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How do we treat Hydrogen bonds:
Theoretically?
Experimentally?
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Ab Initio
Hartree Fock
Moller-Plesset (particularly MP2)
DFT (Density Functional Theory)

Corrections:
Vibrational analysis to obtain
thermodynamic functions (enthalpy,
entropy, free energy)
BSSE (basis set superposition error)

Semiempirical
HF terms replaced by
measured quantities. Physical model Empirical

preserved in AM1. Pretense of physical reality.
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Gas Liquid
Generally restricted to Statistical distribution of interactions.
internal H-bonds and dimers Cooperativity relatively unimportant.

Solid
Fixed orientations between molecules.
Cooperativity much more important.
Classical examples (dipole-dipole)
The field generated by oriented dipoles goes as r-2 (r=distance between them)
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So: 1-3 (fixed dipole-dipole) interaction between identical molecules is 1/8 of 1-2
interaction in solid (fixed orientation); but 1/64 of 1-2 interaction in liquid.
Result:  1-3 interactions can probably be ignored in liquid
In solid they cannot be ignored. In addition they lead to substantial
polarizations in solid
Peptides are like solid as the H-bonds have fixed orientations

Cooperativity in H-Bonded Systems Modeling
Elements of the Secondary Structure of Proteins

Hydrogen bonds are among the strongest interactions of non-
covalent nature. They play an important role determining
conformations and binding in many biological systems. An
understanding of the quantitative aspects of the hydrogen
bonding may lead to the building of more precise models for
the processes of biological importance.

In this study we present data that reveals a high degree of
cooperativity for hydrogen bonding

« in formamide aggregates that mimic the H-bonding in
helices and antiparallel 3-sheets

« inthe various 3,,- and a-helical structures

¢ In models of B-sheets

H-bonding chains in the

One of the three H-
. bonding chains in an
] a-helix. The H-
* .
i

bonding chains turn in
the opposite direction
to the covalent bonds
in the polypeptide
because there are 3
H-bonding chains

H-Bonding Formamide Chains

F —{ ’ “)% H~N/ / ;\ N~N/N >§ H/N/ /
Hey/ /\4 H‘«\ /\4 N‘N\N ¥, H‘N\H y
1 2 3 4 5 6 7 8.
«The repeating unit is two formamides
*We shall define the numbering scheme from the left:

the terminal NH, is formamide number 1

Kobko, N.; Paraskevas, L.; del Rio, E.; Dannenberg, J. J. J. Am. Chem. Soc. 2001, 123, 4348
Kobko, N.; Dannenberg, J. J. J . Phys . Chem. A 2003, 107, 10389.

Methods

Geometric optimization of all the formamide aggregates was
conducted at the B3LYP/D95** level using GAUSSIAN98
suite. Full CP-optimizations were performed for the flat chains
of up to five formamides.

The H-bond interaction energy for each H-bond within an
aggregate of N formamides was calculated according to the
following equation:

E..=E.—(E.—-E.-») +ZPVE +BSSE
where m and (n-m) are the sizes of the two smaller aggregates
that remain after the H-bond is broken; ZPVE and BSSE are
the corrections for one H-bond.

Kobko, N.; Dannenberg, J. J. J . Phys . Chem. A 2003, 107, 10389
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H-bonding distances in flat formamide chains
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H-bonding distances vs. interaction energies
of the terminal and middle hydrogen bonds in
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Helical Peptides

Conformers of glycine polypeptide

1. repeating unit of the C5
conformer (flat);

2. two repeating units of the C7
conformer;

3. two repeating units of the
3y helix conformer;

4. one repeating unit of the
a-helix (or 4,5 helix) conformer
(seven residues).

Hydrogen bonds are shown by
dotted lines.

Fig.2 Ref.12b Schematic drawing of the
conformers of glycine
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ONIOM Method

*System is divided into up to three levels (high, medium and low). We use
only two.
*High level calculation performed on the entire peptide backbone with side-

chains replaced by -H (polyglycine) at the B3LYP/D95** level

«Low level calculation includes the side chains calculated at the AM1
semiempirical MO level
with

the polyglycine calculated at the high level substituted for the low-level

Morokuma and Frisch
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Chain 3
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3,0-Helix of acetyl(ala);sNH,
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Bifurcated H-bonds at
acetyl end
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a-Helix of acetyl(ala);sNH,

Bifurcated H-bonds at
acetyl end

1 a-helical

13 y-helical

\Wieczorek, R.; Dannenberg, J. J. 2004, 126, 14198-205.

For acetyl(ala)yNH,:

a-helices are only stable for N=8,10 and 12 or greater

N=6,7,9,11 are mixed helices
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Wieczorek, R.; Dannenberg, J. ). 2004, submitted for publication.

Wieczorek, R.; Dannenberg, J. J. 2004, submitted for publication.

Helix of acetyl(ala);NH,

3,0-Helix

Relative energies of capped polyalanines in different
secondary structures

Wieczorek, R.; Dannenberg, J. J. 2004, submitted for publication.

Relative energies of capped polyalanines in different
secondary structures

Acetyl(ala)yNH,
N varies from 2 to 18

Relative energies of capped polyalanines in different
secondary structures

Acetyl(ala)yNH,
N varies from 2 to 18

We calculate the energy of polymerization for each of
three secondary structures using the following

relationship:

=E = Ecncoon = By, = NEganine ~(N +DE, 5

E polymerization peptide
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The difference in the E
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polymerization between Ac(ala)yNH, and
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Incremental stabilities

beta-strand

310-helix

alpha-helix

Energy (kcal/mol)
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Incremental stabilities

beta-strand

310-helix

alpha-helix

Helical strain per H-bond

Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205

Helical strain per H-bond

Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205
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Helical strain per H-bond

Helical strain per H-bond

We calculate the helical strain as follows:

Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205

Wieczorek, R.; D J.J., J. Am. Chem. Soc. 2004, 126, 14198-205

Helical strain per H-bond

1) We estimate the interaction energies of each H-
bonding chain of the helix from the formamide chains
of the same lengths

R, D: J.J., J. Am. Chem. Soc. 2004, 126, 14198-205

Helical strain per H-bond

2) We subtract the energy difference between the helix
and isomeric B-strand

Wieczorek, R.; D. J.J., J. Am. Chem. Soc. 2004, 126, 14198-205

Helical strain per H-bond

3) We make an approximate vibronic correction

Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205.

Helical strain per H-bond

4) We divide by the number of H-bonds in the system

Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205
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Helical Strain Helical Strain
Per H-Bond Per H-Bond
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Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205 Wieczorek, R.; D J.J., J. Am. Chem. Soc. 2004, 126, 14198-205
Helical Strain
Per H-Bond Stronger H-bond
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number of alanines
Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205
Average O...H Distance
Stronger H-bond I 216 |
2214
- — % 212
C=0----H S 21 e Alpha-Helix
S 208 ’ -
More strain S 2.06 M 310-helix
8 il -
1204 | A
2.02 ; ; . : : : !
2 4 6 8 10 12 14 16 18

Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205

Alanine residues
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Average O...H Distance

Minimum O...H Distances in Helices
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Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205 \Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205
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Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205

number of alanines

Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205

number of alanines

Minimum O...H Distances in Helices

g Alpha

8 10 12 14 16 18
number of alanines

O..H distances in helix H-bond chains
minimum distances

210 alpha 3M
2.08
0 2.06 alpha 3M+1
E204
g 202 alpha 3M+2
<%’2.00 P
198
L6 3102M
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310 2M+1

Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205

Minimum O...H Distances in Helices
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O..H distances in helix H-bond chains
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Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205

18



Minimum O...H Distances in Helices
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\Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205

Dipole Moments
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Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205

Dipole Moments
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Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205 \Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205
Why are H-bonds in a-helices more cooperative?
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Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 14198-205
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Why are H-bonds in a-helices more cooperative?

1) They are more polarizable than the 3,,-helices as the
C=0 bond is better aligned with the H-bond

Why are H-bonds in a-helices more cooperative?

2) Covalent interactions are greater

Why are H-bonds in a-helices more cooperative?

3) The two H-bonding chains in the 3,,-helices are
longer, so they reach their asymptotic limits for
smaller peptide lengths

Why are H-bonds in a-helices more cooperative?

4) The higher strain energies in the 3,,-helices can
impede covalent and polarization interactions

Why are H-bonds in a-helices more cooperative?

1) They are more polarizable than the 3,,-helices as the
C=0 bhond is better aligned with the H-bond

2) Covalent interactions are greater

3) The two H-bonding chains in the 3,,-helices are
longer, so they reach their asymptotic limits for
smaller peptide lengths

4) The higher strain energies in the 3,,-helices can
impede covalent and polarization interactions

All of these factors interact with each other

Protonation of Peptides
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Protonation of Peptides

Protonation of Peptides

Protonation of Peptides

Models:

Protonated Formamide Chains

a2

Moisan, S.; Dannenberg, J. J. J . Phys . Chem . B 2003, 107, 12842

Protonated Formamide Chains

Proton

Moisan, S.; Dannenberg, J. J. J . Phys . Chem . B 2003, 107, 12842

Protonated Formamide Chains

- & Formamide chains are
# . preferentially protonated at the
# Migrated et C=0Oend
proton
E_-l-
lll--|:|'

P :

Moisan, S.; Dannenberg, J. J. J . Phys . Chem . B 2003, 107, 12842
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Protonated Formamide Chains

Moisan, S.; Dannenberg, J. J. J . Phys . Chem . B 2003, 107, 12842

Formamide chains are
preferentially protonated at the
C=Oend

Protonation at the terminal C=0
leads to migration of proton from
terminal to second formamide
when there are >4 H-bonds

H-bond enthalpies at 298 K as a function of O...H distance for
protonated formamide chains.
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Moisan, S.; Dannenberg, J. J. J . Phys . Chem . B 2003, 107, 12842
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H-bond enthalpies at 298 K as a function of O...H distance for
protonated formamide chains.
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H-bond enthalpies at 298 K as a function of O...H distance for
protonated formamide chains.
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The relationship
between O...H and H-
bond strength is no
longer linear

Protonated Formamide Chains

Proton Affinites

Formamide Chains

g -200
e 1
© -210 %
g ™\
> -220 Y Energy
= il —-—
g 230 | D Enthalpy
S -240 e
2 i
& -250
1 2 3 4 5 6 7 8 9 10

Number of formamides in chain

Moisan, S.; Dannenberg, J. J. J . Phys . Chem . B 2003, 107, 12842

H-Bond Energies in Protonated Formamide

Chains
Protonated Formamide H-Bond Energies

0
-10

-20

-30
-40 ¥

Kcal/mol

-50

-60

dimer —¥— trimer

—= heptamer

—e— tetramer —=— pentamer

hexamer

octamer —¥— nonamer —=- decamer

Proton in first H-bond is transferred to second formamide in
aggregates with five or more monomers

Moisan, S.; Dannenberg, J. J. J . Phys . Chem . B 2003, 107, 12842
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Protonation of Peptides

Models:

Proton affinities of ala,,
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Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 12278-9

Proton affinities of ala, ,
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\Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 12278-9

Proton affinities of ala,,

Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 12278-9

Proton affinities of ala, ,

Q. 3
%’ 5

=] e

.
248 208 b Y

°,9, 2l
> }i"

5

\Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 12278-9

Proton affinities of ala,,

\Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 12278-9
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Proton affinities of ala,,

243.1

Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 12278-9

Proton affinities of ala,,

243.1

Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 12278-9

Proton affinities of ala,,
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Proton affinities of ala,,

243.1

Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 12278-9

Proton affinities of ala, ,

243.1

\Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 12278-9

Proton affinities of ala, ,
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\Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 12278-9
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Proton affinities of ala,,
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Proton affinities of ala,,
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Proton affinities of ala,,
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Comparison of proton affinities of ala,, and ala,,
kcal/mol

Ala’s COOH |1#C=0 |2MC=0 [NH,

8 259.1 259.3 258.5 243.1
14 272.3 274.0 274.7 212.6
17 276.5 278.0 279.0 202.5

Comparison of proton affinities of ala,, and ala,
kcal/mol

Ala’s COOH |1tC=0 (2" C=0 |NH,

8 259.1 259.3 258.5 243.1
14 272.3 274.0 274.7 212.6
17 276.5 278.0 279.0 202.5

|Wieczorek, R.; Dannenberg, J. J., J. Am. Chem. Soc. 2004, 126, 12278-9

B-Sheets

[3-Sheets

[B-strands that are models of two glycines

B-Sheets

B-strands that are models of two glycines, four glycines
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B-Sheets

[B-strands that are models of two glycines, four glycines
and two glycines with a CH,CH, spacer

B-Sheets

B-strands that are models of two glycines, four glycines
and two glycines with a CH,CH, spacer

Two and four stranded sheets

[B-Sheets

[B-strands that are models of two glycines, four glycines
and two glycines with a CH,CH, spacer

Two and four stranded sheets that maintain a center of
symmetry (C,,)

[B-Sheets of polyglycines
&

&
f Ty
= 3 o

Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12

B-Sheets of polyglycines
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Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12

[B-Sheets of polyglycines
&

Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12.
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B-Sheets of polyglycines
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B-Sheets of polyglycines
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Dimers of GLY?2

Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12.
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AH:

Dimers of GLY?2 Dimers of GLY2
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Dimers of GLY?2

Dimers of GLY2C

Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12.

s a8 s <
- e mall ring & Large ri
FTFE O s gering o . .
m L4 -« [
e > 2 & } @ o & & « a & o
s @ ] < ¥ 'g - ¥ 4 - -
“I‘j “’ @ = - e f. “ = 'g. Ed
& - o [ ] 33 .3 _-J ]
“xﬁ & i 3“35356":
@ @@ * &
AH:  -4.85 kcal/mol -13.99 kcal/mol @ £ 5 o L
. X AH: -7.38 kcal/mol -9.18 kcal/mol
Difference in AH = ~9 kcal/mol
Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12. Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12.
Dimers of GLY2C Dimers of GLY4
@ s :
.;J o “‘
- ¢ e ¢ ¥ e e " ooy g s
- &
e - E J‘tsl.“‘,j“’ 3‘2‘:@3 3
SJ 3 b gbg. s oe ?G L e P
& 3 @« & - <,
- .:.a;a o s _a_sgd ;“ Seta%a"e T
- o @ @ & - &
3 « 9 g e
AH: -7.38 kcal/mol -9.18 kcal/mol
Difference in AH = 1.8 kcal/mol AH:  -12.96 kcal/mol 22.91 kcal/mol
Difference in AH = ~9 kcal/mol
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Tetramers of GLY2

Tetramers of GLY?2
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AH: -36.74 kcal/mol -27.13 kcal.mol AH: -36.74 kcal/mol -27.13 kcal.mol
Cooperativity: 3.91 kcal/mol 3.44 kcal/mol Cooperativity: 3.91 kcal/mol 3.44 kcal/mol
Difference in AH = ~9 kcal/mol
Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12. Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12.
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AH: -36.74 kcal/mol -27.13 kcal.mol &
. AH: -58.98 kcal/mol -46.37 kcal.mol
Cooperativity: 3.91 kcal/mol 3.44 kcal/mol Cooperativity: 0.20 keal/mol -2.46 keal/mol
Difference in AH = ~9 kcal/mol
Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12. Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12.
Tetramers of GLY4 Tetramers of GLY4
@ e G
@n [ & &
ag ;‘5‘4‘;‘4 Jé‘/ja“é‘j‘.:
R A e
& Syl 2 . @.;
- &
J*‘ii a‘tée‘d ‘et ®eCet e
Poeg 2 =@ g - !;J-J ¢ &
‘ F )
J"‘*.‘* ‘r““‘ J‘tj‘.JJ‘SJ.J
« ¢4 g ¢ 4 @ <+ & * S
@
@& . @ @ @ @
st o w it & > 5 .
L3 & @ u > @ &
‘2 : S 4 g : L : “jJ
@ ¥ &
AH: -58.98 kcal/mol -46.37 kcal.mol AH: -58.98 kcal/mol -46.37 kcal.mol
Cooperativity: 0.20 kcal/mol -2.46 kcal/mol Cooperativity: 0.20 kcal/mol -2.46 kcal/mol

Difference in AH = ~12 kcal/mol

Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12.

Difference in AH = ~12 kcal/mol or ~-9 without cooperativity

Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12.
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Tetramers of GLY2C
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AH: -32.35 kcal/mol -31.19 kcal.mol
Cooperativity:  6.61 kcal/mol 7.25 kcal/mol
Viswanathan, R.; Asensio, A.; Dannenberg, J. J., J . Phys. Chem. A 2004, 108, 9205-12.
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Which sequences will allow H-bond cooperativity?

Summary

Summary

Chains of amide H-bonds are highly cooperative

Summary

Cooperativity is manifest in 3,5-, a-helices and B-sheets

Summary

Cooperativity is greater in a-helices than in 3,4-, helices

Summary

Cooperativity is masked by C; H-bonds in B-sheets
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