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ABSTRACT

Circular dichroism (CD) is an important technique in the structural

characterization of proteins, and especially for secondary struc-

ture determination. The CD of proteins can be calculated from

first principles using the matrix method, with an accuracy that is

almost quantitative for helical proteins. Thus, for proteins of un-

known structure, CD calculations and experimental data can be

used in conjunction to aid structure analysis. The vacuum-UV re-

gion (below 190 nm), where charge-transfer transitions have an

influence on the CD spectra, can be accessed using synchrotron

radiation circular dichroism (SRCD) spectroscopy. Calculations of

the vacuum-UV CD spectra have been performed for 71 proteins,

for which experimental SRCD spectra and X-ray crystal structures

are available. The theoretical spectra are calculated considering

charge-transfer and side chain transitions, which significantly im-

proves the agreement with experiment, raising the Spearman corre-

lation coefficient between the calculated and experimental intensity

at 175 nm from 0.12 to 0.79. The influence of the different con-

formations used for the calculation of charge-transfer transitions

is discussed in detail, focussing on the effect in the vacuum-UV.



Preface

Linear dichroism (LD) provides information on the orientation of

molecules but is more challenging to analyze than CD. To aid the

interpretation of LD spectra, the calculation of protein LD using

the matrix method is established and the results compared to ex-

perimental data. The orientations of five prototypical proteins are

correctly reproduced by the calculations. Using a simplified ap-

proach, matrix method parameter sets for the nucleic bases and

naphthalenediimide (NDI) have been created and are used to de-

termine DNA/RNA conformations and to study NDI nanotubes.

Finally, to make CD and LD calculations available for the scientific

community in an easy-to-use fashion, the web interface DichroCalc

is introduced.
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• B.M. Bulheller, G.D. Pantoş J.K.M. Sanders, and J.D. Hirst, Electronic

Structure and Circular Dichroism Spectroscopy of Oligomeric Naph-

thalenediimides, Phys. Chem. Chem. Phys., 2009, 11, 6060–6065.

• B.M. Bulheller, A. Rodger, M.R. Hicks, T.R. Dafforn, L.C. Serpell, K.E. Mar-

shall, E.H.C. Bromley, P.J.S. King, K.J. Channon, D.N. Woolfson, and J.D.

Hirst, Flow Linear Dichroism of Some Prototypical Proteins, J. Am. Chem.

Soc., accepted.



Preface

Poster Presentations

• Calculating Electronic Excitations in Proteins

27th RSC Graduate Student Meeting, 18th April 2007.

• DichroCalc—Circular and Linear Dichroism of Proteins Online

11th International Conference on Circular Dichroism, Groningen (Netherlands),

2nd – 6th September 2007.

• Charge-Transfer Transitions in the Vacuum-Ultraviolet of Protein Circular

Dichroism Spectra

– 11th International Conference on Circular Dichroism, Groningen (Nether-

lands), 2nd – 6th September 2007.

Poster prize by Chirality.

– COSTUK Meeting, Oxford, 10th – 12th September 2007.

– 28th RSC Graduate Student Meeting, Uni. of Manchester, 16th April 2008.

Poster prize by PCCP.

• Circular and Linear Dichroism of Proteins

18th Annual Northern Universities Meeting on Chemical Physics, Sheffield,

25th June 2008.

Oral Presentations

• Computing Dichroism of Proteins

28th RSC Graduate Student Meeting, University of Manchester, 16th April 2008.

• Circular and Linear Dichroism of Proteins

17th Annual Northern Universities Meeting on Chemical Physics, University of

Leeds, 11th July 2007.

v



ACKNOWLEDGMENTS

First of all, I am most grateful to my supervisor, Prof. Jonathan Hirst, for all

his help, guidance and patience.

The project has been part of a collaborative project and I want to thank Al-

ison Rodger, Matthew Hicks and Tim Dafforn for their support. Other col-

laborators included Bonnie Wallace, Andrew Miles, Jeremy Sanders and Dan

Pantoş, who are thanked for the fruitful cooperations. Funding was gratefully

received from the Engineering and Physical Sciences Research Council (EP-

SRC).

The A11 crew is thanked for refuge and the many times of good laughs

and raised moods. Craig Bruce has always been a godsend in all matters of

computational problems. A big ‘Ta!’ goes to Clare Evans for the charmming

structures and for dealing with the beast. I am also grateful to Tim Lillestolen,

who, in the absence of energy for writing all the stuff once on the wiki, is

always happy to explain it trifold. I thank Mark Oakley for helpful discussions

and David Robinson for his help and expertise.



Daniel Barthel helped a great deal in getting the PDB parser and, therefore,

DichroCalc on its way. Hours upon hours of impulsive discussions—where

two bullheads tried to convince each other of their immutable opinion—have

been most productive and I owe him my sincere gratitude.

Tom Struthers is thanked for the great work we did together on the nucleic

bases and he will always be remembered in connection with the best confer-

ence I’ve ever attended.

Donald, Leslie, Bram and Steve are acknowledged for all the stress and

sweat that was spared on their account during the past four years.

In order to complete a PhD thesis one needs endurance and patience. Loads

of them. While these characteristics do also come in handy for the one actually

working on the thesis, they are even more important for his loved ones. On the

one hand, this means the family, and I am deeply grateful to Heike and Elmar

for enduring unwarranted snappy responses during seemingly endless times

of stress.

On the other hand—even more critical—this means the partner, who has to

bear all moods first-hand, ranging from just plain bad through to foul, all the

way to hostile. If there were degrees for such achievements then Susi would

deserve at least a couple of them. At the end of the day, it was she who had

to handle all the piled-up bad moods and stress situations and for all that my

deepest love, gratitude, and the biggest Thank you are for her.



CONTENTS

List of Figures xi

List of Tables xiv

List of Abbreviations xv

1 Introduction 1

1.1 Calculation of Circular Dichroism . . . . . . . . . . . . . . . . . . 2

1.2 Theoretical Methods . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Circular Dichroism . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3.1 Theory of CD . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.3.2 Different Parametrizations of the Amide Chromophore . 17

1.3.3 Influence of the Side Chains . . . . . . . . . . . . . . . . . 21

1.3.4 Comparing Theory and Experiment . . . . . . . . . . . . 23

1.3.5 Computational Tractability . . . . . . . . . . . . . . . . . 31

1.3.6 Amide Transitions in the VUV . . . . . . . . . . . . . . . 35

1.3.7 Applications and Other Developments . . . . . . . . . . 37

1.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38



Preface Contents

2 Charge-Transfer Transitions 39

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.2 Correlation with Experiment . . . . . . . . . . . . . . . . . . . . 45

2.3 Influence of Secondary Structure . . . . . . . . . . . . . . . . . . 49

2.4 Individual Contributions of Charge-Transfer Transitions . . . . 51

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3 Linear Dichroism 57

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.2 Molecular Alignment Techniques . . . . . . . . . . . . . . . . . . 64

3.3 Examples of Protein LD Data . . . . . . . . . . . . . . . . . . . . 68

3.4 Protein LD Calculations . . . . . . . . . . . . . . . . . . . . . . . 73

3.5 Comparing Theory and Experiment . . . . . . . . . . . . . . . . 75

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4 Nucleic Bases 93

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.3 Polynucleotide Conformations . . . . . . . . . . . . . . . . . . . 104

4.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 106

4.4.1 Nucleic Base CD Calculations . . . . . . . . . . . . . . . . 107

4.4.1.1 DNA and RNA in the Far-UV and Near-UV . . 107

4.4.1.2 DNA and RNA in the VUV . . . . . . . . . . . . 110

4.4.1.3 Guanine-Quadruplexes . . . . . . . . . . . . . . 113

4.4.2 Nucleic Base LD Calculations . . . . . . . . . . . . . . . . 114

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

ix



Preface Contents

5 Naphthalenediimides 119

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 128

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

6 Online Calculation using DichroCalc 134

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.2 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.3 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.4 The PDB Parser . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

7 Conclusions 144

A Bibliography 149

B CD Spectra of the CD130 Protein Set 177

C CD Spectra of the SP175 Protein Set 180

D Orientation Search Report 193

x



LIST OF FIGURES

1 Parameters of a Gaussian curve . . . . . . . . . . . . . . . . . . . 10

2 Characteristic CD spectra of secondary structure elements . . . 12

3 Electronic transitions of the amide group in the far-UV . . . . . 13

4 Left and right circularly polarized light, propagating in space . 14

5 Circularly polarized light in time and space . . . . . . . . . . . . 15

6 Monopole positions of the ab initio amide parameter set . . . . . 18

7 Monopole positions of the semiempirical amide parameter set . 18

8 Contour plots of the amide electrostatic potential . . . . . . . . . 20

9 Far-UV and near-UV spectra of cytochrome C . . . . . . . . . . . 22

10 Calculated spectra from NMAinitio and NMAsemi parameters . . 24

11 Effects of different bandwidths on calculated spectra . . . . . . 25

12 Spearman rank correlation for CD190 . . . . . . . . . . . . . . . 27

13 Comparison of experimental and calculated intensity (CD190) . 28

14 Spectra calculated from the single chains of proteins . . . . . . . 33

15 Spearman rank correlation of diagonal matrix calculations . . . 34

16 Spectra using two and four backbone transitions . . . . . . . . . 36

17 Spearman rank correlation for SP175 . . . . . . . . . . . . . . . . 46

18 Improvement in the deep-UV considering CT transitions . . . . 51

19 Spectra using or omitting specific CT conformations . . . . . . . 54



Preface List of Figures

20 Effect of single CT transitions in a typical α-helical protein . . . 55

21 Effect of single CT transitions in a typical β-sheet protein . . . . 55

22 Schematic illustration of an LD experiment . . . . . . . . . . . . 59

23 Polarizations of transitions in α-helix, β-sheet, and PI I-helix . . 60

24 Couette flow cell . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

25 Uniaxial and biaxial orientation . . . . . . . . . . . . . . . . . . . 66

26 Schematic illustration of an LD spectrum for an α-helix . . . . . 69

27 Experimental LD spectrum of F-actin and tubulin . . . . . . . . 69

28 Experimental LD spectra of bacteriorhodopsin . . . . . . . . . . 72

29 LD spectra of an α-helix aligned to two different axes . . . . . . 74

30 Orientations of the SAF chosen for the calculations . . . . . . . . 78

31 Absorbance and LD spectra of the SAF . . . . . . . . . . . . . . . 78

32 Orientations of tropomyosin chosen for the calculations . . . . . 80

33 Absorbance and LD spectra of tropomyosin . . . . . . . . . . . . 80

34 Orientations of FtsZ chosen for the calculations . . . . . . . . . . 82

35 Absorbance and LD spectra of FtsZ . . . . . . . . . . . . . . . . . 82

36 Orientations of the amyloid fibril chosen for the calculations . . 84

37 Absorbance and LD spectra of the amyloid fibril . . . . . . . . . 84

38 Orientations of collagen chosen for the calculations . . . . . . . 88

39 Absorbance and LD spectra of collagen . . . . . . . . . . . . . . 88

40 Structures of the nucleic bases in DNA and RNA . . . . . . . . . 95

41 Parameter set data of adenine and guanine . . . . . . . . . . . . 99

42 Parameter set data of cytosine and uracil . . . . . . . . . . . . . 100

43 Parameter set data of thymine . . . . . . . . . . . . . . . . . . . . 101

44 Characteristic CD spectra of polynucleotide conformations . . . 105

45 DNA·DNA and DNA·RNA duplexes . . . . . . . . . . . . . . . 108

xii



Preface List of Figures

46 RNA·DNA and RNA·RNA duplexes . . . . . . . . . . . . . . . . 108

47 DNA·DNA duplex in B- and Z-form . . . . . . . . . . . . . . . . 110

48 A- and Z-form RNA·RNA in the VUV . . . . . . . . . . . . . . . 111

49 Bulged DNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

50 Spectra of Guanine quadruplexes . . . . . . . . . . . . . . . . . . 114

51 Guanine orientations in FtsZ . . . . . . . . . . . . . . . . . . . . . 116

52 LD spectra of FtsZ with different orientations of guanine . . . . 116

53 NDI enantiomer structures . . . . . . . . . . . . . . . . . . . . . . 120

54 Helical arrangement of an NDI trimer . . . . . . . . . . . . . . . 121

55 NDI experimental spectra . . . . . . . . . . . . . . . . . . . . . . 122

56 Parameter set data of NDI . . . . . . . . . . . . . . . . . . . . . . 126

57 Absorbance and CD spectra of NDI . . . . . . . . . . . . . . . . . 129

58 Dependency of the CD spectrum on the NDI monomer angle . . 132

59 Length dependency in the NDI CD spectra . . . . . . . . . . . . 132

60 Calculated CD spectrum as returned by DichroCalc . . . . . . . 138

xiii



LIST OF TABLES

1 Wavelengths of interest of the CD190 set . . . . . . . . . . . . . . 29

2 Large proteins, which required splitting into single chains . . . 32

3 Wavelengths and oscillator strengths of the CT chromophores . 41

4 PDB codes and names of the SP175 set . . . . . . . . . . . . . . . 44

5 Spearman rank correlation coefficients for SP175 . . . . . . . . . 46

6 Secondary structure content of the SP175 set . . . . . . . . . . . 47

7 β-II proteins in the SP175 set . . . . . . . . . . . . . . . . . . . . . 50

8 Most frequent conformations of CT chromophores . . . . . . . . 52

9 Electronic transitions, energies and dipole moments . . . . . . . 62

10 Interaction energies of excitations within a single strand . . . . . 85

11 Interaction energies of excitations located on adjacent strands . 86

12 Parameter set data of the nucleic bases . . . . . . . . . . . . . . . 102

13 CASPT2 results for NDI . . . . . . . . . . . . . . . . . . . . . . . 126

14 Franck-Condon transitions used for NDI . . . . . . . . . . . . . 129

15 Interaction between the 11B3u and 11B2u states of NDI . . . . . . 131



LIST OF ABBREVIATIONS

A Adenine

BR Bacteriorhodopsin

CASSCF Complete-Active Space Self Consistent Field

CASPT2 Complete-Active Space 2nd order Perturbation Theory

CD Circular Dichroism

CT Charge-Transfer

C Cytosine

FC Franck-Condon

G Guanine

GTP Guanosine-triphosphate

LD Linear Dichroism

MD Molecular Dynamics

~m Magnetic transition dipole moment

~µ Electric transition dipole moment

NDI Naphthalenediimide

nm Nanometre

NMA N-methylacetamide

NMR Nuclear Magnetic Resonance

ORD Optical Rotatory Dispersion

PDB Protein Data Bank

SCF Self Consistent Field

SCRF Self Consistent Reaction Field

SRCD Synchrotron Radiation Circular Dichroism

T Thymine

U Uracil

UV Ultraviolet

VMD Visual Molecular Dynamics

VUV Vacuum-Ultraviolet





CHAPTER 1

INTRODUCTION

The theory of optical activity has come a long way since the phenomenon was

first observed by Arago1 in 1811. Jean-Baptiste Biot showed that the polariza-

tion plane of light was altered after it passed through a quartz crystal.2 Three

years later, Biot reported a similar rotation of the polarization plane of linearly

polarized light in several liquids, including turpentine and solutions of cam-

phor.3 Louis Pasteur, in 1848, interpreted these observations at the molecular

level, at a time when molecules were not yet understood to be three dimen-

sional.4 Nevertheless, Pasteur showed that tartaric acid exists in two asymmet-

ric forms, which rotate the polarization plane of light in different directions.5

In 1874, Le Bel6 and van’t Hoff7 related rotatory power to the unsymmetrical

arrangement of substituents at a saturated carbon atom, thus identifying the

very foundation of stereochemistry. Through the definition of chirality, chem-

istry was given a powerful tool, which was able to explain the properties of

sugars and many other organic compounds, and which later led to the devel-

opment of new analytical methodologies, such as optical rotatory dispersion

(ORD)8 and circular dichroism (CD) spectroscopy.9



Chapter 1 Introduction

1.1 Calculation of Circular Dichroism

Although the cause of optical activity was known, the development of a theo-

retical framework to describe and understand the phenomenon proved to be

a complex task. The first adequate theory of optical rotatory power was pre-

sented by Born in 1915.10 It was thoroughly investigated by Kuhn11 and then

reformulated in 1928 by Rosenfeld,12 who introduced the eponymous equation

for the calculation of the rotational strength of a transition, which is related to

its intensity in the CD spectrum.

Due to the sensitivity of CD and ORD to the secondary structure of pro-

teins, the prediction of the optical spectra of polypeptides was attempted. Fitts

and Kirkwood13 calculated the optical rotation of a helical peptide in 1956 us-

ing polarizability theory, while Moffitt14, 15 in the 1950s used exciton theory.16

Moffitt showed that the coupling of electric dipole allowed π → π∗ electronic

transitions in a helical arrangement leads to a resultant transition that is an in-

phase combination, with a net polarization parallel to the helix axis, and two

transitions that are out-of-phase combinations, with a net polarization perpen-

dicular to the helix axis. Thus, he correctly predicted the right-handed nature

of α-helices in proteins years before the first X-ray crystallographic structure of

a protein. However, this approach was not readily developed into a quantita-

tive method. In 1961, Doty established the dependence of the ORD on helical

content and identified the electronic transitions of the peptide group as the

most likely source of the rotatory power of proteins.17 Later, he confirmed

Moffitt’s calculations15 of the exciton splitting experimentally by resolving the

three peptide electronic bands and attributing them to the n → π∗ and π → π∗

transitions, respectively.18

2
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Building on the foundation laid by the aforementioned seminal studies, it

has become feasible to calculate the CD spectra of molecules and today it is, in

fact, fairly routine for small molecules, for example, to determine the absolute

configurations of isolated or synthesized compounds.19–24 The computation of

protein CD, however, remains a challenge, due to the size and flexibility of the

molecules. For the calculation of the optical spectra of large molecules, such

as proteins and crystals, several methods have been developed specifically to

cope with the size of the systems. The dipole interaction model25–32 considers

atoms and chromophores as acting as point dipole oscillators, which interact

through mutually induced dipole moments in the presence of an electric field.

Another approach is the matrix method,33 which will be discussed in detail.

Conventional CD spectrometers can record spectra down to approximately

190 nm and provide information on excitation bands in the near- and far-UV.34

Below 190 nm, a low signal-to-noise ratio makes taking measurements more

challenging, due to absorption by the solvent and the low intensity of light.

Using short path-length cells at high concentrations, it is possible to measure

down to 178 nm.35 Synchrotron radiation CD (SRCD)36–39 can reach into the

vacuum-UV (VUV) and reveal spectral features down to 170 nm and below.

SRCD spectra provide a better signal-to-noise ratio40 and contain information

about more electronic transitions41 than data collected by conventional spec-

trometers.35, 42, 43 The additional data in the VUV in combination with calcu-

lations may provide new insights into protein folding. For example, SRCD

measurements in combination with ab initio calculations were used to study

the influence of solvent molecules on dialanine.39 The CD spectra of the an-

ionic, cationic and zwitterionic forms show substantial differences around 210

and 170 nm, the latter information only made accessible by SRCD experiments.

3
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1.2 Theoretical Methods

There are several methods to compute the CD spectra of proteins. In 1962,

Tinoco adopted a perturbation approach, in which he considered the chro-

mophores of a protein separately44 and assumed that electrons are localized

on a particular chromophore, with Coulombic forces the only means of inter-

action between different chromophores.45 The matrix method,33, 46, 47 which

is derived from the Frenkel exciton model,16 is commonly used for molecular

crystals and chromophore aggregates. It is an improved formulation of the

Tinoco44 method and involves solving the eigenvalue problem via a matrix

diagonalization rather than by applying perturbation theory. This approach

is hence more accurate (especially for degenerate and near-degenerate states)

and easily implemented in computer algorithms. In the matrix method, or-

bitals on different chromophores are assumed not to overlap so that no inter-

chromophore charge-transfer occurs. The matrix method is fairly successful in

calculating the CD spectra of proteins. Proteins with a high amount of α-helix

can be calculated almost quantitatively.48

In the matrix method, the protein is split into M independent chromophores,

with a monomer wave function φis for each chromophoric group i and elec-

tronic state s. The protein’s kth excited state wavefunction, ψk, is then written

(to a first approximation) as a linear combination of electronic configurations,

Φia, in which only one chromophoric group, i, is in an excited state, a, and the

others are in the ground state, 0.49 Thus

Φia = φ10 . . . φia . . . φj0 . . . φM0 , (1)

4
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where φia is the wave function of chromophore i after the transition 0 → a, and

ψk =
M

∑
i

ni

∑
a

ck
iaΦia . (2)

ck
ia are expansion coefficients, which, for example, account for the construc-

tive (in-phase) or destructive (out-of-phase) interaction of states. Similarly, the

ground state of the protein is

ψ0 = φ10 . . . φi0 . . . φj0 . . . φM0 . (3)

Each transition in the protein CD spectrum is characterized by an energy and

a rotational strength, which is given by the Rosenfeld equation12 and is related

to the experimental intensity. Therefore, to calculate the CD spectrum, the

wave functions ψk for each electronic excited state k of the protein are needed

(or at least those occurring in the spectral region of interest). The result of such

a calculation is simply an intensity and a wavelength of each transition. To

produce a spectrum, a bandshape and bandwidth is needed for each transition.

This non-trivial issue will be discussed in more detail on Pages 9 and 24.

The first summation in Equation 2 is over the M chromophores; the second

is over the ni electronic excitations of each individual chromophore i. For each

state, k, the expansion coefficients ck
i,a have to be determined. To illustrate what

this means in practice, consider a dipeptide with two excited states on each

peptide, the lowest energy backbone n → π∗ and π → π∗ transitions. ψk is

then written as

5
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ψk = ck
1,nπ∗Φ1,nπ∗ + ck

1,ππ∗Φ1,ππ∗ + ck
2,nπ∗Φ2,nπ∗ + ck

2,ππ∗Φ2,ππ∗ ,

where

Φ1,nπ∗ = φ1,nπ∗ · φ2,0

Φ1,ππ∗ = φ1,ππ∗ · φ2,0

Φ2,nπ∗ = φ1,0 · φ2,nπ∗

Φ2,ππ∗ = φ1,0 · φ2,ππ∗

.
(4)

For each electronic excited state (k = 1 − 4) of the four-transition dipep-

tide, there is a different set of coefficients. The electronic excited states ψk of

the protein and their corresponding energies can be calculated by solving the

Schrödinger equation

Ĥψk = Ekψk . (5)

The Hamiltonian, Ĥ, describes the dynamic properties of the system and needs

to be constructed to solve Equation 5. If the Hamiltonian of a local chro-

mophore, i, is denoted as Ĥi, then the Hamiltonian of the M independent chro-

mophores is simply the sum of these local chromophore Hamiltonians. When

the chromophores are allowed to interact, the Hamiltonian of the protein is the

sum of all local Hamiltonians, Ĥi, for each chromophore plus the sum of all

intergroup potentials, V̂ij, of the entire molecule:

Ĥ =
M

∑
i=1︸︷︷︸
Ĥ0

Ĥi +
M−1

∑
i=1

M

∑
j=i+1

V̂ij

︸ ︷︷ ︸
V̂

. (6)

Combining Equations 2, 5 and 6, gives an equation in terms of chromophore

wavefunctions and the coefficients ck
i,a. It is convenient to convert this into a

matrix formalism.

6
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The matrix form of Equation 6 permits the calculation of the energy (the

eigenvalues) and the wave functions (eigenvectors, that is, the coefficients ck
i,a)

by solving an eigenvalue problem through matrix diagonalization. The Hamil-

tonian matrix is diagonalized by a unitary transformation using the matrix U:

U−1 · Ĥ · U = Hdiag . (7)

The diagonal elements of the resulting diagonal matrix (the eigenvalues) are

the transition energies (excited state energies, since the ground state is set to be

zero) of the interacting system and the eigenvectors, ck
i,a, form the unitary ma-

trix U. The electric and magnetic transition dipole moments of the excitation

from the ground state to the kth excited state are then calculated as follows.

The transition dipole moments of the non-interacting chromophores, which

are denoted ~µ0
a and ~m0

a, can be transformed into the interacting system using

the unitary matrix from Equation 7:49

~µi = ∑a Uai~µ
0
a

~mi = ∑a Uai~m
0
a .

(8)

From these transition dipole moments, the rotational strengths in the interact-

ing system are readily calculated. For example, for a dipeptide and two tran-

sitions per group, the Hamiltonian matrix constructed using the Hamiltonian

of Equation 6 has the form

7
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Ĥ =





E1nπ∗ V1nπ∗; 1ππ∗ V1nπ∗; 2nπ∗ V1nπ∗; 2ππ∗

V1nπ∗; 1ππ∗ E1ππ∗ V1nπ∗; 2ππ∗ V1ππ∗; 2ππ∗

V1nπ∗; 2nπ∗ V1ππ∗; 2nπ∗ E2nπ∗ V2nπ∗; 2ππ∗

V1nπ∗; 2ππ∗ V1ππ∗; 2ππ∗ V2nπ∗; 2ππ∗ E2ππ∗





. (9)

Vii are interactions between states on the same group and Vij are interactions

between different groups.

The above process is dependent on knowing values for the elements of the

Hamiltonian matrix. This in turn requires wavefunctions and intergroup po-

tentials for the independent chromophores. The diagonal elements of the ma-

trix are the transition energies for each transition of each chromophore, and the

off-diagonal elements, Vii and Vij, are the interaction energies between differ-

ent transitions. These interactions are the cause of the dependency of protein

CD spectra on secondary (and tertiary) structure. For the transitions 0 → a on

group i and 0 → b on group j, the matrix element, Vij, has the form:

Vi0a; j0b =
∫

i

∫

j

φi0 φia V̂ij φj0 φjb dτidτj . (10)

If the interaction between the chromophores is regarded as an electrostatic in-

teraction between charge densities ρ of separation r, that is V̂ij = 1
4πǫ0rij

, then

Equation 10 becomes:

Vi0a; j0b =
∫

ri

∫

rj

ρia0(ri) ρj0b(rj)

4πε0rij
dτidτj , (11)

8



Chapter 1 Introduction

where ρia0(ri) and ρj0b(rj) represent the transition electron densities on chro-

mophores i and j, ε0 is the vacuum permittivity and rij is the distance between

the chromophores.

In principle, these matrix elements could be evaluated exactly from the

monomer wave functions using the integral evaluation routines in many quan-

tum chemical packages. In practice, an approximation is introduced to make

the calculations tractable. In the monopole-monopole approximation, the perma-

nent and transition densities are approximated by point charges and the inte-

grals in Equation 11 are re-cast as a sum of the Coulomb interactions of these:44

Vi0a; j0b =
Ns

∑
s=1

Nt

∑
t=1

qsqt

rst
, (12)

where qs and qt are the point charges on chromophores i and j, and Ns

and Nt are the number of these charges on the chromophore. Thus, at the

core of matrix method calculations are the magnitudes and locations of the

monopoles.46, 47 They reflect the orientation and magnitudes of the transition

dipole moments and they are critical for deducing the inter-chromophore in-

teractions. Since the CD calculation depends only on these monopoles and

their distance and orientation to each other, no ad-hoc definition of the sec-

ondary structure is needed.

The implementation of the matrix method as a computer program is quite

straightforward. The computation requires the coordinates of the atoms

and the positions of the chromophores in the protein. Each chromophore

is parametrized by a set of monopoles describing the electrostatic potential

and for every group in the protein the respective set of monopoles is super-

posed on the chromophore’s atoms. By calculating the interaction between

9



Chapter 1 Introduction

 0

 0.5

 1

−2 −1  0  1  2

y

U0 / units ∆

h

b

y0

y0
2

y0
e∆0

λ0
2

λ0 λ0 + ∆0

Figure 1: Parameters of a Gaussian curve. The full width at
half maximum height is the bandwidth b.

all the different electronic excitations, the Hamiltonian matrix is constructed

and, as described above, the rotational strengths are determined. This yields

a line spectrum, that is, values for the rotational strength of each transition.

However, in an experimental spectrum, the transitions are broadened due to

the uncertainty principle, unresolved vibronic components, and the interac-

tion of the chromophore with its environment, including other chromophores

and the solvent. Thus, an overlay of approximately Gaussian-shaped bands is

observed. Since the result of the calculation is a line spectrum, a convolution

with a bandshape function is required. Gaussian bandshapes give better re-

sults than Lorentzian curves. Hence, all the spectra shown in this work have

been created by taking a Gaussian function of the type50

y = y0 · e−U2
0 with U0 =

λ − λ0

∆0
. (13)

The band width or full width at half maximum height of this function (Fig-

ure 1) is set to a single fixed value of 12.5 nm for all transitions. The resulting

calculated spectrum can then be compared to the experimental spectrum.

10
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1.3 Circular Dichroism

Among the related methods ORD,8 LD,51 and CD,9, 52 the latter is now by far

the most popular type of chiroptical or polarized light spectroscopy. The two

energy regimes in current use are vibrational transitions53–57 and electronic

transitions. In this thesis, vibrational CD is not considered, only electronic

CD and henceforth the abbreviation CD refers to the latter. When circularly

polarized light impinges on a protein, the protein’s electronic structure gives

rise to characteristic bands in specific regions in the CD spectrum, reflecting

the electronic excitation energies.50, 58 Secondary structural elements, such as

α-helices, β-sheets, β-turns and random coil structures, all induce bands of dis-

tinctive shapes and magnitudes in the far-ultraviolet (Figure 2).59 For exam-

ple, in an α-helix, an intense positive band at 190 nm and a negative band at

208 nm arise from the exciton splitting of electronic transitions from the amide

non-bonding π orbital, πnb, to the antibonding π orbital, π∗, (Figure 3). A

negative band is located at about 222 nm, arising from the electronic transition

from an oxygen lone pair orbital, n, to the π∗ orbital (Figure 3). Other motifs

give other spectroscopic shapes and signs.

The relative proportion of each secondary structure type can be determined

by decomposing the far-UV spectrum into a sum of fractional multiples of the

reference spectra.9, 60, 61 For example, the average fractional helicity, fH, of a

peptide consisting of N residues can be determined from the observed mean

residue molar ellipticity at 222 nm, [θ]222:

fH =
[θ]222

[θH∞]222 · (1 − k
N )

, (14)
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where [θH∞]222 is the mean residue molar ellipticity of a completely helical

peptide of infinite length and k is an end-effect correction factor of approxi-

mately three.62 Estimates of [θH∞]222 range from −33,000 deg cm2 dmol–1 (63)

to −44,000 deg cm2 dmol–1, 64 which correspond to differential absorbance be-

tween −11.2 mol–1 dm3 cm–1 and −13.3 mol–1 dm3 cm–1. However, [θ]222 can

be influenced by several factors,65–67 as will be discussed later. The empirical

analysis of a spectrum can, therefore, lead to the determination of the protein

secondary structure. Moreover, when CD spectroscopy is coupled with time-

resolved experiments, protein folding events can be studied68 and theoretical

spectra can be used to interpret the results.65, 66 Although empirical fitting

works remarkably well, due to the well-defined nature of the secondary struc-

ture motifs of proteins, it is important to proceed beyond empirical data analy-

sis for a number of reasons. Since the conformation of proteins in solution may

be (perhaps subtly) different from that in the crystalline environment, calcula-

tions can help to uncouple the solution-phase CD structure analysis from crys-

12
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Figure 3: Electronic transitions of the amide group in the far-
UV region.

tallographic structure motifs. Furthermore, the increasing importance of less

well-folded or natively unfolded protein domains demands new approaches,

since empirical comparison fails in these cases. In contrast to empirical data

analysis, theoretical calculations, in principle, can also encompass the pop-

ulation dynamics of a solution of proteins and should be able to cope with

new protein folds. The calculation of CD spectra from simulated ensembles of

conformations can provide additional information from molecular dynamics

(MD) simulations of protein folding.69
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1.3.1 Theory of CD

Circularly polarized light can be produced by the superposition of two lin-

early polarized light beams of equal magnitude that are oscillating perpen-

dicular to each other and propagating with a phase difference of π
2 radians.

The magnitude of the electric field vector of the resulting beam is constant,

but rotates about the propagation direction. If the tip of the “rotating” vec-

tor forms a right-handed helix, it is right circularly polarized light and vice

versa (Figure 4).4, 70 A stationary observer looking towards the light source at

the electric field vector of right circularly polarized light sees it rotating in an

anti-clockwise sense, if regarding its progression in space. However, more im-

portant is the dependence of the field vector on time, that is, the direction of

the field at the same position as a function of time. In this case, the vector of

right circularly polarized light rotates clockwise (Figure 5).8, 56

A solution of chiral molecules possesses different refractive indices for left

and right circularly polarized light, that is, the beams travel at different speeds

and are absorbed to different extents at each energy. This means that the ex-

tinction coefficients for left and right circularly polarized light are different.

left circ. pol. light
left handed helix

right c
right handed helix

irc. pol. light

light
source

observer

propagation

Figure 4: Left and right circularly polarized light, propagating
in space.
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Ey Ex

R R R R

S

O

Figure 5: Dependence of right circularly polarized light on the
distance from the light source, S, (top) and on time (bottom)
when the observer at position O is looking towards the source.
The helix moves along the propagation direction without ro-
tation, causing the vector of right circularly polarized light to
rotate anti-clockwise in space but clockwise in time.

This effect, εL 6= εR, is called CD and the differential absorbance, ∆ε, of left and

right circularly polarized light (Equation 15) is plotted against the wavelength

λ to yield the CD spectrum.9, 49, 60

∆ε = εL − εR . (15)

The integral of ∆ε over a wavelength range associated with a particular tran-

sition is known as the CD strength or rotational strength of that transition. It is

analogous to the oscillator strength of normal absorption. From the quantum

electrodynamic viewpoint, the rotational strength, R0k, of a transition from the

ground state 0 to an electronically excited state k is the product of the electric

transition dipole moment, ~µ, and the magnetic transition dipole moment, ~m.

The probability of a transition 0 → k is represented by the integral 〈ψ0|~µ|ψk〉,
which can be regarded as an oscillating dipole induced by the light beam.60
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~µ describes a linear displacement, whereas ~m characterizes a circulation of

charge and accordingly the integral 〈ψk|~m|ψ0〉 can be understood as a light-

induced current loop. Thus, the combination of ~µ and ~m creates a helical

displacement of charge, leading to a different interaction with left and right

circularly polarized light. While the operator for ~µ is a real vector, that for

~m is imaginary, as it describes the rotation of charge in a complex coordinate

system,60 and it involves the linear momentum operator ~p:

~m =
e

2mc
· (~r ×~p) , ~p =

h̄

i
∇ , (16)

where e is the charge, m the mass of the electron, c the speed of light,~r is the

position operator of the electron, h̄ is Planck’s constant divided by 2π, i =
√
−1 and ∇ is the gradient operator. The rotational strength is given by the

Rosenfeld equation:12

R0k = Im(〈ψ0|~µ|ψk〉 · 〈ψk|~m|ψ0〉) , (17)

where ψ0 and ψk denote the wave functions of the ground state and the excited

state, respectively, and Im the imaginary part of the product. Using the Rosen-

feld equation, it is possible to obtain the rotational strengths of a molecule

and, therefore, calculate its CD spectrum. The required wave functions for the

ground and excited states can be approximated using the matrix method by

parametrizing the electrostatic fields caused by the involved states.
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1.3.2 Different Parametrizations of the Amide Chromophore

As discussed in Chapter 1.2, for expedience, the Hamiltonian matrix elements

may be estimated using the monopole-monopole approximation, which in-

volves representing the transition densities of a chromophore by a set of point

charges. Two modern parameter sets for matrix method calculations, arising

from different approaches, are an ab initio derived set, NMAinitio,71 and the set

of Woody and Sreerama, NMAsemi.
72

The NMAinitio set has been derived entirely from ab initio calculations.73, 74

Using ab initio techniques, the amide chromophore was parametrized with

N-methylacetamide (NMA) as a model compound.71 The electronic spectrum

of NMA in solution was calculated, using the complete active space self-

consistent field method implemented within a self-consistent reaction field

(CASSCF/SCRF),75–78 combined with multi-configurational second-order per-

turbation theory (CASPT2-RF).75, 78 Monopoles for a given state were deter-

mined by fitting their electrostatic potential to reproduce the ab initio electro-

static potential for that state so that the least-squares difference is minimized

(typically within 5%). The parameter set71 consists of 32 monopoles for the

amide n → π∗ transition, all at a distance of 0.1 Å from the C, N, O and H

atoms, and 20 monopoles for the π → π∗ transition, with one charge situated

at each atom centre and four around each atom centre at a distance of 0.05 Å

(Figure 6). Two higher energy transitions at 129 nm and 123 nm were also

parametrized (Section 1.3.6). NMAinitio has been tested on a set of 46 proteins,

for which data were available between 190 and 250 nm.79 The set is referred

to as CD190. The calculated CD agreed well with experiment, particularly

at 222 nm, where the accuracy was nearly quantitative. This wavelength is

important, since the intensity of the band in that region correlates with the

helical content of the protein.80
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NMAsemi is derived from a combination of semiempirical calculations using

the INDO/S method and experimental data. The n → π∗ transition density

is represented by four monopoles surrounding each of the carbon and oxygen

atoms, whereas for the π → π∗ transition density, a total of six charges are

located above and below the peptide plane (Figure 7). Compared to the ab ini-

tio set, it consists of fewer monopoles with smaller charges at greater distance

from the atomic centres. However, the electrostatic potential created by the

charges is the physically relevant quantity, rather than the particular values

and locations of the charges, which are (within certain constraints) arbitrary,

as an infinite number of monopole sets give rise to the same electrostatic po-

tential.

For the peptide chromophore, the electrostatic potentials for the two param-

eter sets are compared in Figure 8, which shows a contour plot of the electro-

static potential arising from the π → π∗ transition density 0.5 Å above the

plane of the peptide group. In NMAsemi, the monopoles located around the

carbon and oxygen produce a symmetric potential around the CO bond. Due

to the additional monopoles at the nitrogen and hydrogen atoms, the electro-

static field generated by NMAinitio is asymmetric. The most significant differ-

ence between the two parameter sets lies indeed with the n → π∗ transition, as

the π → π∗ transitions are highly dipolar and look very similar in shape and

magnitude. However, there is a difference in the orientation of the π → π∗

transition dipole moment of 8.5◦, and the importance of this orientation has

been discussed in detail in the literature.48, 72
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1.3.3 Influence of the Side Chains

Apart from the peptide group, there are other chromophores of interest. The

chromophoric groups of the side chains dominate the CD spectrum in the

near-UV (250 nm – 350 nm). The intensity in this region is about two orders

of magnitude lower than in the far-UV in most proteins, reflecting the fact

that only a few percent of the residues in any protein contain aromatic groups.

For the same reason, the backbone amide transitions dominate the far-UV in

most proteins and the aromatic groups are observed clearly only above 250 nm,

where the amide group has no electronic transitions. In the near-UV, as in the

far-UV, chromophore parameter sets based on ab initio or semiempirical cal-

culations on individual chromophores may be constructed. Our approach has

been to gain a more accurate description of the valence electronic transitions of

the side chain chromophores by performing ab initio calculations.81 Benzene,

phenol and indole are the chromophoric groups of the amino acids phenyl-

alanine, tyrosine and tryptophan, respectively. The influence of solvent on the

most important transitions of each chromophore has also been investigated.81

The excited states are by convention labelled as 1Lb, 1La, 1Bb and 1Ba, in which

the superscript indicates that the state is a singlet state and the subscript in-

dicates the orientation of the electric transition dipole moment as along either

(a) the long or (b) the short axis of the ring in phenylalanine and tyrosine.82

L refers to the low-lying transitions and B to the transitions at high energy.

In tryptophan the moments are inclined to the long axis of the indole chro-

mophore at about +54◦ (1Lb), −41◦ (1La), +18◦ (1Bb) and −61◦ (1Ba).83 The

four states of phenylalanine, tyrosine and tryptophan are responsible for the

majority of the spectroscopic bands due to side chains in proteins. The 1B

states are more intense than the 1L states and are located in the far-UV region.
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Figure 9: CD spectra of cytochrome C (1hrc) in the far-UV (left)
and the near-UV (right).

Ab initio calculations reproduced the solvatochromatic shifts of the individ-

ual chromophores well, although the oscillator strengths were underestimated

for benzene and vibronic coupling was neglected. The derived parameter sets

were tested on the near-UV spectra of 30 proteins and on the difference spec-

tra of 20 mutants and in both cases gave a significant improvement on the

semiempirically derived parameters.84

Cytochrome C (PDB code 1hrc), for example, contains four phenylalanine,

one tryptophan and four tyrosine residues of a total of 105 amino acids. The

inclusion of the aromatic groups in the calculations correctly reproduces two

bands in the near-UV (Figure 9, right). In the far-UV the intensity generally

decreases, leading to less agreement with the experimental spectrum between

210 and 230 nm, but an improvement of the band near 190 nm. In the case of

cytochrome C, the most influential aromatic chromophores in the far-UV are

the tyrosines, whose 1B states interact with some of the peptide chromophores.
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1.3.4 Comparing Theory and Experiment

Figure 10 (left panel) compares calculated spectra using the NMAinitio and

NMAsemi parameters with the experimental spectrum of a helical protein. The

peak around 193 nm is well matched by the ab initio parameter set, whereas

the peak of NMAsemi is slightly shifted to higher energy. In the region between

200 and 230 nm NMAsemi indicates the double minimum, which is characteris-

tic for a helical protein, but not resolved for NMAinitio. For the β-sheet protein

(Figure 10, right panel) the intensity at 195 nm is overestimated by both param-

eter sets, whereas NMAinitio shows a better fit at longer wavelengths, includ-

ing again a good estimation at 222 nm. In β-II proteins,85 the strands are rather

short or not aligned in a parallel manner, but often twisted and bent. The re-

sulting spectra are similar to unfolded, random coil proteins (Figure 2, Page 12)

and the agreement of the calculations with experiment is poor. Around 222 nm

the intensity is reproduced well, but at higher energies, especially at 200 nm

where the minimum is not predicted at all, no correlation between theory and

experiment is achieved.

Another structure occurring in peptides is the poly(proline)-II-helix (PI I ,

φ = 75◦, ψ = +145◦). The PI I conformation is the subject of much current re-

search and has been identified as a possible origin for the distinction between

β-I and β-II in β-rich proteins. Sreerama and Woody85 related the observa-

tion of different types of spectra for β-I and β-II proteins back to the content

of PI I-conformations, that is, proteins possessing a ratio of PI I to β-sheet less

than 0.4 appear to belong to the β-II-type, whereas β-II-proteins show a ra-

tio of PI I to β-sheet greater than 0.4.85 The CD spectrum of the PI I confor-

mation exhibits a strong negative band at 200 nm, which is not reproduced

in calculations.49 Another structural factor is the number of disulfide bridges.
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Figure 10: Comparison of the experimental spectra of colicin A
(1col, mostly α-helical, left panel) and green fluorescent protein
(1ema, β-I class, right panel) with the spectra calculated using
two different parameter sets. Experimental (solid), ab initio pa-
rameter set (dashed), semiempirical parameter set (dotted).

The agreement between calculated and experimental spectra deteriorates with

more irregular structure and greater numbers of disulfide bonds.

In order to enhance the quality of the calculations of CD spectra, many

aspects have been studied, for example, the inclusion of additional chro-

mophores81 and investigations into hydrogen bonding.86 Another parame-

ter that has been examined, is the width of each band at a specific transition

energy. In most calculations, this is set to a single fixed value for all wave-

lengths. Wavelength-dependent bandwidths have also been tested, but can

lead to unexpected results. The resulting CD spectra when all transitions were

assigned the same bandwidth between 8.5 nm and 13.5 nm are compared in

Figure 11. To improve the resolution of the two peaks around 208 nm and

222 nm for helical proteins, bandwidths between 7.5 nm and 15.5 nm have

been explored.79 The minimum of the n → π∗ transition at 222 nm is resolved

for values below 12.5 nm, but such narrow bandwidths then exaggerate the
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intensity maximum of the peak at 190 nm. In reality, different transitions may

well have different bandwidths, but, without any justification for a particular

choice, there is a danger of introducing a number of empirical parameters that

artificially enhance agreement between theory and experiment. In the absence

of a rigorous reason for choosing different bandwidths for different transitions,

the best overall value (12.5 nm) is adopted in all calculations, while recogniz-

ing that doing so almost certainly worsens the agreement of calculation and

experiment.

To assess the quality of the matrix method calculations, the calculated and

experimental spectra of a representative set have to be compared and analyzed

in order to get a statistically meaningful result. A useful statistic is the Spear-

man rank correlation coefficient,87 between the experimental and calculated

intensity at each wavelength for each of the proteins. The coefficient is a mea-

sure of the strength of the associations between the experimental and calcu-

lated spectra and ranges from 1 (perfect correlation) over 0 (no correlation) to
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−1 (inverse correlation). The Spearman rank correlation is a nonparametric

statistic, which does not require any assumptions about the probability distri-

bution of the data, thus making it superior to parametric methods, as it is more

reliable and robust.

The accuracy of the calculations was assessed on a set of 46 proteins (Fig-

ure 12). α-Bungarotoxin (2abx) has been removed from the initial set, because

an analysis using PROCHECK88 showed that only 14.8% of the residues lie in

the core regions of the Ramachandran plot and 24.6% in disallowed regions,

thus questioning the structural integrity of the file. At 190 nm the NMAsemi

parameters give a correlation of 0.68 compared to 0.85 of NMAinitio. In this re-

gion, the intensity is mostly overestimated by both sets (Figure 13, top), but the

overall correlation is positive. Notably, bacteriorhodopsin (2brd) is an outlier,

despite being mostly α-helical. It is a membrane protein with a high helical

content. Its CD spectrum is less intense than the spectra of globular proteins

with similar helical content and, thus, the intensity of the spectra is overesti-

mated by both parameter sets.

The point where the CD intensity changes sign, at around 200 nm, is a chal-

lenge for both parameter sets. In this region the gradient of the spectrum is

greatest, causing a high difference in intensity for even small deviations of

the calculated versus the experimental wavelength. Although the absolute

error in the wavelength where the intensity is calculated to be zero is below

3 nm (Table 1, Page 29), the intensities may differ up to 10,000 deg cm2 dmol–1.

Hence, the correlation is almost zero for NMAinitio and is actually negative

for NMAsemi. NMAinitio tends to overestimate the intensity, that is, the calcu-

lated wavelength of the zero point is too large and the spectrum slightly red-

shifted, whereas the deviations of NMAsemi are usually equally distributed.
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Figure 12: Spearman rank correlation between the calculated
and experimental intensity for the 46 proteins comprising
the CD190 set. Dashed: using the ab initio parameter set
(NMAinitio). Dotted: using the semiempirical parameter set
(NMAsemi).

The correlation steadily increases after the zero-crossing and both parameter

sets reach almost constant values of between 0.8 and 0.9 above 210 nm. The

band at 208 nm, arising from the exciton splitting of the π → π∗ transition,

shows a correlation of 0.80 and 0.75 for NMAinitio and NMAsemi, respectively.

At 222 nm, which is important for the determination of helical content, both

sets give a comparably (high) correlation (Figure 13, bottom).
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Table 1: Calculated (using NMAinitio parameters) and experimen-

tal wavelengths of interest of the CD190 set. The 12 proteins at

the top show the least agreement between the calculated and ex-

perimental spectra; β-II proteins are printed in bold. If no value

is given, it means that the experimental spectrum does not show a

maximum or minimum, or cross the axis, as appropriate.

PDB λmax / [nm] λ∆ε=0 / [nm] λmin / [nm]

Calc Exp Calc Exp Calc Exp

1ca2 195 — 207 — 218 —

1rei 199 202 215 210 223 217

2brd 191 196 201 205 209 —

2cga 196 — 209 — 219 —

2rns 195 — 206 — 217 —

2sod 199 190 212 196 222 209

3ebx 199 201 217 209 223 215

3est 197 — 211 — 221 —

3ptn 198 — 212 — 222 —

4gcr 197 203 211 — 221 —

5cha 197 — 211 — 220 —

5pti 193 — 203 — 211 —

1beb 194 190 205 201 216 213

1col 192 192 201 201 210 208

1e5z 196 195 209 205 219 219

1ema 195 195 208 206 218 217

1eri 192 190 202 201 211 208

1fx1 193 194 204 203 214 214

1ifc 195 197 207 204 217 216

1lys 192 192 202 199 211 208

continued on next page
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Table 1 — continued from previous page

PDB λmax / [nm] λ∆ε=0 / [nm] λmin / [nm]

Calc Exp Calc Exp Calc Exp

1plc 198 200 213 — 222 —

1rhd 194 193 204 201 213 210

1sbt 192 192 202 200 212 218

1tnf 197 201 211 209 221 221

2ctv 198 197 212 209 221 224

2hmz 192 194 201 202 210 210

2mhb 191 195 201 202 210 210

2pab 197 195 210 202 221 217

2psg 195 193 207 200 218 211

2sns 193 — 203 199 211 209

3adk 193 192 203 202 211 210

3gpd 192 192 201 200 211 212

3grs 194 191 204 199 212 207

3pgk 192 191 202 200 211 209

3por 194 195 205 208 214 218

3rn3 194 193 205 199 215 209

3tim 192 193 202 202 211 219

4ins 190 195 199 202 208 209

4mbn 192 192 201 201 210 209

5adh 194 196 205 203 217 211

5cpa 193 198 203 204 212 211

5cpv 191 195 200 202 209 209

5cyt 194 195 205 202 214 210

6ldh 193 192 203 202 212 212

8tln 193 194 203 203 211 211

9pap 192 188 201 194 211 209
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1.3.5 Computational Tractability

Calculations on proteins are computationally demanding due to the size of

the compounds, which can contain dozens of chains comprising thousands

of atoms. The utilization of the matrix-method facilitates the use of ab ini-

tio parameters, but three limits have to be considered for large proteins: the

maximum number of atom coordinates to define the chromophore positions,

the number of chromophoric groups to be processed, and the dimension of

the Hamiltonian matrix that can be diagonalized. While, in the past, those

limitations have been addressed manually if encountered for a protein, the au-

tomation of the calculations for public use on the web interface DichroCalc89

posed the need for dealing with as many PDB files as possible without manual

intervention.

Due to compiler constraints, the maximum number of atoms whose coordi-

nates can be read in is 10,000. However, only the atoms that are used to de-

fine the chromophore position and to whose positions monopole charges have

been fitted are actually needed. In a peptide bond, for example, these are the

atoms designated as C, N and O in the PDB and only a subset of the side chain

chromophore atoms. The PDB file is, therefore, filtered in an additional step

for all atoms not required in the calculation. This includes, for example, sol-

vent molecules, which have been a reason in the past for reaching the critical

atom limit. This reduces the amount of atoms to about 50% and considerably

increases the number of proteins that can be processed.

The diagonalization algorithm limits the size of the Hamiltonian matrix.

Inclusion of charge-transfer transitions doubles the matrix dimension. Side

chain chromophores also enlarge the calculation, but to a smaller extent, which

depends on the content of aromatic side chains (usually between 5 and 15%).
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Table 2: Large proteins of SP175, which required splitting into
single chains to calculate the CD.

Protein
PDB

Code
Chains Residues

Residues

per Chain

Pyruvate kinase 1a49 8 4152 519

Aldolase 1ado 4 1452 363

Peroxidase 1atj 6 1836 306

β-Galactosidase 1bgl 8 8168 1021

Catalase 1f4j 4 1928 479 / 481

c-Phycocyanin 1ha7 24 3996 162 / 171

Glutamate dehydrogenase 1hwx 6 3006 501

Immunoglobulin 1igt 4 1316 214 / 444

Ceruloplasmin 1kcw 1 1017 1017

Ovalbumin 1ova 4 1519 386 / 373

Phosphoglucomutase 3pmg 2 1122 561

Considering two backbone transitions, our current algorithm and compiler al-

low the calculation of the CD spectrum of a protein comprising about 2000

residues for backbone-only calculations and 1000 residues if charge-transfer is

taken into account. In cases where the limit is reached, the proteins are split

into single chains and their individual spectra calculated. If all single chain

spectra are similar, it is most likely that the overall spectrum will look similar,

since CD is not orientation dependent and interchain interactions are negligi-

ble due to the distance. There are some variations in the intensity, but these

differences are relatively small. In the SP175 set there were 11 proteins that

were too large to be calculated as a whole, that is, all chains in the oligomer

(Table 2). The single chains usually have the same sequence; some of them

have different chain termini, but this has almost no effect on the CD spec-

trum. An exception, however, was immunoglobin (1igt), which consists of

four chains, of which chains A and C are equivalent, as are chains B and D.
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Figure 14: Comparison of spectra calculated from the single
chains of proteins for which calculation would otherwise be in-
tractable. Left: c-Phycocyanin (1ha7, 24 chains, 29,916 atoms).
Right: Catalase (1f4j, 4 chains, 15,402 atoms).

Rather than calculating each separate chain, the file was split in half, thus

creating two equal fractions of the protein. Figure 14 shows some examples

of single chain calculations and the minor differences in the intensities. For

the proteins β-galactosidase (1bgl) and ceruloplasmin (1kcw), which contain

chains with more than 1000 residues (Table 2), calculations are feasible for the

backbone-only calculations, but not if charge-transfer is also considered.

The maximum dimension of the Hamiltonian poses the most critical limit

for the calculations, and possibilities to tackle this limitation were explored.

About 98% of the off-diagonal interactions are orders of magnitude smaller

than the strongest interactions. Removing these matrix elements before diago-

nalization did not have a substantial effect on the results of the CD190 protein

set. Since the interaction of dipoles decreases with the cube of their separation,

the vast majority of the influential 2% is due to close neighbour interactions

situated at the diagonal of the matrix. Calculations have been performed con-

sidering different numbers of residues depending on their separation in the
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chain sequence (Figure 15). Taking only the nearest- and n+2 neighbours into

account considerably worsens the results, affecting the Spearman rank corre-

lation coefficient especially below 200 nm. However, considering only interac-

tions with chromophores up to three residues away does not visibly affect the

correlation graph above 205 nm and only slightly decreases the correlation at

shorter wavelengths. Therefore, if the need arose to deal with larger proteins,

the square Hamiltonian matrix could be reduced to a band diagonal matrix.

The diagonalization routine could then be replaced and algorithms for band

matrices can handle larger dimensions.
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1.3.6 Amide Transitions in the VUV

The origin of a band around 165 nm has prompted some speculation. At first a

transition from the higher-energy lone-pair orbital on oxygen to an antibond-

ing σ orbital (n → σ∗) was suggested.90 This was discounted by ab initio cal-

culations that showed that the σ∗ orbital lies at a much higher energy.91 The

involvement of an excitation from the bonding πb orbital to π∗ (πb → π∗) was

suggested,92 but this transition occurs around 140 nm.91 An excitation from

the second lone pair on oxygen to the antibonding π orbital (n′ → π∗) has also

been considered.

Although charge-transfer transitions have been identified as the cause of the

band at 165 nm,93 the inclusion of higher energy transitions remained an area

of investigation, since interaction with these could affect the intensities and po-

sitions of the bands in the far-UV. The πb → π∗ (bonding π orbital to π∗) and

n′ → π∗ (second lone pair on oxygen to π∗) transitions occur around 140 nm

and are thus outside the measured region of 180 – 250 nm. Nevertheless, they

could couple with the n → π∗ and π → π∗ transitions and have an effect on

the observed far-UV.79

Nesgaard et al. have recorded SRCD spectra of 13 proteins, which were

dried to allow measurement down to 130 nm.94 The number of available spec-

tra is too small to calculate significant statistics, but allows one to study a re-

gion of the VUV that is hard to measure even when using SRCD. For five of the

13 proteins, the band of the πb → π∗ transition around 140 nm is reproduced

with a good match of the band position, but with an overestimated intensity.

However, in the near-UV, the dry-phase spectra show a lower intensity than

the wet-phase spectra and, therefore, this underestimation could be due to a
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Acetyl coenzyme A (1hb6). Right: Human serum albumin
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lack of solvent effects. Figure 16 shows two examples of the CD130 set (see Ap-

pendix B for all spectra). The band around 160 nm originates from backbone

charge-transfer transitions and is also apparent in the experimental spectra.

However, the negative peak at 182 nm is not reproduced correctly. As observed

for the SP175 set (Page 49), α-helical proteins show a positive and β-sheet pro-

teins a negative intensity in this region. The additional backbone transitions

always decrease the intensity of this band and worsen the agreement. In the

far-UV, the intensity is generally decreased and the bands are shifted to lower

energy. In conclusion, the additional transitions show a promising agreement

with experiment in the VUV, but worsen the results in the far-UV by decreas-

ing the intensities of the bands.

36



Chapter 1 Introduction

1.3.7 Applications and Other Developments

In protein folding, the transient and short-lived nature of the intermediates

makes the direct observation of folding and unfolding exceptionally challeng-

ing for techniques such as NMR and X-ray crystallography. However, nanosec-

ond CD spectroscopy is a promising candidate for monitoring the conforma-

tional changes, which motivates the combination of these first-principles cal-

culations with MD simulations to study the influence of dynamics on the CD

of polypeptides.69 MD simulations and CD calculations have been performed

on concanavalin A, a β-I- and elastase, a β-II-type protein, which possess sim-

ilar structures but show different CD spectra.69 In the former case, the spec-

trum did not change substantially and remained close to that calculated for

the X-ray crystal structure. For the β-II protein, the intensity of the calculated

positive peak at 195 nm (which is negative in the experiment) decreased con-

siderably, suggesting that relaxation of the protein structure in solution may

be a contributing factor to the differences between β-I and β-II proteins. The

well ordered, aligned sheets in β-I proteins and the helices in α-helical proteins

induce a relatively rigid structure supported by main-chain hydrogen bonds.

This framework cannot be formed to the same extent in less ordered peptides,

such as β-II-type proteins, which makes them more flexible.

The effect of hydrogen bonding on CD was highlighted by the unexpect-

edly high negative intensities at 222 nm reported for several peptides, which

exceed even the highest estimate of [θH∞]222.62 Calculations suggested that

the interaction with highly polar solvent molecules, which bind selectively to

the helical conformation of peptides, may strengthen the backbone hydrogen

bonds of the peptide. The intensity at 222 nm is sensitive to the main-chain

hydrogen bond length66 and the stabilization (and shortening) of hydrogen

bonds could cause an over-estimation of the helicity in polar solvents.
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1.4 Conclusion

CD spectra provide information on the secondary structure of proteins and the

helical content can be determined from the intensity at 222 nm. Matrix method

calculations are able to reproduce the features observed in experiment and can,

therefore, be used to aid the structural analysis of proteins. The amide group

has been parametrized using semiempirical and ab initio methods. Calcula-

tions from either parameter set show a Spearman rank correlation coefficient

above 0.9 around 222 nm for a set of 46 proteins, with the ab initio parameters

being superior near 210 and below 200 nm. Aromatic side chain chromophores

have been parametrized to account for experimental features in the near-UV

and two amide transitions below 160 nm extend the region covered by the cal-

culations into the VUV.

Measurements in the VUV are not possible with conventional CD spectrom-

eters and only a small number of experimental spectra containing VUV data

have been available. A set of 71 spectra, recorded using synchrotron radiation,

has facilitated a more detailed analysis of the calculations in the VUV and of

the information such calculations can provide on the secondary structure. The

study of the charge-transfer parameters will be the focus of Chapter 2.
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CHAPTER 2

CHARGE-TRANSFER TRANSITIONS

The deep-UV is a region of the spectrum of growing interest for CD. The

use of synchrotron radiation has made it possible to extend the wavelength

range over which data can be measured into the vacuum-UV (VUV)36 down

to 160 nm to uncover further features of the protein CD spectra.38, 42, 43, 95, 96

There is experimental and theoretical evidence indicating that charge-transfer

transitions between neighbouring amide groups are the cause of the band at

165 nm.97–99 Previously, charge-transfer chromophores have been parametrized

for matrix method calculations by Oakley and Hirst100 and tested on 31 pro-

teins, for which VUV data are available. The SRCD spectra of a diverse set of

71 proteins facilitated a more detailed analysis of parameters with respect to

the influence of secondary structure elements and specific charge-transfer tran-

sitions on the CD. The theoretical spectra are calculated considering charge-

transfer and side chain transitions. This significantly improves the agreement

with experiment, raising the Spearman correlation coefficient between the

calculated and experimental intensity at 175 nm from 0.12 to 0.79.
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2.1 Introduction

Goldmann et al.101 have calculated the optical spectra of polyalanines using the

time-dependent Hartree-Fock technique and the INDO/S Hamiltonian. The

transition density matrices suggested that charge-transfer has a considerable

influence on the NV1 band (arising from a local π → π∗ transition) and that the

Frenkel model in its original form, which is the basis of matrix method calcula-

tions of protein CD, therefore, does not adequately describe the electronic ex-

citations in this band. To extend the model and incorporate the charge-transfer

transitions directly into the Hamiltonian matrix, the ab initio characterization

of peptide backbone71 and aromatic side chain chromophores81 has been ex-

tended to include the charge-transfer transitions between neighbouring pep-

tide groups.100, 102

CASSCF/CASPT2 calculations have been performed on the dipeptide N-

actetylglycine-N′-methylamide58, 100, 102 with dihedral angles from all accessi-

ble areas of the Ramachandran plot (Table 3). These geometries include a pla-

nar dimer (φ = 180◦, ψ = 180◦) and several conformations in the main regions

of the Ramachandran plot (corresponding to α-helical and β-sheet structures).

Mirror images of all structures were generated to describe, for example, left-

handed helices and also cover less-favoured but occurring conformations. The

charge-transfer between neighbouring groups had a significant impact on the

calculated spectrum in a manner dependent on the conformation, that is, the

dihedral angles of the two amide groups. For a matrix method calculation,

this means that each conformation has to be parametrized. The Hamiltonian

matrix (Equation 9, page 8) needs to be extended by the addition of a charge-

transfer chromophore, which spans two neighbouring monomers in the chain.
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Table 3: Wavelengths and oscillator strengths ( f ) of the charge-transfer chromophores. A mirror
image of each geometry was created additionally to construct parameters, for example, for the
left-handed helical and sheet regions of the Ramachandran plot.

Φ/◦ Ψ/◦ n1 → π∗
2 n2 → π∗

1 πnb1 → π∗
2 πnb2 → π∗

1

λ/nm f λ/nm f λ/nm f λ/nm f

strand structures

180 180 155.0 0.000 132.6 0.042 171.0 0.040 131.8 0.042

−135 135 154.0 0.001 133.5 0.045 174.4 0.168 122.9 0.006

−120 120 155.7 0.009 135.2 0.111 173.6 0.202 126.4 0.008

hybrid structures

−120 180 153.2 0.029 142.1 0.056 167.0 0.015 138.5 0.047

−120 60 166.7 0.215 134.9 0.021 159.9 0.056 135.2 0.005

−60 180 156.1 0.004 135.9 0.023 170.9 0.051 136.4 0.058

helical structures

−74 −4 138.2 0.022 162.9 0.091 153.1 0.002 145.9 0.010

−62 −41 163.5 0.121 159.2 0.068 155.3 0.011 156.1 0.042

−48 −57 156.9 0.123 162.1 0.013 164.4 0.014 152.7 0.015

−60 −60 170.7 0.162 154.5 0.051 163.1 0.020 145.1 0.013
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For each chromophore, four transitions have to be taken into account. n1 →
π∗

2 and πnb1 → π∗
2 describe a charge-transfer from peptide group 1 (at the

amino end) to group 2, whereas n2 → π∗
1 and πnb2 → π∗

1 account for tran-

sitions in the opposite direction. Every charge-transfer transition consists of

64 monopoles, which are located around the positions of the C, N, O and H

atoms of the peptide bond. Around each atom there are 8 charges arranged at

the corners of a cube with a distance of 0.1 Å to the atom centre. For the as-

signment of the suitable chromophore, the Φ and Ψ angles of two neighbour-

ing groups are calculated and the closest conformation (Table 3) is determined.

Many PDB files contain chains with large gaps due to missing residues; there-

fore, the distance between the groups needs to be checked before assigning the

charge-transfer groups.

The structure assignment of the geometries in Table 3 was done by mod-

elling polypeptides with the respective dihedral angles and dividing them into

strand- and helix-forming groups. The type hybrid refers to structures that

look like wound strands or stretched helices and, therefore, cannot be classi-

fied unambiguously. The set with the angles −60◦ and 180◦ is listed as hybrid,

because, although it forms a helix when using only these angles, it lacks hydro-

gen bonds to stabilize the structure. This type also appears much more often

in β-type proteins than in helical ones.

There are four transitions for charge-transfer between adjacent groups,

which have been considered in the parameter sets (Table 3): the transfer of an

electron from a lone pair in one group to the π∗ orbital in the other group and

transfer between a non-bonding π orbital and the other group’s π∗ orbital.

The Hamiltonian for a tripeptide, showing only one charge-transfer transition

per peptide group for clarity, has the form
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Ĥ =





ELocal1 VE1; E2
VE1; E3

VE1; CT12
VE1; CT23

VE1; E2
ELocal2 VE2; E3

VE2; CT12
VE2; CT23

VE1; E3
VE2; E3

ELocal3 VE3; CT12
VE3; CT23

VE1; CT12
VE2; CT12

VE3; CT12
CT12 0

VE1; CT23
VE2; CT23

VE3; CT23
0 CT23





. (18)

The blocks involving solely local excitations are as defined in Equation 9

(page 8). The zeros in Equation 18 reflect the fact that charge-transfer chro-

mophores sharing a common peptide group are not allowed to interact. In

Equation 18, the first charge-transfer chromophore consists of peptide groups

one and two, whereas the latter spans groups two and three.

Lees et al. have recorded, using synchrotron radiation CD, 71 spectra from

175 nm to 240 nm for the use as a reference dataset for CD analysis.40 Atomic

coordinates for these proteins are available via the Protein Data Bank (PDB).103

In order to be included in the reference dataset, the protein data had to meet

certain standards of purity, crystallographic quality, structural characteristics

and spectral quality.40 To function as a reference set, the proteins cover a range

of secondary structure characteristics. About 18% of the proteins are mainly α-

helical, 39% mainly β and 35% αβ mixtures. The rest contain multiple classes

or only few secondary structures.40 Since this set (referred to as SP175, Table 4)

is considerably larger than the previous set, which provided VUV data95, 96, 100

and has been specially selected for structural diversity, it is used to assess the

accuracy of CD calculation and the relative importance of different charge-

transfer transitions in the VUV.
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Table 4: PDB codes and names of the 71 proteins comprising
the SP175 set.

PDB Protein PDB Protein

193l Lysozyme 1m8u γ-E-Crystallin
1a49 Pyruvate kinase 1mol Monellin
1a6m Myoglobin whale 1n5u Serum Albumin
1ado Aldolase 1nls Concanavalin A
1air Pectate Lyase C 1ofs Pea lectin
1atj Peroxidase 1ova Ovalbumin

1avu Serine Protease Inhibitor 1ppn Papain
1ax8 Leptin 1qfe Dehydroquinase type 1
1b8e β-Lactoglobulin 1r0i Rubredoxin
1bgl β-Galactosidase 1rav Avidin
1blf Lactoferrin 1rhs Rhodanese
1bn6 Haloalkane dehydrogen 1sca Subtilisin A
1ca2 Carbonic anhydrase II 1stp Streptavidin
1cbj Superoxide dismutase 1thw Thaumatin
1cf3 Glucose oxidase 1trz Insulin
1dot Ovotransferrin 1ubi Ubiquitin
1ed9 Alkaline phosphatase 1une Phospholipase-A2
1elp γ-D-Crystallin 1vjs α-amylase
1f4j Catalase 1ymb Myoglobin horse
1fa2 β-Amylase 2bb2 β-B2-Crystallin
1gpb Glycogen phosphorylase B 2cga α-Chymotrypsinogen
1ha4 γ-S-Crystallin (C-term) 2cts Citrate synthase
1ha7 c-Phycocyanin 2dhq Dehydroquinase type 2
1hc9 α-Bungarotoxin 2fdn Ferredoxin
1hcb Carbonic anhydrase I 2psg Pepsinogen
1hda Hemoglobin 3dni Deoxyribonuclease I
1hk0 γ-D-Crystallin (human) 3est Elastase
1hnn PNMT 3pgk Phosphoglycerate kinase
1hrc Cytochrome C 3pmg Phosphoglucomutase

1hwx Glutamate dehydrogenase 3rn3 Ribonuclease A
1igt Immunoglobulin 4gcr γ-B-Crystallin
1k6j NmrA 5cha α-Chymotrypsin

1kcw Ceruloplasmin 5cpa Carboxypeptidase A
1ku8 Jacalin 5pti Aprotinin
1les Lentil lectin 7tim Triose phos. isomerase
1lin Calmodulin
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2.2 Correlation with Experiment

Matrix method calculations have been carried out on the 71 PDB files of SP175,

considering different combinations of chromophores: all backbone-transitions

only and in combination with included charge-transfer and side chain tran-

sitions. All calculated spectra compared to experiment are shown in Ap-

pendix C. The Spearman rank correlation coefficient87 between the calculated

and experimental intensity at each wavelength has been calculated. In the

backbone-only calculations at 222 nm the coefficient reaches 0.91, an almost

quantitative correlation at the crucial wavelength for the determination of he-

lical content, whereas at 175 nm (Figure 17) the coefficient is 0.12, indicating

virtually no agreement. The inclusion of side chain transitions improves the

correlation coefficient at 175 nm to 0.46. Consideration of charge-transfer tran-

sitions, on the other hand, leads to an increase to 0.73 and in combination with

the side chain parameters, the correlation coefficient at 175 nm is 0.79 (Table 5).

The Spearman rank correlation coefficient of 0.79 at 175 nm shows that in-

clusion of the charge-transfer and side chain transitions qualitatively repro-

duces the features of the experimental spectra. However, the agreement at

200 nm, the point where the CD intensity changes sign, is a challenge, as seen

previously for the set of 46 proteins (CD190, page 26). After the zero-crossing

the correlation reaches values greater than 0.8 above 207 nm. The band at

208 nm, arising from the exciton splitting of the π → π∗ transition, shows a

correlation of 0.87 if charge-transfer and side chain transitions are included.
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Figure 17: Spearman rank correlation coefficients between the
experimental and calculated intensities of the SP175 CD spec-
tra, calculated considering different chromophores.

Table 5: Spearman rank correlation coefficients for the SP175
set considering different electronic transitions.

Chromophores considered
Correlation coefficient

175 nm 190 nm 222 nm

peptide backbone 0.12 0.79 0.91

+ side chains 0.46 0.74 0.89

+ charge-transfer 0.73 0.78 0.89

+ side chains + charge-transfer 0.79 0.75 0.88
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Table 6: Secondary structure content of the SP175 set.

α =̂ > 40% helical. β =̂ > 40% strand. αβ =̂ > 24.5% of both

α and β content. Other proteins are considered unstructured.

PDB Structural type helix sheet unordered

1ado α 0.46 0.24 0.30

1ed9 αβ 0.31 0.32 0.37

1vjs αβ 0.29 0.33 0.39

1hc9 β 0.05 0.52 0.42

5cha β 0.12 0.44 0.44

2cga β 0.14 0.47 0.40

5pti 0.21 0.31 0.48

1rav β 0.07 0.54 0.38

1fa2 0.38 0.24 0.38

1bgl β 0.14 0.48 0.38

1b8e β 0.14 0.49 0.36

2bb2 β 0.07 0.46 0.47

4gcr β 0.09 0.54 0.37

1elp β 0.09 0.53 0.38

1m8u β 0.06 0.53 0.41

1ha7 α 0.76 0.09 0.15

1lin α 0.57 0.14 0.29

1hcb 0.18 0.39 0.43

1ca2 β 0.16 0.41 0.43

5cpa αβ 0.38 0.28 0.34

1f4j αβ 0.30 0.27 0.43

1kcw β 0.12 0.49 0.39

2cts α 0.61 0.12 0.27

1nls β 0.04 0.58 0.38

1hrc α 0.41 0.17 0.41

1qfe αβ 0.46 0.28 0.27

2dhq αβ 0.44 0.26 0.30

3dni αβ 0.29 0.34 0.37

3est β 0.11 0.51 0.38

2fdn 0.13 0.40 0.47

1ha4 β 0.12 0.51 0.37

1cf3 αβ 0.34 0.32 0.34

1hwx αβ 0.49 0.25 0.26

1gpb αβ 0.50 0.25 0.25

1bn6 αβ 0.45 0.28 0.27

continued on next page
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Table 6 — continued from previous page

PDB Structural type helix sheet unordered

1hda α 0.77 0.09 0.14

1n5u α 0.72 0.10 0.18

1hk0 β 0.08 0.57 0.35

1igt β 0.07 0.56 0.37

1trz α 0.58 0.09 0.33

1ku8 β 0.00 0.68 0.32

1blf αβ 0.32 0.36 0.32

1les β 0.04 0.59 0.37

1ax8 α 0.69 0.04 0.28

193l αβ 0.40 0.30 0.29

1mol β 0.17 0.62 0.21

1ymb α 0.74 0.13 0.13

1a6m α 0.78 0.09 0.13

1k6j αβ 0.37 0.28 0.35

1ova αβ 0.31 0.45 0.24

1dot αβ 0.29 0.32 0.39

1ppn αβ 0.26 0.31 0.43

1ofs β 0.04 0.58 0.38

1air 0.13 0.40 0.47

2psg β 0.20 0.50 0.29

1atj α 0.51 0.19 0.31

3pmg αβ 0.36 0.38 0.27

3pgk 0.34 0.15 0.50

1une α 0.50 0.23 0.28

1hnn αβ 0.37 0.36 0.26

1a49 αβ 0.39 0.30 0.31

1rhs αβ 0.33 0.25 0.42

3rn3 β 0.21 0.48 0.32

1r0i β 0.17 0.42 0.41

1avu β 0.02 0.48 0.50

1stp β 0.08 0.60 0.31

1sca αβ 0.30 0.34 0.37

1cbj β 0.04 0.55 0.40

1thw β 0.11 0.48 0.41

7tim αβ 0.45 0.27 0.28

1ubi αβ 0.25 0.46 0.29
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2.3 Influence of Secondary Structure

The proteins have been divided into α, β, αβ and unstructured proteins, based

on assignments by DSSP104 (Table 6, Page 47). Proteins with greater than 40%

α-helical or more than 40% β content were assigned α and β, respectively. The

remainder was assigned αβ in the case of more than 24.5% of both structure

types or unstructured if below that. This classification was consistent with the

assignments by the CATH database.105, 106

When charge-transfer was considered, in 69% of the cases, the difference at

175 nm between the calculated and experimental intensity was reduced for α-

helical proteins. On the other hand, only 39% of the β-type proteins showed

an improvement and none of the αβ proteins. This was due to an overestima-

tion of the intensity of αβ proteins in the VUV, because the main consequence

of the charge-transfer transitions is a more intense band in this region. The

experimental spectra of all the α-helical proteins show a positive intensity at

175 nm, whereas the spectra of β-sheet proteins are all negative. The αβ cases

lie between these extremes, either with zero or with small negative intensi-

ties. For these proteins, the experimental spectra agree quite well with the

backbone-only calculations, which also possess a low intensity in this region,

and including charge-transfer transitions worsens the level of agreement.

While the intensity at 175 nm becomes more negative without exception

for all β, αβ and unstructured proteins, it increases in nine of the 13 α-helical

cases. A decrease was found for aldolase (1ado), cytochrome c (1hrc), insulin

(1trz) and citrate synthase (2cts), whose α-helix contents are comparatively

low, ranging between 0.41 (1hrc) and 0.61 (2cts). In all of those spectra the

influence of the charge-transfer chromophores is much smaller than for the

proteins with higher α-helix contents.

49



Chapter 2 Charge-Transfer Transitions

Of the other helical proteins, only calmodulin (1lin), peroxidase (1atj) and

phospholipase-A2 (1une) possess an equally low helical content (below 0.6)

and show the same weak influence of the charge-transfer transitions.

Among the 71 proteins there are seven experimental spectra with a min-

imum at 200 nm, indicating a β-II-type protein (Table 7).85 The agreement

between calculation and experiment is worse than for other proteins in these

cases, especially between 190 and 210 nm. In β-II proteins,85, 107 the strands are

rather short or not aligned in a parallel manner, but often twisted and bent. The

resulting spectra are similar to unfolded, random coil proteins. It may be that

conformational dynamics contribute to the unusual shape of the spectrum.69

A noticeable improvement was obtained for avidin (1rav), a β-sheet pro-

tein, which shows an intense negative band at 180 nm, with a mean residue

molar ellipticity of −21,000 deg cm2 dmol–1. The backbone-only calculation

gives a band intensity of −12,000 deg cm2 dmol–1, but the calculated intensity

is −18,000 deg cm2 dmol–1, if charge-transfer is taken into account. Similar

trends are shown in Figure 18 for an α-helical protein (hemoglobin, 1hda) and

a β-sheet protein (lentil lectin, 1les).

Table 7: β-II proteins in the SP175 set.

PDB Protein

1avu Serine protease inhibitor

1r0i Rubredoxin

2cga α-Chymotrypsinogen

2fdn Ferredoxin

3est Elastase

5cha α-Chymotrypsin

5pti Aprotinin
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Figure 18: Experimental and calculated CD spectra of
hemoglobin (a, 1hda) and lentil lectin (b, 1les), which show a
considerable improvement with included charge-transfer tran-
sitions. Experimental (solid), backbone-only (dashed) and
backbone plus charge-transfer (dotted).

2.4 Individual Contributions of Charge-Transfer

Transitions

In order to investigate the influence of specific charge-transfer chromophores

on the computed CD spectra, the distribution of the conformations of the

charge-transfer chromophores has been analyzed, dividing the conformations

into helix- and strand-forming geometries and some hybrid types (Table 3,

page 41). The sum of all the hybrid conformations makes up about 15% of the

charge-transfer conformations in an α-helical protein, about 30% for β-sheet

proteins and approximately 20% for an αβ protein. That is, the hybrid chro-

mophores have more β character, as suggested by the location of their dihedral

angles in the Ramachandran plot.
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Table 8: Most frequent conformations of charge-transfer chro-
mophores.

Geometry φ/◦ ψ/◦

α-helical −62 −41
310-helical −74 −4
β-strand −120 120

−135 135
180 180

Although the amount of helical conformations was usually well above 70%

for α proteins, the amount of strand-like conformations in the β set was about

45%. In the αβ group, helical conformations account for approximately 55%

of all charge-transfer groups. For the unstructured proteins, there was a fairly

even distribution of strand, hybrid and helical charge-transfer chromophores,

with a slight preponderance of the latter. The most important (that is, the

most frequent) conformations are given in Table 8. Among the helical chro-

mophores, the (φ = −62◦, ψ = −41◦) group is the most important conforma-

tion, representing a typical α-helix.108 It is also the most frequent helical type

in αβ and unstructured proteins. In β proteins, the 310-helical conformation

(φ = −74◦, ψ = −4◦) occurs more frequently than α-helical conformations.

To assess the individual contribution of a specific conformation, two sets

of calculations have been carried out: one using every charge-transfer chro-

mophore on its own and the other omitting each group in turn (Figure 19,

Page 54). A particular peptide group was always assigned the same charge-

transfer chromophore throughout the calculations or was ignored in the case

of this specific conformation being left out. This showed that the most sig-

nificant contributions are made by the two most frequent helical and strand

chromophores, but that there is, with a comparable magnitude, a combined

contribution from all other groups. Including one of the most frequent groups
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with dihedral angles (φ = −62◦, ψ = −41◦) or (φ = −120◦, ψ = 120◦) has a

large influence on the calculated spectrum. Conversely, leaving one of these

out (with all the others included) shows a contribution to the same extent.

Chromophores with less frequently occurring geometries have little influence

on their own, but should not be ignored, due to their combined contribution.

Notably, the full charge-transfer spectra are not a linear combination of contri-

butions from single chromophores, due to the interaction terms in the Hamil-

tonian matrix.

The inclusion of charge-transfer chromophores usually causes the intensity

in the VUV to be more negative, except in highly α-helical proteins. The aver-

age decrease of the band at 175 nm is between 5000 and 15,000 deg cm2 dmol–1

with the absolute minimum being predicted around 160 nm. This large effect is

mainly due to interactions between the charge-transfer transitions themselves,

rather than being caused by a particular transition. Consideration of a sin-

gle charge-transfer transition indicates only a weak influence at 175 nm (Fig-

ure 20). The largest effect at this wavelength results from the n1 → π∗
2 transi-

tion. At higher energies around 160 nm, the n2 → π∗
1 transition becomes more

intense. Almost all noticeable effects of single transitions are caused by the α-

helical conformation, (φ = −62◦, ψ = −41◦), even in those β proteins where it

is contained, while the hybrid chromophores showed no influence at all. The

charge-transfer transitions of strand-like conformations only show an effect in

β proteins and only the π1 → π∗
2 transition changes the intensity, while the

other three transitions have no influence whatsoever. The sole inclusion of the

π1 → π∗
2 transition in β and unstructured proteins causes a considerable in-

crease of intensity between 170 and 200 nm. In many cases the negative band

around 175 nm (which is also produced in backbone-only calculations) disap-

pears completely (Figure 21).
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Figure 19: Top: Spectra of serum albumin (1n5u, mainly α).
Bottom: Spectra of lentil lectin (1les, mainly β).
All CT calculations consider four CT transitions. Experimental
(solid, black), backbone-only (long dashes, blue), full CT cal-
culation (all chromophores, shorter dashes, brown). The short-
dashed, turquoise curves in the left panels show calculations
using only one CT conformation. The short-dashed, turquoise
curves in the right panels show calculations leaving out one
CT conformation and using all others.
Left: The pink, dot-dashed curves show the calculation only
with the most frequent set for the respective secondary struc-
ture type. Right: The pink, dot-dashed curves show calcu-
lations without the most frequent set for the respective sec-
ondary structure type, but with all other sets.
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protein.

−20000

−10000

 0

 10000

 20000

 150  160  170  180  190  200  210  220  230

[θ
] /

 d
eg

 c
m

2  d
m

ol
−

1

wavelength λ / nm

backbone only
backbone + CT
n1 → π*2
n2 → π*1
πnb1 → π*2
πnb2 → π*1
experimental

Figure 21: Spectra of pea lectin (1ofs) showing the effect of
single charge-transfer transitions in a typical β-sheet protein.
Most significant is the π1 → π∗
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2.5 Conclusion

The SP175 protein set made it possible to assess the influence of the charge-

transfer transitions in the VUV, a region which cannot be reached by conven-

tional spectrometers. At 175 nm there is almost no correlation (the Spearman

rank correlation coefficient, r, is 0.12) between the calculated and experimental

intensity if only local excitations are considered. However, r rises to 0.73, if

charge-transfer transitions are taken into account and to 0.79 if the side chain

chromophores are considered in addition. In most of the calculated spectra,

the inclusion of charge-transfer transitions increases the negative band around

170 nm considerably—improving the agreement—while the effects in the far-

UV region are mostly marginal and slightly worsen the correlation. The po-

sitions of the bands at 190 and 208 nm are usually not affected: the intensity

changes are minute in the far-UV.

The major contributions come from just two of 19 charge-transfer conforma-

tions, namely, the main α-helical and β-strand types. However, the combina-

tion of all other chromophores contributes just as much and, therefore, cannot

be neglected. The change of intensity in the VUV could not be attributed to a

specific charge-transfer transition, but is rather caused by interactions among

all four types. These results show that the inclusion of charge-transfer transi-

tions enhances the theoretical CD calculations in the VUV region.

The previous chapters have introduced the theory behind the calculation

of protein CD and shown the performance of the available parameters using

two different sets of proteins. The next chapter will focus on taking dichroism

calculations one step further to cover a related spectroscopy method, linear

dichroism.
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CHAPTER 3

LINEAR DICHROISM

Linear dichroism (LD) spectroscopy, a differential absorption technique closely

related to circular dichroism (CD) spectroscopy, is attracting renewed atten-

tion.109 LD experiments require the samples to be aligned in some way and

with polymers the alignment is typically provided by two methods, electric

field110, 111 and flow. Studies of the dichroism of polymers110, 112, 113 and pro-

teins114, 115 oriented in a flow have an extensive history; early investigations

focused on the use of double refraction of flow to characterize myosin.116, 117

The focus in this work is on flow LD (henceforth referred to as LD). LD spec-

tra have provided information on how molecules such as gramicidin in mem-

branes, α1-antitrypsin and the amyloid-related protein Aβ1−42 align in shear

flow.118 LD is being used to detect and characterize fibril formation by amy-

loid peptides119 and can furnish insight into how agents dock to enzymes or

fibres.120–122 The technique has been used to study the polymerization of pro-

tein fibres such as G-actin into F-actin,118 the orientation of bacteriorhodopsin

in liposomes,123 the binding of myosin to actin,124 and to measure the kinetics

of insertion of peptides into lipid membranes.125, 126
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To exploit the information available from LD measurements fully, one needs

to understand the relationship between protein conformation and LD spectra

and, ideally, one would like to be able to construct structural models and use

these to calculate the electronic structure directly.118 In this chapter, the utility

of LD calculation from first principles is shown on several proteins exemplify-

ing prototypical secondary structural classes. This has been made possible by

the adaptation of the matrix method, which is used for calculating CD spectra,

to the calculation of LD spectra.

3.1 Introduction

LD measurements require the difference in absorption of light polarized par-

allel (A||) and perpendicular (A⊥) with respect to an orientation direction:

LD = A|| − A⊥ . (19)

In order to understand LD, it is necessary to consider what happens when

a molecule absorbs a photon: absorption can be pictorially viewed as either

the electric field or the magnetic field (or both) of the radiation pushing the

initial electron density to a final arrangement of higher energy. The direction

of the net linear displacement of charge is known as the polarization of the

transition. The polarization and intensity of a transition are dependent on the

electric transition dipole moment, ~µ, which may be regarded as the antenna by

which the molecule absorbs light. Each transition thus has its own antenna and

the maximum probability of absorbing light is obtained when the antenna and

the electric field of the light are parallel. Figure 22 shows a linearly polarized

light beam and a sample of molecules all oriented in exactly the same way.
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Figure 22: Schematic illustration of an LD experiment.

The normal absorption is measured with the light polarized so that it is parallel

to the direction of orientation of the sample and a second absorbance spectrum

is measured when the light is polarized perpendicular to this direction. The

difference of these two spectra is the LD spectrum. The two extreme situations,

when measuring the parallel and perpendicular absorbance, are:

1. If the polarization of the probed transition is perfectly parallel to the ori-

entation direction, then

LD = A‖ − A⊥ = A‖ > 0 . (20)

2. If the polarization of the probed transition is perpendicular to the orienta-

tion direction, then

LD = A‖ − A⊥ = A‖ < 0 . (21)

For intermediate polarizations, the LD is between these cases and for a per-

fectly oriented system:34

LDr =
LD

A
=

A‖ − A⊥
A

=
3

2
(3 cos2 α − 1) , (22)
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where the reduced LD, LDr, is defined to be the ratio of the LD over the

isotropic absorbance, A, and α is the angle between the transition moment and

the orientation axis. LDr is independent of sample pathlength and concentra-

tion. Thus, it is possible to determine the polarization of a given transition

from its LD spectrum if the orientation of the molecule is known. Conversely,

one can use LD as a probe of molecular orientation if the polarization of a

transition moment within the molecule is known.

Equation 19 indicates that transitions polarized parallel to the fibre axis

will lead to a positive band in the LD spectrum, whereas transitions with

a perpendicular polarization will lead to a negative band. One can, there-

fore, anticipate the qualitative features of the LD spectra of regular secondary

structure elements by considering the allowed combinations of coupled local

π → π∗ transitions, which are polarized along the carbonyl bonds, to de-

termine the net polarization for these transitions. For an α-helix it is known

from coupled oscillator analysis that the ∼195 nm amide π → π∗ transi-

tions are split into two components, one polarized parallel to the helix axis

at ∼210 nm and another polarized perpendicular at ∼190 nm (Figure 23).

Figure 23: Polarizations of transitions in an α-helix, a β-sheet, and a PI I-helix.
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An analogous consideration of n → π∗ transitions has been developed

through calculations on peptides with structures built into ideal, regular heli-

cal and strand conformations. The n → π∗ transition at ∼222 nm is polarized

perpendicular to the helix axis.118 For a perfectly parallel helix (such as in

a coiled coil, e.g., tropomyosin) one would, therefore, expect negative bands

around 190 nm and ∼222 nm in the LD spectrum. These regions are domi-

nated by transitions polarized perpendicular to the helix axis, resulting in a

negative LD signal according to Equation 19. Conversely, the parallel com-

ponent of the π → π∗ transition would result in a positive band at ∼210 nm

(though in reality it is usually dominated by the two bands on either side of it

so appears as a small minimum). In β-sheets the π → π∗ transition is polar-

ized parallel to the long axis of a single strand (perpendicular to the sheet), due

to the lack of the parallel component at ∼210 nm.51 In actuality, about 50% of

residues in proteins are not in regular secondary structure motifs and proteins

often comprise a complex combination of secondary structures. Therefore, a

more detailed computational approach was adopted, which deals with the

experimentally diverse range of protein conformations.

The electronic excitations of the chromophores are described by parame-

ters derived from ab initio calculations,71, 81 which have been tested on several

sets of proteins.79, 127 There are chromophore parameters available for the pep-

tide71 and aromatic side chain transitions.81 The calculations consider two lo-

cal, peptide backbone transitions, the n → π∗ transition (at 222 nm) and the

π → π∗ transition (at 193 nm), and electronic transitions associated with the

side chains of tryptophan, phenylalanine and tyrosine. The transitions and

their associated properties are summarized in Table 9. Inclusion of higher en-

ergy local peptide transitions and charge-transfer transitions made little quan-

titative difference and the calculations reported here do not include them.
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Table 9: Electronic transitions included in the calculations of
the LD spectra, and their corresponding transitions energies
and electric transition dipole moments.

Transition Energy Electric transition dipole momentsa

/ nm (x, y, z) / Debye

Backbone

n → π∗ 220 ( 0.0000, 0.0000, 0.2260 )

π → π∗ 193 ( 2.0946, 2.0200, 0.0000 )

Tryptophan
1Ba 196 ( 3.6291, 2.1261, 0.0000 )
1Bb 204 ( 3.6321, −2.4661, 0.0000 )
1La 263 ( −1.0939, 1.2255, 0.0000 )
1Lb 283 ( 0.7198, 0.6912, 0.0000 )

Phenylalanine
1Bb 190 ( −0.0009, 5.7320, 0.0000 )
1Ba 191 ( −5.7153, −0.0025, 0.0000 )
1La 209 ( −0.0018, 0.0000, 0.0000 )
1Lb 263 ( 0.0000, 0.0171, 0.0000 )

Tyrosine
1Bb 193 ( −0.0220, −5.3279, 0.0000 )
1Ba 196 ( 5.7956, 0.0015, 0.0000 )
1La 216 ( 1.3859, −0.1582, 0.0000 )
1Lb 274 ( −0.0563, −0.6972, 0.0000 )

a Defined with respect to coordinate systems provided in the Supplementary

Information of earlier publications.71, 93

The n → π∗ band is evident in several of the experimental absorption

and LD spectra. The calculations do not reproduce this band, despite the rea-

sonable agreement observed between experimental and calculated CD spectra.

The discrepancy in the case of the LD spectra indicates that the calculated tran-

sitions at ∼222 nm do not have a sufficiently large electric transition dipole mo-

ment, which in turn suggests that the mixing between the n → π∗ and π → π∗

states is significantly under-estimated for the conformations in question.
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However, investigative calculations, using other parameter sets, where the

coupling between these states is stronger,72 did not improve matters (data not

shown).

While the use of LD to gain information on protein orientation has increased

over the past years, the related technique of CD spectroscopy is more com-

mon and widely used for secondary structure determination of proteins.9 In

a CD spectrometer a sample is irradiated with left and right circularly polar-

ized light and, due to the chirality of the structural motifs, each type of po-

larized light is absorbed to a different extent. The differential absorption is

wavelength dependent and makes it possible to distinguish between different

protein folds and to estimate the helical content.52 Due to this and other ad-

vantages, CD spectrometers are widely available and much effort has been put

into understanding the theoretical basis of the technique.128

Since circularly polarized light consists of two linearly polarized beams

travelling with optical retardation, any CD spectrometer can be used to mea-

sure LD. Linearly polarized light may be produced by adding a quarter-wave

plate or increasing the voltage across the photoelastic modulator.34 Despite the

close relationship of the techniques, the measurement of LD is more challeng-

ing than for CD. The latter can be measured for a solution in a cuvette, but in

order to record an LD spectrum the sample has to be oriented.34
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3.2 Molecular Alignment Techniques

Proteins may be oriented by a number of methods depending on their nature.

Long polymers, such as fibrous proteins, may be oriented by the viscous drag

caused when a solution is flowed between the annular gap of a cylindrical

cuvette with a rotating quartz rod in the middle, a Couette flow cell (Fig-

ure 24).124, 129, 130 Depending on the cell design, the light is then propagated

either along the flow direction or perpendicular to it. This technique is com-

monly used for LD studies of DNA. In the 1960s and 70s it was used for a

few fibrous protein studies.131, 132 More recently, Rodger and co-workers have

been developing it for a wide range of fibrous proteins including actin, tubulin,

FtsZ, collagen and amyloid fibres.109, 118, 133, 134 The advantage of the Couette

cell over a flow-through system is that the same volume of sample can be mea-

sured indefinitely. Improved cell designs have reduced the amount of sample

required to as little as 30 µL, making the technique valuable even on a bio-

chemical volume scale.135

Couette flow orientation of proteins has been extended to membrane pro-

teins and peptides following Ardhammar, Mikati and Nordén discovering136

that spherical liposomes were distorted in a Couette cell and could be used

to orient small molecules bound to the liposomes. It has been shown that any

protein or peptide that is bound to a liposome could be similarly oriented.51, 137

Due to the defined symmetry of the liposome, for such a system Equation 22

is replaced by

LDr =
3S

4
(1 − 3 cos2 β) , (23)

where β is the angle that the transition moment of interest makes with the nor-

mal to the liposome surface (that is, parallel to the lipid long axis).
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S is the orientation factor that denotes the fraction of the liposome that is

oriented as a cylinder perfectly parallel to the flow orientation. It may be

viewed as a scaling factor defining the efficiency of macroscopic orientation.

S = 1 for perfect orientation (assumed in Equation 20) and S = 0 for random

(i.e., no) orientation. If the sample is macroscopically as well as molecularly

uniaxial, such as molecules oriented in a polymer film drawn in one direc-

tion or polar molecules in an electric field, there is a simple relation between

A‖, A⊥, and A which makes it unnecessary to measure all three quantities

(Figure 25).

parallel and perpendicular
linearly polarized light

Detector

outer cylinder

rotating inner cylindersample

transparent window

∅ = 0.5 mm

Figure 24: Top: Schematic illustration of a Couette flow cell.
Bottom: Micro-volume capillary LD cell indicating how the
components are assembled.
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Uniaxial
orientation

Biaxial
orientation

Circle Ellipse

θ

Figure 25: Uniaxial and biaxial orientation. Uniaxial orienta-
tion requires all orientations on a cone about the orientation
axis to be statistically equally probable. This may be due to
static or dynamic factors.34

Globular proteins are usually soluble in aqueous solution and can be crys-

tallized. This facilitates the use of X-ray crystallography to aid the structure

and orientation determination. However, fibrous proteins, such as FtsZ122 and

tubulin,124, 134 often do not crystallize. Alignment in Couette flow relies on

high aspect ratios of the molecules, which is precisely what DNA and fibrous

proteins have. LD is, thus, a valuable tool to obtain information about orien-

tation of such molecules, especially if structural information is available about

the monomer units (the DNA bases or the units of the protein fibre). For most

protein fibres, fibre formation allows an LD measurement, even though the

monomers are too small to be aligned individually, because of the regular or-

der of the monomers in a fibre. Thus, LD can be used to follow fibre formation,

as only the fibres give a signal. LD has also been used in the past in the context

of electric dichroism to probe the structure and electrical properties of poly-

mers.110, 113, 138
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The interpretation of LD spectra is challenging, since overlapping transi-

tions lead to the cancellation of bands and complicate the analysis of experi-

mental spectra beyond what is possible by qualitative inspection. This is es-

pecially true if the protein contains a mixture of different secondary structural

elements. Calculations allow one to study both single and multiple transitions

as a function of geometry and orientation and the combination of experiment

and calculation can lead to mechanistic and structural insights, which are not

possible to derive from either in isolation. Previously,51 the transition polar-

izations and oscillator strengths of ideal (i.e. perfectly regular) α-helical and

β-sheet model peptides have been calculated from first principles. In the fol-

lowing, the utility of the approach is shown on several proteins exemplifying

prototypical secondary structural classes. For each protein of interest one con-

siders the LD calculated for different proposed structures and uses the exper-

iment/calculation comparison to select the experimental fibre geometry. For

the protein fibres used in this work, atomic-level structures are available for

the monomeric units and in some cases for dimers or higher oligomers, which

facilitates the process. If no information is available for how the fibre units

combine to make a polymer then a large series of calculations is required.
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3.3 Examples of Protein LD Data

Figure 26 shows the LD spectrum one might expect to measure in the absence

of light scattering artefacts for an α-helix oriented parallel to the sample ori-

entation direction. This might, for example, be on the surface of a liposome

or a coiled coil α-helical fibre. The 220 nm region is dominated by transitions

polarized perpendicular to the helix and therefore shows a negative signal; the

208 nm region is polarized parallel to the helix and so it has a positive signal.

However, it is sandwiched between two negative signals, so it may or may not

actually end up looking like a positive maximum as the signals overlay and

cancel each other out. This is an illustration of why it is important to have

electronic level calculations of LD spectra, as discussed below, in order to de-

convolute spectra in structural terms.

Figure 27, left, shows a near- and far-UV LD spectrum of F-actin over a

range of concentrations.124 In the 12 µM spectrum one can see the components

of the π → π∗ transition and the n → π∗ transition of the peptide backbone,

comparable to the schematic of Figure 26, but of opposite sign. The lower en-

ergy (higher wavelength) component of the π → π∗ band is evident as the

215 nm dip in the spectrum. The LD spectrum therefore indicates that, on av-

erage, the α-helices in the actin fibre are oriented more perpendicular than par-

allel to the fibre axis. This is in accord with literature data for actin. However,

if no literature data were available, a less qualitative description of the struc-

ture would be preferred, which is simply not possible without considering all

the transitions in the protein as discussed below.

It should be noted that care must be taken in collecting low wavelength data

for a system such as actin where light scattering is significant (Figure 27, left).
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Figure 26: A schematic illustration of the LD spectrum one
might expect for an α-helix oriented parallel to the sample ori-
entation direction. α-helices have an n → π∗ transition polar-
ized perpendicular to the helix axis at 220 nm;51 a component
of the π → π∗ transition parallel to the helix at ∼210 nm and a
component of the π → π∗ transition perpendicular to the helix
at ∼190 nm.51, 109
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Figure 27: Left: Near- and far-UV LD spectra of F-actin in a
Couette flow cell showing the apparent shift to shorter wave-
length of the maximum signal as the concentration of F-actin
is reduced. The 12 µM spectrum (solid line) is ‘true’.124 Right:
Near-UV absorbance and LD data for tubulin (microtubules in-
clude tubulin and guanine).134
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In that case, more concentrated samples have an apparent wavelength shift of

the maximum LD signal of ∼30 nm to longer wavelengths. When the dilution

effect is simply to reduce the signal intensity according to the Beer-Lambert

law, then it can be concluded that the spectrum is real and one might expect a

calculation to be able to give the same result if the geometry is correct. Matrix

method calculations (see below) will never reproduce artefacts in spectra.

Figure 27, right, shows the near-UV LD and absorbance spectra of tubu-

lin.134 Due to the different wavelengths of guanine, tryptophan and tyro-

sine transitions, comparisons of calculated spectra with experimental data

should enable one to determine, for example, the orientation of the guanine

(which is essential for polymerization) at all stages of tubulin polymeriza-

tion/depolymerization. Thus, calculations on tubulin (and indeed the near-

UV region of actin) will require accurate parametrization of the NTP/NDP

involved in the polymerization as well as the protein chromophores. This is

true for any additional chromophore in any protein, both in CD (as discussed

above) and LD.

In the case of bacteriorhodopsin (BR), the retinal chromophore is a very use-

ful probe of the extent of protein orientation. The absorption, CD and LD

spectra of BR in liposomes are given in Figure 28.123 The absorption spectra

(Figure 28, top) are consistent with those reported in the literature for the ini-

tial state of BR.139 The absorption maximum at ∼570 nm is due to a long axis

polarized transition of the retinal chromophore. The broad peak in the near-

UV region (260 – 290 nm) is due to the transitions of the protein aromatic side

chains phenylalanine, tyrosine and tryptophan, and the peak observed in the

far-UV region (215 – ∼230 nm) is due to the peptide n → π∗ transition of

the amide groups. The backbone CD spectrum of BR (Figure 28, bottom) is
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in accord with the CD spectrum for a highly α-helical protein, although the

intensity is weaker than for globular proteins, as discussed above.140, 141 The

∼570 nm LD signal is consistent with a retinal chromophore oriented at ∼70◦

to the lipids of a lipid bilayer if S ∼ 0.05. The aromatic region (260 – 280 nm) of

the LD spectrum is dominated by the indole chromophore of the tryptophan

residues.142 Contributions from La (270 nm) and Lb (287 nm) transitions are

apparent, both showing positive LD and suggesting the average tryptophan is

tilted so that the normal to the plane of the indole is ∼40◦ from the average

lipid and the long and short axes are both at an angle of 60 – 65◦ to the lipids.

This is consistent with the fact that the retinal is sandwiched by tryptophan

residues.140

The protein backbone LD spectrum shows a maximum at 220 nm (n → π∗)

and a minimum at ∼213 nm (π → π∗). It follows that the n → π∗ transition

(which is polarized perpendicular to the α-helix long axis) is at ∼58◦ from the

average lipid direction. The success of this analysis is dependent on having

a value for S (in this case from the retinal chromophore) and the protein be-

ing almost totally helical. With more varied protein structures, calculations to

determine the net protein LD will be essential.

71



Chapter 3 Linear Dichroism

 0

 0.0004

 0.0008

 0.0012

 200  300  400  500  600  700

 0

 0.0004

 0.0008

 0.0012

LD
 / 

m
ol

−
1  d

m
3  c

m
−

1

ab
so

rb
an

ce
 / 

m
ol

−
1  d

m
3  c

m
−

1

wavelength λ / nm

peptide n−π*

peptide π−π*

aromatic
side chains

tryptophan

retinal
 chromophore

LD
absorbance

−4000

−2000

 0

 2000

 4000

 6000

 8000

 10000

 200  220  240  260  280  300

[θ
] /

 d
eg

 c
m

2  d
m

ol
−

1

wavelength λ / nm

CD

Figure 28: Spectra of bacteriorhodopsin (0.2 mg/mL) added to
a soya bean liposome solution (0.5 mg/mL).123 Top: Absorp-
tion (dashed line, baseline: liposome absorption spectrum) and
LD (solid line, baseline: LD spectrum of sample without ro-
tation spectrum). Bottom: CD (baseline: liposome CD spec-
trum).
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3.4 Protein LD Calculations

It is apparent from the above discussion that LD data are consistent with pro-

teins of known structure, and a qualitative level of structural interpretation is

possible. This can lead to mechanistic insights not possible from other tech-

niques, as in the case of FtsZ.133 The level of interpretation that is possible,

however, is restricted due to the cancellation of LD signals by overlapping

bands, as illustrated in Figure 26 (Page 69). To get beyond this, it is crucial

to know what each transition is doing and to be able to calculate spectra as a

function of geometry until a good match between experiment and calculation

is obtained.

A successful methodology for computing the CD spectrum of a protein

from its structure is the (exciton) matrix method.33, 46, 47 The atomic Carte-

sian coordinates required for the calculation can be downloaded, for example,

from the RCSB protein data bank (PDB).103 The matrix method uses monopole

charges, which can be obtained from quantum mechanical ab initio calcula-

tions, to represent the electrostatic potential of the electronic transitions of the

chromophores within the protein.71 The Hamiltonian matrix needed to calcu-

late the wave function is constructed from the Coulombic interactions between

those charges.

When calculating a CD spectrum, values for the components of the elec-

tric transition dipole moments are generated in the process. In the case of a

single, perfectly oriented molecule and using the notation of Chapter 1.2, for

Equation 19 can be assumed:

LDmolecule = (A‖ − A⊥) ∝
{
|〈ψk|µZ|ψ0〉|2 − |〈ψk|µY|ψ0〉|2

}
, (24)
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Figure 29: LD spectra of an α-helix aligned to two different axes
(z being defined as orientation axis).

where Z is the orientation axis and Y is perpendicular to Z. In the case of

a perfectly oriented molecule, Z is usually the longest axis of the molecule

(denoted z), and Y is a rotational average over the molecular axes x and y. So

the LD can be calculated using the same matrix methodology as used for CD,

with an expectation of a more accurate match to experiment as LD depends

only on the electric moments. Figure 29 shows example calculations for two

perpendicularly oriented helices.

To calculate the LD, the absorbance in parallel and perpendicular direction

is calculated from the electric transition dipole moments. The z-axis is defined

as the orientation axis (parallel); an average over the absorption, A, in the x

and y direction accounts for the perpendicular absorption:

A|| = Az A⊥ =
1

2
(Ax + Ay). (25)

LD is the difference of these absorbances (Equation 24).
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The electronic excitations of the chromophores are described by parame-

ters derived from ab initio calculations,71, 81 which have been tested on sev-

eral sets of proteins.79, 127 There are chromophore parameters available for the

peptide71 and aromatic side chain transitions.81 The calculated far-UV spectra

consider only the peptide chromophores.

3.5 Comparing Theory and Experiment

The intensity observed in experiment depends on the orientation factor, S, of

the sample. If the sample is not oriented at all the orientation factor is zero

and no LD spectrum is observed. If all proteins were perfectly oriented (as is

the case, for example, in a crystal), S would be unity and the intensity greatest.

Adachi et al.119 suggested that S ∼ 0.1 for the amyloid fibrils that they stud-

ied. However, the orientation factor is difficult to estimate a priori, and there

is no solid basis for doing so in the current study. The degree of orientation

is related to the velocity gradient between the walls of the rotating Couette

cylinders. The angular velocity has to be chosen carefully to maintain a lami-

nar flow (or Couette flow). Turbulence will occur at too high a speed, leading

to increased scattering and loss of light.135 Since the velocity is, therefore, lim-

ited and the alignment of the sample depends on it, a perfect orientation of the

molecules cannot be achieved, thereby diminishing the LD signal. In addition,

samples subjected to shear flow are more prone to form bubbles than station-

ary samples in a cuvette, increasing the experimental challenge. In contrast,

the calculations are carried out on a single defined orientation of a protein,

with S = 1, by definition. In the absence of a rigorously defined scaling factor

for the calculations, the experimental LD spectra were scaled to the calculated

intensity for the purpose of comparison.
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For each protein the calculated LD spectrum for the monomers assembled

into fibres in accord with literature data and aligned perfectly parallel to the

flow direction are given. For comparison, the LD of a fibre assembled to be

equivalent to the same fibre oriented perpendicular to the flow direction are

shown. The z-axis (vertical, blue) represents the parallel orientation with re-

spect to the fibre long axis in the Couette flow; x (red) and y equivalently repre-

sent a perpendicular orientation. The colours of the structures indicate parallel

(blue, aligned to z) and perpendicular (red, aligned to x) orientation and are

used accordingly for calculated spectra throughout the study. Since the x and y

coordinates are taken into account as a rotational average (Equation 25), align-

ment to either axis is equivalent. All 3D plots have been created using VMD.143

Next to each plot showing LD spectra for the parallel and perpendicular ori-

entation of the protein, the calculated absorbance spectra that were used to

generate the LD spectra are shown. In the top half of the absorbance plot, the

spectra for the parallel orientation are given, and the results for perpendicular

alignment are shown in the bottom half. For each orientation, two calculated

absorbance spectra are required: the absorption in the parallel direction (A||,

along the z-axis), and the absorption in the perpendicular direction (A⊥, the

rotational average according to Equation 25). Additionally, the full absorbance

spectrum for each orientation is given for comparison with experiment.

Experimental Methods

Couette flow experiments were performed by collaborators using a Jasco J815

spectropolarimeter modified for LD measurements (Jasco UK, Great Dunmow,

UK). Spectra were measured over the appropriate wavelength range using a

bandwidth of 2 nm, a data pitch of 0.2 nm, scanning speed of 100 nm·min−1
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and a response time of 1 s. Measurements were carried out at room temper-

ature (21◦C) and baseline spectra of the buffer were subtracted from the sam-

ple spectra. The rotation speed responsible for the alignment of the samples

was ∼1000 revolutions per minute, which gives rise to a velocity gradient of

∼1200 s−1. The micro-volume Couette cell used had a pathlength of 0.5 mm

and was built in-house; equivalent models are commercially available (Kro-

matek, Great Dunmow, UK). Tropomyosin was obtained from Sigma-Aldrich

and FtsZ was supplied by Xi Cheng and R. Pacheco Gomez (University of War-

wick). The collagen was guinea pig type I, a heterotrimer comprising two α1

chains and one α2 chain, supplied by R. Visse (Imperial College, London).

SAF

Self-assembling fibres (SAFs) have well-understood behaviour in the Couette

flow. They are designed peptides that assemble into regular fibres, developed

to investigate the fibrillogenesis of proteins.144 Two synthetic peptides, each

28 residues long, assemble into a regular coiled coil (Figure 30, in parallel and

perpendicular orientation). The coiled coil is staggered leaving “sticky-ends”,

which allow the coils to assemble longitudinally into extended fibres. Lat-

eral bundling of the coiled coils into fibres creates stiff rods tens of microns in

length. The rigidity of the fibres ensures minimal deformation in shear flow.

This, combined with the known orientation of coiled coils in fibres,145 makes

SAFs a useful model case. If the α-helices are aligned to the z-axis, parallel

to the flow direction, the calculations result in a positive maximum around

205 nm (Figure 31, right), while a perpendicular orientation leads to a mini-

mum at this wavelength. Comparison with experiment indicates that the α-

helices of the SAF are indeed oriented parallel to the fibre axis.
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Figure 30: Orientations of the SAF used for the calculations.
The colours indicate parallel (blue) and perpendicular (red)
orientation.
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Figure 31: Left: Experimental absorbance spectrum of a SAF
(solid line) and calculated spectra for parallel (top, blue) and
perpendicular orientation (bottom, red). Parallel absorption
(dashed), perpendicular absorption (dotted), and full absorp-
tion (dot-dashed).
Right: Experimental LD spectrum (solid line) of a SAF aligned
in a Couette flow cell and calculated spectra of parallel
(dashed) and perpendicular (dotted) orientations. The exper-
imental spectra are scaled to the calculated intensity for com-
parison.
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Tropomyosin

Tropomyosin (PDB code 2d3e) is a pure α-helical protein consisting of four

chains, forming two coiled coils (Figure 32).146 It has a helical content of 92%

according to the DSSP algorithm.104 Filaments are formed by the interactions

of overlapping ends of the coils, thereby extending the helix longitudinally.147

The left-handed superhelix created by the consecutive coiled coils is about 38

– 40 nm long, with a diameter of less than 2 nm.148 The rod-shaped constitu-

tion makes it a good candidate for LD experiments. The near-UV and n → π∗

region of the far-UV LD spectrum of tropomyosin has been characterized pre-

viously144 and LD has also proven useful in the investigation of tropomyosin

binding to actin.124 While the SAFs form thick stiff rods, tropomyosin is a natu-

ral polypeptide with greater flexibility and the rods of tropomyosin are orders

of magnitude thinner than for SAF fibres. For calculations, conformational

flexibility potentially poses an additional challenge. Calculations were carried

out with tropomyosin aligned to the z-axis (perfectly parallel to the orientation

direction), or aligned to the x-axis (perpendicular to the orientation direction,

Figure 33). The position of the band caused by the π → π∗ transition is repro-

duced well and shows a positive sign for the protein oriented parallel to the

orientation axis. This is in agreement with the experimental spectrum and the

expected orientation of tropomyosin in the Couette flow.
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Figure 32: Orientations of tropomyosin used for the calcula-
tions. The colours indicate parallel (blue) and perpendicular
(red) orientation.
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Figure 33: Left: Experimental absorbance spectrum of
tropomyosin (solid line) and calculated spectra for parallel
(top, blue) and perpendicular orientation (bottom, red). Par-
allel absorption (dashed), perpendicular absorption (dotted),
and full absorption (dot-dashed).
Right: Experimental LD spectrum (solid line) of tropomyosin
(left) aligned in a Couette flow cell and calculated spectra for
parallel (dashed) and perpendicular (dotted) orientation. The
experimental spectrum is scaled to the calculated intensity for
comparison.
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FtsZ

FtsZ (PDB code 1fsz)149 is an αβ-protein and the bacterial homologue of tubu-

lin.150 The formation of fibrous FtsZ is a key step in cytokinesis. FtsZ con-

tains two mainly parallel β-sheets surrounded by α-helices. The secondary

structure content, estimated using the DSSP algorithm,104 is 44% helical and

25% β-sheet. The protein comprises one chain with guanosine diphosphate

bound in a polar pocket. This study focuses on the orientation of the FtsZ

protein itself and the nucleotide was neglected in the calculations. FtsZ forms

fibres and the orientation of the monomers within the long axis of the fibre is

not unambiguously resolved.151 The mechanism of polymerization has been

studied using LD122, 133 and such studies would benefit from a direct com-

parison between structural models and LD spectra. In contrast to SAF and

tropomyosin, which both have high aspect ratios, FtsZ is globular and the def-

inition of a parallel or perpendicular orientation is ambiguous if based on the

monomer structure alone. Therefore, the protein has been aligned to the z-

and x-axis, respectively, according to the supposed orientation in the fibre de-

termined from X-ray diffraction measurements on a dimer by Löwe and Amos

(Figure 34).151 The orientation suggested by Löwe and Amos proved not to

be unique in producing the correct spectrum, since the intensity could not

be taken into account. However, in a truly unknown case, the vast majority

of orientations eliminated by the LD experiment and calculation would en-

able a limited molecular modelling approach to be undertaken to establish

the most likely fibre structure. The top structure (blue) in Figure 34 depicts

the Löwe/Amos orientation within the fibre. The blue monomer is, there-

fore, oriented parallel in the Couette flow. The calculated LD spectra show

a positive maximum at 206 nm for the parallel orientation and a negative

band for the structure aligned perpendicular to the orientation axis (Figure 35).
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Figure 34: Orientation of FtsZ used for the calculations. The
colours indicate parallel (blue) and perpendicular (red) orien-
tation.
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Figure 35: Left: Experimental absorbance spectrum of FtsZ
(solid line) and calculated spectra for parallel (top, blue) and
perpendicular orientation (bottom, red). Parallel absorption
(dashed), perpendicular absorption (dotted), and full absorp-
tion (dot-dashed).
Right: Experimental LD spectrum (solid line) of FtsZ aligned in
a Couette flow cell and calculated spectra for parallel (dashed)
and perpendicular (dotted) orientation. The experimental
spectrum is scaled to the calculated intensity for comparison.
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The positive band observed in experiment in this region agrees with the calcu-

lation of the parallel structure and, therefore, confirms the orientation of FtsZ

fibres is indeed in accord with that extrapolated from the experimental dimer

structure.

Amyloid Fibre

In contrast to helical structures, the theoretical origins of the electronic struc-

ture of β-sheet structures are less well understood, even at a qualitative level.

For example, Nesloney and Kelly152 remarked in 1996 that a standard β-sheet

CD spectrum has yet to be agreed upon and that the textbook spectrum, with

a maximum at 195 nm and a minimum at 218 nm, is usually that of poly-L-

Lys in an aggregated β-sheet. Previous theoretical studies of β-sheet CD have

reported significant sensitivity to the precise structure and regularity of the

protein chain and also to the location of the transition dipole moment on the

peptide chromophore.153 More recent literature49 suggests that exciton cou-

pling theory predicts a negative band at 175 nm and a positive band 195 nm.

Amyloid fibres have been linked to conditions such as Parkinson’s and

Alzheimer’s disease and are, therefore, a focus of current research.154–156 A

common feature in amyloid-like fibrils is the cross-β pattern, which is char-

acterized by pairs of β-sheets that are parallel to the long axis of the fibril.

The fibril-forming segment GNNQQNY has been studied using X-ray diffrac-

tion analysis and the structure and orientation of the fibrous crystals in the

fibrils is known (PDB code 1yjp).157, 158 A model containing 15 β-strands in

parallel sheets has been created according to the experimental results of the

X-ray diffraction results. The orientation of the parallel segment (Figure 36,
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Figure 36: Orientation of the amyloid fibril used for the calcu-
lations. The colours indicate parallel (blue) and perpendicular
(red) orientation.
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Figure 37: Left: Experimental absorbance spectrum of an amy-
loid fibril (solid line) and calculated spectra for parallel (top,
blue) and perpendicular orientation (bottom, red). Parallel ab-
sorption (dashed), perpendicular absorption (dotted), and full
absorption (dot-dashed).
Right: Experimental LD spectrum (solid line) of the amyloid
fibril aligned in a Couette flow cell and calculated spectra for
parallel (dashed) and perpendicular (dotted) orientation. The
experimental spectrum is scaled to the calculated intensity for
comparison.
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Table 10: Interaction energies for each peptide i between elec-
tronic excitations within a single strand.

Interaction energy / cm−1

i ri,i+1 / Å ππ∗
i nπ∗

i+1 ππ∗
i ππ∗

i+1 nπ∗
i nπ∗

i+1 nπ∗
i ππ∗

i ππ∗
i ππ∗

i+2

1 3.00 92 −846 26 76 11
2 3.52 336 −934 81 67 59
3 3.63 409 −762 46 −26 16
4 3.44 357 −966 73 67 84
5 3.41 613 −930 114 −15 n/a

blue) was, therefore, defined to be consistent with its orientation in the X-ray

data for fibrils: the β-sheets are oriented parallel and the single strands per-

pendicular to the orientation axis (in contrast to the long axis of the fragment

in the PDB, which coincides with the axis of the strand). The sheet extends

parallel to the shown strands of each of the fragments and the short axis of the

fragment is, therefore, the long axis of the sheet. The experimental spectrum

shows an intense band at 198 nm, which is due to the π → π∗ transition polar-

ized parallel to the sheet axis (Figure 23). The calculated band of the parallel

sheet is about 10 nm blue-shifted (Figure 37). However, the π → π∗ band of

the perpendicular sheet orientation (Figure 37) is negative and disagrees with

experiment.

Every strand in the amyloid fibre has the same structure and the seven

residues in each strand correspond to six peptide bonds. Calculations on in-

dividual strands or pairs of strands from the amyloid structure gave similar

absorption and LD spectra. Thus, the electronic structure of β-sheets appears,

from these calculations, to be dominated by nearest-neighbour interactions

along individual strands. The largest coupling between electronic excitations

is the coupling between π → π∗ transitions located on neighbouring pep-
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Table 11: Interaction energies between π → π∗ excitations lo-
cated on adjacent strands within a parallel β-sheet.

Peptide groups Interaction energy / cm−1

i, j ππ∗
i ππ∗

j−1 ππ∗
i ππ∗

j ππ∗
i ππ∗

j+1 ππ∗
i ππ∗

j+2

1 n/a 340 −29 −29
2 −107 −450 159 67
3 91 −374 79 −97
4 32 −271 79 70
5 98 −406 131 n/a
6 36 −455 n/a n/a

tide groups within a single strand (Table 10). This interaction is on the order

of 850 cm−1 ± 100 cm−1 and gives rise to the splitting of ∼5 nm between the

parallel and perpendicular components in the calculated absorption spectrum.

If the splitting were significantly larger, it would lead to a couplet in the LD

spectrum. Calculations using a semi-empirical parameter set,72 where the ori-

entation of the π → π∗ electric transition dipole moment is different, lead to

nearest-neighbour ππ∗ − ππ∗ interactions almost twice as large as the calcu-

lations give, and to a correspondingly larger exciton splitting. A couplet is not

observed in the experimental LD spectrum, indicating that the calculated inter-

action is, at least, qualitatively correct. Other interactions between excitations

within the strand are noticeably smaller (Table 10). However, the coupling be-

tween the π → π∗ transition on one peptide group and the n → π∗ transition

on the following peptide group is significant. Interactions below 50 cm−1 have

little quantitative effect on the computed spectra. Equivalent atoms in the two

strands comprising the parallel sheet are separated by 4.86 Å, which is further

than the distance between neighbouring peptide groups within a strand. Thus,

the interactions between excitations on different strands (Table 11) are weaker

and are also less regular.
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Collagen

Collagen (PDB code 1clg)159 is rich in glycine, proline and proline hydroxyl

(hydroxyproline), usually in this sequence (GPO). The GPO content leads to

the formation of extended left-handed helices of the poly(proline)-II (PI I) type.

The helices are stabilized by the steric interaction of the proline side chain

groups, while the small glycine residues facilitate a very narrow helix diame-

ter. Three PI I-helices supercoil to form a triple helix with a length of about 9 nm

(Figure 38). The PI I structure is still a challenge for matrix method CD calcu-

lations and the characteristic negative maximum around 200 nm has not been

reproduced.85, 127 Mandel and Holzwarth160 measured the LD of samples of

calfskin collagen and poly-L-proline which had been oriented by flow through

a set of parallel capillary tubes. They deconvolved the absorption spectrum of

collagen into Gaussian bands, resulting in a parallel band at 200 nm with 40%

of the π → π∗ intensity and a perpendicular band at 189 nm.

The LD spectrum of collagen in Couette flow has recently been reported118

and a positive band around 201 nm suggests from estimates of transition po-

larizations that collagen is probably oriented with its long axis parallel within

the fibre. Our calculations were based on the PDB structure 1clg, a synthetic

sequence, which is 33% glycine and 66% proline, similar in composition to

the experimental sample. The dihedral backbone angles show a small spread

around the typical PI I values of (φ = −75◦, ψ = 160◦). Calculations on

a single helix, in contrast to the triple helical structure, yielded similar LD

spectra, indicating that the inter-helical interactions are limited. The calcu-

lated LD spectrum (Figure 39) for the parallel orientation of collagen agrees

well with experiment. Since the rod-shaped structure is similar to SAF and

tropomyosin, the orientation of collagen is assumed to be parallel in the fibre.
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Figure 38: Orientation of collagen used for the calculations.
The colours indicate parallel (blue) and perpendicular (red)
orientation.
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Figure 39: Left: Experimental absorbance spectrum of colla-
gen (solid line) and calculated spectra for parallel (top, blue)
and perpendicular orientation (bottom, red). Parallel absorp-
tion (dashed), perpendicular absorption (dotted), and full ab-
sorption (dot-dashed).
Right: Experimental LD spectrum (solid line) of collagen
aligned in a Couette flow cell and calculated spectra for par-
allel (dashed) and perpendicular (dotted) orientation. The ex-
perimental spectrum is scaled to the calculated intensity for
comparison.
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In the calculations, the parallel polarized component of the π → π∗ transition

lies at higher wavelength (201 nm) than the perpendicular polarized compo-

nent (190 nm), but it is slightly less intense. The agreement between the ex-

perimental spectrum and the calculated absorption spectrum is good. These

components are 5 nm blue-shifted, compared to previous suggestions118 of

195 nm and 206 nm, but give a similar splitting. Despite this blue shift, the

calculated LD band at 206 nm is actually red-shifted by 5 nm compared to the

experimental spectrum, suggesting that the perpendicular polarized compo-

nent of the π → π∗ transition is actually more intense than in the presented

calculations.

The negative band in the calculated LD spectrum located at 187 nm has no

experimental counterpart. Inclusion of charge transfer transitions in the deep-

UV93 did not qualitatively change the calculated LD spectrum. Woody161, 162

has incorporated the coupling of higher energy transitions into the calculation

of the CD spectrum of the PI I conformation, using a polarizability term, and

has suggested that this may account for the non-conservative nature of the CD

in the region 180 – 250 nm. The additional negative band in the calculated

LD spectrum may be another manifestation of this effect. LD depends only on

the electric transition dipole moments, while CD is equally dependent on the

magnetic transition dipole moments. The promising results of the LD calcu-

lations, reproducing the experimental features of a PI I structure, suggest that

the challenge for CD is related to the magnetic transition dipole moments.
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Discussion

The aim of this work was to determine whether it was possible to calculate the

LD spectra of fibrous proteins and gain information on the orientation of the

component units. In contrast to a CD spectrum, an LD spectrum depends only

on the electric transition dipole moments. There is, therefore, no sensitivity to

the magnetic transition dipole moments, which can be challenging to calculate

accurately. This aspect manifests itself in the successful calculation of the LD

spectrum of collagen, a structure for which the calculation of the CD spectrum

remains problematic. The matrix method LD calculations produced the correct

result for five proteins with known orientation in the fibre. In all the examples

of fibrous proteins studied in this work, there was a clear indication from the

literature of how to define the orientation axis (parallel) from which the def-

inition of perpendicular orientation follows. This was either given by a high

aspect ratio or by experimental data in the cases of FtsZ and the amyloid-like

fibril. However, more generally such data may not be available. It is, therefore,

desirable to be able to perform calculations for any given protein orientation

between the perfectly parallel and perpendicular alignment. Once the matrix

method methodology for LD had been established, this was the main chal-

lenge faced in this work. The LD of an ideal helix is invariant with respect to a

rotation about the long helix axis, which can be assumed to be the orientation

axis. More complicated folding motifs require consideration of the rotation

about the molecular axis for each orientation. This analysis is crucial if LD

calculations are to be used to elucidate unknown orientations instead of con-

firming a previously determined orientation. The functionality is available on

DichroCalc89 and allows one to calculate the LD spectrum for every possible

orientation of the monomer unit within the fibre.
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The orientation search defines the z-axis as the parallel direction or orienta-

tion axis. The LD is invariant with respect to rotation about this axis, because

of the rotational average over the perpendicular axes (Equation 25). In order

to cover all possible orientations, the protein is tilted about one of the perpen-

dicular axes at angles between 0 and 90◦ with respect to the orientation axis.

At each tilt angle, the molecule is rotated about its internal molecular axis. For

symmetry reasons, orientations with angles greater than 90◦ with respect to

the orientation axis do not have to be considered. An LD spectrum is calcu-

lated for every orientation, making it possible to then identify the orientation

that gives a calculated LD spectrum in closest agreement with experiment. For

each orientation only a single monomer is considered, i.e. different orienta-

tions of monomers within the fibre are not yet taken into account. A detailed

report is generated, which presents the spectra for each orientation and helps

to analyze the results of the calculation. An example report of an orientation

search is given in Appendix D.

3.6 Conclusion

For all proteins, in the calculated LD spectrum the couplet around 200 nm is re-

produced with a good match of the band position. For fibres with a high helical

content, the theoretical LD spectra agree very well with the expected orienta-

tion of SAF, tropomyosin and collagen with their long axes oriented parallel to

the flow direction. For FtsZ, containing α-helices and β-sheets, the results sup-

port the orientation determined from X-ray diffraction analyses of a dimer. For

the β-sheet example, the amyloid-like fibril, the calculations agree with exper-

imental evidence of the sheets being oriented parallel to the orientation axis.
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Deviations from a perfectly parallel orientation would be apparent in the in-

tensity of the bands, which decreases until the magic angle of 54.7◦ is reached,

at which point no LD signal is observed. Since the experimental and calculated

intensities cannot be quantitatively compared (as the orientation parameter is

unknown in the experiments), it can only be concluded that the inclination

from the orientation axis is smaller than 54.7◦, but this does rule out a perpen-

dicular alignment in the flow direction.

In conclusion, matrix method calculations provide insight into protein ori-

entation in shear flow for all major secondary structure classes. The calcula-

tions have been made available online to the scientific community. Improve-

ments to the experimental technique or determination of a defined scaling fac-

tor taking into account the orientation factor in experiment could allow a quan-

titative comparison of the experimental and calculated intensity, which would

facilitate an even more accurate estimate of the orientation of the protein in

solution.
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CHAPTER 4

NUCLEIC BASES

The matrix method for the calculation of CD spectra is particularly successful

for proteins. While one might wish to calculate as much as possible ab initio,

this is computationally prohibitive for whole proteins. However, the indepen-

dent chromophores considered in the matrix method are of a feasible size for

high-level ab initio calculations. For the parametrization of the most impor-

tant chromophore in proteins, N-methylacetamide (NMA) has been used as

a model compound representing a single peptide bond.71 To account for the

aromatic side chain groups occurring in proteins, the chromophores of pheny-

lalanine, tyrosine, and tryptophan have been parametrized.81 Furthermore,

parameters for the side chain chromophores of asparagine, aspartic acid, glu-

tamine, and glutamic acid are available. While ab initio calculations are pos-

sible for chromophores of such sizes, they are computationally expensive and

often the determination of the correct active space to use is challenging and

may require multiple calculations and analyses.
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Due to the popularity of CD and the increasing usage of LD spectroscopy,

a multitude of compounds has been studied using these methods. Therefore,

there is a demand to parametrize additional chromophores. The complexity

of ab initio calculations requires some consideration and not all chromophores

are equally suited for the exciton matrix method. For the determination of

absolute configurations, for example, it has to be established that the exciton

Cotton effects indicate the chirality.163 Therefore, a mechanism has been de-

veloped to perform preliminary matrix method calculations on a new chro-

mophore in order to evaluate the possible approach, prior to using expensive

ab initio methods. A second motivation is that such a routine could make use

of already published results for the chromophore in question, since for many

molecules the results of semiempirical as well as ab initio calculations are avail-

able. Therefore, a method has been devised to create parameters for matrix

method calculations using only the electric transition dipole moments and ex-

citation energies of the chromophores. For several examples of chromophores

with different sizes, the performance of such simplified parameter sets in CD

and LD calculations was tested by comparison to experimental spectra.

4.1 Introduction

CD spectroscopy can be used to gain insight into DNA and RNA conforma-

tion164 and the ability of polynucleotides to align in Couette flow cells also

makes them a target for LD spectroscopy.124 While the peptide bond covers

over 90% of the chromophores present in proteins, DNA and RNA contain five

different nucleic bases, which are connected by sugars and phosphate groups.
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Figure 40: Structures of the nucleic bases in DNA and RNA
forming hydrogen bonds with their respective counterparts.
Thymine is only present in DNA and is replaced by uracil in
RNA.

Adenine (A) and guanine (G) contain a purine chromophore, whereas cytosine

(C), thymine (T), and uracil (U) all contain a pyrimidine group. In the helices

formed by DNA and RNA, guanine forms three hydrogen bonds to cytosine

(Figure 40). In DNA, adenine forms two H-bonds to thymine, while in RNA

the latter base is replaced with uracil. The phosphate groups of the polynu-

cleotides show electronic transitions in the deep-UV and the sugar residues

have weak absorption bands around 190 nm.9 The main chromophores of in-

terest in polynucleotides are the aromatic nucleic bases, which have strong

absorption bands between 190 and 300 nm.
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4.2 Methods

In 1962, Tinoco used perturbation theory to develop a method for the computa-

tion of protein CD.44 It was superseded by the matrix method, which improved

the original procedure by solving the eigenvalue problem via a matrix diago-

nalization. This is more accurate than perturbation theory and can be easily

implemented in computer programs. The general approach of both methods

is to regard the chromophores of the system separately. The electrons are thus

localized on the individual groups and may be excited only into higher ener-

getic states of the same chromophore.

The calculations determine the dipole-dipole interactions of the electric

transition dipole moments. These dipole moments are defined by the chro-

mophore’s electronic transition charge densities, which may be represented by

monopole charges positioned around the atoms of the group. For the calcula-

tion of the associated electrostatic potential as well as the fitting of the charges,

ab initio techniques have been used for the amide group and side chain chro-

mophores present in proteins.71, 81 In the absence of ab initio data, even with

only the magnitudes and directions of the electric transition dipole moments

and the excitation energies available, matrix method parameters may be cre-

ated by representing each dipole moment by only two monopole charges.

This is a simplified representation and neglects the interactions of states on

the same group. Therefore, the Hamiltonian matrix (Equation 9, page 8) of

a dipeptide considering two transitions contains the local excitations, Ei, and

the interactions between states on different groups, Vij, becomes:
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Ĥ =





E1nπ∗ 0 V1nπ∗; 2nπ∗ 0

0 E1ππ∗ V1nπ∗; 2ππ∗ V1ππ∗; 2ππ∗

V1nπ∗; 2nπ∗ V1ππ∗; 2nπ∗ E2nπ∗ 0

V1nπ∗; 2ππ∗ V1ππ∗; 2ππ∗ 0 E2ππ∗





. (26)

In 1990, Petke et al. published ab initio results on adenine and guanine.165

Two years later, they presented calculations on uracil and cytosine.166 Mul-

tireference configuration interaction (MRCI) was used on the ground-state self-

consistent field (SCF) orbitals and random phase approximation (RPA) calcula-

tions were performed to obtain singlet-singlet transition energies and intensi-

ties. The results of the four bases allow calculations on RNA strands. However,

data are missing for thymine in DNA.

A series of three publications by Fülscher et al. provided calculations on ade-

nine and guanine,167 uracil and thymine,168 and cytosine.169 The results were

obtained using the complete active space (CASSCF) and multiconfigurational

second-order perturbation theory (CASPT2) methods. The level of theory is

higher than for the MRCI/RPA approach used by Petke et al., and the results

provided for thymine facilitate the study of DNA.

The publications present the results for the singlet and the triplet excited

states, reporting the energies, oscillator strengths and orientations of the elec-

tric transition dipole moments, ~µ. Data for the permanent moment of the

groups are usually provided. However, the magnetic dipole transition mo-

ments, ~m, are not given. The effect of ~m on the π → π∗ transitions is neg-

ligible, since it is a linear displacement of charge. The n → π∗ transition,

however, is electric dipole forbidden and the consideration of ~m is crucial.
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Due to the lack of magnetic transition dipole moments, only π → π∗ transi-

tions were taken into account. For each transition, the magnitude of the transi-

tion dipole moment, µ, was calculated from the oscillator strength, f , and the

transition energy, ∆e using

µ =

√
3 f

2∆e
. (27)

The position of the chromophores in the coordinate system is crucial for the

correct placement and orientation of the transition dipole moments. To be used

in matrix method calculations, the PDB atom labels need to be assigned to the

structures. Each dipole moment is represented by two monopoles of equal but

opposite charge with the negative monopole being located at the origin. For

a given dipole moment, the separation of the monopoles (that is, the length

of the moment) is a function of the magnitude of the charges. However, the

charges must not be located outside the chromophore’s circumference, as this

could lead to interference with neighbouring groups. The transition vector

length was, therefore, defined as 1 Å and the charges were determined accord-

ingly to obtain the required dipole moment. A negative charge was placed at

the centre of mass and the equivalent positive charge 1 Å apart from it in the

direction of the moment angle. The position of the chromophores, atom labels,

and the orientations of the electric transition dipole moments used to generate

the parameter sets are shown in Figures 41 – 43.

For guanine, Fülscher et al. have also provided results considering solvent

effects. Using these results improved the agreement of the calculated DNA

and RNA spectra with experiment and, therefore, these data have been used

in the calculations and are shown in Figure 41.

98



Chapter 4 Nucleic Bases

−2  0  2

−2

 0

 2

N1

C2

N3

C4

C5

C6

N6

N7

C8

N9

S1
S14

x / Å

y / Å

−2  0  2

−2

 0

 2

N1

C2

N3

C4

C5

C6

N6

N7

C8

N9

21
41

x / Å

y / Å

−2  0  2

−2

 0

 2

N1

C2

N2 N3

C4

C5

C6

O6

N7

C8

N9

S1
S19

x / Å

y / Å

−2  0  2

−2

 0

 2

N1

C2

N2 N3

C4

C5

C6

O6

N7

C8

N9

21

61

x / Å

y / Å

Figure 41: Positions of adenine (top panels) and guanine (bot-
tom panels) in the parameter sets and orientation of the electric
transition dipole moments. Left: Using data of Petke et al.165

Right: Using data of Fülscher et al.167

The results of the two published studies, which use different theoretical

approaches, often differ significantly regarding the transition energies, dipole

moments and the direction of the latter. For consistency, only parameters de-

rived from the same approach have been used in a calculation. Calculations

were only performed if a complete set of parameters for all chromophores con-

tained in the nucleotide was available. This ruled out the MRCI/RPA parame-
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Figure 42: Positions of cytosine (top panels) and uracil (bot-
tom panels) in the parameter sets and orientation of the elec-
tric transition dipole moments. Left: Using data of Petke et
al.166 Right: Using data of Fülscher et al.168, 169

ters for DNA sequences containing thymine. Calculations were performed us-

ing a consistent number of one to four transitions for all nucleic bases present

in the sequence.

In their later publication on uracil and cytosine,166 Petke et al. note that the

polarizations of uracil agree with experiment, while theoretical evidence sup-
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Figure 43: Positions of the thymine atoms and orientation of
the electric transition dipole moments in the parameter set cre-
ated from data of Fülscher et al.168

ports the deviations from experiment of cytosine, proving the accepted exper-

imental polarizations wrong. This suggestion was later refuted by Fülscher et

al.,169 who found that basis set deficiencies are responsible for spurious states

created by incorrect Rydberg-valence state mixing. Between 20 and 25 singlet

states resulted from the MRCI/RPA calculations of each base, compared to less

than 10 states presented from the CASSCF calculations. However, due to the

need for testing the dipole-dipole-interaction approach, the small number of

experimental spectra, and unexpected results when considering multiple tran-

sitions, the MRCI/RPA parameter sets have proven useful (and sometimes su-

perior) and some of the results are shown for comparison.

In the following, parameters derived from the CASSCF/CASPT2 results are

referred to as NBCAS and parameters based on the MRCI/RPA calculations as

NBMRCI . For all presented spectra the lowest energy transition and one tran-

sition near 190 nm were considered (Table 12). For guanine using the NBCAS

set, the data considering solvent effects were used.
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Table 12: Data used to generate the parameter sets of the nucleic bases. Transition energy ∆e
(cm−1), wavelength λ (nm), oscillator strength f , angle of the electric transition dipole moment
Θ (degrees), electric transition dipole moment µ (Debye).

Petke et al. (NBMRCI)
165, 166 Fülscher et al. (NBCAS)167–169

State ∆e λ f Θ µ State ∆e λ f Θ µ

Adenine
S1 36310 275.4 0.001 −33 0.24 21A′ 41376 241.7 0.070 23 1.90

S14 50180 199.3 0.075 −57 1.78 41A′ 50329 198.7 0.370 −57 6.00

Guanine
S1 35790 279.4 0.239 −52 3.77 21A′ 38150 262.1 0.154 −4 2.93

S19 51580 193.9 0.228 73 3.07 61A′ 53152 188.1 0.183 −42 2.71

Cytosine
S1 37200 268.8 0.072 64 3.95 21A′ 35408 282.4 0.061 60.6 1.91

S20 51000 196.1 0.608 −47 7.23 41A′ 54362 184.0 0.147 14.9 2.40

Uracil
S2 38000 263.2 0.369 −6 5.95 21A′ 40328 248.0 0.19 −7 3.17

S11 50920 196.4 0.083 62 5.07 41A′ 52104 191.9 0.29 23 3.44

Thymine
21A′ 39360 254.1 0.17 15 3.03

51A′ 57507 173.9 0.85 −35 5.61102
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The calculations were performed using only single and up to four transi-

tions of each considered base. The single transition calculations reproduced

features of the characteristic spectra. However, using three or four transi-

tions decreased the agreement considerably. This effect was found for both

the NBCAS and NBMRCI parameters. In particular, considering two states with

close excitation energies led to a multitude of bands not observed in experi-

ment. For all the chromophores, solely the lowest energy transition (S1 state

or 21A′, respectively) is required for the features in the region between 260

and 290 nm. A second transition, chosen for being the closest to 190 nm, ac-

counts for the features in the higher energy region. The interaction between

these transitions does not negatively affect the produced bands, which would

be the case if a third transition around 200 or 250 nm were included. This ef-

fect may be caused by the proximity of strong chromophores, which are much

closer in polynucleotides than in proteins. The hydrogen bonding places two

strong chromophores with aligned π-systems close together and the vertical

stacking of the base pairs adds equally strong groups above and below the

first pair. Test calculations were carried out using only a single base pair and

considering four transitions for each base. The adverse effect when using mul-

tiple transitions in a complete strand was not found for the two base examples,

suggesting that the excessive, anomalous coupling is caused by close vertically

stacked systems. The two transitions chosen for each nucleic base (Table 12) are

not necessarily the ones with the largest dipole moments. Calculations using

specifically the two most intense transitions were tested, but did not improve

the agreement compared to parameter sets choosing two transitions depend-

ing on the wavelength.
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4.3 Polynucleotide Conformations

Three main conformations are adopted by regular DNA and RNA strands. The

B-helix is the most common conformation, as suggested by Watson and Crick

in 1953.170 This is a right-handed double helix with 10.5 base pairs per turn and

a diameter of about 20 Å. The A-form is a wider, right-handed helix, with a di-

ameter of 23 Å and 11 base pairs per turn. This type is adopted, for example,

by RNA·DNA and RNA·RNA duplexes and at low humidity.171 The Z-form is

less common than the A and B types and is a left-handed helix with a diameter

of 18 Å and 12 base pairs per turn.172 Although the Z-helix is thermodynam-

ically less favoured, it is of biological significance and the B-Z-transition can

be triggered in vitro by methylation of the cysteine residues or under certain

experimental conditions.164, 173 The possibility of other left-handed types was

ruled out by Watson and Crick;174 however, about a decade later a left-handed

B-helix was shown to exist.175 Nevertheless, due to considerable strain on the

sugar-phosphate backbone, the Z-type is the preferred left-handed conforma-

tion.176 Polynucleotide CD spectra are often more sensitive to the orientation

of the nucleic bases than on the actual sequence.34 The CD is dependent on the

sequence, but to a lesser extent than it is the case for proteins, where a different

sequence causes a change in secondary structure.

Figure 44 shows the characteristic CD spectra of the three main polynu-

cleotide conformations. The spectrum of the A-form features intense maxima

around 190 and 260 nm and a minimum is usually visible near 210 nm. B-

helices show a minimum around 240 nm and a maximum around 275 nm,

with the zero crossing near 260 nm. The Z-form causes a distinct minimum at

290 nm and a positive band around 260 nm.
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Figure 44: Characteristic CD spectra of polynucleotides in A-
(long dashes), B- (short dashes) and Z-form (dotted).34

To identify the conformation of the helix, the region between 210 and 250 nm

can be inconclusive and is to some extent sequence-dependent. The maximum

of the Z-form near 260 nm can easily be mistaken as indicating an A-helix,

which also possesses a positive band near this wavelength and may show a

minimum around 290 nm. Distinguishing between the A- and Z-form by rely-

ing on the long-wavelength bands can, therefore, be problematic. A more sig-

nificant indication of the Z-form is a strong minimum between 190 and 200 nm,

where A-helices show a maximum.9 The minimum of A-helices in this region

is above 200 nm, closer to 210 nm.
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4.4 Results and Discussion

Several experimental spectra were digitized from literature and the structures

created using the Make-NA web server,177 which uses the Amber program178

to model the polynucleotides. The publications note the conformation of the

duplexes; however, for comparison, the structures were created in different

forms. This allowed comparison of the match with the actual helix type and

probing to determine whether the results facilitate the distinction between the

various conformations. A particularly interesting example was published by

Ferreira et al.,164 who provided CD spectra for the same sequence in the B- and

Z-form.

In CD calculations, using the full-scale ab initio parameters, the intensity of

the experimental spectra is reasonably well reproduced. At 222 nm the Spear-

man rank correlation coefficient between the calculated and experimental in-

tensity is 0.91 for a set comprising 71 proteins with diverse conformations.

However, the parameters created using the dipole approach result in much

higher intensities than in experiment. A factor contributing to this effect may

again be the small separation of strong chromophores in polynucleotides. For

the purpose of comparison, the experimental spectra in the presented results

were scaled to match the calculation.

The results presented in the following were obtained using the NBCAS pa-

rameters generated from the CASSCF/CASPT2 results by Fülscher et al.,167–169

unless otherwise noted. The calculations using the MRCI/RPA results (NBMRCI)

show a comparable agreement, but were omitted due to the lack of thymine

data.
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4.4.1 Nucleic Base CD Calculations

4.4.1.1 DNA and RNA in the Far-UV and Near-UV

For a study on the effect of phosphorothioate modification on the structure

and stability of polynucleotides, Clark et al. have published the spectra of sev-

eral DNA·DNA, RNA·RNA, and mixed duplexes.179 Figure 45, left, shows the

experimental spectrum of a d(AC)12·d(GT)12 duplex compared to the NBCAS

calculations. DNA·DNA duplexes adopt the B-form, which is evident by a

broad minimum between 230 and 250 nm with a zero crossing at 260 nm and

the indicated maximum below 200 nm. The experimental features are qualita-

tively reproduced by the calculations using the NBCAS parameters. However,

a definite distinction between the A- and B-form based solely on these calcula-

tions would be ambiguous.

Figure 45, right, shows the spectra for the duplex r(AC)12·r(GU)12. Polynu-

cleotides containing RNA strands usually exist in the A-form as apparent in

the experimental spectrum by the intense maximum at 260 nm. The NBCAS

calculation for the A-helix shows a good agreement of the peak positions on

the bands at 205, 220 and 233 nm, although the relative intensities of the bands

are not reflected. Since no thymine is present the calculations were also per-

formed using the NBMRCI parameters. The positive band at 280 nm, apparent

as a distinct (positive) shoulder in experiment, is reproduced with the wrong

sign for both sets; however, the NBMRCI calculations show an exact match of

the band positions at 260 and 205 nm, while the latter band is not shown for

the B-helix using the NBMRCI parameters (data not shown). This allows an

unambiguous assignment of the A-helix type.
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Figure 45: Polynucleotide duplexes calculated using the
NBCAS parameters.179

Left: DNA·DNA duplex d(AC)12·d(GT)12, B-form.
Right: DNA·RNA duplex d(AC)12·r(GU)12, A-form.
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Figure 46: Polynucleotide duplexes calculated using the
NBCAS parameters.179

Left: RNA-DNA duplex r(AC)12·d(GT)12, A-form.
Right: RNA·RNA r(AC)12·r(GU)12, A-form.
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The two duplexes r(AC)12·d(GT)12 and r(AC)12·r(GU)12 assume the A-form

due to the RNA strands (Figure 46). The RNA·DNA duplex (left) shows a

very good agreement of relative intensities and band positions for the A-form

and, therefore, agrees with experiment. The RNA·RNA assignment would be

ambiguous judging solely from the NBCAS results, since the three low-energy

bands agree well with the B-form calculation and only the band at 205 nm cor-

relates with the A-helix spectrum. However, the NBMRCI calculations support

the A-form assignment (data not shown), with an exact match of the band po-

sitions at 205 and 260 nm, while the former band is not shown for the B-helix

calculation. The NBMRCI parameters do not reproduce the couplet centred at

225 nm, but given that the excitations between 190 and 260 nm are not consid-

ered this is to be expected.

A particular polynucleotide sequence usually adopts a specific conforma-

tion. Using special conditions such as a low or high humidity, and with certain

reagents, it is possible to trigger a conformation change, which can be moni-

tored by CD. For the DNA·DNA duplex d(C)4·d(G)4 the transition from B- to

Z-form under the influence of high concentrations of sodium and cobalt-III-

hexamine has been studied.164 The model of the B-form was built using the

Make-NA server177 Since the server only supports building the A- and B-type,

for the Z-helix the PDB file 1zna was used.180 The NBCAS calculation for the B-

form (Figure 47, left) is in good agreement with experiment for the two bands

at 260 and 280 nm. A small additional couplet is produced around the zero-

crossing at 270 nm. This artefact is not observed for the NBMRCI calculations,

which are in similar good agreement (data not shown). The calculation of the

Z-form (Figure 47, right) reproduces the inverted couplet with a red shift of

10 nm. The assignment of the Z-type is, however, unambiguously possible.
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Figure 47: Polynucleotide duplexes calculated using the
NBCAS parameters.
Left: DNA·DNA duplex, d(C)4d(G)4, B-form.
Right: DNA·DNA duplex, d(C)4d(G)4, Z-form.164

4.4.1.2 DNA and RNA in the VUV

As noted in Section 4.3, Page 105, distinguishing between different conforma-

tions can be challenging if only one region of the spectrum is examined. The

Z-type shows a minimum near 290 nm; however, a similar band may also be

observed for A-type structures. Furthermore, Figure 47, right, shows a Z-helix

spectrum with a more intense maximum at 280 nm than the negative band

around 300 nm and, therefore, the former band can be ambiguous as well.

Z-RNA duplexes present an additional complication, as their features in the

near-UV are even more similar to A-RNA.181 For a definite assignment, the

features in the far-UV down to 190 nm may be necessary, and the VUV region,

below 190 nm, provides additional information.42
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Figure 48: VUV spectra of r(GC)7·r(GC)7 duplexes in A-form
(left) and Z-form (right), calculated using the NBCAS parame-
ters.173

Figure 48 shows the far- and VUV CD spectra of the duplex r(GC)7·r(GC)7

in A- and Z-form. Using the Make-NA server,177 the A-form was created; for

the Z-form, the PDB 1d39 was used. The calculations using the NBCAS pa-

rameters reproduce the couplets with a good agreement of the band positions

and thus facilitate a definite identification of the conformation. A compara-

ble agreement was obtained for NBMRCI calculations. Notably, for this duplex

an assignment of the conformation using only the near-UV data would not be

definitive, and therefore, the VUV data are crucial.

An exception of the fairly regular polynucleotide structures are overhangs

and bulges in the sequence. Unpaired nucleic bases within a strand cause dis-

tortions of the otherwise uniform helix and can, like overhangs at the end of

the sequence, act as binding sites for small molecules.182, 183 These deviations

pose an additional challenge for the calculations. The interaction between chi-

ral compounds and bulged DNA has been studied184 using the sequence

5’-GTC CGA TGC GTG T T

3’-CAG GCT G ACG CAC T
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Figure 49: Bulged DNA (B-form) calculated using the NBCAS

parameters compared to experiment.184

The Make-NA server177 allows overhangs and the bulge was approximated

by removing the complementary base of the guanine residue in the bottom

half. The NBCAS calculations (Figure 49) show a good agreement with experi-

ment at 220 and 245 nm, while the maximum at 280 nm is 20 nm blue-shifted.

The latter may be caused by the approximation of the bulge.
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4.4.1.3 Guanine-Quadruplexes

The ability of guanine-rich nucleic acid motifs to form hydrogen-bonded

macrocycles, which can further associate into oligomeric stacks, is of interest

due to the chemical diversity of the structures.185 Guanine possesses self-

complementary hydrogen bond donors and acceptors, leading to the forma-

tion of G-quartets in parallel or antiparallel orientation of the monomers. The

highly dipolar and polarizable aromatic surface of guanine facilitates the stack-

ing of the G-quartets, forming a negatively charged centre in which cations can

be bound while the surface of the complex is lipophilic.186 G-quadruplexes

are studied using CD spectroscopy but the analysis of the spectra remains

a challenge. The two chiral quartet configurations can be stacked in different

orientations with respect to the central axis and lead to diastereomers. Further-

more, the CD of the stacked quartets is influenced by the other chromophores

of the quadruplex-forming sequence. Theoretical CD analyses are, therefore, a

valuable tool to support the characterization of the G-quadruplexes.185–187

Figure 50 shows the experimental spectra of a parallel and an antiparallel G-

quadruplex compared to the results derived from the NBCAS parameters. For

the parallel example (left), the relative intensity of the band at 200 nm is greatly

underestimated; however, the band itself is reproduced. The couplet centred

around 245 nm is obtained with the correct relative intensities, although with

a red-shift of about 15 nm. For the antiparallel structure, the calculations do

not reproduce the bands at 210 and 290 nm. However, the couplet centred at

260 nm shows a positive agreement and the parameters are, therefore, capable

of distinguishing between the two conformations of the G-quadruplexes.
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Figure 50: CD spectra of parallel (left) and antiparallel (right)
G-quadruplexes calculated using the NBCAS parameters.185

4.4.2 Nucleic Base LD Calculations

The formation of FtsZ fibres can be monitored via the increasing LD signal

since only the fibres align and, therefore, show an LD signal. In the near-UV

region, the LD spectrum is dominated by the guanine chromophore of one

guanosine-triphosphate residue (GTP) in a cavity of the protein. The bundling

of FtsZ, that is, the lateral association of the fibres, can be triggered by cal-

cium ions and shows a distinct change of the guanine LD in the near-UV. The

simultaneous change of the guanine orientation and the fibre bundling was

explained by the exchange of GTP at the active site with Ca2+ and the reori-

entation of GTP. From the positive LD signal it was deduced that the guanine

chromophore aligns in a parallel orientation on the FtsZ surface and facilitates

the lateral association of the fibres.133
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To investigate this mechanism, FtsZ (PDB code 1fsz) was aligned parallel to

the orientation axis (z). The orientation of the monomers in the fibre is known

from X-ray diffraction measurements151 and was confirmed by LD calculations

(Chapter 3, Page 57). The guanine chromophore was moved away from its

initial position in the cavity to the surface of the protein at a distance close

enough to interact with the neighbouring chromophores. Two different struc-

tures were created with a displaced guanine residue, with the chromophore

aligned exactly parallel to the orientation direction and oriented perpendicular

to it (Figure 51). The results obtained with parameters using the MRCI/RPA or

the CASSCF/CASPT2 data, respectively, are equivalent. For polynucleotides,

the consideration of solvent effects for guanine improved the agreement of the

calculations with experiment. However, for FtsZ, containing only a single nu-

cleic base residue, the NBCAS parameters of guanine using the gas-phase data

performed better and these results are shown in Figure 52.

The calculated LD spectrum in the far-UV agrees with the previous calcula-

tions in Chapter 3. The experimental spectrum shown in Figure 52 (left) was

measured after the addition of calcium and fibre bundling. The n → π∗ band

is more pronounced than in the spectrum without calcium (Figure 35, Page 82)

and is underestimated by the calculations. Without calcium, the experiment

shows a broad, slightly negative band in the near-UV between 240 and 280 nm.

This is reproduced by the calculation with the guanine in its initial position.

After the addition of calcium, the near-UV LD signal increases significantly

and a strong positive maximum near 260 nm emerges with a negative band

280 nm. The calculation with the displaced guanine chromophore in parallel

orientation reproduces the positive signal, while predicting a strong minimum

if the residue is aligned perpendicular. These results support the suggested

mechanism of the reorientation of GTP during fibre association.133
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Figure 51: The guanine chromophore in FtsZ in its original ori-
entation in the cavity (purple), and oriented parallel (blue) and
perpendicular (red) to the z-axis outside the cavity.
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Figure 52: Left: LD spectrum in the far-UV for the parallel ori-
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tations of guanine. With the original orientation in the cavity
(purple, dotted), and with parallel (blue, long dashes) and per-
pendicular (red, short dashes) orientation outside the cavity.
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4.5 Conclusion

The spectra calculated using the simplified matrix method parameter sets suc-

cessfully reproduce features observed in experiment. Due to the small sepa-

ration between the chromophores, multiple transitions with very close exci-

tation energies lead to excessive coupling and reduce the agreement with ex-

periment. Selective inclusion of the lowest energy transition around 260 nm

and one transition near 190 nm avoided the effect, and the important bands

necessary for the identification of the nucleotide conformation were repro-

duced. The parameters were derived from ab initio calculations at two dif-

ferent levels of theory. While the CASSCF/CASPT2 method is superior to

MRCI/RCA, both approaches showed a positive agreement with experiment.

The dipole-dipole-interaction approach, therefore, can be used to create ma-

trix method parameter sets from the dipole moments and excitation energies

of chromophores.

The calculations of uniform and mixed DNA and RNA duplexes allowed

the identification of the duplex conformation. Distinguishing between the A-

and B-forms is a challenge, but the Z-form could be reliably assigned. Features

in the near-UV, far-UV and the VUV were shown to agree with experiment.

For an unambiguous identification of the helix type, the spectral features in

the far- and VUV can be crucial. Overhangs and DNA bulges are a challenge

for the calculation and the distinction between A- and B-form was less clear.

The calculations of guanine quadruplexes allow an unambiguous distinction

between the parallel and antiparallel orientations of the guanine residues. For

FtsZ fibre bundling, using LD calculations a suggested mechanism involving

a reorientation of the guanine chromophore could be strengthened.
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The parameters derived from the CASSCF/CASPT2 calculations by Fülscher

et al.167–169 were implemented in DichroCalc. The nucleic bases can be consid-

ered individually to study the contribution of particular bases and the effects

of interaction between the bases.

The agreement of the calculations based on the simplified matrix method

parameters is promising and illustrates the potential of CD and LD calcula-

tions for the study of nucleic acids. The presented data suggest that full-scale

ab initio parametrization of the bases could be beneficial. This may improve

the match of the CD intensity with experiment and facilitate the consideration

of additional electronic transitions.
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CHAPTER 5

NAPHTHALENEDIIMIDES

5.1 Introduction

Carbon nanotubes have been a focus of research since 1993188, 189 and a vast

range of possible applications has been devised for these covalent struc-

tures.190 The concept of molecules forming tubular structures is neither lim-

ited to only carbon nor to covalent bonds between the monomers. A class

of α-amino acid functionalized naphthalenediimides (NDIs, Figure 53) has

been synthesized from 1,4,5,8-naphthalenetetracarboxylic anhydride and the

respective α-amino acid, using microwave dielectric heating. In both nonpolar

solution and solid state, the NDIs form hydrogen-bonded helical nanotubes,191

which have a propensity to bind guest molecules in the core.192
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Figure 53: Cysteine derivatives of NDIs forming helical nan-
otubes.

NDIs in general are chemically robust and versatile. The diimide nitrogens

and the naphthalene core can be functionalized to obtain, for example, semi-

conductor materials,193 dyes with variable absorption and emission proper-

ties,194 or molecules capable of self-organization via π − π-stacking, hydrogen

bonds and van der Waals interactions.195 Sterzel et al. have studied the NDI

monomer using CASSCF/CASPT2 calculations to determine Franck-Condon

parameters for the 11B3u and 11B2u states.196 The absorption and emission

spectra could be reproduced and the substituents of two N-substituted deriva-

tives showed little effect on the low-energy states of the chromophore. The

latter finding allows one to transfer results obtained for the optical properties

of the NDI monomer to derivatives of the chromophore such as 1. The same

methods have been applied to a covalent NDI dimer and it was found that

a 5π[4n]5π∗ active space describes the electronic structure sufficiently well to

reproduce the most prominent features in the absorption and CD spectrum.197

The absolute configuration of the two stereocentres of L-1 is R,R for cysteine

derivatives (Figure 53). In the solid state L-1 assembles into P-helical nan-

otubes, that is, right-handed helices, with an average inner diameter of 12.4 Å.
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The helices contain three residues per turn and are stabilized by the carboxyl

groups on each monomer, which form four strong hydrogen bonds with two

neighbours (Figure 54). The NDI planes of successive facing monomers are

at an angle of 60◦, while the naphthalene moieties of i and i + 3 monomers

are coplanar, stacked along the helix long axis. Each residue forms two weak

hydrogen bonds to the i + 3 monomer, and two to the i − 3 monomer, which

reinforces the structure further.

CD is a popular spectroscopy method, because of its sensitivity to the chi-

rality of molecules in solution. The spectra of two enantiomers are mirror im-

ages. Therefore, CD can be used to determine the absolute configuration of

chiral molecules.19–23 A chiral system in solution absorbs the left and right

circularly polarized light to a different extent and the difference of these ab-

sorptions yields the CD spectrum.

Figure 54: Helical arrangement of three naphthalenediimide
residues with a 60◦ angle between the NDI planes. An addi-
tional monomer would form hydrogen bonds to one of the free
carboxyl groups with the naphthalene plane parallel above or
below the respective i + 3 monomer.
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Figure 55: Experimental CD spectra of L-1 (solid line) and D-1
(dashed line); solutions in CHCl3, 4.6 · 10−5 M, recorded at
21◦C. Experimental data reproduced from Pantoş et al.191

In solution, the nanotubes possess a distinct electronic CD spectrum be-

tween 250 and 400 nm (Figure 55). The origin of the bands is attributed to

the chiral supramolecular structure of the nanotubes, which is formed uni-

formly, but with opposite chirality from the R, R (L-1) and S, S (D-1) enan-

tiomers. In aprotic solvents, such as CHCl3, the nanotubes can incorporate

guest molecules, such as the otherwise poorly soluble fullerene C60.192 The

fullerenes sense the chirality of the nanotube, as can be seen in the CD spec-

trum. After uptake of the fullerenes, additional features appear in the CD,

which are mirror-inverted for nanotubes created from different enantiomers

of the monomers. Mixtures of the NDI enantiomers self-segregate to form P-

and M-helical nanotubes, allowing uptake of fullerenes at the same ratio of

NDI:C60 = 3.9:1 as an enantiopure sample.
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5.2 Methods

Methods for the theoretical calculation of CD have been intensively investi-

gated in order to aid the analysis of CD spectra. A successful theoretical frame-

work for polymers, particularly for proteins, is the matrix method,33 which is

based on exciton theory.16, 198 It is an improved version of the model devised

by Tinoco44 and involves the diagonalization of a Hamiltonian matrix to calcu-

late the interaction between chromophores. In a system with M chromophoric

groups each group, i, is regarded separately and excitations are only allowed

into higher electronic states of the same chromophore. The wavefunction ψk

is required to calculate the excitations for the state k. ψk is described as a lin-

ear combination of electronic excitations, Φia, from the ground state 0 into the

excited state a:

ψk =
M

∑
i

ni

∑
a

ck
iaΦia , (28)

where ck
ia are expansion coefficients that reflect the interactions of the states.

The Hamiltonian, Ĥ, of the system is a sum of the local Hamiltonians, Ĥi, of

the independent groups. The terms Vij describe the interactions between two

groups i and j:

Ĥ =
M

∑
i=1

Ĥi +
M−1

∑
i=1

M

∑
j=i+1

V̂ij . (29)

Using the monopole-monopole approximation, the interactions between

chromophores are assumed to be purely of electrostatic nature. Monopole

charges are fitted to the atoms of the group to reproduce the ab initio elec-

trostatic potential. The Coulomb interactions between these monopoles then

account for the interaction between groups:

Vi0a;j0b =
1

4πε0

Ns

∑
s=1

Nt

∑
t=1

qsqt

rst
, (30)

123



Chapter 5 Naphthalenediimides

where qs and qt are monopole charges on groups i and j, N the number of

charges on the respective group and rst the distance between the monopoles.

Diagonalization of the Hamiltonian matrix yields the energy of each transition

(eigenvalues) and the expansion coefficients (eigenvectors), ck
ia, which are used

to derive the electric and magnetic transition dipole moments of the interacting

system from the initial dipole moments of the single groups.

The parametrization of a chromophore for use in matrix method calcula-

tions requires the electrostatic potential of each electronic transition that is to be

considered. Monopole charges have to be fitted to the atoms to reproduce the

potential. For small chromophores, the relevant electrostatic potentials can be

calculated ab initio using, for example, the complete active space self-consistent

field (CASSCF) method.199, 200

Exciton theory is particularly successful for the determination of the ab-

solute configuration of molecules. Exciton matrix method calculations have

been used to study a wide range of macromolecular systems. Porphyrins are

powerful chromophores, showing exciton coupling over distances of up to

50 Å.201 Zwitterionic meso-tetra(4-sulfonatophenyl)porphyrin assembles into

tubular aggregates and using an exciton approach, considering the four most

dominant excited states, the experimental CD spectra could be reproduced.202

Moreover, calculation of the LD yielded information about the orientation

of the monomers forming the tube.202 Coulombic coupling of nucleotide

bases can be exploited to provide insight into DNA structure.203 Peptido-

mimetics, such as oligoureas, have also been studied using exciton theory.204

The axial configuration of oligonaphthalenes was elucidated by introduc-

ing additional excitonic chromophores into the structure and analyzing the

resulting Cotton effects.205 The applicability of the exciton chirality method

to the NDI chromophore has been demonstrated using several bis-diimides.163
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Calculations of the absorption spectra using the ZINDO/S Hamiltonian quali-

tatively reproduced the experimental spectra. The exciton Cotton effects in the

CD spectra allowed the determination of the absolute configuration of the di-

imides. The closely related chromophore 1,4,5,8-naphthalenetetracarboxy di-

anhydride was studied using time-dependent DFT and the Franck-Condon

analysis of the 11B2u and 11B3u states provided insight into solvent effects that

are not easily deducible from experiment.206 The exciton chirality method

also facilitated investigation of conformation changes of helically stacked NDI

chromophores.207, 208

The success of matrix method calculations suggested the same approach

may clarify the origin of the bands in the CD spectrum of the NDI nanotubes

and provide useful information about the solution state geometries. Since the

spectrum is affected by guest molecules within the tube, theoretical calcula-

tions of the CD spectra could aid the analysis of the experimental spectra for

these complex host-guest systems.

In this study, matrix method parameters for NDI were created using data

presented by Sterzel et al.,209 which were derived from CASSCF calcula-

tions199, 200 combined with multi-configurational second-order perturbation

theory (CASPT2).210 The minimal active space needed to describe the elec-

tronic structure of the NDI moiety includes the five occupied and five un-

occupied π-orbitals of the naphthalene core and four lone pair orbitals of

the carbonyl groups. The 5π[4n]5π active space contains 14 electrons and

electronic transitions between 200 and 420 nm arise from seven states (Ta-

ble 13). The unsubstituted diimide possesses D2h symmetry and the no-

tation referring to this point group is used to denote the states of NDI. A

given dipole moment was represented by two monopoles of an equal but

opposite charge at the head and tail of the respective vector (Figure 56).
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Table 13: CASPT2 results for NDI using a 5π[4n]5π active
space. ex, ey and ez denote the axis along which the transition

dipole moment is oriented (Figure 56).209

State Energy Energy Oscillator Dipole

(vertical) / nm adiabatic / nm Strength D

1B1u 414.5 531.0 0.00212 −0.432 ez

1B3u 356.0 373.6 0.02397 −1.347 ex

1B2u 347.7 391.3 0.15454 3.380 ey

2B1u 251.8 286.9 0.00146 −0.280 ez

2B3u 244.1 251.0 1.13510 7.676 ex

2B2u 207.3 220.4 0.12671 2.364 ey

3B3u 195.6 215.9 0.00039 −0.127 ex
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Figure 56: Position of the NDI atoms in the parameter set and
the orientation of the electric transition dipole moments. The
atom labels refer to the designators used for an NDI moiety in
PDB format.
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The length of each vector (between 0.1 and 3.4 Å) was chosen to stay within

the molecule circumference, to avoid overlapping dipoles with neighbouring

groups.

The calculations result in the excitation energy, that is, the wavelength, for

each transition on each group and the associated oscillator strengths and ro-

tational strengths. Since, in experiment, the transitions are broadened due to

interactions of the molecules with their environment, including the solvent,

Gaussian-shaped bands are observed. Therefore, the line spectrum of the gas

phase calculation has to be convoluted with a Gaussian lineshape function to

be able to compare it directly with experiment.50 The full width at half maxi-

mum (bandwidth) is empirically chosen. A bandwidth of 6 nm was used for

all calculated spectra presented herein. Broader bandwidths did not resolve

the features visible in the experimental spectra.

For the carboxyl and trityl groups, the calculated spectra show bands in the

far-UV and the influence on the NDI bands around 380 nm is negligible. The

presented spectra, therefore, were calculated considering only the NDI chro-

mophore. Electronic transitions cause distortions of the molecular orbitals and

subsequent vibrations of the atoms as the nuclei oscillate between the initial

and the final geometry. Due to the slow reaction of the heavy nuclei to the

instantaneous motion of electrons, an electronic transition occurs vertically,

that is, with static atom coordinates. Franck-Condon states deviate from the

equilibrium excited state geometry and can have a significant effect on the CD

spectrum. The band positions for calculations considering only vertical excita-

tions suggested that this is the case for NDI, and vibrational transitions have to

be taken into account to reproduce the features in the experimental spectrum.
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5.3 Results and Discussion

The available data (Table 13, Page 126) provide the energies and dipole mo-

ments for vertical and adiabatic excitations.209 Matrix method parameters

have been created for both sets. However, the features of the experimental

spectrum could not be reproduced with these data alone. Two of the seven

states, 11B2u and 11B3u, show transitions in the region of interest between 320

and 420 nm. Other transitions have no effect on the bands in this region and

do not need to be considered. Using only the vertical excitation energies fails

to reproduce the bands in the experimental spectrum, showing only a single

couplet centred at 347 nm. The adiabatic excitation energies improve the agree-

ment by shifting the couplet to 391 nm and also resolving a weak positive band

at 374 nm. However, for the most intense band at 383 nm, there is a red-shift of

12 nm in the calculated spectrum and the intensity ratios of the bands are not

in accord with experiment.

The failure of the vertical and adiabatic transitions to reproduce exper-

imental features indicates that additional information about the electronic

structure needs to be taken into account. Consideration of the contribu-

tion of vibronic effects improves the description of electronic processes. In

addition to the vertical and adiabatic transitions for each of the two elec-

tronic states, the parameters of 13 Franck-Condon transitions have been es-

timated. The most intense, with a Franck-Condon factor greater than 0.7,

have been used instead of the vertical or adiabatic excitation energies of the

states (Table 14). Calculations using all 13 Franck-Condon transitions did

not add visible features to the spectrum (data not shown). The main fea-

tures in the experimental absorbance spectrum were reproduced (Figure 57,

top) using the most intense Franck-Condon transitions given in Table 14.
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Table 14: Franck-Condon transitions used to take vibronic ef-
fects into account. The most intense transitions with a fac-
tor greater than 0.70 reproduce the main features in the ab-
sorbance spectrum (Figure 57). Adiabatic energy (Eadia), vi-
brational frequency (νi), energy of the Franck-Condon transi-
tion (Evib), wavelength (λ), Franck-Condon factor and transi-
tion dipole moment (µ).

State Eadia / cm−1 νi / cm−1 Evib / cm−1 λ / nm Factor µ / D

11B2u 25559
333 25892 386.2 0.90 2.224

1471 27030 370.0 1.03 2.546

11B3u 26764

1471 28235 354.2 1.03 −0.932

1535 28299 353.4 −0.79 0.715

1112 27876 358.7 −0.73 0.660
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Figure 57: Experimental spectrum from solid-state structure
(solid line) and calculated spectrum of a heptamer (dashed
line) using Franck-Condon transitions with a factor greater
than 0.7 (Table 14). Upper panel: Absorbance spectrum. Lower
panel: CD spectrum. The experimental spectra are scaled to
the calculated intensity for comparison. Experimental data re-
produced from Pantoş et al.192
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For each of these transitions, the dipole moment of the respective adiabatic ex-

citation is relevant, but needs to be weighted appropriately. For N transitions

(here N = 2 for 11B2u; N = 3 for 11B3u), the dipole moment of the transition

with the Franck-Condon factor ϕ was multiplied by a weighting factor ω:

ω =
ϕ√
N

∑
i

ϕ2
i

. (31)

Taking vibronic contributions into account considerably improves the calcu-

lated CD spectrum. Two additional bands are resolved and the intensity ratios

are reproduced better than in the case for calculations using the vertical and

adiabatic energies only. The bands of the calculated spectrum are red-shifted

about 9 nm on average. If the calculated spectrum is shifted 9 nm to higher

energy, the five bands of the experimental spectrum between 346 and 383 nm

can be matched with the calculation. The negative band at 338 nm corresponds

to 29586 cm−1 and is visible in the absorbance spectrum as a slight shoulder

(Figure 57). It is due to a Franck-Condon transition of the 11B2u state with

very small intensity and a Franck-Condon parameter of −0.22. It was, there-

fore, below the cut-off of 0.70 and neglected. The positive band at 355 nm in

the calculated spectrum is caused by the three 11B3u transitions, which create

one couplet that is about two orders of magnitude lower in intensity than the

following bands. All features above 360 nm originate from the 11B2u state.

The interaction of dipoles decreases as the cube of their separation. Due

to the helical arrangement (Figure 54, Page 121), the i + 2 residue is 1 Å fur-

ther away than the i + 1 NDI and the magnitude of the interaction decreases

significantly. Apart from the distance, the angle between the dipole moment

vectors affects the coupling (Table 15). The helix contains three residues per

turn and the i + 3 NDI is coplanar with the first one and ∼3 Å closer than i + 1.
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Table 15: Interaction between the most intense transitions of
the 11B3u and 11B2u states on different residues, i. For the ar-
rangement of the residues see Figure 54. The given angle is
between the electric transition dipole moment vectors.

State λ / nm Interaction Distance / Å Angle Coupling / cm−1

11B2u 370.0

Vi, i+1 13.3 98◦ −18

Vi, i+2 14.3 98◦ −2

Vi, i+3 9.0 0◦ 15

11B3u 354.2

Vi, i+1 13.3 50◦ 2

Vi, i+2 14.3 50◦ −1

Vi, i+3 9.0 0◦ −8

Figure 58 shows the dependence of the calculated CD spectrum on the an-

gle between two adjacent NDI planes. The intensity decreases uniformly for

greater angles, until no interaction is observed for parallel chromophores at

an angle of 180◦. If the residues allowed a further increase of the angle, this

would change the sense of the helix formed by the monomers and invert the

signs of the bands.

Calculations have been performed on several oligomers in order to analyze

the effect of the nanotube length on the CD spectrum (Figure 59, left). In gen-

eral, the intensity of the spectra increases with the number of monomers added

to the structure. The distance between the chromophore centres across the tube

core is about 12 Å and the interaction between such monomers is responsible

for the large increase going from a dimer to a trimer. As expected, as further

monomers are added, the increase in intensity gradually becomes less pro-

nounced. Figure 59, right, shows how the relative change in intensity depends

on the length of the nanotube for the three most intense calculated bands.
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5.4 Conclusion

Using matrix method calculations, with parameters derived from ab initio cal-

culations, it was possible to reproduce five of six bands in the experimen-

tal spectrum between 320 and 420 nm. The parameters can be used on the

DichroCalc web server at http://comp.chem.nottingham.ac.uk/dichrocalc to

perform CD and linear dichroism calculations.89 Consideration of vibronic

contributions is crucial and neither the vertical nor the adiabatic excitation en-

ergies are sufficient without taking Franck-Condon transitions into account.

The examined region in the spectrum is dominated by transitions to the 11B2u

state with weak contributions from the 11B3u transitions. The calculated spec-

trum shows a red-shift of approximately 9 nm. This may be due to the rep-

resentation of each transition dipole moment by only two charges and further

investigations are in progress. The agreement of experimental CD and calcula-

tion is evidence that the solid state and solution phase structures are equivalent

and establishes the utility of solution phase CD to characterize these structures.

The calculations show a clear dependence of the spectrum on the oligomer

length, which may be useful for estimating the nanotube length once a refer-

ence spectrum for a tube of known length could be measured.

Application to multi-coloured NDI chromophores with different core sub-

stituents would be possible but would require parametrization of the chro-

mophore for substituents extending or changing the π system. Sterzel et al.196

have shown that aliphatic substituents on the nitrogens do not affect the low-

energy states of NDI (hence the transfer of these results to the studied struc-

tures). However, Würther et al.194 have studied NDIs with electron-donating

substituents on the naphthalene core and observed bathochromic shifts of

up to 200 nm in the absorbance spectrum. Such structures would require a

reparametrization to account for the influence of the substituents.

133



CHAPTER 6

ONLINE CALCULATION USING

DICHROCALC

6.1 Introduction

The extensive use of the internet nowadays has given rise to a large num-

ber of online services for protein analyses, e.g., for the interpretation of mass

spectra,211, 212 investigations into protein similarity213 and the prediction of

secondary structure.214 Sensitivity to secondary structure and ease of use

have made circular dichroism (CD) spectroscopy a popular method among

protein scientists. A spectrum can be quickly recorded and allows the main

secondary structure type and the approximate helical content to be identi-

fied.34, 127 Specifically concerning CD, the Protein Circular Dichroism Data

Bank (PCDDB) aims to build a freely available database of CD spectra,215

and the web interface DICHROWEB provides analyses of CD data using sev-

eral open source algorithms.216 DICHROWEB currently supports the pro-

grams SELCON3,217, 218 CONTINILL,219, 220 CDSSTR,221–223 VARSLC,221–223

and K2D,224 and combines seven different reference databases to choose from.
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Using these tools, it calculates the secondary structure from the experimental

spectrum, a goodness-of-fit parameter for the analyses, and several overviews

of calculation and experiments.

The theory behind the origin of CD is well understood and much effort has

been devoted to the theoretical prediction of the spectra based on the 3D struc-

ture of the proteins. The most successful framework is the matrix method,33, 46

for which parameters have been derived from ab initio calculations. These pa-

rameters include the peptide chromophore71 in the far-UV, charge-transfer100

between neighbouring peptide groups in the deep-UV and aromatic side chain

chromophores81 with transitions in the near-UV. For CD, the parameters have

been tested on two different sets of proteins, showing an almost quantitative

accuracy at 222 nm.93, 127 The Spearman rank correlation coefficient87 between

the calculated and experimental intensity at 222 nm is 0.9. The calculations can,

therefore, be used to compare the theoretical spectrum of an assumed structure

with experiment in order to aid the elucidation of the actual conformation.

Although it is much more common for researchers to wish to extract struc-

tural information from a CD spectrum, it is sometimes of interest to gener-

ate a CD spectrum from a structure. If it is suspected that a protein contains

a novel structure, which the structure-fitting databases do not include, then

this approach is the only option. It can be particularly helpful for conforma-

tionally flexible structures, as it is possible to determine an ensemble average

of a series of spectra, computed from structures generated by molecular dy-

namics simulations. Calculations of CD using the matrix method have been

reported for decades, but accessibility to the necessary programs and parame-

ters was limited. LD is closely related to CD and provides information about

how proteins align in the sample or how agents dock to fibrous structures.51, 225
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The analysis of experimental LD spectra is a challenge due to overlapping

transitions, which can lead to disappearing bands. The calculation of the LD

spectra, therefore, can aid assignment. To make such calculations available to

non-theoreticians, DichroCalc was developed, a freely accessible web interface

implementing the matrix method.

6.2 Approach

The concept of using the matrix method to help correlate experimental CD

spectra with protein structure is very attractive. However, until the develop-

ment of DichroCalc, this was largely the preserve of the theoreticians, who

seldom had access to experimental data. Therefore, DichroCalc was designed

to enable non-theoreticians with little theoretical background to benefit from

this approach. The theoretical framework has been reviewed in detail,127 but

this knowledge is not required to make use of the calculations. The inter-

face expects PDB files as input. They can be uploaded one by one, com-

pressed in one or more archives or by giving their PDB codes. The parameters

available on DichroCalc for the backbone are the peptide chromophore and

backbone charge-transfer transitions between neighbouring peptide groups.

A choice is provided between the semi-empirical and the ab initio peptide pa-

rameters, the latter allow additionally the consideration of the πb → π∗ and

the n′ → π∗ transitions. To include aromatic side chain transitions, the chro-

mophores of phenylalanine, tyrosine and tryptophan can be added. For con-

sideration of aliphatic side chains, the chromophores of asparagine, aspartic

acid, glutamine, glutamic acid, and peptide bonds between lysine and aspar-

tic acid are available. All mentioned parameters can be chosen cumulatively.
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Optionally, a full CD analysis performs calculations for all possible combina-

tions of the selected parameters and the routine generates a report with com-

parison plots of the different spectra. For spectra of multiple conformations

the average CD spectrum can be requested.

CD or LD calculations can be selected individually and each calculated spec-

trum is provided as xy-data for use in spreadsheet applications and also plot-

ted in postscript format (Figure 60). In addition to the chosen range of calcu-

lation and plot the user may define a secondary range to zoom in on a special

region in a second plot. This is useful, for example, to analyze the contribu-

tions of side chain transitions since the intensity in the near-UV is orders of

magnitude smaller than in the far-UV.

A complication with LD as compared to CD is that the orientation of the

protein in the coordinate system also has to be considered. An LD experiment

is usually carried out to determine the orientation of a protein; theoretical cal-

culations can be of help in estimating the expected sign of bands in the LD

spectrum for a given orientation. Therefore, DichroCalc offers the option to

calculate a series of spectra for different orientations from one PDB input file.

The results are presented in a report that also contains the experimental spec-

trum in all plots for each orientation. An example report of an orientation

search is given in Appendix D.

The results of the calculations are sent to the user via email as an archive

or as a download link if the archive size prohibits email. In the first two years

since the first beta release, over 100 users have submitted more than 1000 jobs

calculating spectra for over 54,000 PDB files.
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Figure 60: Comparison of a calculated CD spectrum with ex-
periment as returned to the user by DichroCalc.

6.3 Implementation

DichroCalc is written in Perl with a CGI interface, whilst the computationally

expensive dichroism calculations are carried out in FORTRAN.89 Choosing a

web interface approach over a stand-alone program was important both for

usability reasons and to make the calculations available for as many users

as possible. The combination of FORTRAN and Perl components results

in complicated installation routines, which would have needed to be pre-

pared for the three major operating systems (including different versions of

these). The interface ensures cross-platform compatibility, provides instant

access without installation for new users, and updates can be administered

in one place. All major browsers are supported. The web interface can be

reached at http://comp.chem.nottingham.ac.uk/dichrocalc . The following

pages show DichroCalc with all possible options selected and sub-menus ex-

panded (Pages 139 – 141).
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Interface Statistics

Single components: 24

Lines of code: ∼ 26,000

Usage Statistics (July 2009)

Users: 137

Jobs: 1016

Files: 54,917

Jobs using CD: 1012

Jobs using LD: 326
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6.4 The PDB Parser

Since the PDB format is forgiving and various augmented versions exist, it was

necessary to deal with the files in a robust way and allow for several devia-

tions from the current definition. This was important because users are able to

upload their own files, probably created by different programs that do not nec-

essarily obey the PDB standards. Since the code foundation of DichroCalc is

Perl-based, the first choice was BioPerl,226 a powerful package of Perl tools for

genomics and bioinformatics. However, changes to the package would have

been restrictive for subsequent updates to new versions of the suite. Therefore,

a tailor-made parser for PDB files was created instead.

The Perl library ParsePDB.pm provides an object-oriented interface to the

fully-parsed content of the PDB file. The library was designed to access all

atoms or an arbitrary subset of atoms in the protein, depending on the pro-

vided keywords to filter the returned content. In a single command the PDB

can be filtered to retrieve atoms in a certain model, chain or residue and/or

possessing a particular atom type (for example, “CA”) or residue type (for

example, “ALA”). Models, chains and residues can be renumbered while re-

trieving the atoms. The content can be retrieved either as a single string per

record as it is read from the PDB file or readily parsed so that each field of a

record, such as the atom number or Cartesian coordinates, can be directly ac-

cessed. This also applies to φ and ψ backbone dihedral angles, which may be

calculated and are then added to each parsed residue for direct access. For the

retrieved content, regardless of whether it is a complete model, chain, residue

or filtered parts of such units, the mass as well as the centre of mass can be

returned.
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The retrieved filtered and renumbered data can be written in PDB or FASTA

format and an additional routine allows PDB files to be generated for use with

the CHARMM molecular dynamics program.227 Inserted residues can be han-

dled as well as alternative atom locations and the parser provides functions to

access these individually or remove them if necessary, thereby detecting and

fixing emerging chain breaks. The PDB parser has been developed for the

DichroCalc and the ProCKSi213 web interface for secondary structure determi-

nation.

The Perl library can be downloaded at

http://comp.chem.nottingham.ac.uk/parsepdb .

6.5 Conclusion

DichroCalc is the first web interface that makes CD and LD calculations avail-

able for use by non-theoreticians, thus considerably improving the access to

such calculations. PDB files can be processed by the hundreds, and calculated

spectra are sent to the user directly.

The development of the interface spawned the Perl library ParsePDB.pm,

which provides quick access to the parsed content of a PDB file in just one

compact library.
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CHAPTER 7

CONCLUSIONS

Matrix method calculations, based on parameters derived from ab initio ap-

proaches, are able to reproduce features observed in experimental CD spectra.

The CD spectra of highly α-helical proteins can be calculated almost quantita-

tively. Since the helix is the most common secondary structure type, the quanti-

tative understanding of its contribution to the CD is a substantial achievement.

The Spearman rank correlation coefficient between the experimental and cal-

culated intensities for a diverse set of proteins is 0.92 at 222 nm. Parameters of

aromatic side chains reproduce features in the near-UV and the πb → π∗ and

n′ → π∗ amide transitions are parametrized and show bands in the deep-UV.

It was found that consideration of only the four nearest neighbours does not

worsen the result of the CD calculations. This finding may be used in the fu-

ture to facilitate the calculations of significantly larger proteins by reducing the

Hamiltonian to a block diagonal matrix. The effects of random coil and partic-

ularly β-II-structures on the observed CD spectra have to be better understood

to achieve the level of agreement that can be reached for α-helical proteins.
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It is generally the case that, apart from the β-II-class proteins, the ab initio set

of parameters tends to overestimate CD intensities, especially in the region

around 190 nm.

The SP175 set, containing 71 proteins with diverse secondary structures,

has made it possible to assess the influence of charge-transfer transitions in

the vacuum-UV, a region that cannot be reached with conventional spectrom-

eters. If only local excitations are considered, there is almost no correlation

between the calculated and experimental intensity at higher energy; the Spear-

man rank correlation coefficient, r, is 0.12 at 175 nm. However, r rises to 0.73,

if charge-transfer transitions are taken into account and to 0.79 if, in addition,

the side chain chromophores are considered. In most of the calculated spectra,

the inclusion of charge-transfer transitions increases the negative band around

170 nm considerably—improving the agreement—while the effects in the far-

UV region are mostly marginal, and slightly worsen the correlation. The po-

sitions of the bands at 190 and 208 nm are usually not affected: the intensity

changes are minute in the far-UV.

The major contributions come from just two of the 19 charge-transfer con-

formations, namely the main α-helical and β-strand types. However, the com-

bination of all other chromophores contributes just as much and, therefore,

cannot be neglected. The change of intensity in the deep-UV could not be

attributed to a specific charge-transfer transition, but is rather caused by inter-

actions among all four types. These results show that the inclusion of charge-

transfer enhances the theoretical CD calculations in the vacuum-UV region.

Combined with the computational analysis of the CD spectrum, the spectrum

calculated from the 3D structure of the protein could provide new insights into

protein folding.
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The significant progress that has been made in calculating CD spectra over

the last few years has been transferred over to LD spectroscopy. Protein LD

data are becoming more available and it has become clear that they contain

plenty of structural information. However, due to overlapping transitions, it is

often impossible to extract this information without understanding the spec-

troscopy of the system. The matrix method is directly applicable to LD data

interpretation and, as LD depends only on the electric moments of the tran-

sition, spectral shapes are easier to calculate. The orientations of five fibrous

proteins, comprising the main secondary structure types, have been correctly

reproduced by the calculations. A method has been developed to calculate the

LD spectra of the protein in all possible orientations for direct comparison with

experiment.

A mechanism has been implemented to create simplified matrix method

parameters without performing full-scale ab initio calculations on the chro-

mophore. It requires only previously published dipole moments and the ex-

citation energies of chromophores. The calculations on DNA and RNA ex-

amples were able to reproduce experimental features and identify correctly

the conformation of the polynucleotide. This was shown for parameters de-

rived from two different theoretical approaches. For the naphthalenediimide

chromophore, five of six bands in the experimental spectrum between 320 and

420 nm could be reproduced. Consideration of vibronic contributions is cru-

cial and neither the vertical nor the adiabatic excitation energies are sufficient

without taking Franck-Condon transitions into account. The calculations show

a clear dependence of the spectrum on the oligomer length, which may be use-

ful for estimating the nanotube size once a reference spectrum for a tube of

known length could be measured.
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The web interface DichroCalc offers CD and LD calculations online and has

proven to be robust and stable. Several thousands of spectra have been calcu-

lated over the past years by dozens of users. With the addition of LD calcula-

tions, the interface will hopefully gain additional attention due to the increas-

ing use of LD in current research. DichroCalc is the first web interface that

makes CD and LD calculations available for the use of non-theoreticians, thus

considerably improving the access to such calculations. PDB files can be pro-

cessed by the hundreds and calculated spectra are sent to the user directly. The

development of the interface spawned the Perl library ParsePDB.pm, which

provides quick access to the parsed content of a PDB file in just one compact

library.
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APPENDIX B

CD SPECTRA OF THE CD130
PROTEIN SET
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CD SPECTRA OF THE SP175
PROTEIN SET

CT = backbone and charge-transfer transitions.
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APPENDIX D

ORIENTATION SEARCH REPORT

The orientation search calculates a series of LD spectra for a given PDB file for

all possible orientations of the protein. Depending on the chosen intervals and

maximum angles for the tilt and internal rotation, this process may generate

dozens of spectra. For the analysis, it is crucial to be able to relate the spectra

to the corresponding structure easily. The protein is rotated about two axes

and the definition of these, as well as the initial orientation of the protein, has

to be considered. To aid the analysis, especially for new and casual users, the

results of an orientation search are summarized in a report; this enables the

user to find the corresponding PDB and xy data for a spreadsheet application.

The font and graphics sizes had to be slightly reduced to maintain the layout

of the report within the page margins of this work.

Actin was not included in the main discussion because it was uncertain

whether the underestimation of the intense n → π∗ band between 210 and

230 nm depends on the experimental conditions (if, for example, the sample

concentration affects the fibre properties).



Appendix D Orientation Search Report

LD Calculation of Actin

The z axis is defined as parallel orientation, x and y as perpendicular. The protein is
rotated with a certain rotation interval about the rotation axis until a full rotation has
been carried out. For each rotation the LD spectrum is determined. After this, the
protein and its rotation axis are tilted away from the initial position around the tilt
axis about a given tilt interval and rotated again. This is repeated until a maximum tilt
angle is reached.

The spectra show the LD, calculated using the formula

LD = A‖ − A⊥ = µ2
z −

1

2
(µ2

x + µ2
y)

Parameters for this calculation

Tilt Axis: y Rotation Axis: z
Tilt Interval: 45◦ Rotation Interval: 45◦

Tilt Angle: 90◦ Rotation Angle: 180◦

Original Orientation
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"1eqy−z.xyz"
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This calculation was done using DichroCalc
http://comp.chem.nottingham.ac.uk/dichrocalc

B.M. Bulheller & J.D. Hirst, DichroCalc — Circular and Linear Dichroism Online.
Bioinformatics, 25, 539–540 (2009).
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Plot of the Protein Orientations at All Angles

Initial Orientation at All Tilt Angles

The protein is rotated about the tilt axis using the tilt interval. Each of the structures
shown in the next figure is then rotated about the rotation axis. The initial rotation
axis is z and is tilted about the tilt axis with the protein.
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Plot of the Rotations at All Tilt Angles

Tilt Angle 0◦

After the protein has been tilted 0◦ about the tilt axis y it is rotated in 45◦ intervals
around the rotation axis until 180◦ are reached.
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Tilt Angle 45◦

After the protein has been tilted 45◦ about the tilt axis y it is rotated in 45◦ intervals
around the rotation axis until 180◦ are reached.
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Tilt Angle 90◦

After the protein has been tilted 90◦ about the tilt axis y it is rotated in 45◦ intervals
around the rotation axis until 180◦ are reached.
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Tilt Angle 0◦

Directory: 1eqy-z.t000
Rotation Axis (black): x = 0.000

y = 0.000
z = 1.000

Single Spectra of Rotations
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Tilt Angle 45◦

Directory: 1eqy-z.t045
Rotation Axis (black): x = 0.707

y = 0.000
z = 0.707

Single Spectra of Rotations
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Tilt Angle 90◦

Directory: 1eqy-z.t090
Rotation Axis (black): x = 1.000

y = 0.000
z = 0.000

Single Spectra of Rotations
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