VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

NOVEL RAMAN STUDIES OF

THE CONFORMATION AND

DYNAMICS OF BIOLOGICAL
MOLECULES

By Steven John Ford

A Thesis presented in partial fulfilment for
the degree of Doctor of Philosophy in the
Faculty of Science of the

University of Glasgow

Chemistry Department

May 1995

(c) Steven Ford



ProQuest Number: 10992270

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10992270

Published by ProQuest LLO (2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLO.

ProQuest LLO.

789 East Eisenhower Parkway
P.Q. Box 1346

Ann Arbor, MI 48106- 1346



0164
Co(o7 '

GLASGOW
UNIVERSITY
LIBRARY




To Sandra



ACKNOWLEDGEMENTS

I would like to express my deepest thanks to Prof. Laurence D. Barron
and Dr. Alan Cooper, for acting as my supervisors. Their relaxed, yet very
professional, attitude toward research has been a great encouragement to

me over the last 3 years.

I would like to thank the friends whom I have worked beside during
my Ph.D.: Stephen Robertson, Alan M€Alpine, Michelle Lovat, Deborah

M€Phail, Margaret Nutley, Gary Wilson, Lutz Hecht and Alasdair Bell.

I would like to thank my extended family, particularly my parents and
my wife, and my friends, John Candy, Duncan Brown, lan Futter and
Andrew Munro for all the support they have given me over the last few

years.



BabBAL
BAL
BSA
CCD
CID
DCP
DTT
ICP
EOM
FTIR
HEWL
ipb

IR

MD
NAG
NOE
NMR
opb
ORD
PLL
PrOH
ROA
TFE
UuvcepD
VCD

VOA

ABBREVIATIONS

Baboon a-lactalbumin
Bovine o-lactalbumin
Bovine serum albumin
Charged coupled device
Circular intensity difference
Dual circularly polarized
Dithiolthreitol

Incident circularly polarized
Electro-optic modulator
Fourier transform infra-red
Hen egg white lysozyme
in-plane bend

Infra-red

Molecular dynamic

N-acetyl glucosamine
Nuclear Overhauser effect
Nuclear magnetic resonance
out-of-plane bend

Optical rotatory dispersion
Poly-L-lysine

Propanol

Raman optical activity
Trifluoroethanol
Ultra-violet circular dichroism
Vibrational circular dichroism

Vibrational optical activity



CONTENTS

ABSTRACT
Chapter 1: Introduction
1.1 BACKGROUND
1.1.1 Objective
1.1.2 Introduction
1.2 VIBRATIONAL OPTICAL ACTIVITY
1.2.1 Introduction
1.2.2 Experimental VOA techniques
1.2.3 VOA as a biochemical tool
1.2.4 ROA stratagies
1.2.5 Vibrational spectroscopy of proteins
Chapter 2: ROA methods and theory
2.1 ROA EXPERIMENTAL METHODS
2.1.1 Introduction
2.1.2 The ROA spectrometer
2.1.3 Experimental parameters
2.2 THEORETICAL DEVELOPMENTS
2.2.1 Outline
2.2.2 Basic mathematical and physical principles
2.2.3 Derivation of ROA equations
2.2.4 Implications of theoretical analysis
2.2.5 Ab initio calculations
Chapter 3: Alanyl peptides
3.1 INTRODUCTION
3.2 EXPERIMENTAL
3.3 ASSIGNMENTS OF THE ALA  SPECTRA
3.3.1 Overview

3.3.2 Ala,

..........

..........

10
13
13
13
13
17
19
19
19
22
25
26
31
31
32
33
33

34



333 Alay, 50

3.3.4 Ala, and Alag, 61

3.4 CONCLUSION 68
Chapter 4: le2 and Ser, e 69
4.1 INTRODUCTION .. 69
4.2 EXPERIMENTAL ... 70
4.3 ASSIGNMENTS OF THE VAL, SPECTRA ... 70
4.3.1 Overview L 70

4.4 ASSIGNMENTS OF THE SER; SPECTRA ... 79
4.5 PEPTIDE CONFORMATION ... 86
4.5.1 Introduction 86

4.5.2 Alanyl peptides .. 87

4.53 Val, and Ser, 89

4.5.4 Discussion L 91

4.6 CONCLUSION ... 93
Chapter 5: Alanine Dipeptide @ ... 94
5.1 INTRODUCTION .. 94
s.1.1 Background 94

5.1.2 Peptide conformaton ... 95

5.2 EXPERIMENTAL METHODS ... 98
5.3 ASSIGNMENTS OF DIPEPTIDE SPECTRA ... 99
5.4 ALANINE DIPEPTIDE CONFORMATION ... 109
5.5 CONCLUSION 112
Chapter 6: Hen Egg White Lysozyme ... 113
6.1 INTRODUCTION .. 13
6.1.1 Background L. 13

6.1.2 Crystal structure of HEWL ... 115

6.1.3 Structural changes on inhibitor binding  .......... 117

6.1.4 Solution structure of HEWL ... 118



6.1.5 Studies on HEWL and NAG_: NMR data .........
6.1.6 Amide hydrogen exchange in HEWL ...,
6.1.7 Denatured state of HEWL ...
6.2 EXPERIMENTAL METHODS ...
6.2.1 Sample preparation .
6.2.2 HEWL-NAG, experiments ...
6.2.3 Denatured HEWL ...
6.2.4 Deuterated HEWL .
6.3 ASSIGNMENTS OF HEWL SPECTRA ...
6.3.1 Native HEWL ...
6.3.2 Deuterated HEWL ...
6.3.3 Denatured HEWL .
6.3.4 HEWL-NAG; experiments ...
6.3.5 HEWL hydrogen exchange ...
Chapter 7: Bovine a-lactalbumin ...
7.1 INTRODUCTION
7.11 Background
7.1.2 Crystal structure of «-lactalbumin ...
7.1.3 Solution structure of «-lactalbumin ...
7.1.4 Low pH state of a-lactalbumin ...
7.1.5 Metal free o-lactalbumin .
7.1.6 Comparison of HEWL and «-lactalbumin ..........
7.2 EXPERIMENTAL METHODS ...
7.2.1 Bovine «-lactalbumin L
7.2.2 Calcium free BAL ..
7.3 ASSIGNMENTS OF BAL SPECTRA ...
7.3.1 Native a-lactalbumin ..
7.3.2 Molten globule BAL ...

7.3.3 Apo, or metal free, BAL ...

119

121

122
123
123
126
126
128
129
129
137
142
151

158
170
170
170
172
175
176
178
181

185
185
186
187
187
192

198



Chapter 8: Amide ROA signatures of proteins = ... 207

8.1 THE AMIDE I REGION ... 207
8.2 THE AMIDE III REGION ..., 208
8.2.t Backgrounrd 208

8.2.2 Theoretical aspects ... 208

8.2.3 Earlier work ... 212

8.2.4 Assignment of the 1340 cm™! band ... 215

8.2.5 Assignment of 1300 to 1190 cm~! bands .......... 216

8.3 SUMMARY 218
BIBLIOGRAPHY .. 220

PUBLICATIONS 230



Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

2.1
2.2:
2.3:
2.4:

2.5:

2.6:

3.7:
3.8:

3.9:

DIAGRAMS

: Photon scattering of CD and ROA

: Different ROA strategies

The ROA spectrometer
The backscattering block
Spectrometer hardware connections
Flow diagram of spectrometer operation
Coordinate systems of incident

and scattered waves
Graph of «G', B(A)? and B(G)? against

scattering angle

: Structural formulae of alanyl peptides
: Ala, in hydrated solvents

: Ala2 in deuterated solvents

Raman and ROA of Ala, (250-1750 cm™)

: Amide III regions of the alanyl peptides

: Deuterated alanyl peptides (1200-1400 cm™)

Ala, in hydrated solvents
Ala; in deuterated solvents

Ala, in hydrated solvents

3.10: Ala4 in deuterated solvents

3.11:

4.1:
4.2:
4.3:

4.4:

4.6:

Raman and ROA spectra of Alag

Val, and Ser,

Val, in H,O0 and D,O

Val, in H,0 and D,O (1200-1430 cm™)

Ser3 in HCI and DCI

: Sery in HCI and DCI (1100-1450 cm™)

Peptide conformers at neutral and low pH

..........

..........

..........

10
14
15
17

18

22

27
32
35
36
37
41
42
51
52
62
63
64
69
71
72
81
82

89



Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure
Figure

Figure

4.7: Probabilities of peptide conformation

5.1: Structure of alanine dipeptide

5.2: MD trajectories of alanine dipeptide

5.3: Spectra of alanine dipeptide in H,O

5.4: Spectra of alanine dipeptide in D,O

5.5: Spectra of alanine dipeptide in CHCl,

5.6: Experimental and ab initio ROA spectra

6.1: The aminc acid sequence of HEWL

6.2: Two HEWL hydrolysis mechanisms

6.3: Structure of NAG,

6.4: Structure of HEWL

6.5: Raman and ROA spectra of HEWL

6.6: Raman and ROA of deuterated HEWL

6.7: Raman and ROA of denatured HEWL

6.8: Deuterated, denatured HEWL

6.9: Comparison of native and denatured HEWL

6.10: Raman and ROA spectra of HEWL-NAG,

6.11: Comparison of HEWL and HEWL-NAG,

6.12: HEWL-NAG, with the NAG; subtracted

6.13: Raman and ROA spectra of NAG,

6.14: Positions of category I and II amides

6.15: Raman and ROA spectra of '7 day’ HEWL

6.16: Raman and ROA spectra of '25 day’ HEWL

6.17: Comparison of HEWL, '25 day’ HEWL
and fully deuterated HEWL

7.1: The sequences of BAL and HEWL

7.2: Alpha-lactalbumin and lactose synthesis

7.3: The crystal structure of BabAL

..........

..........

..........

..........

..........

..........

..........

92
94
97
100
101
102
m
113
114
115
115
130
138
143
144
145
152
153
154
155
161
163
164

165
17
17
172



Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

7.4: Temperature factors of BabAL and HEWL
7.5: Alpha-lactalbumin and various metals
7.6: T of BAL and HEWL versus propanol
7.7: Raman and ROA spectra of native BAL
7.8: Raman and ROA of molten globule BAL
7.9: Raman and ROA spectra of Na*-BAL
7.10: Raman and ROA of recalcified Na*-BAL
7.11: Raman and ROA specra of apo-BAL
7.12: Raman comparison of apo-BAL and Tris
7.13: Fluorescence of various BAL states

8.1: Two group model and amide links

8.2: Ramachandran plot for HEWL

..........

..........

..........

174
179
184
188
193
199
200
201
203
205
209

212



Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table

TABLES

1.1: Vibrational modes of amide links

3.1:

3.2:

3.3:

3.4:

S.1:

5.2:

6.1:

6.2:

6.3:

6.4:

6.5:

7.1:

7.2:

7.3:

8.1:

8.2:

Experimental conditions of alanyl peptides
Assignments of the Ala, amide I region
Amide III vibrations of Ala,
Depolarization ratios of Ala, and Ala,
Conformation adopted by alanine dipeptide
Alanine dipeptide low frequency vibrations
Secondary structure of HEWL

HEWL and NAG, interactions

Exchange category and protein structure
Exchange category and secondary structure
Tryptophan exchange half lives

Secondary structure of a-lactalbumin
Alpha-lactalbumin Ca?* binding ligands
T,, of BAL in propanol

Two group model and ab initio results
Protein ROA assignments concluded

from this work

..........

1
33
38
44
SS
95
106
116
117
159
160
161
173
174
184

211

219



ABSTRACT

Raman optical activity (ROA) is developing into a new, and unique, form
of biological spectroscopy and this thesis endeavours to determine the new
insights that ROA provides into the conformational and dynamic properties

of peptides and proteins.

The peptide ROA analysis used small oligopeptides to obtain a clear
idea of the fundamental aspects of polypeptide ROA. The ROA signal
originating from the vibrations of the amide link were scrutinized
particularly closely using the alanyl peptide series Ala, to Ala;. The amide
IIT vibration (C-H and N-H deformations) proved to be the easiest, and
most reliable, band to measure experimentally. The coupling of the C_-H
and N-H deformations can be seen clearly in both the Raman and the ROA
spectra. The amide III Raman and ROA analysis concurs with recent normal
mode calculations. As the alanyl series expands delocalization of the amide
III band can be seen. It is clear that the delocalization is dependent upon
the N-H deformations because no changes are seen in the C_-H
deformations as the deuterated alanyl peptide (with low frequency N-D

deformations) series expands.

Other peptides were also studied by ROA, and this gave a greater
insight into the peptide ROA observed from all the molecules under
examination. Several alanyl ROA assignments were confirmed by the work.
The amide III ROA differed between peptides, indicating conformational
changes between the molecules. However, the C_;H deformations from
deuterated peptides were seen to give similar ROA band envelopes in all
the peptides studied, indicating again the conformational sensitivity of the
amide III ROA signal and the importance of the N-H deformation.
Significant amide I and amide II Raman and ROA characteristics were also

observed.



The protein studies concentrated on hen egg white lysozyme (HEWL)
and bovine a-lactalbumin (BAL), two well studied and understood proteins.
The Raman and ROA spectra of the native, denatured, inhibitor bound,
deuterated and partially deuterated states of HEWL have been observed, as
have the native, molten globule and metal free states of BAL. It has
become apparent that the amide I vibration produces an ROA couplet in
most protein states, while the amide III ROA is very sensitive to protein
conformation. Several of the ROA bands associated with the amide III
vibration have been assigned, and particularly interesting are the bands
that are sensitive to rigid, dynamic or disordered structural features. A
simplistic theoretical model, that explains some of the ab initio ROA
calculations and the general ‘couplet’ nature of the protein amide III ROA

signal, is outlined in the final chapter.

Although the ROA signals from proteins cannot be assigned with
complete confidence, it is clear that ROA is rapidly developing into a new
form of biological spectroscopy, with the exciting possibility of probing

the dynamic aspects of protein structure.



Chapter 1

Introduction

1.1 BACKGROUND
1.1.1 Objective

Proteins are the building blocks and workhorses of life. Yet the
understanding of their function still remains one of the greatest challenges
of biological chemistry. Raman optical activity is in a key position to make
a contribution to this challenge. It is a unique form of spectroscopy: its
signals depend upon molecular properties that no other technique can
analyse. Therefore, it is essential to determine what insight into
biomolecular function protein Raman optical activity can give. This is the

objective of this thesis.
1.1.2 Introduction

Protein structure and function are intimately connected. In the last 30
years many protein structures have been deduced by X-ray crystallography
and NMR. (The latter being used to determine protein solution structure.)
However, it is becoming increasing apparent that the dynamic behaviour of
biomolecules in solution also plays a major role in their function (Cooper,
1980; Brooks et al., 1988; McCammon and Harvey, 1987). Being able to ‘see’
a three dimensional structure is no longer good enough, protein function
depends on a ‘four dimensional' structure: how protein conformation
changes with time; how protein molecules move and act. (Tailor's dummies

rarely move, act and behave like humans!)



X-ray diffraction and NMR begin to show their limitations when this
extra dimension of time is considered: X-ray diffraction requires a virtually
static protein structure which is 'locked’ into a crystal and NMR structure
determination becomes very difficult when the protein undergoes large
dynamic motion. Therefore, a broad range of physical and chemical
methods have been devised examine protein behaviour and it is in this

category that vibrational spectroscopy belongs.

Vibrational spectroscopy has been used as a biomolecular tool for quite
some time, but, with protein crystallography producing tangible 3D
structures, vibrational spectroscopy, and other ‘non-pictorial’ techniques,
were sidelined. These techniques are now re-emerging as their advantages
are being reassessed, and with them is a new breed of vibrational

spectroscopy - vibrational optical activity (VOA).

1.2 VIBRATIONAL OPTICAL ACTIVITY

1.2.1 Introduction

Vibrational optical activity (VOA) is a chiroptical extention of
vibrational spectroscopy in which ordinary Raman or IR experiments are
enhanced by the use of circularly polarized light. The consequence of this
combination is that the chiroptical vibrational spectrum is significantly
more sensitive to molecular stereochemistry. Moreover, this sensitivity is
extended beyond traditional chiroptical techniques (such as ultraviolet
circular dichroism) because the VOA signal depends on the encompassing
of a chiral structure by a molecular vibration; any molecule has 3N-6
normal modes of vibration but will only have an electronic transition if
the appropriate chromophore is present. So, on one hand we have the
advantage of a vibrational spectroscopy - vibration from all parts of all

molecules - and on the other we have the advantage of a chiroptical



vibrational spectroscopy - great sensitivity to molecular stereochemistry

with a localization of the signal to chiral structures.

1.2.2 Experimental VOA techniques

As a conventional vibrational spectrum can be measured by Raman or
IR, both of which depend on different molecular properties, so a VOA

spectrum can also by determined by two different methods:

1) Raman optical activity (ROA) - the difference in the Raman scattering

with circularly left and right polarized incident and/or scattered light.

2) Vibrational circular dichroism (VCD) - the difference in absorption of

circularly left and right polarized IR radiation.

These two forms of VOA are very different and they both depend upon
very different molecular properties; therefore ROA and VCD are considered
to be independent, and complementry, techniques. Circular dichroism is
based upon the polarization characteristics of light transmitted through an
optically active medium and involves the interference of unscattered and
forward scattered light waves. This is shown diagramatically in Figure
1.1(a), which illustrates a simple two group model (which is made up of
two identical chemical groups held in a twisted chiral arrangement). In
order to determine the chirality of the molecule via circular dichroism a
photon (or the electromagnetic field associated with that photon) must
pass from one group to another before being scattered in the forward
direction. Rayleigh and Raman optical activity are based upon the
polarization characteristics of scattered light. They are still interference
phenomena, but the interference occurs between two light waves scattered

independently from the two groups (as shown in Figure 1.1(b)).
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Figure 1.1: The photon scattering picture of the generation of (a) circular

dichroism and (b) Rayleigh and Raman optical activity by a simple chiral

two-group model. (Taken from Barron and Hecht, 1994).
1.2.3 VOA as a biochemical tool.

The VOA signal produced by a vibrational mode depends upon the
incorporation of a chiral structure within that vibrational mode. Therefore,
a VOA signal will only be observed for ‘optically active' vibrations. So
when we turn to protein ROA our attention is naturally drawn towards the

chiral units within a protein structure - amino acids.

There are 20 naturally occuring amino acids and all of them, with the
exception of glycine, contain a chiral Ca. However, two of the amino acids,

threonine and isoleucine, have a second chiral centre, on the CB'

When amino acids are polymerized into a protein structure the C_'s are
incorporated into the backbone chain, leaving very few chiral centres on
the sidechains. (The sequence of hen egg white lysozyme shows that 90%
of the chiral centres are located in the protein backbone.) This natural
focussing of chiral centres on a particular part of the structure combined
with the localization of VOA signals onto chiral centres results in a
technique that is very sensitive to the molecular conformation of the

protein backbone. Chirality can also be generated by chemical groups held



in a twisted conformation within the protein structure, such twisting is

believed to contribute to protein VCD (Malon, 1994).

The nature of normal mode vibrations means that several vibrations will
encompass a single chiral centre; consequently VOA techniques will have
several bands which contain the same structural information. ROA puts
this advantage to good use because it has a far broader spectral range
thén VCD. Ultraviolet circular dichrosim (UVCD), which is the traditional
chiroptical biochemistry tool, depends upon the two electronic transitions

of the peptide link.

Many other biomolecular spectroscopies, for example some NMR
studies, near-UVCD and fluorescence, do not actually determine backbone
conformation. Instead they rely on the aromatic residues within the protein
structure to act as intrinsic probes and infer backbone conformational
changes from the changes in the aromatic environment. VOA uses a
different, and more direct, approach, sampling the backbone conformation

directly.

Conventional Raman and IR rely solely on the frequency and intensity
of vibrational modes to deduce protein secondary structure. However, it is
becoming increasingly apparent that this approach is not suitable because
the 'conformationally sensitive' vibrational modes are also affected by other
factors, such as sidechain structure and geometric irregularity (Krimm and
Bandekar, 1986; Krimm and Reisdorf, 1994). VOA provide another parameter,
which will hopefully be less sensitive to these other factors (Keiderling,

1994).

VCD has been successfully used on peptides and proteins for over a
decade, allowing several different aspects of experimental procedures (and

theoretical understanding) to be developed. Experimentally, the amount of



protein required for a successful VCD result is much smaller than for
ROA because of the smaller sample volume and lower concentration in the
former. Many of the intrumental problems involved with biological VCD
have been solved and so acquiring a reliable spectrum is relatively

straightforward.

VCD compares favourably to its high frequency cousin, UVCD. The
characteristic frequencies of particular secondary structural elements in a
UVCD spectrum overlap, whereas with VCD they are resolved. VCD is also
more sensitive to shorter secondary structural elements than UVCD
because the coupling between the vibrational transitional moments occurs
over shorter regions than the coupling for the electronic transitional
moments (Birke et al., 1992). One the other hand attempts at using a
statistical factor analysis on protein VCD results have shown that VCD is
no more reliable than UVCD for secondary structure prediction (Pancoska
et al.,, 1990, 1994). The statistical analysis is now being extended to try and

predict supersecondary structure (Pancoska et al., 1994).

One of the advantages of Raman spectroscopy over IR spectroscopy is
that the Raman intensity of the H,O bending vibration is very small:
whereas Raman spectroscopy can determine bands that coincide with the
1660 cm™! H,0 bend, IR has to rely on solvent subtraction techniques. The
same situation applies to D,0 except that the vibration is now at 1200
cm™!. Therefore, ROA spectroscopy is equally applicable to proteins
solvated in H,O0 or D,O and this is important when studying amide
hydrogen-deuterium exchange. VCD does not have this advantage and relies
on deuterated proteins. However, because complete deuteration requires
denaturation and regaining the native conformation is not always
straightforward, VCD measurements are done on partially deuterated

proteins. Recently VCD spectra have been obtained from proteins in H,0

(Keiderling et al., 1994).



1.2.4 ROA strategies.

ROA is a blanket title which covers several experimental strategies.
Unlike VCD, the nature of the ROA measurement can be varied quite
widely. Different ROA stategies produce different ROA spectra because
when the ROA strategy is changed different molecular properties
contribute to the observed ROA signal. One experimental parameter that
can be altered is scattering angle and, although any scattering angle
between 0° and 180° could be employed, the measurements are usually
restricted to forward scattering (0®), right angle scattering (90°) and
backscattering (180°). For reasons which are further alluded to in the
theoretical section, the protein ROA experiments done in this thesis are

based on a backscattering experimental approach.

Until recently the only ROA strategy that was used was incident
circularly polarized (ICP) ROA. This form of ROA, as the name implies,
was based on alternating the incident laser light between circularly left
and right polarized forms. The ICP ROA experiment is the strategy that
has been adopted at Glasgow and is used for all the measurements in this
thesis. The technique can perhaps be visualised by using a cricketing
analogy - if a bowler alternates the spin of the ball he throws he will be
able to change the behaviour of the ball once it has been hit: similarly a
right handed batsman, who represents the chiral sample here, will have a
different effect on the deflection of the spinning ball(s) than a left handed

teammate.

The new ROA development is the adoption of polarized modulation in
the beam of scattered light - scattered circularly polarized (SCP) ROA
(Hecht et al., 1991). The ICP and SCP can be combined to produce a dual
circularly polarized (DCP) ROA experiment which, naturally, can have two

forms depending upon the combinations of circularly polarized light used.



The first form, in-phase DCP (designated DCP,), is where the polarized

forms of the incident and scattered beams are both the same.
Out-of-phase DCP (designated DCP,;) is where the polarized forms of the
incident and scattered beams are different; that is right circularly polarized
incident light is used when the scattered light analyser is set to left

circularly polarized light, and vice versa. All four strategies are shown in

Figure 1.2.
J j J i
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Figure 1.2: Different ROA strategies. (Taken from Nafie, 1991)

1.2.5 Vibrational spectroscopy of proteins.

This final section discusses the classification of the vibrational signals
that occur in protein spectra and how conventional vibrational spectroscopy

uses these vibrations.

For the purpose of vibrational spectroscopy protein structure can be
divided into two main components, sidechain residues and amide links, each
of which will contribute to the observed spectrum. However, a protein,
being a macromolecule, will have a very large number of normal vibrational
modes and consequently, it is impossible to discern particular vibrations,
unless the signal from those vibrations is intense enough to stand above,

and be distinct from, the rest. Furthermore, because proteins have so many

- 10 -



vibrations at a particular frequency, the observed band will be a
summation of several vibrations from various components within the

protein.

The sidechain residues that appear in a Raman spectrum are usually the
aromatic residues, tryptophan, phenylalanine and tyrosine and the sulphur
containing residues, methionine and cysteine. Some of the vibrations of
these residues are sensitive to the environment that the residue is in and

can act as intrinsic conformational probes within the protein.

The second component of protein structure, the amide links, have their
own set of vibrations. The amide vibrations have been extensively studied
to determine the their dependence on the backbone conformation. The

amide vibrations are outlined in Table 1.1.

Table 1.1: The vibrational modes of the amide links. (s; stretch: ip; in plane

bend: b; bend: t; torsion: op; out of plane bend.)

Amide mode Frequency (cm™) | Vibrational components
Amide I 1640-1680 C=0s with C-Ns and N-Hip
Amide II ~1560 N-Hip and C-Ns

Amide III 1230-1300 N-Hip and C-Hb

Amide IV various C=0Oip

Amide V ~725 C-Nt and N-Hop

Amide VI various C=0Oop

Skeletal stretch 880-960 Backbone C-Cs and C-Ns

The Raman and IR bands from the amide vibrations depend on the
structure of the protein being examined. Several methods have been
proposed to qualitatively determine the secondary structure contents of
proteins from the amide vibrations with varying degrees of success. (A
recent review of these methods has been published by Bandekar (1992).)

However, these techniques have probably not been widely adopted because

_11_



of the experimental difficulties in obtaining a good Raman or IR spectrum
as opposed to a good UVCD spectrum. This state of affairs may changes
as solvent subtraction, deconvolution, Fourier transform and infra red

Raman techniques improve.

- 12 -



Chapter 2

ROA methods and theory

2.1. ROA EXPERIMENTAL METHODS.
2.1.1 Introduction

This section provides a brief description of the ROA spectrometer used
for the measurements in this thesis. A full description can be found in a

recent paper (Hecht et al., 1992).

The design of the spectrometer is based on several year's study into
the experimental and theoretical aspects of ROA collection strategies, and
also incorporates some of the latest optical technology (single stage
spectrograph, CCD dectector, holographic notch filter etc.). The collection
strategy that was used is that of backscattering ICP ROA. Although not
widely used for Raman spectroscopy, the ROA signal is strongest in the

backscattering direction.
2.1.2 The ROA spectrometer.

The optical layout of the spectrometer is shown in Figure 2.1 and each

individual component described systematically below.

The laser is a continuous-wave Spectra-Physics argon ion laser
(Stabilite 2016), set to 514.5 nm. The first aperture was used to suppress
plasma background radiation from the laser. The polarizer enhanced the

linear polarization of the laser light.
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Figure 2.1: The optical layout of the backscattering ICP ROA spectrometer.

(Adapted from Hecht et al., 1992)

The electro-optic modulator (EOM) is a Pockels cell (Electro-Optic
Developments Model 850-16), which consists of a crystal of potassium
dideuterium phosphate sandwiched between two gold ring electrodes. When
a high voltage (~3kV) is applied along the direction of the laser beam the
crystal acts as a quarter-wave retarder, converting linearly polarized light
to circularly polarized light: reversing the sense of the high voltage
switches the circular polarization of the transmitted light from right to
left or vice versa. The EOM is maintained at a constant temperature, by a
Electro-Optical Developments Model TC 15 temperature controller, because
the birefringence properties of the Pockels cell are temperature dependent.
The voltage required for thé optical modulation is provided by a high
voltage linear differential amplifier (LEYSOP, Model LDA 50 Series 5000).
The resulting circularly polarized light is focussed onto the sample cell

and passes through a 1 mm diameter aperture.
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The position of the laser focussing lens can be altered and this was
occasionally used to defocus the laser beam at the sample. This reduced
the light flux at the sample, so avoiding photolytic degradation, but still

maintained the overall intensity of light passing through the sample.

The next three components were housed in a block placed just behind
the sample cell and are shown in Figure 2.2. All three components have
centrally placed holes (2Zmm diameter) to let the focused circularly

polarized light shine directly onto the sample cell.

Collimating lens 45° Mirror

% /

N — U

Sample cell ~

JR—
il

Focusing lens

Lyot depolarizer

To collectlon camera lens

Figure 2.2: The backscattering block.

The cone of backscattered light that falls on the Lyot depolarizer, is
collimated by the lens and reflected into the collection optics by the 45°
angle mirror. The Lyot depolarizer is essential because without it the
mirror induces large ROA artifacts in the spectrum. (A mirror does not
reflect different forms of polarized light equally, so the Lyot depolarizes

the scattered light before it is reflected.)
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The sample cell is a specially manufactured quartz microfluorescence
cell (Optiglass) with a pathlength of S5mm and a maximum sample volume

of 300 ul (although the usual sample volume for proteins was 100-150 pl).

The collection optics consist of a focusing lens and a camera lens
which focuses the collected depolarised light, through a holographic notch
filter, onto the spectrograph slit (for protein ROA the latter was usually
set at 120 microns). The holographic notch filter removes the Rayleigh
scattered light, allowing only the inelastically (Raman) scattered light to
enter the spectrograph. The spectrograph is a single stage Jobin Yvon

1

HR- 250S spectrograph, with an ion-etched 1200 grooves mm~™" grating

providing the diffraction.

The detection system is based on a backthinned charged coupled device
(CCD) manufactured by Wright Instruments. The backthinned CCD consists
of 385 columns x 578 rows and is oriented such that the short axis is
parallel to the spectrograph slit. The CCD exposure is controlled by an
internal shutter within the CCD housing and is maintained at a
temperature of 200K by a Peltier cooler reduces the dark counts to a
negligible value. After exposure the CCD is vertically binned so that,
although it is a 2D array of detection cells, it acts as a linear array of

long narrow vertical pixels.

The whole experiment is computer controlled, with the only manual
input once the ROA acquistion has started being to ‘'fine tune' the high
voltage output of the amplifier (this allows greater artifact control during
the acquisition). The CCD operation and high voltage switching is regulated
by a Wright Instruments AT computer interface and a Dell 325D AT PC
using the Lab Calc spectral acquistion and manipulation software (Galactic
Industries). The relationships between the various hardware components are

shown in Figure 2.3.
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Figure 2.3: Diagram of the hardware connections between the various
electronic components of the ROA spectrometer. (Adapted from Hecht et

al., 1992)

The operation of the ROA spectrometer, both manual and electronic, are

shown in the flow diagram in Figure 2.4.

2.1.3 Experimental parameters.

The laser power was usually set to 1.25-1.4 W. The Raman and ROA

1

frequencies are accurate to *2 cm~'. The frequency range is about 1000

cm™! so in order to acquire a spectrum 400 to 1800 cm™! the ROA

spectrum has to be recorded in two separate sections.

Once the ROA spectrum has been obtained it is some times
cosmetically altered. This is done for several reasons: the CCD is sensitive
to cosmic rays and when one strikes the CCD it produces a very large
‘'spike’ in the ROA spectrum; in some ROA spectra artifacts can appear on
one band leaving an otherwise good ROA spectrum dominated perhaps by
one large S-artifact; the acquisition of protein ROA can take between 12
and 24 hours and in that time baseline drifts occur, usually at the high

frequency end of the spectrum as the fluorescence background decreases.
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Figure 2.4: A flow diagram of the operation of the ROA spectrometer.

Abbreviations: HV - High Voltage produced by the differential amplifier.
CPL - Circularly Polarized Light. CPR - Circularly Polarized Raman
spectrum (the Raman spectrum emitted by a molecule under one of the

two forms of circularly polarized light).
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In cases like these the baseline
is corrected useing a quadratic polynomical baseline correction function
available within the Lab. Calc. software package. Cosmic ray strikes and
artifacts are also removed from the final ROA spectrum using ‘Zap'
functions contained within Lab. Calc. Although these features usually
appear in any one ROA spectrum, as more spectra are obtained from a

particular sample, artifacts can be confidently determined.

2.2 THEORETICAL DEVELOPMENTS

2.2.1 Outline

This part of the introduction deals with the theory of the ROA
phenomena. Although this is a complicated subject, rooted in
electrodynamics and molecular quantum mechanics, it does have a place in
this thesis for several reasons. Firstly, the theory illustrates the molecular
properties that are responsible for ROA. Secondly, it will become apparent
why the ROA strategy used at Glasgow is ideal for protein ROA. Thirdly,
we will be able to outline how ab initio calculations are done (the results
of such calculations are used in other parts of the thesis). Finally, the
theoretical derivations could be described as ‘elegant’, and deducing and
understanding such equations gives a great sense of satisfaction. The
original approximate derivation, which is followed here, can be found in
Barron (1982). The complete theoretical description of the ROA phenomena

can be found in Hecht and Nafie (1991).

2.2.2 Basic mathematical and physical principles.

Over a century ago in 1852 G.G. Stokes proposed that a beam of

polarized light could be described by four parameters, S,, S;, S, and S,
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For the purposes of this discussion we only require the first parameter,

which is related to the intensity I:

So = E Ex + E B = 20 /e )12 2.1

where E is the electric field vector of the light wave and yp_, and ¢ are
the SI constants corresponding to the permittivity and permeability of free

space. (The tildes indicate complex numbers.)

The interaction between a molecule and the electromagnetic field of a
light wave is determined by the electric and magnetic properties of that
molecule. These electric and magnetic characteristics are described by

molecular multipole moments and those that dictate ROA are:

Electric dipole moment : L, = % er
Magnetic dipole moment: m_ = ? (ei/Zmi)smBYrinhr 2.2
Magnetic dipole moment: S (1/2)Zei(3riari5—ri28aﬁ)

i

These equations are expressed in cartesian tensor notation, where
particle i at position r;, has charge e;, mass m, and linear momentum p,.
The Greek subscripts denote vector or tensor components and can be equal
to x, y or z; a repeated suffix denotes summation over the three
components (so that, for example, a b = a.b = a b_+ ayby+ a,b ). Sop 1S

the unit second-rank symmetric tensor, and €y is the unit third-rank

By

antisymmetric tensor.

The time dependent fields of the incident light wave induces the

following oscillating multipole moments in the molecule:

~ ( ) _ ~ . ~ ~ ~ ( )

Ko o = (otal3+ (lw/SC)nYAaYB+(1/C)SSYBnYGa8+“')(EB °’)

0,5 = (A 5"+ NE) 2.3
i1, (2 = (Gy v I(E,©)
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where Aa Gaﬁ and AocBY are complex dynamic molecular property tensors
(called the polarizability tensor, electric dipole-magnetic dipole optical
activity tensor and the electric dipole-electric quadrupole optical activity

tensor, respectively).

These complex tensors can be related to real tensors as follows:

Upp = %op” ioc'ch
GaB = GaB - iG’mB 2.4
AaBY - AaBY - iA By

Using time-dependent perturbation theory the real dynamic molecular

property tensors can be expressed quantum mechanically as follows:

g = (270D (0, /02 ~0?) Re(nlilj><jligIn>)
j#n

oy = ~(2/‘h)§(wjn/w2jn—w2) Im (<nle > <jlig In>)
j#n

G = (270 (0/02 -0?) Re(<nly Jj><jimgIn>)

j#n
2.5
G g = -2/ (©/0,2-0 )2Im (Knle ><jimgIn>)
j#n
Ag, = (2/15); (0,/6%,-02) Re(<nly lj><ji0,. In>)
j#n
gy = ~2/MD (0, /0% -7 Im (Cnlp fj><j10 . In>)

j#n
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2.2.3 Derivation of the ROA equations.

A scattered electric field vector, E9, will be related the properties of

the scattering molecule and the properties of the incident light. Explicitly:
Ed, = (0% /47mR) & E°, 2.6

where a the scattering tensor, describes the molecular properties and

o3’

EOB describes the incident light. The scattering tensor is related to the

molecular multipole moments and so in turn is related to the complex
dynamic molecular property tensors. In terms of the latter the scattering

tensor is:

~ o~ . d ~ d ~
A = o * (iw/3c) (n Agyp ~ 1 BA'YOCB*)

2.7

d & _ d & x
+ (1/¢) (SSYBH YGaS €@l BGSY )

This analysis will tell us the dependence of the ROA signal on the
scattering angle. So we must be able to convert the axis describing the
scattered wave to the axis describing the incident wave. This is illustrated

in Figure 2.5 where we see that the Stokes parameters of the scattered

d

wave, which uses the coordinate system that it defines itself of x<, yd

and z9, must be converted to the coordinate system defined by the

incident wave of x, y, and z.

Figure 2.5: The coordinate system used to describe the incident wave (x, y

and z) and the scattered wave (x9, y9 and z9). { is the scattering angle.
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The exact equations that are used for the conversion are not
reproduced here, but it suffices to say that both the scattering tensor and
the Stokes parameters have to be converted to take account of the

scattering angle U. The scattering angle-dependent scattering tensor is:

Eaa = Qg * (in/3c) ("X‘azﬁ - Kﬁya*sinc - Xﬁza*cosC)
2.8
+ (1/0) (SYzB ar * E'Y)’C!GB'Y sinT + S'YZOCGB'Y cos{)
The angle dependent first Stokes parameter is:
Sd0 = deﬁd*x + Edyﬁd*ycoszC + EdzEd*ZsinzC
2.9

- (ﬁdyﬁd*z + Edzgd*y)cosCsinC.

The scattered electric field vector components are described in terms of
the molecular properties by equation 2.6 and by combining 2.6 and 2.9 the

first Stokes parameter of the scattered light (eventually) becomes:
S9g = (1/2)(0% /4nR 2((E 12418, 12)Sy+(E, -1, S,
-2Re(d, & ")S,-2Im@ & *IS +L(& P& [12)Sy+(&, 1*-1& 17)S,

-2Re(d & *)S,-2Im(E & *)S;lcos®T+L(1&, 17418, I1)S,,

+(1a, |?-13, 1S, -2Re(d, &, ™)S,-2Im(& *)S,41sinC

zZX zy zx? zy

* ~ ~ x o~ ~ *
- + + -
2[Re(ayxazx ayy zy )S Re(ayxazx a a,, )S1

~

—Re(ayxazy”‘*rgZx yy*)S —Im(ayxaZy +a_ a vy *)S ;1cosCsinT}

2.10
The scattering factor definition in equation 2.8 is substituted into equation
2.10. The complex dynamic molecular tensors are then expanded and the

whole equation is isotropically averaged, to take into account the fact that

ROA is measured in a liquid, giving finally:
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- 2 * * *
S9, = (1/2) (w2 /4RI H(1/30) Lo, ot "+ 7ot ot 0 ™)S o+ (Bat ot p™+or g 0™)S ]

oL

-(2ImS;/30c)[(w/3)(1-3cosl) saBYasaAYas*-ocaaG 7°‘a[3G B *

+5cosTla G Lo otcmG’BB"E)]+(cosz?;/30)[(70(043010‘B *a o, Oaa *)S,

(3o _a

ot BB*\*aaBaaB*)Sl—(ZImS3/C)[(m/3)(1—3cosC)saBYozSaAYBS*-a G'aB*

e 4o 4

Tt 5 G g Scosller, G ga ™t 0G' g ) 1+(sin?T/30) Lbar pox ™20, a3 ™IS,

o3 [o4) axo” BB

—(21mS3/c)((—(o/3)(2+cosC)saBch8aA +2(aaa *-3a BGa *)]

YB3 B8

2 * . % . o*®
+(2ImSsin CCOSC/3OC)[°’EaBy°‘8aAY¢38 —S(aaBG B _o‘aaGﬁB )Y 2.1

We now have an equation that tells us the intensity of a beam of light
scattered at any particular angle from a molecule, and how that scattered
intensity depends on the four Stokes parameters of the incident light. This
has to be converted to give an expression of the quantity that is measured
during the ROA experiment. That quantity is the Circular Intensity

Difference (CID), A, and is defined by:
- dR dL dR dL
A = (SR -SIL ) /(SR +5dL ) 2.12

where SdR0 and SdLO are the first Stokes parameters of light scattered by
a molecule under incident circularly right and left polarized light
respectively. (Although in reality the numerator and denominator of this
equation are rarely compared, this equations gives a very convenient way of
simplifing equation 2.11.) SdR0 and SdLO are calculated by entering the
appropriate incident Stokes parameters for circularly right and Ileft

polarized light in equation 2.11. The CID equation finally becomes:
A = {2[(1+cos20[(2/3)B(A)2(1-3cos)) +(2/3)7B(G") 2+45aG’
-(10/3)cosU(B(G)2-9xG") 1 + sin2CL(-4/3)B(A) 2(1+2cosl) +4B(G')?

+(20/3)cost(B(G") 2-9aG") 1}/ {cL(1+cosZ0) [(14/3) B (o) 2+3002]

+(4sinZ20)B(a)2 1} 2.13
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where:

o« = (1/3)a,,
2.14a

G = (1/73)G'
are called the isotropic invariants and:

B(a)2= (1/2) (3 )

oB%ap” *oa®ap

B(G)?= (1/2) B0 zG 50, G'p) 2.14b

B(A)2= (1/2)wa_.A

a3 YSBSays
are called the anisotropic invariants of the corresponding tensors and

tensor products.
2.2.4 The implications of the theoretical analysis.

These equations lead to several very important deductions about the

ROA experiment.

By examining the definition of the invariants responsible for ROA we
can see how the ROA signal is generated. All the invariants in the
numerator are products of the polarizibility tensor and one of the two
optical activity tensors. This contrasts with optical rotation and circular
dichroism experiments in fluids where the signal is generated neither by
this interference (the product of the two tensors) or by the electric

), but by the

dipole-electric quadrupole optical activity tensor (AOLB’Y’

isotropic part of the electric dipole-magnetic dipole optical activity tensor

(G'aﬁ) only.

Secondly, in deducing the final CID equation it becomes apparent that
the S, terms (that is terms dependent on the first Stokes parameter of
the incident beam) vanish in the numerator. The S, terms, which are the

only ones that appear in the numerator, and so generate the ROA signal,
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are three orders of magnitude smaller than the S, terms. Consequently,
any small imperfections in the polarization modulation system that results
in different circularly left and right intensities will produce very large

artifacts.

Thirdly, we can see that equation 2.10 has no term that is dependent
upon S,. Therefore, any change in the S, parameter during the polarization
modulation will not affect the ROA result. In addition to this we see that
the S, parameter, which should be zero in pure circularly polarized light,
regulates large molecular polarizablility tensor terms. Therefore, any

deviations from pure circular polarization will produce large artifacts.

It can be seen from the CID equation 2.13 that the contributions of
aG', B(A)2 and B(G)? to the numerator depend on the scattering angle.
These contributions are shown by the graph in Figure 2.6, which
demonstrates that the ROA signal is strongest when the scattering angle
is 180°; i.e. a backscattering strategy is the optimum one for an ROA

experiment.
2.2.5 Ab initio ROA calculations.

In some parts of this thesis peptide ab initio ROA calculations are used
to interpret experimental peptide ROA. Ab initio calculations use the above
equations to produce a theoretical ROA spectrum and the advantage of
such calculations is that they give deeper insights into the vibrations
involved in a particular ROA band. Such calculations were carried out on
alanine, and experimental ROA spectra were published together with their
theoretical counterpart in 1991 (Barron et al., 1991 and 1992a; Gargaro, 1991).
Although ab initio calculations have only been done so far on small
molecules, such as alanine, their results can be useful in the analysis of

the ROA of larger molecules, such as alanyl peptides (Ford et al., 1994).
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Some of the latest ab inito calculations on small peptides show how ROA

changes with ® and ¥ (Polavarapu and Deng, 1994). The basic ab initio

ROA calculation method has been pioneered by Polavarapu (1990), following

work by Amos (1982).

-
- ToM
.- ploY
e BAP
0 — ————e
20° 40" 60 00",«‘100' 120° 1%0° 160° 180

Figure 2.6: The dependence of aG', B(A)? and B(G)? on scattering angle.

TGM represents the two group

B(A)2=B(G")2. (Adapted from Hecht

model which predicts that «G'=0 and

and Barron, 1990)
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The CID equations described in section 2.2.3 were only developed to
encompass Rayleigh optical activity (because only that was required to
demostrate the backscattering advantage). When we turn to ROA
calculations the Rayleigh CID is converted into the Raman CID by making

the following substitutions (using what is called Placzek's approximation):

o

-> <y la o (Q)lu >

o m B
G'ch_> <Um|G'aB(Q)|Un> 2.15
AaB’Y -> <Um|AaB'~((Q)IUn>

where v_ and v_ represent the initial and final vibrational wavefunctions
and Q is the normal vibrational coordinate. This equation is expanded as a

Taylor series in each normal mode coordinate, QP, as follows:

(umlaaﬁlun> = (aaB)OSUmUn+ lZ):(c)ozolﬁ/c)QP)o(ulepIun>
2
r (/DT 0%0,5/0Q,Q ) oVl QpQulug> + -

2.16

where the first term describes Rayleigh scattering, the second term
describes fundamental vibrational Raman scattering and the third term
describes overtones and combinations. Subscript zero refers to the
equilbrium nuclear configuration. Similar expressions can be derived for

<umIG’aBIun> and <umIAa67Iun>.

We saw that the Rayleigh CID equations used above were determined by
the polarizability - polarizability tensor products, B(x)2, and the two
polarizability-optical activity tensor products, $(G')2 and B(A)2. By using
the Rayleigh definitions of these in terms of oy Gyp and A s, and

expanding them to Raman definitons (with the Placzeck approximation and
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a two term Taylor series) we find that the central expressions governing

vibrational Raman optical activity are:

(h/20 ) (305 /0Q,) , (30,5 /3Q.)
(h/20 ) (90,5 /0Q,) ,(0G 15 /0Q) 2.17
(h/20 ) (30, /3Q,) (A, 1/0Q,),,

In order for the ab intio calculations to be carried out two
approximations are made. The first is that the ROA experiment is carried
out at transparent frequencies; the energy of the exciting laser light is far
smaller the energy difference between the ground state and first exited
electronic state. This converts the polarizability tensor to an approximate
static form:

= 22 (/W) Re(Knlp li><jlugin>) 2.18

j=n
where an is the energy difference between the energy of the jth virtual
intermediate state and the energy of the initial state n. The optical activity
tensors reduce to similar expressions. The second approximation is that
the summation term can be accounted for by considering the effect of a
static electric field on a wavefunction using time independent perturbation

theory. This gives:
= (0) (6V]
g = 2K lu 1Y n(Eg)? 2.19

Similar expressions are derived for the optical activity tensors. By
expressing the wavefunctions, ¥, in terms of molecular orbitals it is

possible to calculate the polarizability and optical activity tensors.

The derivatives that the central ROA expressions require, (c)aaﬁ/c)Qp)o,

(c)G'aB/c)Qp)o and (aAaBY/de)o, are calculated numerically by evaluating
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o (1/0)G'_; and A sy at the equilibrium geometry and at geometries

o’ B

displaced by 0.005 A along each atomic co-ordinate.

Certain problems exist with these calculations and one difficulty is the
gauge origin dependence of the G'cxB calculation. However, recently
Helgaker and coworkers (1994) have developed a series of vibrational ROA
calculations using London atomic orbitals which not only yield gauge
independent atomic orbitals, but also provide a set of equations which

converge faster.
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Chapter 3

Alanyl Peptides

3.1 INTRODUCTION

The understanding of protein ROA spectra can be approached from two
directions. The first is the accumulation of a large number of protein ROA
spectra and the deduction of spectral-structural relationships, and the
second is the step-by-step examination of increasingly large model
systems. This particular section concerns the latter pathway, where a

series of simple alanyl oligopeptides were studied by ROA.

There were four reasons for choosing to study a series of alanyl
peptides. Firstly alanine is the simplest chiral amino acid. Secondly, alanine
and it's peptides have already been studied by IR, NMR, VCD, Raman, ROA,
normal mode analysis and molecular mechanics calculations. Thirdly, the
ROA of alanine is well understood via ab initio calculations (Barron et al.,
1991 and 1992b; Gargaro, 1991), and finally the alanyl peptides are readily

available from commercial sources.

Initially the study of the alanyl peptides consisted of Ala, and Ala; in
H,O0 and Ala, in aqueous HCI and these results have already been
presented in the doctorial thesis of Z.Q. Wen (1992). However, it became
apparent that a more extensive study of this simple system would prove
more rewarding. Consequently we studied Alaz, Ala3, Ala4 and AlaS (shown

in Figure 3.1) in H,0 and D,O, under a variety of pH conditions.
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Figure 3.1: Structural formulae of the alanyl peptides.
3.2 EXPERIMENTAL

The Ala,, Ala;, Ala,, Alag samples, DCl and NaOD were bought from
Sigma Chemical Co. and used without further purification. The same
preparation protocol was used for the peptide samples as for the protein

samples (see section 6.2.1).

For the deuterated studies of Ala, completely deuterated Ala, was
used. This was prepared by dissolving Ala, in D,0, and recovering it by
lyophilization. The concentration of the other alanyl peptides was
sufficently low to ensure that less than 2% of the peptide molecules had
more than 1 proton unexchanged. (Concentrated HCI, dissolved in D,O, was

used to acidify the Ala, and Alag/DCl solutions, but again the
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proton:deuterium ratio was sufficiently low to ensure the same condition
as above.) The alanyl peptide concentrations and solutions are given in

Table 3.1.

Table 3.1: The concentrations and conditions of the alanyl peptide

solutions. Acid or alkali concentration in parenthesis. * indicates that the
sample was prepared by Dr. Z.Q.Wen and no records are available to

determine these concentrations.

NaOD NaOH D,0 H,O0 DCl HCl
Ala, | 3.3M(SM)| =« 3.1M . 3.SM(SM) | =
Alag | .67MUM) | .6IM(IM) | .53M x 6IM(IM) |.58M(IM)
Ala, | 3IMUM) [ 27MUM) | - .05M 20M(.2M)|
Alag | - - : 3 .08M(.IM) |.09M(.1M)

3.3 ASSIGNMENTS OF THE ALANYL PEPTIDE RAMAN AND ROA SPECTRA.
3.3.1 Overview

The quality of the Ala, and Ala; spectra are very good allowing small

ROA features to be seen. However as the series increases peptide
solubility decreases and the quality of the ROA falls. So, in the larger
peptides only the largest ROA features can be seen. The assignments
above 1200 cm™! are relatively reliable, because the vibrations are localized
and good normal mode calculations already exist (Diem et al., 1992; Qian
et al., 1991): below 1200 cm™! the vibrational modes are made up of several
different contributions from various localized groups within the molecules

and so are somewhat more difficult to assign.
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One of the advantages of ROA over conventional Raman is that the
comparision of experimental spectra and ab initio calculations are made
easier by the extra 'chiral’ dimension. The same is true for the comparison
of two separate experimental ROA spectrum; the assignment of the
dialanine spectrum is greatly helped by comparing similar ROA features in
the alanine and Ala, spectra. A similar advantage is gained as we try to

assign the longer alanyl peptides.

The final point before we start the analysis is to define some of the
terms that we will use. These terms have been used for brevity, but it is
important to define them as they can easily be confused with some other
terms in chemistry. The solvents used were HCI, DCI, HZO, D20, NaOH
and NaOD. HCl and DCl will collectively be called acidic; H,O and D,0
neutral; and NaOH and NaOD alkaline. HCI, H,O and NaOH will
collectively be called hydrated solvents. Similarly DCI, D,0 and NaOD will

be termed deuterated solvents.
3.3.2 Ala2

The Raman and ROA spectra of Ala2 in HCIl, DCI, HZO, DZO, NaOH and
NaOD are shown in Figures 3.2 and 3.3. The low frequency Raman and ROA

spectra of Ala, in H,O and D,O are shown in Figure 3.4.

1750-1450 cm™!

The Raman and ROA in the region between 1750 and 1500 cm™! give
themselves over to a nice clear explanation. The frequencies and ultimate

assignments are shown in Table 3.2, with the discussion following on.

- 34 -



i
1 1ax1q” Raman
1]
-
N
X
=]
] ROA
1 |
] 0'
u -
| oo ]
1 H36x10®
1 H15x1q7 Raman
L,
4
N." -
H -

%1t
1 1 LJ_OI 1 1 1
%
=
P
—
§:o
]
<>
g

i 1 1 1

L

IR*'IL
= %
s

-1
o
=)
—
-]
s
E
%
|
=]
<
4

-3.8x10° cm-!
900 1300 1700

Figure 3.2: Ala, in hydrated solvents: NaOH (top), H,O (middle), HCI

(bottom).

- 35 -



1%1-

141"

I‘

%1

1 i 11

1 1 1 J 1 1 1 ] 1

—4.4x10° Raman

] ROA
o v

—2.2x10°

1 93x1p® Raman
1 W

1 H—64x10°

1 5.3x108 Raman
)} ROA
04\ VAN f\A J\\ A’v " VAM\

V"V"\] \// f
3. 6x103 W
O

90

Figure 3.3: Ala, in deuterated solvents: SM NaOD (top),

DCIl (bottom).

_36_

1300 1700
D,O (middle),

SM



Raman

B

—

+

<

—t
[4.4x10 /

1

— !

)

[ )

— {I W ¥
[2.5x103

Raman

T

500 800 1100 1400 1700

Figure 3.4: Raman and ROA spectra (between 250 and 1750 cm™!) for Ala,

in H,0 (top) and D,O (bottom).

- 37 -



Table 3.2: The frequencies and assignments of the Raman and ROA signals
of the amide I (and I') region of Ala,. The figures in parenthesis indicate
the approximate relative intensity of the ROA associated with the band.

(st; stretch: asym; asymmetric: def; deformation.)

HCI DCl H,0 D,O NaOH | NaOD | Assignment
1720(0) | 1720(0) CO, H(D)*
1675(+1) 1665(+1) Amide IP
1665(+1) 1660(+1) Amide I'®
1630(+1) Amide 1
1625(+1) | Amide I’
1620(-1.5) 1620(-0.5)° NH; asym def9
1580(+0.5) 1580(0) | CO, asym stP
1570(-0.5) 1570(0) 1575(0)° CO, asym st
/amide IIP-€
1550(+1) Amide II/NH, def
a = Williams and Fleming, 1989
b = Oboodi et al., 1984
c = these are bands that cannot be distinguished from the surrounding
bands, but are present. (The frequencies are not very accurate.)
= Kettle et al., 1990
e = Diem et al., 1992

It is clear from these results that under acidic and neutral conditions
the amide I remains the same, but in alkali solvents the band falls by

almost 40 cm™%.

This also occurs with the amide I' band which is 5-10
cm™! lower than the amide I. This observation was interesting because
previous studies on Ala; (Lee et al., 1989) had proposed that this 40 cm™!
drop demonstrated a significant conformational change in Ala;. This
frequency drop is discussed in more detail in section 3.3.3 but it appears

as if this frequency change arises from a change in the vibrational normal

mode.

In HCl and H,O the CO, asymmetric stretch and the amide II

vibrations occur together, but in NaOH they separate. Although this is not
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immediately clear the D,0 and NaOD results show that the CO;
‘asymmetric stretch remains stationary between neutral and alkali pH
whereas the amide II' band is lowered in alkali conditions (see below). It
is reasonable to assume that the same will happen in hydrated solvents
and so it appears as if the 1550 cm™! band in the Raman spectrum of
NaOH is the lowered amide II vibration (possibly with NH, deformation).
(An alterative hypothesis that ignores the amide II' result is that the
amide II vibration remains at 1570 cm™! in NaOH with the CO, asymmetric

stretch, and the 1550 cm™! band is caused by NH, deformations.)

1 in all

The asymmetric methyl deformation bands occur at ~1460 cm™
six spectra and the frequency remains virtually constant. In the hydrated
solvents the ROA is consistently a positive/negative couplet, although the
intensity of the high and low frequency components seems to alter with
pH, as does the equivalent ROA couplet in alanine (Barron et al., 1991 and
1992b; Gargaro, 1991), indicating possible interactions with the end groups.
The couplet itself arises from either the splitting of the degenerate
asymmetric methyl deformations by other vibrations or the different

environments of the methyl groups, or both (Barron et al., 1991; Ford et

al., 1994).

The situation is more complicated in the deuterated solutions. Here the
asymmetric methyl stretch has a high frequency shoulder at ~1465 cm™!
which has been the assigned to the amide II' stretch: these two bands
carry a sharp negative/positive ROA couplet in all the deuterated solvent
spectra. Although the amide II vibration (in hydrated solvents) is weak, the
proximity of the amide II' vibration to the strong asymmetric methyl
stretch allows it to borrow intensity from it (Oboodi et al., 1984). This

idea is reinforced by the sharp ROA couplet that embraces both the

asymmetric methyl stretches and the amide II' vibrations. As was noted
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above, the Raman amide II' frequency falls in NaOD, becoming only a

slight shoulder on the methyl stretch band.
1400-1200 cm™!

The Raman and ROA spectra between 1200 and 1420 cm™! for all the
alanyl peptides in hydrated and deuterated solvents are shown in Figures

3.5 and 3.6.

The first bands in this region are the 1370 and 1410 cm~! Raman bands
in neutral and alkali solutions, which are assigned to the symmetric methyl
deformation and the carboxylate symmetric stretch, respectively (Oboodi et
al., 1984). (In D,O the methyl symmetric deformations form a shoulder of
the 1350 cm™! C-H deformation bands.) Under acidic conditions:- the
carboxylate stretch band vanishes, leaving behind a small residual band,
and the frequency and intensity of the symmetric methyl deformation

alters.

In H,0 and HCl we see that the ROA generated by the methyl group
(a negative peak) and the carboxylate group (a negative/positive couplet)
coincides, indicating that vibrational interactions occur between the two
groups. In deuterated solvents the positive ROA band caused by the CO;

stretch collapes completely upon deuteration.

The Raman spectra under alkali and neutral conditions remains similar,
but the ROA of the symmetric methyl deformation appears to alter as pH
rises. In hydrated solvents the negative/positive couplet of the carboxylate
stretch remains, but the distinctive negative ROA of the symmetric methyl
deformation vanishes in NaOH. In deuterated solvents the situation is not
so clear cut. These features can be explained by a NH; involvement in the

vibrations of this region at neutral pH. The NH; symmetric deformations
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appear in this region and make a contribution to the ROA of alanine in
this region (Gargaro, 1991). The NH; symmetric deformations will alter as
the pH rises, in contrast to the ND3+ vibrations which will come
elsewhere, 1210 cm™! (Kettle et al., 1990), and will have no effect on this
region. This concurs nicely with the larger degree of change we see

between H20 and NaOH than between D20 and NaOD solutions.

We now come to the amide III region where C-H and N-H deformations
mix, producing vibrations characteristic of polypeptide structure (Krimm
and Bandekar, 1986). This region is critically important for many peptide

and protein studies.

'Monomeric' alanine has two C-H deformations at 1307 and 1355 cm™!

(Roberts et al., 1988) which start to mix in the higher peptides, and so for
convenience we label these monomeric vibrations C-H! and C-H!,
respectively. In Ala, the subscripts N and C refer to the deformations

originating on the amino and carboxylate terminal respectively.

If alanine has two methine deformations Ala, would be expected to
have four. However, in hydrated Ala, these four deformations mix. In D,O
the amide link nitrogen is deuterated: this lowers the N-H deformation
(which occurs about 1336 cm™! in the hydrated Ala,) to 1003 cm™! (Oboobi
et al.,, 1984), and prevents the C-H mixing across the amide link.
Consequently Ala, in D,O has four unperturbed C-H deformations at
1276cm™ , 1305cm™! , 1329 cm™! , 1355 cm™! (Oboobi et al., 1984) which
corresponds to the CC—HI , C

N—HI, CC—HII and CN— H!! vibrations

respectively.

Diem and co-workers (1992) have combined normal mode calculations
with IR and VCD data to provide qualitative estimates for the mixing of

the four C-H and N-H deformations in Ala, in H,O. They showed that
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within the 1250-1360 cm™! region the C-H and N-H vibrations couple to
produce three mixed amide III bands (designated amide III' , amide III? and
amide III° in order of ascending frequency). The contributions to these

vibrations are shown in Table 3.3.
Table 3.3: The amide III vibrations of Alaz.

Vibration Frequency Contributions

Amide I | (1281 cm™) | N-H ipd, C-N st, Co-H", C-H"
Amide IIIZ | (1325 cm™) Co-HM, C-H'T (with a "negligible”
N-H deformation)

Amide III® | (1340 cm™) | N-H ipd, C~-H"

The CC—HI and CN—H1 vibrations do not mix and occur at 1266 and 1302

1

cm™ ' respectively.

The Ala, analyses in D,O and H,O are the easiest because we already
have the normal mode analysis and the molecule is only 'one step’ up from
the well understood Ala molecule. In H,0 we see only a broad band
between 1250 and 1300 cm™!, but Diem has shown by deconvolution that
there are three vibrations here, the CC -H! at 1266 cm™!, the amide III! at
1281 cm™! and the CN—HI at 1302 cm™! (the latter is very weak). The
frequency of the negative ROA band in this region (1270 cm™1) appears to
indicate that it originates from the CC—HI deformation. However, it would
be surprising if the highly delocalized amide III' mode gave no ROA and in
fact the Ala,/D,O results shows a positive ROA band in this region,
demonstating that either the C. -H! vibration is not as pure as originally
thought, or that the amide III! ROA has a larger effect. The CN—HI
deformation gives no perceptible ROA. The amide III3 vibration (~1340
cm™)) gives very strong positive ROA. Although the ROA of the amide III?
band (1322 cm™) is also positive it is merely a shoulder of the amide III®

ROA band.
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In D,O we see that the C.-H' (1265 cm™) and Cy-H' (1305 cm™)
deformations both give positive ROA. The C, -HI ROA signal (1330 cm™)
gives a strong, sharp positive ROA band, but the CN—HII (1355 cm™)
vibration appears to give a sharp negative band. Significant contributions
to the latter occur from the from the methyl symmetric deformation,
which also gives negative ROA. (In Ala,/NaOD the CN—HII deformation

Raman band ‘disappears’ but the negative ROA signal remains.)

We now consider the NaOD and DCl spectra because it is more
convenient to examine the decoupled spectra first. Upon raising the pD of
the deuterated solvent the C-H deformations disappear, and it seems
likely that these vibrations drop in frequency and become indistinguishable
from the C.-H deformations. Similar behaviour is found in alanine where
deprotonation of the amino group lowers the C-H deformation frequency

by 20 cm™! (Gargaro, 1991).

In DCI we see similar behaviour to the of D,O: the C--H deformations
‘disappear’ and it is difficult to pin down these new frequencies. The ROA
studies on alanine propose that the two C-H deformations form a new
band at 1330 cm™ at low pH (Gargaro, 1991). This may be occuring here
with the two new low frequency C.-H deformations contributing to the
weak CN—HI vibration. In DCI there is another band at 1255 cm™! (which
also occurs in alanine at low pH, but is assigned to O-H deformations). It
is tempting to assume that the change in the C terminal residue's
jonisation state will lower the C-H deformations (in a similar way as the
N terminal ionization state is related to Cy -H deformation frequency) and

assign this 1255 cm™! band to the Ce ~-H! deformation.

The Raman spectrum of Ala,/HCI is essentially the same as that of

Ala,/H,O (described above), except that the amide 11?2 band vanishes and
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another band appears at 1295 cm™! (as a slight shoulder). This drop in
frequency of the Raman band is accompanied by a similar change in the
ROA, with the 1340 cm™! band in H,O splitting into an intense positive
band at 1295 cm™! and a smaller positive band at 1340 cm™!. The
deutereted solvent spectra show that the C,-H deformations are sensitive
the the carboxylate group ionization state, and it appears that the
carboxylate protonation perturbs the amide III? vibration and lowers it. (It
is possible that it is actually the amide III3 that is lowered but, according
to the normal mode analysis, it contains no CC—Hl contributions.) The
negative ROA peak assigned to C -H! and amide III! drops by only ~10
1

cm™ - implying again that the CC—HI band is not as pure as originally

thought.

When we go to NaOH the Raman and ROA spectra are not largely
different from the H,O spectra. Initially we would expect the amine
deprotonation to drastically change the amide III? and amide III® vibration
because these have large Cy; -HY contributions, but this is not the case in
either the Raman or the ROA. The similarity between the ROA of Ala, in
neutral and basic solvents, and the difference between the ROA of Ala, in
neutral and acidic solvents, indicates that, although C-H deformation
depends on terminal ionization, the amino terminal has less of an influence
on the amide III vibrations than the carboxyl terminal. (The possibility of
conformational changes are discussed in section 4.5.) The sharp 1340 cm™!
positive ROA band remains the same, but the 1270 cm~! ROA negative peak
changes to a couplet. Again this indicates that the ROA in the 1270 cm™!
region has more contributions than just the Cg -H! vibration. The analysis

of the Raman spectrum is hampered because the background in the amide

III region of the NaOH sample is high.
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In the hydrated solutions there is a small shoulder at ~1230cm™!. This

is a NHJ rocking mode (Oboodi et al., 1984).
1000-1200 cm™*

It is in this region that NHJ rocks dominate the alanine vibrations, and
the same is generally true for Ala,. The acidic and neutral Raman and
ROA spectra are almost identical. When we compare the neutral and alkali
spectra we see that sharp changes occur in ROA for both hydrated and
deuterated solvents and the Raman of hydrated solvents. However in
deuterated solvents the Raman spectra remains similar because the ND; to
NH, transition has less of a vibrational effect on this region (ND; rock

occurs at 880 cm™! according to Kettle et al., 1990).

Generally the assignments for this region become difficult. However some

plausible explanations are certainly available.

In Ala, in H,O and HCIl there ia a negative/positive/negative feature
between 1080 and 1200 cm™!. This is made up of negative/positive and
positive/negative couplets, and upon deuteration the low frequency couplet
falls in frequency revealing the negative/positive/positive/negative feature
seen in DCl and D,O. The lower couplet changes upon deprotonation of
the amino group and is assigned to CH5; rock with NHJ rock
contributions. Ab intio calculations on alanine produce similar assignments
in this region (Barron et al., 1991; Gargaro, 1991). The negative component
of the high frequency (positive/negative) couplet in acidic and neutral
solutions falls by ~15 cm™! between the hydrated and deuterated solvents,
while the low frequency component remains unchanged. This frequency
difference is not present in the alkali solutions and decreases as we go up
the series. This would appear to be an effect caused by the amino

terminal, and this is confirmed by the changes that we see in the Raman
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spectra between the neutral and alkali solutions. The vibration from the
amino terminal that causes these effects may be NH3+ rock in hydrated
solutions, and ND:,’+ deformations in deuterated solutions. In crystalline

alanine the ND; deformation appears at ~1190 cm™! (Kettle et al., 1990).

The Raman spectrum in this region is substantially different in NaOH
than H,O. Although we would expect the frequencies of the vibrations to
be different, the situation is compounded by the convergence of the bands
and appearance of a NH, twist at ~1080 cm™! which occurs in alanine

(Gargaro, 1991).

In HCl and H,O the Raman band at 1000 cm™! gives slightly negative
ROA, in NaOH this band moves up to 1010 cm™! and loses any ROA
intensity. A similar band is also found in alanine: the zwitterionic form of
alanine has a 1000 cm™! Raman band with a large negative ROA and the
high pH form has a ~1050 cm~! Raman band with no ROA intensity. In
alanine this vibration has been assigned to NHj rock with small CHj
contributions (Barron et al., 1991 and 1992b). It seems reasonable to adopt

this alanine assignment for Ala,.

In DCl and D,O the band at ~995 cm™! can be assigned to N-D
deformations, which are isolated (Krimm and Bandekar, 1986) and show no
ROA. However, in NaOD the frequency falls by ~10cm™! and acquires

negative ROA.
1000-700 cm™!

Between 900 and 960 cm™! there are two peaks that give positive ROA
in all six spectra. The Raman and ROA are identical in HCI and H,O, but
this is not true for DCl and D,O where the 930 cm™! Raman band is more

intense at neutral pH. The ROA of these bands change most drastically
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between neutral and alkali pH. The ROA of alanine shows a strong
positive band in this region at all pH's. Although these bands have been
assigned to CHj rock in alanine (Oboodi et al., 1984) and Ala; (Qian et al,
1991), the ROA data of alanine and other amino acids support C_-C(=0)

stretch vibrations.

There are two Raman bands between 800 and 900 cm™!. They are both

1 upon deuteration and the weaker, low frequency

lowered by ~5 cm~
vibration, which gives a negative ROA signal, is pH dependent. A strong
Raman band, with negative ROA, and a similar frequency dependence upon
pH as the weak, low frequency vibration is seen in alanine where the band
is assigned to CCN stretch with a CO, symmetric bend component (Kettle
et al., 1990; Oboodi et al., 1984; Gargaro, 1991). Qain et al. (1991) assign a
band similar to the more intense, high frequency band in this region to
CCN stretch across the amide link. This vibration certainly originates in
the amide link because there is no equivalent band in alanine and there is
no pH dependence. The issue is complicated in deuterated solvents by the

presence of ND; rocking components which occur about 880 cm™! (Kettle

et al., 1990).

A Raman band at ~740cm~! under acidic conditions, moves up to 770
cm™! in neutral and alkali conditions (although in D,0 a smaller peak
remains at 740 cm™!). This feature consistently gives a negative ROA and
draws parallels with the alanine ROA where a similar pH/frequency
dependence is observed. Therefore we assign the 770 cm™! band to CO;
wag (Gargaro et al., 1993) and possibly CO, symmetric bend (Barron et al,
1991) which is found in all the zwitterionic amino acids. The 740 cm™! band

is predicted by ab initio calculations on neutral alanine as arising from

C=0 out-of-plane bend and O-H torsion (Barron et al., 1991).
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700-350 cm™!

The low frequency vibrations are difficult to assign because the
vibrational coordinate contibutions to the normal modes are very structure
specific. Normal mode calculations on A1a3 (Qian et al., 1991) show very
different low frequency normal modes depending on the conformation
adopted by the Ala;. However, it can be seen that the low frequency ROA
changes only slightly upon deuteration. The strong negative ROA band may
originate from C=0O in plane bends which also give negative ROA in alanine

dipeptide (see chapter 5).
3.3.3 Ala,

The Raman and ROA spectra of Ala; in hydrated and deuterated

solvents are shown in Figures 3.7 and 3.8.

1750-1400 cm™!

The Raman spectrum of Ala; is similar to that of Ala,, but the
analysis in the hydrated species is made more difficult by the increased
relative intensity of the H,O bend Raman band at 1650 cm~l. The ROA

spectra are also similar.

In Alaj/H,O the amide I vibration gives a Raman band at 1680 cm™!
with a positive ROA signal (similar to Ala,). Another amide I vibration may
be present at 1650 cm™! but this could be the broad H,O band. Two amide
I' bands can be seen in D,O, one being a low frequency shoulder of the
other, both bands carry positive ROA. In H,O the Raman band appearing

as a shoulder at 1575 cm™!

is probably the carboxylate asymmetric stretch
or the amide II. As we go to alkaline pH we see that in NaOH the

previously distinct amide I band has vanished under the H,O band, again
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the amide I band gives positive ROA. As with all the Ala; in hydrated
solvents a weak ROA signal is seen between 1510 and 1570 cm™); this
corresponds to the amide II band. It is a possiblity that the positive ROA
could be due to the COO™ asymmetric stretch, however, this argument is
weakened by the fact that it occurs in Alaz in HCI, and is absent in Ala3

in NaOD and DZO.

1 and

‘In DCl the amide I' bands appear as a strong peak at 1675 cm™
a shoulder at 1650 cm~!, and as with D,O both these bands give positive
ROA. In both the acidic solvents the carboxylic acid C=0O stretch appears
at 1700 cm™! and give positive ROA. (Although these Ala; C=0 stretch
Raman bands are smaller than in Ala,, the ROA is more pronounced. This
is probably an artifact or an effect of the intensifying amide I{I') bands,
because further up the series the Ala, and Alag species do not show any
ROA on the COOH(D) band at all) The NH;* assymmetric deformation is

too weak to be seen in the Raman of Ala; in HCl or H,O, but may be

responsible for the slightly negative ROA peaks at 1610 cm™!.

Our results brought us into conflict with previous VCD studies on Alag
that reported a conformational change between Ala; at neutral pD and
Ala; at alkaline pD (Lee et al.,, 1989). Therefore we carried out a more
detailed depolarization ratio study of the amide I region of Ala, and Ala,

in D20 and NaOD.

VCD and IR spectra obtained by Lee and co-workers of the amide I' of
Ala3, at pH=7, show a doublet and a distinct negative/positive VCD
couplet at pH=7, while at high pH only a single IR peak with no VCD is
observed. It was proposed that the VCD couplet was caused by the
coupling of the two individual amide I' vibrations in accordance with the
coupled oscillator model (Lee et al., 1989). Using theoretical calculations a

series of conformations that would produce such a VCD couplet were
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established and molecular mechanics calculations were used on these
conformations to proposelan Ala; structure. Lee and co-workers proposed
that in the zwitterionic form the electrostatic interactions of the
endgroups conferred a stable, 'biting tail' structure on Ala;. When the pH
was raised, the charge altered, and the molecule was ‘released’ producing
a conformational fluctuating molecule which would not sustain a coupled

oscillator mechanism.

There were several features in our Raman and ROA spectra that caused
us to question this hypothesis: the amide III ROA did not indicate large
conformational changes between neutral and alkaline pH; the Raman
doublet that appears in the amide I' region of zwitterionic Ala; also
appears in the DCl spectrum; and the Ala, amide I' Raman band frequency

1

is 25 cm™ lower in NaOD than in D,O easily explaining any couplet

collapse (this can also be seen in the Ala, H,0/NaOH spectra).

One of the features of the 'coupled oscillator’ system that was readily
amenable to study was the Raman depolarization ratios (when two
vibrating groups coupling in this way they form a symmetric and
antisymmetric pair which have ideal depolarization ratios of 0<p<0.75 and
0.75 respectively.) New samples of Ala, and Ala; in D,0 and NaOD were
made up to the original concentrations and the resultant polarized and
depolarized spectra were deconvoluted (using the Curvefit analysis in the

Lab Calc software package).

During the deconvolution of both Ala, and Ala; at neutral pH, two
amide I' bands were found. The lower frequency amide I' band of Ala, had
a similar frequency and depolarisation ratio to the 1645 cm™! band in Ala,
at pH 7 and probably represents a low population conformer. The Raman

-1

depolarisation ratios of vibrations between 1550 and 1780 cm are

presented in Table 3.3.
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Table 3.3: Raman depolarization ratios of Ala, and Ala; in D,O and NaOD.

CO,~ asymmetric Amide T Amide T’
stretch (low frequency) | (high frequency)
(1585 cm™1) (1645 cm™) (1665 cm™1)
Ala, D,O 0.74 0.20 0.13
NaOD 0.66 0.17 -
Ala; D,O 0.73 0.20 0.10
NaOD 0.58 0.14 -

These results indicate that the origin of the IR, Raman and VCD
signals in the zwitterionic Ala; is simply the amide I' modes from
different amide links. The zwitterionic Ala; depolarization ratios do not
sustain a coupled oscillator model. The singlets, and the collapsed VCD, in
the high pD Ala; are caused by the superposition of the high frequency
amide I' vibration on the lower one (this frequency change occurs in Ala,).
These data alone do not preclude a conformational change (the population
of conformational substates that are occupied probably does alter) but the
ROA data appear to indicate that the large conformational changes
proposed by Lee and co-workers do not occur. It was noted by Lee et al.
(1989) that the absence of solvent in the original molecular mechanics
calculations could induce a false conformation and we believe that this is
the case. Experimental NMR evidence also indicates that the zwitterionic
interaction has an insignificant effect on conformation due to aqueous

solvation (Sekacis et al., 1988).

The asymmetric methyl deformations occur in all six spectra at ~1460

1 and have similar Raman and ROA characteristics to the methyl

cm
deformations in Ala,. The only exception is the positive asymmetric methyl
deformation ROA in the Ala;/HCIl sample which was a small couplet in
Ala,/HCI. It is not obvious why this has changed and one plausible

explanation is a positive artifact, on what is quite a strongly polarized
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band. The ROA spectra of Ala, and Alag in HCl show similar features to

the A1a3.

The 1410 cm™! Raman band in the alkali and neutral solutions is the
carboxylate symmetric stretch. However, in the acidic solutions bands still
appear in this region due to methyl symmetric bends (Qian et al., 1991).
The disappearance of the 1405 cm™! band between Alaj/HCl and Ala;/DCl

is due to a N-H in plane bend (Qian et al., 1991).

In the deuterated solvents the ROA assignments are straightforward. In
DC! there is no ROA or Raman band at 1410 cm™!; in DZO and NaOD the
new COO~ Raman band carries with it positive ROA. (This is similar to the
situation in Ala, for both deuterated and hydrated solvents.) For Ala, and
Ala, in the hydrated solvents, this region appears to be more complicated.
It is unclear whether these complications are ROA artifacts or some
methyl symmetric bend and N-H in plane bending effect which

predominates over COO™ vibrations in higher members of the series.
1400-1200 cm™!

The Raman and ROA spectra of the 1420-1200 cm™! region are shown in

Figure 3.5 and 3.6.

We are going to change the nomenclature of the amide bands so as not
to confuse the Ala; results with the Ala,. The Raman and ROA spectra
can be explained nicely by extrapolating from Ala, and remaining with
three amide III vibrations. So we call the vibrations amide III2, amide IIIP
and amide IIIS (these are related to the amide II11:2:3 of Ala, only in the

spectral, or experimental, properties of the bands).

As with the other peptide spectra we turn to the uncoupled, deuterated

results first. The Raman and ROA features of Ala3 in the deuterated
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solvents are very similar to the analogous Ala, samples. This contrasts
with the equivalent results in the hydrated solvents where the Raman and
ROA features are different, but is not unexpected as the N-D in plane
bend does not allow the mixing of the C-H deformations across the amide
link. It also shows that the decoupling of the amide III vibration simply

produces a summation of the individual C-H vibrations.

The Raman and ROA features remain the same between Ala,/D,O and
Alaz/D,0 and so we take our assignments from the Ala, spectra. The 1280
cm™! Raman band, which will be a combination of various C -H!
deformations becomes slightly more intense and broad in Ala; than in
Ala,. The ROA becomes more intense reflecting the additional C-H!
deformations. The 1325 cm™! Raman band increases in intensity with
respect to the Ala,/D,O, and again this indicates additional Cc-HI
deformations. The 1355 cm™! Raman band which was assigned to CN—HI in
Ala, decreases, reflecting the decreasing influence of the end groups. The
positive/negative couplet at 1325 cm™! to 1360 cm™! can be assigned to

C-H" bends, with the higher frequency component having a significant

contribution from the methyl symmetric deformation.

The Raman spectra of Ala, in DCl and Ala; in DCIl are very similar;
slight broadening occurs on the 1345 cm™! band, and another peak appears
at 1280 cm™! in Ala;, probably due to additional C-H deformations. The
1280 cm™1 Alaz/D,O band moves up to 1290 cm™! in DCI and another band

appears at 1300 cm™!

; both these bands carry positive ROA and so are
probably related to the C-H! deformations. As with Ala, the 1325 cm-1
Raman band, and its positive ROA, collapse in DCl leaving some small
(residual) positive ROA. This collapse is also seen in the Ala, spectra,

where the band concerned was assigned to the CC—I—III vibrations and we

adopt this assignment for Ala,.
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When we compare the Ala;/D,O spectrum to the Ala;/NaOD spectrum
we see that the changes in the ROA spectra are similar, but Iess
pronounced, than the comparison between Ala,/D,0 to Ala,/NaOD. The
same collapse of the 1365 cm™! Raman band, assigned to the N-terminal
C-H" bends, the drop in positive ROA intensity at 1305 cm™!, assigned to

1

CN—HI, with the subsequent increase in positive ROA at 1280 cm™ were

all seen in Ala, spectra.

If we compare Ala,/H,O to Ala;/H,O then we see that in the Raman

! combination band drops in frequency by 10

spectrum the broad 1275 cm™
cm™! and an additional shoulder appears at about 1255 cm~!. The former is
the amide III* band which is lower than the amide III' band due to
increased delocalization, and the latter is probably additional C-H
deformations caused by the extra residue. The amide III2 and amide III3
features in Ala, are replaced by a single Raman peak at 1329 cm™! in Ala.
The sharp positive ROA peak at 1340 cm™! in Ala, is lower in frequency in

Ala;. Again this is probably caused by the amide III® and amide III€ bands

which fall in frequency due to the increased delocalization.

The Raman spectra between 1200 and 1400 cm™! of Ala; in H,O and
HCIl remains similar, with the exception of the CO,” and CH; bands.
When we turn to the ROA spectra we see a substantial change between
Ala3/H20 and Ala3/HCl. Again, similar to the situation in Alaz, the
change in endgroup charge appears to have split apart the amide III® and
amide III° bands, taking ROA intensity from the 1335 cm™! band of
Alaz/H,O and depositing it at ~1300 cm™!. The drop in amide III® ROA is
10 cm™! less than the drop in the Ala, amide 1112 because; firstly, the
COO™ to COOH transition will have less of an effect on the vibrations of
the molecule, and secondly, the more delocalized vibrations will quench

the effect.
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The Raman and ROA spectra stay almost identical between H,O and
NaOH with the exception of the 1265 cm™! Raman band, which drops in
intensity. This is seen in Ala, as well, and reflects the r