Experimental values: 2.91 A

2.95 A
2.86 A




Guanine-Cytosine with H,O and Na*

= b
1
2.73 o 2.77
Wss . 294
287 204 2%
Experimental values: 2.91 A J
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2.95 A
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Energy Decomposition Analysis:
Closed-Shell Fragments

AE = AE

strain
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Voronoi Deformation Density

QXDD < () — A gains electrons

malecule
2'03 (r) to p QXDD > ( - A loses electrons

(pmolecule (r) . E ,OB (r) dl'

Voronoi
cell of A

J. Comput. Chem 2004, 25, 189



[. Watson-Crick Base Pairg

EsBeleges

Adenine — Thymine Guanine — Cytosine

donor-acceptor interactions as important as electrostatic interactions

C. Fonseca Guerra et al., Chem. Eur. J 1999, 5, 3581
and Angew. Chem. Int. Ed. 1999, 38, 2942




. B-DNA: Energy Decomposition Analysis




. B-DNA: Energy Decomposition Analysis




[. B-DNA: MO diagrams of AT and GC




i@ .
Guanine Cytosine
C. Fonseca Guerra et al.,

Chem. Eur. J 1999, 5, 3581




Voronoi Deformation Density Method

AQA e J [P B - pbase2(r)]dr

Voronoi
cell of A

Separation of VDD inc and T

AQ,=AQ% + AQx

For each irreducible representation:

AQL == [[PEa(®) = Phi (1) - PR ]ir

Voronoi
cell of A

0oCcC

where p" =) |yS

iell

|2




Charge rearrangements with VDD

(in milli-electron)

Adenine Thymine
AQB il .03 -03 electron




Charge rearrangements with VDD

(in milli-electron)

Guanine Cytosine
AQBase -.03 03 electron




Charge rearrangements

0
AQPauli,A - f Pcomplex (r)- 2 p;(r) |dr

Voronoi cell subsystems
of A in molecule

0
AQOi, AT f (pcomplex (T) = Pcomplex (l’))dl‘
Voronoi cell
of A in molecule

AQPGU“, A and AQOi, A can also be decomposed into

contributions of different irreducible representations I'




. B-DNA: charge flow due to Pauli repulsion
from VDD

O
AQPauli




[. B-DNA: charge flow due to orbital interactions
from VDD
5

AQS




. B-DNA: Synergy in hydrogen bonds

RemoveFragOrbitals




. B-DNA: Synergy in hydrogen bonds

A(o,—)T(-,—) — charge flow from T to A
A(--)T(o,~) — charge flow from A to T
A(-,m)T(——) — polarization on A

A(-,—)T(-,x) — polarizationon T

A(o,-)T(o,-) — only charge transfer

A(=,7)T(—,7) — only polarization




Synergy in hydrogen bonds

e

Adenine - Thymine

BER . ER Ny

A(Ga")T(—’“)
A("s_)T(Ga—)

A(—-,?C)T("—,-—)
ol

A(G,HT(6,-) }
A(—,m)T(-m) ~-1.3

Jowien wty  ae el

(in kcal/mol)



Synergy in hydrogen bonds

e

Adenine - Thymine

BER . ER Ny

A(Ga")T(—’“)

—21.2
A("s_)T(Ga—) } ;

[2]
A(—-,?C)T("—,-—) } 14
ol

Ao YIG,-)
A(=T0)T(-T) =

Jowien wty  ae el

} -21.7

(in kcal/mol)



Synergy in hydrogen bona

G(0,-)C(=~)
G(—,-“)C(G',—“)

G(=m)C(=-)
G(—,——)C(—,TC)

G(o,-)C(0,-)
G, 7)C(—x)

G(o,m)C(o,m)

Guanine - Cytosine

BB R A

.« I

293 48 [=341]

(in kcal/mol)




Synergy in hydrogen bona

Guanine - Cytosine

BB R A

G(0,-)C(=~)
G(—,-“)C(G',—“)

} -30.0

[235]
G(.'“’W)C(“a") } -3.6
G(—,——)C(—,TC)

G(6,-)C(6.-)
G(—,m)C(-,m) -3.8

GomCom  -293 48 [-341)

(in kcal/mol)

|




[. B-DNA: Role of 1t electrons

Base pairs calculated with and without 7t-virtuals

07

-10: A(G,)T(G,)
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-25§ G(6,-)C(0,-)

! G(o,7)C(0,T)

e M WS 19 1S 20 J5 98
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[. B-DNA: Conclugions on RAHB

 Electrostatic interaction

* Orbital interaction
- Charge transfer in o system
- Some assistance by nt delocalisation

But also in G-DNA




2.6-DNA: Guanine quartet




2.6-DNA: In Telomeres

Nobel Prize in Medicine 2009

for the discovery of how chromosomes are
protected by telomeres and the enzyme
telomerase

Blackburn Greider Szostak




A
Q)
Q
3

=
Q

—

=

2.G-DNA

Balasubramanian et al.




2.6-DNA: Guanine and Xanthine

NH
4///\

\ __-N7
N2-H-" Y
Nt

I
ITIZ

-
N1—H---06




2.6-DNA: Guanine and Xanthine

4o NE(G,) < AE(G,) 4e AE(Xan,) = AE(Xan,)

Chem. Eur. J. 2011, 17, 12612



2.6-DNA: Guanine and Xanthine

?r %é%:&

Chem. Eur. J. 2011, 17, 12612



2.6-DNA: Guanine and Xanthine

Quartet Symmetry AE, 4
—79.8

-66.5

Car

* G, stronger bound than X,
* C,, symmetry applicable

Chem. Eur. J. 2011, 17, 12612



2.G-DNA: Cooperativity




2.G-DNA: Cooperativity

Quartet AE. AE AE, . — AE

Int sum IN sum




2.G-DNA: Cooperativity

Quartet AE. AYS AV

Int sum

G, —89.1
G,nhom —75.4
X, —72.6
X, No T —64.6

- cooperativity
- even when mt electrons do NOT cooperate!




2. G‘DNA G4 - [84 ] = G4

AE; = ‘[AE(Gu) — AE(GS)]' — %*[AE(GQ — AE(,GS)]
Quartet Be'lse




2. G‘DNA G4 - [84 ] = G4

Quartet AE. AYS AV

Int sum




2. G‘DNA G4 - [84 ] = G4

Quartet  AE AE AE, . —AE,,

Int sum

—387.0 —71.6
—73.4 —72.3 -1.1

Cooperativity between H-bonds in stack!




2-. G‘DNA G4 "K+" [84 ] — K+"G4

AE. .= [AE(G,K, %) — AE(GgK,2*)] — 4*[AE(GgK,**) — AE(GgK,2)]
J

I 1 i
I I

Quartet Base




2. G‘DNA G4 "K+" [84 ] — K-+"G4

G

&
 SCMLIGTETUTC ¢

G,K'[G,K G,

—m-- synerey

-K*-[G, ]-K*"- —72.7 —54.8 -17.9

Cooperativity under “natural” conditions




2. G-DNA: Building up G4




2. G-DNA: Building up G4

GZ G3
(G+G) (G,+G)

AE,, ~16.4  -18.3
AE 30.7 30.0
AV, ... -26.2  -29.9
AE,., 4.2
AE, ~16.1

Int

Pauli




2. G-DNA: Building up G4

CH CH CH
(G+G) (G,+G) (G5+G)

AE,, ~16.4  -18.3  —42.1
AE 30.7 30.0 60.9
AV, ... —26.2  -299  —60.6
AE,., 4.2
AE, ~16.1

Int

Pauli




2. G-DNA: Building up G4

G, G, G, G, + G+ G,
(G+G) (G,+G) (G5+G) —4G,—2G, i,

AE

oi

AEPauIi
AV

elstat

AEdisp
AE.

Int




2. G-DNA: Building up G4

G, G, G, G, + G+ G,]
(G+G) (G,+G) (G5+G) —4G,—2G, i,




2.6-DNA: Electrostatic interaction

In mili-electrons




2.6-DNA: MO-diagram

*
O'LP + 0N—H

Stronger




2.6-DNA: Donor orbitals G, (eV)




2. G-DNA: Acceptor orbitals G, (eV)

GLUMO 2 ‘&

OLumO
-1.1




2.G-DNA: Cooperativity G4

about 20 kcal/mol
in gas phase, stack and telomere
not due to RAHB!

due charge separation in 0 system

due to covalent component in hydrogen bonds




3. Aromaticity: Why sp? beats sp>?

2.88 A

C

—17.9 kcal/mol —8.9 kcal/mol




3. Aromaticity: Resonance-Assisted
Hydrogen Bonding

In Watson-Crick Base Pair AT

H
HYN 'N—H :63 CH, HYN
,N\g/_\<;} H—MH S 4
H N=< . H
H 0 |

H

1t electrons “assist” the hydrogen bonds




3. Aromaticity: Importance

H H H

\ \ \

—H N—H N—H

Y

N
N

N—< N=
H




3. Aromaticity: H-bond distances and energies

T T T
2.88 2.95 2.86

-16.7 -16.4 -156.2

2.88 2.95 2.86
gt g g

-16.4 -16.0 -15.2

2.87 2.93 2.88

-16.2 -16.8 -16.1




3. Aromaticity: Electronic structure of A, T & mimics

milli-electrons




3. Aromaticity: MO diagram for AT

Adenine Thymine




3. Aromaticity: Occupied orbitals of A




3. Aromaticity: Unoccupied orbitals of A




3. Aromaticity: Occupied orbitals of T

31‘ ? .

OHOMO

& @ 3‘

OHOMO-1




3. Aromaticity: Unoccupied orbitals of T

T”

OLUMO+1




3. Energy Decomposition Analysis

-16.7
-16.4
-15.2
-16.4
-16.0
-15.2
-16.2
-16.8

-16.1




3. Energy Decomposition Analysis

-16.7 1.8 -18.5
-16.4 2.0 -184
-15.2 1.4 -16.7
-16.4 1.8 -18.3

-16.0 1.9 -17.9

-15.2 1.5 -16.7
-16.2 2.3 -185
-16.8 2.5 -194
-16.1 1.8 -17.9




3. Energy Decomposition Analysis

-31.9 39.9
-31.2 394
-27.3 32.0
-31.0 38.6
-30.0 37.9
-26.8 31.3
-31.2 38.2
-31.5 38.2

-28.4 32.3




3. Energy Decomposition Analysis

-19.5 -1.6
-20.0 -1.6
-159 -1.6
-19.0 -1.5
-19.3 -1.6
-15.6 -1.6
-19.7 -1.8
-20.4 -1.9

-16.6 -1.9




3. Energy Decomposition Analysis

-195 -16 -54
-20.0 -1.6 -5.0
-159 -16 -39
-19.0 -1.5 -5.3
-19.3 -16 -49
-15.6 -1.6 -3.9

-19.7 -18 -4.1

-204 -19 -3.38
-16.6 -19 -34




3. Aromaﬁcitg: Donor—acceptor interactions

WY wFy

gReoges tf & o5
B 0




3. Aromaticity: o component of AQ,




3. Aromaticity:  component of AQ,

T

Tll




3. sp” versus gp>
AT a"t”

2.88 A 3.09 A

C

—17.9 kcal/mol —8.9 kcal/mol




3. sp” versus gp°: electrostatics

+158 +105
+164 +113




3. Energy Decomposition Analysis

AEjn (@)
—

/
AEiy (A'T")

H 2.88
N-H---

O
§ 290 Y
N---H-N
H R(sp?) "

H 3.09
N-H---OH

( 314 )

HN---H-N
H H
R(sp?)

Overlap <A” | T”> increases more than overlap <a”|t”>




3. Energy Decomposition Analysis

AEn (")
—

/4
AE;n (A™T")

R(sp?)  R(sp®)

AE gisp (A™T")

I<=
AE gisp (")

R(sp?)  R(sp?)

40

AEPauIi (A"T")

R(sp?)  R(sp®)

AVels’[at (a"t")

R(sp®)  R(sp?)

Overlap <A” | T”> increases more than overlap <a” |t”>




3. Energy Decomposition Analysis

40 1
o o &)
=30 -10 | AV gjstat (@)

/ /
AEp (A'T") - 20 - /
AVelstat (A"T")

AEPauIi (A"T")

R(sp®  R(sp3) R(sp®  R(sp3) ) R(sp?)  R(sp3)

AEdisp (AuTu) i AETc (AuTu)
-<: AEoi (a"t")

_————1
AE gigp, (@"t") / o
/ AE _ (A"T"

AE; (A™T")

R(sp?)  R(spd) ] R(sp?)  R(spd)




3.MO analysis at R(ep?)

Grosspopulations:N-HsO
O umo+; Of A” 0.02 LUMO+1 of a” 0.01
O umo OF A” 0.01 LUMO ofa” 0.02
Onomo of T” 1.95 HOMO oft” 2.00

Guomo Of T 2.00 HOMO-1 of ” 1.96

Opomo Of T7 -5.85 eV HOMO-1 of t” -6.54 eV

AIITII




3.MO analysis at R(ep?)
Grosspopulations: NewH-N

O umor; Of T” 0.04 LUMO+I of t” 0.02
O umo Of T” 0.03 LUMO oft” 0.01
Onomo Of A” 1.91 HOMO of a” 1.93

OHOMO—I OfA” 2.00 HOMO'I Of a” 1.99

Opomo OfA” -5.80 eV HOMO of a” -6.31 eV
< OgomolOLumo > 0.23 <HOMO | LUMO > 0.10

AIITII




3. sp? and sp>: Conclugions

* m assistance is not exclusively due to aromaticity

* sp? systems have stronger hydrogen bonds than sp?3:

due to enhanced electrostatic interactions and
also better covalent interactions.
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Further reading on RAHB

e CEJ 1999, 5, 3581

e JACS 2000, 17, 12612
e CEJ2011, 17,12612
e CEJ 2014, 20, 9494

e PCCP, 2015, 17, 1585

e ChemOpen, 2015, 4, 318

http://www.few.vu.nl/~guerra/

ChemistryOPEN

Including Thesis Treasury

P~ v
e stes




